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Abstract

VecTor2 © is a program based on the Modified Compression Field Theory for nonlinear finite
element analysis of reinforced concrete membrane structures. Considering the inherent intricacies of
nonlinear finite element analysis and VecTor2, user facilities are imperative to their rational and
convenient application.

Program documentation for VecTor2 and a new preprocessor software entitled FormWorks © are
presented in this report. The program documentation describes the theoretical basis of VecTor2, the finite
element library and the constitutive models for concrete, reinforcement and bond materials. This
documentation and the FormWorks manual provide guidance for modeling and data input.

FormWorks is a graphics-based preprocessor program for the Windows © environment.
FormWorks includes facilities for data visualization and input, bandwidth reduction and automatic mesh
generation. The latter requires only economical user input, permits a high degree of user control over

mesh topology and generates mixed element type meshes for reinforced concrete structures.
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Notation

a = maximum aggregate size

Ace = effective cross-sectional area of concrete

c = convergence averaging factor

c = cohesion of the mortar bed joint interface (masonry)

¢ = compression softening coefficient

[B] = element strain-displacement matrix

d = diameter of reinforcing bar

[D] = composite material stiffness matrix

[D.] = concrete material stiffness matrix relative to x,y axes

[D.]” = concrete material stiffness matrix relative to principal axes
[Df]' = fibre stiffness matrix relative to the direction of the tensile stress attained by fibres
[Ds] = reinforcement material stiffness matrix relative to X,y axes

[D,]” = reinforcement material stiffness matrix relative to principal axes
Cy = compression softening, strain softening factor

G = compression softening, shear slip factor

CMOD,; = crack mouth opening displacement

dy = fibre diameter

E, = initial tangent stiffness of concrete

E.qs = dynamic modulus of elasticity of concrete

Ea = secant modulus of concrete in the principal tensile direction

E. = secant modulus of concrete in the principal compressive direction

E.p, = un- and re-loading stiffness due to mechanical anchorage effect of fibres

E_fl = fibre stiffness matrix relative to the direction of the tensile stress attained by fibres

E,, = minimum modulus

xxii



Epy  =maximum modulus of elasticity

E, = initial tangent stiffness of reinforcement

E, = secant modulus of reinforcement

Eg; = un- and re-loading stiffness due to frictional bond behavior of fibres

P = concrete cylinder uniaxial compressive strength

fea = dynamic compressive strength of concrete
fec = concrete cube strength

fes = static compressive strength of concrete
Sfex = average concrete axial stress in the x-direction
Sy = average concrete axial stress in the y-direction

fen = tensile stress attained by fibres due to the mechanical anchorage effect
fr = tensile stress due to fibres at a crack

fres = residual tensile stress at an initial crack opening

fit = intermediate stress

fmx = compressive strength in the x- direction with bed joint aligned horizontally
fmy = compressive strength in the y-direction with bed joint aligned horizontally
I = peak concrete compressive stress

fr13 = residual stresses input by user

fst = tensile stress attained by fibres due to the frictional bond behavior

fix = average stress of reinforcement parallel to the x-direction

Jo = average stress of reinforcement parallel to the y-direction

Soere = local stress at a crack of reinforcement parallel to the x-direction

Jsery = local stress at a crack of reinforcement parallel to the y-direction

Jwiew = yield strength of reinforcement

1 = concrete cracking strength

fta = dynamic tensile strength of concrete
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XX1V

fts = static tensile strength of concrete
fty = tensile strength of the mortar bed joint interface in the x-direction (perpendicular to the bed
joints)

fw,cr,avg = tensile stress attained by fibres, which is evaluated for the average crack width

fw,cr max= tensile stress attained by fibres, which is evaluated for the maximum crack width

[F*] = pseudo nodal load vector

[F] = applied external nodal load vector

[F’] = total nodal load vector

G. = secant shear modulus of concrete

Gy = fracture energy parameter

h = element thickness

k = post-peak decay parameter for stress-strain response of concrete in compression

k = stiffness matrix (for dynamic analyses)

kq = shape factor based on post-peak compression stress-strain curve steepness

k. = spring stiffness of link element radial to reinforcement direction

k, = spring stiffness of link element tangential to reinforcement direction

[£] = element stiffness matrix

[k.] = element stiffness matrix contribution from concrete

[/] = element stiffness matrix contribution from reinforcement

[K] = structure stiffness matrix

Kg = damage factor or fibre efficiency factor

K., = factors to represent the average pull-out stresses of a fiber due to the mechanical anchorage
effect

e = factor to account for fibre orientation and engagement

K¢ = factors to represent the average pull-out stresses of a fiber due to frictional bond behaviour

lgcrit = critical fibre length for fibre fracture
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ly = fibre length
L/D  =unsupported length to diameter ratio for steel reinforcing bars
L, = characteristic length
m = mass matrix
n = curve fitting parameter for stress-stain response of concrete in compression
[7] = nodal displacement vector
R = ratio of principal stresses
s = average crack spacing
Sen = slip at maximum tensile force due to the mechanical anchorage of a fiber with the inclination

angle of 0 degree to the normal of the crack surface

Sf = slip at the frictional bond strength for a fibre with the inclination angle of zero degree
Smx = average crack spacing in the x-direction

Sy = average crack spacing in the y-direction

Sp; = joint spacing

So = average crack spacing perpendicular to the crack

th; = thickness of joints

[T] = coordinate transformation matrix

vio,V21 = Poisson’s ratios of concrete in the principal directions
v),  =elastic component of Poisson’s ratio

v,,  =residual component of Poisson’s ratio

Vexy = average concrete shear stress

Vei = local concrete shear stress at a crack

Vs = volumetric fibre ratio

w = average crack width

Wer avg = average crack width

Werexp = maximum experienced crack width
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Wer max = maximum crack width

o = orientation of reinforcement relative to positive x-axis

a = fibre engagement factor (for FRC Tension calculations)

a = direction of principal axes with respect to the direction of horizontal joints (masonry)
ag = fibre orientation factor

B = Newmark beta factor (for dynamic analyses)

B = angle between principal axes and axes of orthotropy (masonry)

Ber = crack width check crack coefficient

Ben = coefficients to consider the effect of a fiber slip on the longer embedment side on the

mechanical anchorage effect

Ba = compression softening reduction factor

B = coefficients to consider the effect of a fiber slip on the longer embedment side on the frictional
behavior

B = confinement strength enhancement factor

AB, = post-cracking rotation of principal total strain field

AB, = post-cracking rotation of the principal stress field

& = strain rate (compression)

Ect = tensile strain rate of concrete

€1 = average net concrete axial strain, in the principal tensile 1-direction

€ = average net concrete axial strain, in the principal compressive 2-direction

Ecgoi = post-peak strain at 80% of peak stress

Eof = average net concrete tensile strain, in the direction of the tensile stress attained by fibres

Ech = characteristic strain for concrete in tension

€.r = concrete cracking strain

Eex = average net concrete axial strain, in the x-direction

Eey = average net concrete axial strain, in the y-direction
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g’ = elastic strain offsets in concrete

el = plastic strain offsets in concrete

€, = Maximum concrete compressive strain

€,, = maximum concrete tensile strain

& = intermediate strain

€ = concrete compressive strain corresponding to f°.

g = concrete compressive strain corresponding to f,

€ = reinforcement strain at onset of strain hardening

Eox = average strain of reinforcement parallel to the x-direction
Esp = average strain of reinforcement parallel to the y-direction
Eyiela = yield strain of reinforcement

€ = elastic strain offsets in reinforcement

el = plastic strain offsets in reinforcement

€ = terminal strain in concrete tension softening response
g, = ultimate strain of reinforcement

€ = total axial strain in the x-direction

g, = total axial strain in the y-direction

€’ = average axial strain in the x-direction, due to shear slip
8; = average axial strain in the y-direction, due to shear slip
& = damping ratio

y = Newmark gamma factor

Yexy = average net concrete shear strain

Yy = total shear strain

Yy = average shear strain due to shear slip
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u = the reduction coefficient for the strength f,,,

W = natural frequency

Wm = ratio between the tensile strength in the x-direction (for @ = 0) and compressive strength fp,,,
W = bonded area per unit length

bn = mode shape

) = friction angle of the mortar bed joint interface

0 = orientation of principal net concrete strain field, measured counter-clockwise from x-axis
0.t = critical fibre inclination angle which cause a fibre engagement for a given crack width

Of = fibre inclination angle from axis perpendicular to the crack surface

0, = orientation of principal strain and stress field at initial cracking

o' = rotation lag between orientation of principal strain and principal stress fields in concrete
0, = angle between normal to crack surface and longitudinal axis of reinforcement

0. = orientation of principal total strain field, measured counter-clockwise from x-axis

0, = orientation of principal stress field, measured counter-clockwise from x-axis

p = reinforcement ratio

De = effective reinforcement ratio of steel bars

Pr = effective reinforcement ratio for FRP sheets

Of cr,avg — average fibre tensile stress at a crack

Oy = fibre tensile strength

(o = applied axial stress in the x-direction
oy = applied axial stress in the y-direction
[6°] = pseudo prestress vector

Tp = fibre bond strength

Tho = max average bond stress in steel bars

Tehmax — pull-out strength due to the mechanical anchorage of an end-hooked fiber

Tf max = Irictional bond strength
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Ty = applied shear stress

\j = transformation angle between principal direction and positive x-axis



1 Introduction

1.1 Background

VecTor © is a suite of computer programs dedicated to nonlinear finite element analysis of
reinforced concrete (NLFEARC). These programs have been developed at the University of Toronto by
researchers studying reinforced concrete behavior and applications of the finite element method over the
last two decades. By combining a variety of realistic nonlinear models for reinforced concrete with the
powerful analytical capabilities of finite element analysis, these programs permit more accurate
assessments of structural performance (strength, post-peak behavior, failure mode, deflections and
cracking) than can be achieved by linear-elastic methods. At the same time, the finite element method
allows analysts to address the composite nature of reinforced concrete material, changing material
properties due to progressive cracking, challenging geometries and loadings — complexities which might
thwart conventional analysis techniques.

As the results of NLFEARC have become increasingly reliable and modern digital computers
advance in performance, NLFEARC has evolved from the research domain to a practical design tool.
However, the capabilities that make these NLFEARC programs so remarkable, pose potential difficulties
to the non-specialist user. While the reinforced concrete models are critical to the efficacy of the analysis,
they may also be obscure to its users. Without an understanding of the theoretical basis of programs and
their operation, the impressive output of the programs cannot be regarded with confidence. As such, the
rational and effective use of NLFEARC programs requires guidance and user experience.

Moreover, generating input for finite element analysis requires knowledge of the finite element
method itself. In order to 1dealize a structure to a valid mathematical model, users must exercise their
discretion regarding the mesh topology, material selection, boundary conditions, load representation and
computational efficiency. Lacking preprocessor facilities, the time-consuming and error-prone nature of

data input may discourage the practical application of NLFEARC.



The availability of user facilities must be regarded as necessary for progress in the practical
application of NLFEARC. It is the objective of this report to address this need by developing program

documentation and preprocessor software and for the nonlinear finite element program VecTor2.

1.2 The VecTor2 Program

VecTor2 is a nonlinear finite element program for the analysis of two-dimensional reinforced
concrete membrane structures. The program has been developed at University of Toronto since 1990,
when its original version was known as TRIX ©. This development has coincided with experimental tests
to corroborate the ability of VecTor2 to predict the load-deformation response of a variety of reinforced
concrete structures exhibiting well-distributed cracking when subject to short-term static monotonic,
cyclic and reverse cyclic loading.

The theoretical bases of VecTor2 are the Modified Compression Field Theory (Vecchio and
Collins, 1986) and the Disturbed Stress Field Model (Vecchio, 2000) — analytical models for predicting
the response of reinforced concrete elements subject to in-plane normal and shear stresses. VecTor2
models cracked concrete as an orthotropic material with smeared, rotating cracks. The program utilizes an
incremental total load, iterative secant stiffness algorithm to produce an efficient and robust nonlinear
solution.

Originally, VecTor2 employed the constitutive relationships of the MCFT. Subsequent
developments have incorporated alternative constitutive models for a variety of second-order effects
including compression softening, tension stiffening, tension softening, and tension splitting. Also, the
capabilities of the VecTor2 have been augmented to model concrete expansion and confinement, cyclic
loading and hysteretic response, construction and loading chronology for repair applications, bond slip,
crack shear slip deformations, reinforcement dowel action, reinforcement buckling, and crack allocation
processes.

Finite element models constructed for VecTor2 use a fine mesh of low-powered elements. This
methodology has advantages of computational efficiency and numerical stability. It is also well suited to

reinforced concrete structures, which require a relatively fine mesh to model reinforcement detailing and



local crack patterns. The element library includes a three-node constant strain triangle, a four-node plane
stress rectangular element and a four-node quadrilateral element for modeling concrete with smeared
reinforcement; a two-node truss-bar for modeling discrete reinforcement; and a two-node link and a four-
node contact element for modeling bond-slip mechanisms.

VecTor2 reads ASCII text files for input and outputs binary and ASCII text files for analysis
results. The software Augustus © provides graphical post-processing capabilities for the analysis results

of VecTor?2.

1.3 Research Objectives

The objective of this research is to make NLFEARC with VecTor2 more amenable to practical
application for the non-specialist user. The strategy to meet these objectives is to develop documentation
for VecTor2 and a new preprocessor software program, called FormWorks ©.

The purpose of the program documentation is to provide guidance for the rational usage of VecTor2.
In a descriptive treatment, the documentation encompasses the following topics in relation to VecTor2:
= the Modified Compression Field Theory and Disturbed Stress Field Model
= the finite element formulation
= the element library
* the material models.

The FormWorks preprocessor software and its accompanying manual address the ease of use of
VecTor2 as an analytical tool, by decreasing the potential for input error and expediting the modeling
process. To fulfill this function, the FormWorks preprocessor includes the following amenities:

* an instructive manual for using FormWorks and VecTor2

» a graphical interface for data input and visualization in the Windows environment
* input data checking and editing capabilities

* a bandwidth reduction algorithm for improving computational efficiency

* an automatic mesh-generator.

Specific criteria for the automatic mesh-generator are as follows:



= accommodation of multiply connected regions and arbitrary material delineations

= generation of mixed element-type meshes using the VecTor2 element library

= preferential generation of isothetic rectangular elements for computational accuracy
= good computational characteristics of the mesh

= efficient and robust mesh generation algorithm

= high degree of user control over mesh topology

= aesthetically pleasing mesh topology for ease of result interpretation

= economical demands on human input effort.

1.4 Organization

The report is subdivided into the following parts and chapters.

Part I, which includes Chapters 2 through 7, pertains to the program VecTor2. Chapter 2 presents
the theory and implementation of VecTor2. The Modified Compression Field Theory and Disturbed
Stress Field Model are described as the theoretical bases of the VecTor2 analysis. The chapter
subsequently discusses the implementation of these theories in the finite element algorithm and
incorporation of advanced analysis features. Chapter 3 presents the VecTor2 finite element library and the
role of elements in modeling reinforced concrete and reinforcement materials and bond-slip. Chapters 4,
5, 6 and 7 describe constitutive and behavioral models pertaining to concrete materials, models for other
material types, reinforcement materials, and bond slip, respectively.

Part II, which includes chapters 8 through 12, serves as a user manual for the preprocessor program
FormWorks. These chapters describe the user-interface and the finite element modeling process.

Chapter 13 summarizes this research and provides recommendations for further developments.



2 Part1: VecTor2

2.1 Introduction

This chapter begins with a review of the Modified Compression Field Theory and Disturbed Stress
Field Model — the theoretical bases of VecTor2 analyses. The discussion subsequently focuses on the
finite element implementation of these theories for monotonically loaded structures. Finally, consideration
is given to the implementation of augmented analysis features for modeling lateral expansion, triaxial
stresses, cyclic loading, construction and loading chronology, and bond-slip. Dynamic analysis in

VecTor2 is also discussed, including an overview of damping and strain rate effects.

2.2 Modified Compression Field Theory (MCFT)

The MCFT (Vecchio and Collins 1986) is an analytical model for predicting the load-deformation
response of reinforced concrete membrane elements subjected to shear and normal stresses, as shown in
Figure 1. The MCFT determines the average and local strains and stresses of the concrete and
reinforcement, and the widths and orientation of cracks throughout the load-deformation response of the

element. Based on this information, the failure mode of the element can also be determined.
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Figure 1: Reinforced concrete membrane element subject to in-plane stresses



The MCFT models cracked concrete as an orthotropic material using a smeared rotating crack
approach. Cracked concrete is treated as a solid continuum with cracks distributed over the membrane
element, as opposed to a solid interrupted by discrete physical discontinuities. The smeared cracks freely
reorient, remaining coaxial with the changing direction of the principal concrete compressive stress field.
As well as being computationally convenient, the smeared rotating crack approach is consistent with the
distributed and meandering crack patterns observed in many reinforced concrete structures.

The theory is comprised of three sets of relationships: compatibility relationships for concrete and
reinforcement average strains; equilibrium relationships involving average stresses in the concrete and
reinforcement; and constitutive relationships for cracked concrete and reinforcement. The constitutive
relationships for cracked concrete result from tests of reinforced concrete panels using a purpose-built
Panel Element Tester at the University of Toronto. As such, the formulation of the MCFT incorporates
realistic constitutive models for concrete based on experimentally observed phenomena. While cracks are
smeared and the relationships are formulated in terms of average stresses and strains, a critical aspect of

the MCFT is the consideration of local strain and stress conditions at cracks.

2.2.1 Assumptions

The MCFT utilizes the following assumptions:
= uniformly distributed reinforcement
= uniformly distributed and rotating cracks
= uniformly applied shear and normal stresses
= unique stress state for each strain state, without consideration of strain history
= strains and stresses are average over a distances including several cracks
= orientations of principal strain, 6., and orientations of principal stress, 6, are the same
= perfect bond between reinforcement and concrete
= independent constitutive relationships for concrete and reinforcement

= negligible shear stresses in reinforcement.



2.2.2  Compatibility Relationships

The compatibility relationships pertain to the average strains in the concrete and reinforcement

components as shown in Figure 2.
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Figure 2: Average concrete strains due to average stress-strain response of concrete

With the perfect bond assumption, it follows that average strains experienced by the concrete are equally
experienced by the reinforcement. Therefore, for non-prestressed reinforcement, the average strains in the
concrete, €., and reinforcement, g, will be the same. Although the MCFT can address any number of
reinforcement components and orientations, consider the orthogonally reinforced membrane element of
Figure 1. The strains of the reinforcement parallel to the x and y directions are denoted by &, and €,
respectively. The compatibility relationships are expressed by the following equations:

€ =g =g (2.2.2.1)
€, =€, =€ (2.2.2.2)

With a value for the shear strain, vy,,, relationships from Moht’s circle of strain determine the average

principal concrete tensile strain, €., and the average principal concrete compressive strain, €., as follows:

et =te, e, e ife, —e, Py, 2T (22.23)



Relationships from Mohr’s circle also determine the orientations of the average principal tensile strain

axis, 0, and stress axis, 05, with respect to the x-axis:

0=0,=0,=1tan" LA (2.2.2.4)

€, —¢,

2.2.3  Equilibrium Relationships

Consider the free body diagram of the membrane element, in Figure 3.
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Figure 3 Free body diagram of reinforced concrete element showing average stresses

Equilibrium of forces in the x and y-directions requires that the resultants of the applied normal stresses,
o, and G,, be balanced by the resultants of the average concrete stresses, f., and f,,, and the reinforcement
stresses f;, and f;,. Equilibrium of moments requires that the applied shear stresses, 1., are entirely resisted
by average shear stresses in the concrete, v, (assuming the reinforcement does not exhibit dowel action).

These equilibrium relationships for average stresses may be summarized as follows:

O, =S ¥ PuS s (2.2.3.1)
G, =fo +Pyfy (2.2.3.2)
Txy = vcxy (2233)

where p,, and p;, are the reinforcement ratios in the x and y directions, respectively.
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As cracked concrete is orthotropic with respect to the principal stress directions, Mohr’s circle of
stress can be used to relate the average concrete stresses, f.., and, f;,, to the average principal concrete

tensile stress, f.:

fox = fu1 = Ve -c0t(90-0,) (2.2.3.4)

fcy = fcl Ve © tan(90 - ec) (2235)

2.2.4  Constitutive Relationships

Constitutive models are necessary to relate the strains in the compatibility relationships with the
stresses in the equilibrium relationships. As described by Vecchio and Collins (1986), thirty panels
measuring 890x890x70mm were subject to in-plane stress conditions by the Panel Element Tester at the
University of Toronto. The test results were analyzed to develop constitutive models for cracked concrete
in compression and tension. It should be noted that other relationships have since been implemented in
VecTor2.

With regards to concrete in compression, the constitutive relationship relates the principal
compressive stress, f.,, to the principal compressive strain, €.,. Panel test results indicate that the
compressive strength and stiffness decrease as coexisting principal tensile strains, €., increase. This
phenomenon, known as compression softening, is incorporated by softening the stress-strain response of

concrete in uniaxial compression. The proposed relationship is as follows:

_ fc l2(862/80)_ (802/80)2J
oo =08 034(g,, /&,) (224.1)

The term in the numerator is the Hognestad parabolic relationship for concrete in uniaxial compression,
often used for normal strength concretes. The value g, is the concrete cylinder strain (a negative value)
corresponding to the peak compressive stress, 1., as determined from uniaxial compression tests of
concrete cylinders. The term in the denominator reflects the softening effect of principal tensile strains.
With regards to concrete in tension, the constitutive relationship relates the principal tensile

stress, /.1, to the principal tensile strain, €.;. It is first necessary to determine the uniaxial cracking
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strength, /7, and corresponding cracking strain, €. In the absence of information, they may be estimated

as follows:
f,=0337.  (inMPa) (2.2.4.2)
ft
g = — 2.2.4.3
o= (2243)

where FE. is the initial tangent stiffness of the concrete, estimated as:

E. =5000/f. (in MPa) (2.2.4.4)
Before cracking, the concrete behaves linear-elastically in tension as follows:

fa=E. -g, for0<eg,<g, (2.24.5)
After cracking, tensile stresses may continue to exist in the concrete between cracks in reinforced
concrete due to bond interactions between the concrete and reinforcement. To model this phenomenon,
known as tension stiffening, the concrete tensile stress decays from the tensile strength as the principal

concrete tensile strain increases. The MCFT proposed relationship is as follows:

S (2.2.4.6)

Ja=——"F—
' 1+ 200¢,

As for the reinforcement in compression and tension, the MCFT uses a bilinear relationship
between the average stress, f; and average strain, €. An initial ascending linear-elastic branch is followed

by a yield plateau, as described by the following equations:
fsx = Es "Cox = fsxyield (2247)
fo =Es €y < fovie (2.2.4.8)
where E; is the elastic modulus of the reinforcement, and f;,y;.is and f;,,cis are the yield stress of the

reinforcement in the x and y-directions, respectively.

2.2.5 Consideration of Local Crack Conditions

Given a compatible average strain condition, the preceding relationships can determine the
average stresses in the concrete and reinforcement and the applied shear and normal stresses that they

equilibrate. However, it would be unconservative to disregard the possibility that the element response is
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governed by local yielding of the reinforcement at the crack or sliding shear failure along a crack. To
address these possibilities, the MCFT limits the local stresses at the crack and the average concrete tensile
stress.

Stresses fields in reinforced concrete vary from the average condition between cracks to the local
condition at the crack. Consider Figure 4a, which depicts the average stresses at a section between cracks
perpendicular to the principal tensile stress direction, and Figure 4b, which depicts the local stresses at the

free surface of the crack.

Figure 4 Comparison of average and local stresses at a crack

a) average stresses between crack b) local stresses at crack free surface

At a free surface of a crack, the average concrete tensile stresses diminish to virtually zero. To transmit
the average tensile stress across the crack, the reinforcement stress and strain must increase locally at the
crack. Static equivalency of the average and local stresses in the direction normal to the crack surface

results in the following equation:

fo=p(frn = f2 )05 0, 40 0y = 11, Jo0s? 6, (22.5.1)

where f;.,, and f;.,, are the local reinforcement stresses at a crack, and 0,, and 0, are the angles between
the normal to the crack and the reinforcement. Considering the above equation, it is apparent that the
average tensile concrete stress is limited by the yielding of the reinforcement at the crack. If the
reinforcement yield strength is substituted for the local reinforcement stresses, the terms in parentheses
define the reserve capacity of the reinforcement, which limits the post-cracking concrete tensile stress as

follows:
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S <P fois = £2,)c082 0, 4, (f1 s = 11, Jeos™ 0, (225.2)

As a principal plane, shear stresses are absent from the section in Figure 4a. However, as the
reinforcement generally crosses the crack at a skew angle, local shear stresses, v,;, are present on the crack
surface. Static equivalency of average and local stresses in the direction tangential to the crack determines
the local shear stresses as follows:

Ve =Py (fion = f1))c0sO,, -sin®, +p (£, — /., JeosO,, sin®,, (2.2.5.3)
Independently of the above equation, local shear stresses can only become so large before sliding shear
failure occurs. The shear stress is limited by aggregate interlock mechanisms, which decrease in efficacy

as the crack width, w, increases and the maximum aggregate size, a, decreases. Based on the analysis of

aggregate interlock by Walraven (1981), the MCFT limits the shear stress on the crack as follows:

v, < JIe (in mm, MPa) (22.5.4)
031+ 24w/(a +26)

The average crack width, w, is the product of the principle concrete tensile strain and the average crack

spacing perpendicular to the crack, sq:

W =g, (2.2.5.5)
s -t 2.2.5.6
% cos® sin® (2.2.5.6)
J’_i
Smx Smy

The average crack spacing in the x-direction, s,,, and y-direction, s,,,, may be estimated from the bond
properties and layout of the reinforcement. Refer to Collins and Mitchell, (1997).

If either the maximum permitted average concrete tensile stress or local shear stress at a crack is
exceeded, then the strain state of the element is modified to result in a lower average concrete tensile

stress.

2.2.6  Consideration of Local Crack Conditions with FRC

Where fibre reinforced concrete (FRC) is used, the fibres increase the maximum permissible tensile and

shear stress at a crack. The following figure depicts the local stresses at the free surface of a crack.
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(b)

p sxf:c‘rx

Figure 5: Comparison of average and local stresses at a crack
(a) average stresses between crack; (b) local stresses at crack free surface

For equilibrium, from Figure 5 above:
fe1 €088 + psyfox €05 0 + Qg fr OS(O + 65) = Psxfocrx COSO — Vg o SIN O + ff cOS(O1y, + 6f)
(2.2.6.1)
fe1sin0 + pgy fo,, SN0 + Ay fr sin(@ + Bf) = Psyfsery SINO — Vg o COS O + f sin(@ + Gf)
(2.2.6.2)
where @4, is the average fibre orientation factor, 6 is the angle of the tensile stress attained by fibres
from the axis perpendicular to the crack surface, fr is the tensile stress due to fibres for a given crack

width, and

8
tan gy = > (2.2.6.3)

Wer
Static equivalency of average and local stresses in the direction tangential to the crack determines the

local shear stresses as follows:

S — Psx (f:scrx - f:sx) ~ Psy (fscry - f:sy) + (1 - aavg)ff (COS(9+9f) - Sin(9+9f))

cos O sin6 cos 6 sin 6

(2.2.6.4)

Veier = Zips,i(fscr,i - fs,i) sin gn,i Cos en,i - (1 - aavg)ff sin gf

(2.2.6.5)
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2.3 Disturbed Stress Field Model (DSFM)

The DSFM (Vecchio, 2000) addresses systematic deficiencies of the MCFT in predicting the
response of certain structures and loading scenarios. In lightly reinforced elements, where crack shear slip
is significant, the rotation of the principal stress field tends to lag the greater rotation of the principal
strain field. For such elements, the shear stiffness and strength is generally overestimated by the MCFT,
which assumes the rotations are equal. Conversely, in elements that exhibit limited rotation of the
principal stress and strain fields, the MCFT generally underestimates the shear stiffness and strength,
partly because the concrete compression response calibrated for the MCFT is overly softened for the
effect of principal tensile strains.

The DSFM is conceptually similar to the MCFT, but extends the MCFT in several respects. Most
importantly, the DSFM augments the compatibility relationships of the MCFT to include crack shear slip
deformations. The strains due to these deformations are distinguished from the strains of the concrete
continuum due to stress. As such, the DSFM decouples the orientation of the principal stress field from
that of the principal strain field, resulting in a smeared delayed rotating-crack model. Moreover, by
explicitly calculating crack slip deformations, the DSFM eliminates the crack shear check as required by
the MCFT. Constitutive relationships for concrete and reinforcement are also refined. The following
discussion presents the compatibility, equilibrium and constitutive relationships of the DSFM, with an

emphasis on differences from the MCFT.

2.3.1 Compatibility Relationships

While the MCFT assumes that principal strain and principal stress axes remain coaxial, panel
tests results indicate that this assumption is not always true after the cracking. The evidence demonstrates
the principal strain field generally changes inclination at a larger rate than the principal stress field,
resulting in a differential lag between the principal strain and principal stress axes.

The phenomenon is attributable to the manner in which the strain and stress fields are determined.
The measured strains are total strains, which are attributable to straining of the concrete continuum in

response to applied stresses as shown in Figure 2 and discontinuous shear slip as shown in Figure 6.
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Meanwhile, concrete stresses are attributable only to the continuum straining in response to applied

stresses.

Figure 6: Deformation due to crack shear slip

To reconcile this behavior, the DSFM expresses the total strains, ¢,, €,, and v,,, as the sum of net concrete

. . . S S
strains, €, £, and Y.y, and strain due to shear slip, €7, €, and v, :

€, =€, & (2.3.1.1)
€,=¢, ¢, (2.3.1.2)
Vo =V TV (2.3.1.3)

Relationships from Mohr’s circle determine the principal net concrete tensile strain, €., and the

principal net concrete compressive strain, €.,, as follows:

1
1 1 2 22
e =t ey )t tlen —ey Py T (23.1.4)
The crack slip shear strain components, €, 8; and yiy , are calculated from the average crack

slip shear strain y,. This quantity is defined as the crack slip, d, divided by the average crack spacing, s,
as follows:

5
v, =—% (2.3.1.5)
S

Relationships from Mohr’s circle resolve v, into the components &’,, €', and ',
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et =—1Ly, sin(20) (2.3.1.6)
s _ 1 .

g} =1y, sin(20) (2.3.1.7)

Vo =75 cos(26) (2.3.1.8)

The orientation of the principal net concrete strains, 0, and orientation of principal concrete stresses, 0,
with respect to the x-axis are determined from Mohr’s circle relationships involving the net concrete

strain components as follows:

0=0, =§tan'1(y‘$J (2.3.1.9)
cy

€. — €,

Likewise, the orientation of the principal total strain field, 6., is determined from the total strain

components:

] Y«
0, =1tan ‘{—yJ (2.3.1.10)
€. .—¢€
x y

The difference between the orientation of total strains and the orientation of the principal concrete
stresses defines the rotation lag, AO:

AB=0_, -0, (2.3.1.11)

Although the DSFM can address any number of reinforcement components and orientations,

consider the orthogonally reinforced membrane element of Figure 1. Assuming perfect bond, the average

strains of the reinforcement components in the x- and y-directions are equal to the total strains:

€, =€ (2.3.1.12)

£, =¢ (23.1.13)

2.3.2 Equilibrium Relationships

Again, consider the orthogonally reinforced membrane element of Figure 1. The average stress
equilibrium relationships of the DSFM are the same as those of the MCFT. They are summarized as
follows:

O, =fox ¥ PuS s (2.3.2.1)
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G, = fo Py Sy (2.3.2.2)

T -y (2.3.2.3)

Additionally, the DSFM incorporates the equilibrium relationships for local stresses at the crack.

fu =px(fmx - fsx)cos2 0, + py(fmy —fsy)cos2 G,W (2.3.24)
Ve =P (fron — fir)e0s0,, -sin®,, +p (/.. — /., Jeos,, sin0,, (2.3.2.5)
Equilibrium of stress resultants normal to the crack surface results in the following equations:

fu= px(fmx —f”)cos2 0, + py(fmy —fsy)cos2 0, (2.3.2.6)
Ve =Py (fion = f1))c0sO,, -sin®, +p (£, — /., JeosO,, -sin®,, (2.3.2.7)

The average concrete tensile stress is subject to the limits of the yield strength of the reinforcement

traversing the crack:

fcl < px (fsxyield - fsx )COSZ enx + py (fSyyield - fSy )C082 eny (2328)

Unlike the MCFT, however, the tensile stress is not subject to the limitation of shear stresses at a crack,
since the DSFM explicitly incorporates deformations due to shear slip rather than ascribing a limiting

stress corresponding to shear slip failure.

2.3.3  Constitutive Relationships

Between the development of the MCFT and the DSFM, the constitutive models for cracked
concrete were revised and refined. Although a variety of alternative models are available, the following
discussion presents the models of the DSFM.

As previously discussed, the response of concrete in compression depends on both the principal
compressive strain and coexisting principal tensile strain. Analyses of additional test panels (Vecchio and

Collins, 1993) led to the reduction factor, B, to reflect the softening effect of the coexisting principal

tensile strains:

1

- <10 (2.3.3.1)
14C.C,

Ba

The factor, C,, accounts for the softening effect of transverse tensile strains:
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C,=035(-¢, /e, —028)"" (2.3.3.2)
The factor C; recognizes whether or not the analysis accounts for element slip deformations. If the
analysis couples the inherent softening effect of shear slippage with the softening effect due to tensile
strains (as in the MCFT), then C; = 1.0. Conversely, if the analysis considers elements slip distortion, as
in the DSFM, then the softening effect appears to be less for the same value of €.,/g., since the softening
effect is attributable only to the tensile strains. In this case, C; = 0.55.

To soften the compressive strength and stiffness of the concrete, the concrete cylinder strength,
1., and corresponding peak strain, g,, are both reduced by the reduction factor to determine the peak

compressive stress, f,, and corresponding peak strain €,
» =BaS e (2.3.3.3)
e, =PBue, (2.3.3.4)
Using the softened parameters, the following relationship determines the relationship between the

principal concrete compressive stress, f;,, and the principal net compressive strain, g.:

n(8c2/8p)

Jea=1, — (2.3.3.5)
(n—1)+ (scz/sp)
where
n=080-f,/17 (in MPa) (2.3.3.6)
1.0 Jore,<g., <0
k= (2.3.3.7)
0.67-f,/62  fore,<e,<0

With regards to concrete in tension, the response before cracking is linear-elastic, as follows:
fu=E. -, for0<g, <eg, (2.3.3.8)

a

For cracked concrete, average concrete tensile stresses, f.|, due to tension stiffening, can be generally be
modeled by the nonlinearly decaying relationship (but must not exceed the bound imposed by equation

2.3.2.6):

7 S

=T
1+1/Ct861

fore, <e, (2.3.3.9)
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The coefficient, ¢,, proposed by Bentz (1999) incorporates the influence of reinforcement bond

characteristics and is computed as follows:

¢, =22m (2.3.3.10)
1 4p;

—=>» —L|cosH in mm 23311
- 2 4, 19050, (in 1mm) ( )

where dj; is the bar diameter and p; is the reinforcement ratio of each of the  reinforcement components.
In addition to tension stiffening, post-cracking tensile stresses, f.,”, arise in plain concrete due to

fracture mechanisms — a phenomenon known as tension softening. Tension softening effects may be

significant in lightly reinforced concrete structures. The cracking tensile stress due to tension softening

may be calculated by the following linear relationship:
1= {1 —%} fore, <e, <t (233.12)
8[.\' - 8(4‘1‘

The terminal strain, g, (the strain at which tensile stresses in plain concrete reduce to zero) is determined
from the fracture energy parameter, G, (the area under the stress-strain curve of plain concrete, assumed

to be 75 N/m), and the characteristic length, L, (assumed to be half the crack spacing):

Gf
s =20 7 7 (2.3.3.13)
t' r

€

Finally, the post-cracking principal tensile stress in the concrete is taken as the larger of the

values predicted by the tension stiffening and tension softening phenomena:

a b
fu =max(fn®, £ (23.3.14)
The DSFM constitutive model for reinforcement in tension or compression is trilinear to account
for strain-hardening phenomenon:

E -¢ for 0<g, <eg

s s syield

fs ie fOI”SS iela <8S <8s
A el ' (233.15)

fsyield +Esh (SS _Ssh) for‘gsh <8s <Su

0 fore, <eg,
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where E; is the elastic modulus of the reinforcement, f; ., is the yield strength of the reinforcement, €./
is the yield strain of the reinforcement, &g, is the strain at the onset of strain hardening, g, is the ultimate

strain of the reinforcement.

2.3.4  Shear Slip Relationships

Having defined the compatibility, equilibrium and constitutive relationships, it remains necessary
to model the crack slip, J,, to determine the crack slip shear strain, y;. One approach is to relate the crack
slip to the local shear stresses, v,;, at the crack. Based on the analysis of aggregate interlock by Walraven
(1981), the following relationship may be used to determine the crack-slip and shear slip strain:

v

8, = c (2.3.4.1)
© 18w +(0234w 077 —0.20)- 1.,
v, = O (2.3.4.2)
A

where f.. is the concrete cube strength, w is the average crack spacing and s is the average crack spacing.

However, the above approach is problematic in two respects. First, the equilibrium equation
2.3.2.5 predicts that the shear stress at a crack, and hence the crack slip, are always zero for unreinforced
elements. This is equivalent to ignoring crack shear stresses arising from aggregate interlock — the sliding
friction between the exposed aggregate and cement paste at the crack and the plastic deformation of the
cement paste due to contact stresses. Secondly, the slip relationship does not account for the initial crack
slip that occurs before contact areas develop between the rough crack surfaces.

To address these deficiencies, a second approach for modeling the shear slip is to specify a
constant rotation lag, 6/, between the inclination of the principal total strain axis, 8, and the inclination of
the principal stress axis, 0,. Indeed, results of panel tests indicate that the lag is established soon after
cracking, and generally falls in the range of 5° to 10° until the yielding of a reinforcement component,
whereupon the lag increases. To implement this approach, it is necessary to define the post-cracking
rotation, A6, of the principal total strain axis, relative to the orientation of the principal strains and

stresses at initial cracking, 0,
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AD, =0, -0,

(2.3.4.3)
The post-cracking rotation, AB,, of the principal stress field is then related to A6,, by the constant rotation

lag is follows:

AO A, <0’
AB ={( : Jor| A, | (2.3.4.4)

“ (a0, -0")  for|a0, >0’
The orientation of the principal stress field is determined as the sum its orientation at initial cracking, and

its post-cracking rotation:

0,=0, +A6, (2.3.4.5)
Finally, relationships from Mohr’s circle determine the shear slip strain, yf :
b .
Yy =Y, €052, +(8y —sx)-sm 20, (2.3.4.6)

Further, it is possible to combine the two approaches in a hybrid model for shear slip. The shear

slip strain is computed by both approaches and the larger of values is utilized:

v, = maxly,*,v,") (2.3.4.7)

When the concrete element is unreinforced or when the local shear stress on the crack is small, the
constant rotation lag governs the shear slip, reflecting the initial slip occurring prior to development of
shear stresses at a crack. Conversely, when the shear stresses on the crack are large, the shear slip is
predicted by the stress-based formulation. As such, using the both approaches collectively is consistent

with the actual determinants of the shear slip.

2.4 Finite Element Implementation

Displacement-based finite element methods for structural analysis result in a system of equations
relating unknown nodal displacements to specified forces by the structure stiffness matrix. The VecTor2
algorithm for nonlinear finite element analysis is summarized by the flow chart in Figure 7. The following

discussion describes the details of some of these steps.
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2.4.1 Composite Material Stiffness Matrix

In the most general case, total strains, [€] = [&,, &, Yy ] T, are comprised of net concrete strains

[sc ] , elastic strain offsets [gg] (due to thermal, prestrains, shrinkage and lateral expansion effects),

plastic strain offsets in the concrete, [sf ], (due to cyclic loading or damage), and strains due to crack

shear slip, [SS ] (as considered by the DSFM).

[8]=[80]+[82’]+[85]+[8S] Q.4.1.1)
As well, compatibility relationships determine that the strain in the i smeared reinforcement

component is the sum of the total strain, elastic strain offsets [8?], (due to thermal and prestrain effects)

and plastic strain offsets [Sf ]l. (due to cyclic loading or damage):

le.] =[]+ [e2], +[e], (2.4.1.2)
At any point within the reinforced concrete continuum, the total strains are related to stresses [G]

by the composite material stiffness matrix, [D], as follows:

[s]=[D]e]-[o°] (2.4.1.3)
The composite material stiffness matrix is the sum of the concrete material stiffness matrix, [D.], and the

reinforcement component material stiffness matrices, [D;];, as follows

[D]=[D.]+> [D,] (2.4.1.4)

i=1
While the composite material stiffness matrix operates on total strains, element stresses can be directly
related only to net strains of the concrete and reinforcement. Therefore, it is necessary to subtract the
stress contribution of strain offsets and shear slip strains by use of the pseudo stress vector [¢°] calculated

as follows:

n

oo ]=[p. Hez J+ fer ]+ e i+ > [0.] lec] +fer]) (24.1.5)

i
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As the MCFT and DSFM model the reinforced concrete as an orthotropic material in the principal
stress directions, it is necessary to formulate the concrete material stiffness matrix,[D,.]’, relative to these

directions. If it is assumed that the Poisson’s effect is negligible, then [D,.]’ is computed as follows:

Ea 0 0
[D.]=| 0 Eo o0 (2.4.1.6)
0 0 G.

The secant moduli E¢1, Ec2,Gc, as shown in Figure 8, are computed from the current values of the

principal stresses, f.; and f., and the corresponding principal net concrete strains, €., and €., as follows:.

Fu-ta F,-Jo. G _ EaEa 2.4.1.7)

€. € Ea+FEcq

Likewise, material stiffness matrices [D;],” for each reinforcement component must first be
determined relative to their longitudinal axes. As the reinforcement is assumed only to resist uniaxial

stresses, [D,];” is computed as follows:
00
[D,]'=| 0 o0 0 (2.4.1.8)
00

where p; is the reinforcement ratio of the reinforcement component. The secant modulus £, as shown in

Figure 8, is computed from its current value of stress, f;; and the corresponding strain, €,;as follows:

Ey=ts (2.4.1.9)
e

si
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Figure 8: Definition of secant moduli for a) concrete b) reinforcement

Likewise, in the case of FRC, the material stiffness matrix for fibres can be determined based on the net

strains in the direction of the crack. The fibre material stiffness matrix, [Df]’, is computed as follows:

Eq 0 0
, 1
D¢l =10 o 0] (2.4.1.10)
0 0 0

The secant modulus, m , is computed from the tensile stress attained by fibres which is averaged

between cracks and from the strain:

By = et (2.4.1.11)

cf

£op = St 4 Lt o5 2, (2.4.1.12)
— -1 965

6y = tan™" 2= (2.4.1.13)

The material stiffness matrices, [D.]’, [D/]’, and [D,]’; are transformed from their respective

principal axes to the x,y axes by means of the transformation matrix, [7], as follows:

(D] = [T DI IT.] + [T¢] [Df] [T (2.4.1.14)

where [T,] is calculated using 6, and [Tf] is calculated using 8, + 6, and:

[D,], =[7.1"[D,][7.], (2.4.1.15)
cos’ sin? COS\ - sin
[T]z sin? y cos’ y - COS Y - sin (2.4.1.16)

-2cosy-siny  2cosy -siny (cos2 v —sin? y
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For the concrete, the angle v is the inclination of the principal tensile stress axis, 0,, with respect
to the positive x-axis. For the fibres, the angle v is the inclination of the principal tensile stress axis,
0,10; with respect to the positive x-axis. For the reinforcement, the angle v is the orientation, o, of each

reinforcement component, with respect to the positive x-axis.

2.4.2 Element Stiffness Matrices

The element stiffness matrix, [£] relates nodal forces to nodal displacements of the element. It is

determined from the composite material stiffness matrix as follows:
[k]=[ 18] [D]Blar 24.2.1)

The strain-displacement matrix [B], interpolates strains throughout the element continuum by operating
on nodal displacements of the element. The form of the strain-displacement matrix depends on the type of
the element, and the resulting value of the above integration will depend on the composite material
stiffness matrix, the element geometry and the exactness of the integration method.

It is also possible to separate the element stiffness matrix into contributions from the stiffness of
the concrete, [£.], and stiffness of the reinforcement components, [4;];, by substituting the respective

material stiffness matrix for the composite material stiffness matrix:
[k.]= | [BY'[D.1Blav (2.4.2.2)

[k, ], = jm[ [B] [D,].[Blav (2.4.2.3)

2.4.3 Pseudo Nodal Loads

The element stiffness matrix operates on total nodal displacements in a manner that is analogous
to the material stiffness matrix operating on total strains. Like the use of the pseudo-stress vector, it is
necessary to subtract the nodal force contributions of the nodal displacements due to strain offsets and
crack shear slip by the use of a pseudo nodal load vector.

First, the offset and crack shear slip strains are resolved into components relative to the x,y axes.
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For the concrete:

o] [ ‘:
eol=|eo |sfer]=| er, |: fes]=| & (2.4.3.1)
0 vP Y;y

For the reinforcement components:

g% - (1+cos2a,)/2 e’ -(1+cos2a,)/2
[8?]1. =| &% -(1-cos2a,)/2 |; [af . =| &b -(1-cos2a,)/2 (243.2)
gy -sin 2a; gl -sin2aq,

where «; is the orientation of the reinforcement component relative to positive x-axis.

Integration of these strain components results in free nodal displacements [rc" ], [r‘” l [rj ], due to

c
concrete offset strains and shear slip, and displacements [r” l [rs" ] due to reinforcement strain offsets, as

s

[rf]=”8?]dfl; [rc‘”]=ﬂaf]dA; [r:]=ﬂss]dA (2.4.3.3)

[rs"]=f[8;’]df1; [rs”]=j[8§’]d/1 (2.4.3.4)
The pseudo nodal loads, [F*], required to produce equivalent nodal displacements for each

element are determined by multiplying the free nodal displacements by the contributions of the concrete

and reinforcement to the element stiffness matrix:
[F *] = [kc ]{[rco ]+ [rcp ]+ [rcs ]}+ Zn: [ks ]i {[rso ]+ [rsp ]} (24.3.5)
i=1

The pseudo nodal loads are added to the applied external loads, [F], to determine the total nodal

force vector, [F]:

[Fr]=[F]+[F *] (2.43.6)
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2.44 Total Load Iterative Secant Stiffness Solution
The global stiffness matrix, [K], of the entire structure is assembled by the summation of all the

element stiffness matrices:

[x]= i[k],» (2.4.4.1)

Having determined the global stiffness matrix and the total nodal load vector, the following

system of equations results involving the unknown nodal displacements, [r]:

[F]=[K]r] (2.4.42)
Providing the structure is adequately restrained, the unknown nodal displacements are determined

by pre-multiplying total nodal load vector by the inverse of the global stiffness matrix:

[r]=[&]"[F'] (2.4.4.3)

The total element strains are determined from the nodal displacements, utilizing the strain-
displacement matrix.

le]=[B]] (2.4.4.4)

The shear and normal stresses acting upon the element are determined by multiplying the element

strains by the material stiffness matrices and subtracting the pseudo stress vector:
[o)=0. el loz |- le2 |- o [+ Io. el - lee - e | (24.45)

However, the secant moduli, E , used to determine the structure stiffness matrix are only
estimates that are initially based on the stress-strain state of the previous load step. Owing to the finite
size of each load step, the stress-strain state corresponding to the current load step differs from that of the
previous load step by a finite amount, resulting in an error in the computed nodal displacements. The error

can be made arbitrarily small by an iterative refining the secant moduli. The secant moduli are

recomputed as E' for the calculated stress-strain state, and then averaged with the assumed values E as

follows:

Ewy=(1-¢)E, +c-E, (2.4.4.6)
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where c is a specified convergence averaging factor and i is the iteration number. When the secant moduli
have acceptably converged or a specified number of iterations have been performed, VecTor2 concludes

the analysis for the load step, stores the analysis results and proceeds to the next load step, if any.

2.5 Augmented Analysis Features

While the MCFT and DSFM form the basis for VecTor2, the program has been augmented to
model the effects of lateral expansion, triaxial stresses, cyclic and reverse cyclic loading, construction and

loading chronology, and bond slip. Each of these features is subsequently described.

2.5.1 Modeling of Lateral Expansion Effect

When reinforced concrete is uncracked or experiences relatively small tensile strains, lateral
expansion may account for a significant portion of the total strains in the principal maximum strain
direction. If these strains are incorrectly attributed to tensile straining due to stress, the compression
softening effect may be overestimated. To address this potential inaccuracy, Vecchio (1992) implements
concrete lateral expansion effects by modifying the formulation of the concrete material stiffness matrix.

For a linear-elastic material that is orthotropic in the principal directions, plane stresses

[6, o, 1,,]" arerelated to plane strains [, &, 7v,,]”,by the material stiffness matrix, [D]:

| E, v E, 0
[D]|=———|v,E, E, 0 (2.5.1.1)
1=vp,v,y,
0 0 (1 _V12V21)G12

where, vy, is the Poisson ratio relating €, to o,, and v;; is the Poisson ratio relating €, to ;. The number of
independent constants is reduced if the shear modulus, G., is approximated as follows:

E\E,
El(l + V12)+ Ez(l + Vzl)

G, ~ (2.5.1.2)

Further, the reciprocity requires that the strain energy of the element be independent of the sequence of

loading. It follows that the remaining four constants are related as follows:

v, B, =v, E, (2.5.1.3)
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As the above terms are the off-diagonal elements of the [ D], the above condition is necessary for the
symmetry of [D]. If it is assumed that the Poisson’s ratio is zero, and the elastic moduli are replaced by
secant moduli for concrete, the concrete material stiffness matrix of equation 2.4.1.5 results.

The response of concrete violates the above condition, such that the material stiffness matrix
becomes unsymmetrical. As concrete is subjected to increasing compressive stress, progressive internal
micro-cracking accelerates the rate of lateral expansion. The same mechanism is responsible for the

softening of the compression stress-strain response. Therefore, it is generally true for £, < f.; <0, that
vi2> v, B > B and v, E | # v,y E,.

This difficulty is circumvented by separating the lateral expansion effects into elastic and residual
components. The elastic component is modeled by a symmetric concrete material stiffness matrix, while
the residual component is modeled by elastic strain offsets, [8f ], as described in the preceding section.

For the purpose of illustration, consider an element subject to biaxial compression such that /., < f.; <0.

The strains in the principal directions due to the Poisson’s effect are as follows:

€a ="V ICZ (2.5.1.4)
EcZ

€., ="V, Ja (2.5.1.5)
Ecl

For the reasons stated above, suppose that the lateral expansion, €,, is smaller than the lateral expansion

€.1. The lateral expansion g, is modeled entirely by the elastic component, while the lateral expansion &,
is modeled by both residual and elastic components. The elastic component of the Poisson’s ratio, v, , is

computed by the reciprocity condition:

e EcZ
Vip = V= (2.5.1.6)

cl
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The elastic components of the lateral expansion effects are implemented in the symmetric concrete

material stiffness matrix, [D.] as follows:

1 Ecl V]ez Ecl 0
[Dc]=1—e vyEe  Ee 0 2.5.1.7)
IRCIE 0 (1=vivy )G

where,

- Ec Ec

G — e (2.5.1.8)

Ea(l+v6 )+ Eca(1+vy)
The residual component of the Poisson’s ratio, vl*2 , 18 the remaining portion of the expansion:

Vi =V =V (2.5.1.9)

The residual component of the lateral expansion in the 1-direction is computed as an elastic strain offset

using the residual component of the Poisson’s ratio:

€4 =-Vp Je: (2.5.1.10)

EcZ

Models for determining the value of Poisson’s ratio are described in subsequent sections.

2.5.2 Modeling of Triaxial Stresses

Although the MCFT is formulated for the plane stress state, VecTor2 accounts for out-of-plane
stresses in the z-direction due to confinement of lateral expansion by out-of-plane reinforcement. The
triaxial stress state is then utilized in computing the strength enhancement effects due to confinement. The

out-of-plane concrete strain is computed as follows:

E. ,
£, :—‘(- Vi Jor —v,, f—lj (2.5.2.1a)
Ec +pz 'Esz 3

where p, is the reinforcement ratio of the out-of plane reinforcement. If however, the out-of-plane

reinforcement has yielded, the out-of-plane concrete strain is computed as follows:

e —. P 'fz,yield v, Icz _— Icl (2.5.2.1b)

“ Ec EcZ Ecl
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The stress, f;., in the out-of-plane reinforcement is determined as follows:

S =E&e < f yiew (2.5.2.2)
where f. 014 1s the yield strength of the out-of-plane reinforcement.
The resulting out-of-plane concrete compressive stress, f.,,, is determined from equilibrium as follows:
Jee==P- S

(2.5.2.3)

2.5.3  Analysis of Cyclically Loaded Structures

A simplifying assumption of the MCFT is ignoring the effect of strain history in determining the
stress-strain response of the concrete and reinforcement components. Therefore, the constitutive
relationships described so far correlate a unique stress value for any strain value. While this is adequate
for monotonic loading, it is not adequate for cyclic loading due to the hysteretic response of concrete and
reinforcement. When subjected to load reversals, these materials exhibit non-coincident stress-strain
responses, which give rise to plastic strain offsets. Moreover, the hysteretic responses depend upon the
plastic strain offset and maximum strains and stresses previously experienced by the materials. The
hysteretic response of concrete and reinforcement are described as material models in subsequent
sections. The following discussion describes how VecTor2 records the plastic strains and strain envelopes
for the concrete.

When considering constitutive relationships for concrete, the pertinent strain directions are those
parallel to the principal net concrete strains. However, these axes rotate as the load changes. As such,
VecTor2 records concrete plastic strains and strain envelopes with respect to the x,y axes and transforms
them to and from arbitrary orientations of the principal axes using relationships from Mohr’s circle.

If the inclination of the principal net concrete strains is 0, then the following relationships

transform plastic strains, € , & fy, Y f;% with respect to the X,Y axes to plastic strains, &2,e”,, with

cl>
respect to the principal 1,2 directions:

el + sfy el —sﬁ; ]
= 3 + 3 -c0s20 +y” -sin26 (2.5.3.1)

€
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p P P _ P
€ t Scy €ex 8cy
8c2 = -
2

-c0s20 — v~ -sin 20 (2.5.3.2)

In a given load step, the plastic strains change by the quantities Ae’; and Ae?, , with respect to

the principal 1 and 2 directions, respectively. The following relationships transform the plastic strain

increments and add them to the previous plastic strains to update the plastic strains with respect to the x,y

axes:
Ag?, Ag?
el =gl +%-(I+c0s26)+%-(l—cos26) (2.5.3.3)
Ag? Ag?
en'=¢l, +—Z€2 -(1—cos29)+—2“2 (14 cos26) 2534
Yoy ' =Vhy + A, -sin 20 — Ag, -sin 20 (2.5.3.5)

Maximum concrete strains are defined by maximum compressive strains, €., , €., and Y ., ,

and maximum tensile strains ¢ €

tmx ° 7 tmy,

and 7V, , with respect to the X, Y directions. For brevity, the
following discussion describes the treatment of the compressive strains only, but similar relationships
result for the tensile strains. Althoughe , €., and Y,,,, describe a compressive strain envelope, rather

than a strain state, analogous relationships from Mohr’s circle transform them to and from the principal

and global axes.
The following relationships transform the maximum compressive strains, €., , €., and Y .,

with respect to the X,y axes to maximum compressive strains, strains €., and &.,,, with respect to the

principal 1,2 directions:

_ 8cmx + 8cmy 8me - Scmy 26 1 2 5 3 6
8cml - 2 + 2 - cos +ycmx - Sin 26 ( e )
s _ ‘c'cmx + ‘c’cmy _ Scmx - Scmy CcoS 26 _ 3 26 (2 5 3 7)

cm2 T 2 2 : chx s R

In a given load step, the calculated principal net concrete strains are €., and €., If these principal

strains are more compressive than those described by €,,,; and €.,,, then the envelope of compressive
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strains must be updated. The incremental maximum compressive strains in the principal directions are

defined as follows:

0 l.](gcl >‘C’cm1

Ae,,, = (2.5.3.8)
€ 8 if‘gcl <€
0 ifSCZ >Scm2

AgcmZ = (2539)

802 _gcmZ if‘C’CZ <8cmZ
The following relationships transform the maximum compressive strain increments and add them to the

previous maximum compressive strains to update the maximum compressive strains with respect to the

X,y axes:
A A
€ e = € om +%-(l+cos 29)+ 82”"2 -(l—cos 29) (2.5.3.10)
A A
acmy'zacmy +—8£”’1 -(l—cos 26)+ SZC’"Z -(1+cos 29) (2.5.3.11)
Y emxy '= Y emxy + Agcml -sin 26 — AE‘:cm2 -sin 20 (2.5.3.12)

Collectively, the plastic strains and strain envelopes and other stress envelope quantities allow
VecTor2 to implement the hysteretic response models for the concrete. Likewise, VecTor2 records the
strain and stress history of the reinforcement (without the additional complexity introduced by the
transformations), to implement hysteretic response models for the reinforcement. The plastic strains

resulting from the hysteretic response of both material components are treated by the pseudo nodal load

approach described in the preceding section.

2.5.4 Analysis of Construction and Loading Chronology

Repaired reinforced concrete structures present an example where construction and loading
chronologies significantly influence the load-deformation behavior. Initial loading of the original
structure results in distress to the concrete and reinforcement materials. At some later time, possibly while
still in service, the structure may be strengthened by casting of additional concrete, addition of reinforcing

bars or the lay up of FRP composite materials. After repair, entirely new loads may be applied to the
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repaired portions of the structure. The effectiveness of the repair procedure depends upon the load sharing
between the original and newly added portions of the structure. In turn, this depends not only upon the
final configuration of the structure and loads, but also the extent of damage prior to repair and the strain
differentials between the original material and repair materials at the time of repair.

VecTor2 models construction and loading chronology by allowing elements to be engaged and
disengaged during loading. Engaged elements represent portions of the structure that are currently
present. They contribute to the strength and stiffness of the structure. Conversely, disengaged elements
represent portions the structure that are currently absent. They do not contribute to the strength and
stiffness of the structure. In cases where regions of a structure will be replaced by repair materials,
engaged and disengaged elements occupy the same space in the mesh, resulting in a double meshed
region.

At a given load stage, the total strains of disengaged elements, [¢], are compatible with strains of

the adjoining engaged elements. However, when disengaged elements are activated at a later load stage,

the previously experienced total strains are recorded entirely as plastic strain offset strains, [sf ] and

[sf ] Therefore, the newly engaged elements effectively behave as though they have been added in a zero

elastic strain condition to previously engaged elements, which may be already distressed to some degree.

At each load stage, the strain history of the elements are updated and recorded as necessary.

2.5.5 Bond-Slip Mechanisms

Bond action is the means by which stress transfers between the concrete and reinforcement and
allows the two materials to behave compositely. As the concrete adjacent to reinforcement deforms,
resisting bond stresses act tangentially to the reinforcement. In the case of embedded bar reinforcement,
the bond stresses arise from chemical adhesion, friction and mechanical interlock with the concrete. In the
case of externally bonded reinforcements, the bond stresses arise from the adhesive properties and shear
resistance of materials adjoining the concrete and reinforcement. Bond action is critical in anchorage

zones and near cracks, where high stress gradients in the reinforcement necessitate large bond stresses.
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Perfect bond may exist in regions where bond stresses are sufficiently low. In this case, the
change in reinforcement strain in response to loading is equal to the change in the total concrete strain. At
higher levels of bond stress, damage to the bond results in imperfect bond action. Consequently,
differential straining of the concrete and reinforcement occurs. This manifests as relative displacements or
bond slip between the concrete and reinforcement. Among other factors, the bond stress is related to the
extent of bond slip.

For many reinforced concrete structures subject to monotonic loading, proper reinforcement
detailing ensures that the strength capacity is not governed by failure of bond action. The limited localized
bond slip has minimal influence on the load-deformation response. For these structures, the perfect bond
assumption of the MCFT is acceptable for modeling their behavior. In contrast, structures that are
susceptible to bond failures may exhibit substantial bond slip that modifies the internal stress distribution
and load-deformation response. As well, cyclically loaded structures experience a gradual degradation of
bond that may significantly influence the hysteretic response.

VecTor2 models bond-slip mechanisms by use of the bond elements and bond stress-slip curves
for embedded reinforcement and externally bonded reinforcement. The bond elements serve as
deformable interfaces between concrete and discrete reinforcement elements, thereby removing the
perfect bond relationship between the concrete and reinforcement materials. The stress-slip response of
the bond elements is governed by the bond stress-slip curve. The bond stress-slip curves depend upon

material properties, reinforcement layout and confining pressures.

2.5.6  Dynamic Analysis
2.5.6.1 Introduction

The structural modeling in FormWorks for dynamic analysis is much the same as for static analysis.
The mesh generation and material model selection methods are identical for dynamic and static analysis.
However, for certain dynamic analyses, parameters must be manually added to the analysis input files

created by FormWorks.
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2.5.6.2 Newmark Direct Integration Method: Newmark Beta and Gamma Factors

VecTor2 employs Newmark’s method of direct integration to evaluate the dynamic response of

structures. The iterative Newmark integration method was introduced in 1959 (Wilson, 2002).
. 1 2 . 2 .o
ut = ut_At+At ut_At + (E_B)At ut_At+BAt ut (25621)

Updated in 1962 to eliminate the need for iteration and to introduce damping, the following equations

resulted:
ilt = bl (ut - ut_At) + bz llt_At + b3ﬁ't—At (25623)
at = b4(ut - ut_At) + b5 Ilt_At + beut_At (25624)
where
b1=#; b2=5; b3=3—§; b, = yAtb,; bs =1+ yAthby; bs = At(1 +ybs —¥)

The Newmark Beta Factor, 3, and Newmark Gamma Factor, y, are the constants used in the
method. The default value for y in VecTor2 is 0.5; any other value will introduce artificial numerical
damping to the solution (Saatci, 2007). The 3 factor determines how the acceleration changes within a
time-step. A value of § = 0.25 is used in the integration when the acceleration is constant within a time-
step (constant acceleration method), while 8 = 1/6 is typically used when the acceleration changes
linearly through the time-step (linear acceleration method). The use of other values for  may greatly
affect the accuracy and stability of the solution, and are therefore not often used. The constant
acceleration method yielded the more stable results for the analyses found in Saatci (2007), and is the

recommended method. Thus, the default value for § in VecTor2 is 0.25.

2.5.6.3 Damping

VecTor2 employs both Rayleigh and Alternative Damping. These two types of damping are

discussed in more detail in Section 2.5.9.
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2.5.6.4 Ground Acceleration

Ground acceleration can be used in dynamic modeling in VecTor2, and can be input in two ways.
Ground acceleration may be specified in FormWorks or in a VECTOR.EQR file. The procedure for

inputting this data is discussed in more detail in the FormWorks section of this manual.

2.5.7 Accounting for Strain History

Accounting for strain history is one of the analysis options in the Model tab of the Define Job
dialog box. Accounting for strain history is the recommended option since it is important to consider
previous loads, particularly when performing cyclic or reverse cyclic analyses. If previous loading is
neglected, at the beginning of each new load stage, VecTor2 assumes that the structure is uncracked and

not damaged in any way.

2.5.8  Accounting for Strain Rate Effects

Accounting for strain rate effects becomes important when modeling structures under impact
loading or other high strain rate loading conditions. VecTor2 accounts for increased strain rates by
calculating Dynamic Increase Factors (DIFs) for different material types and loading conditions. For
concrete in tension and compression, the CEB-FIP 1990 Model Code DIFs are used. For both smeared
and truss steel reinforcement, the CEB-FIP 1988 bulletin 187 DIF formulations are used. For structural
steel, the DIFs are taken as 1 always.

In the following formulations, the DIF is equal to the ratio of the dynamic strength to the static
strength, dynamic modulus to static modulus, or dynamic strain to static strain. The CEB-FIP 1990
Model Code provides the following formulations strain rate effects for concrete.

For concrete in compression, the following CEB-FIP formulations are valid for strain rates in the
range of 30 X 107%s71 < | €,| < 3 x 1025~ (CEB-FIP, 1990):

éc)mzea

; (E, foré, <30s7!
fea _ ) Vo

- . (2.5.8.1)
© y(2)3 fors, >30s"t

€o
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where,
@ = — (2.5.8.2)
— 5.8.
fco
y = 106:156a-2.0 (2.5.8.3)

g =30x10"6s"1

feo =10 MPa

And &, is the strain rate, f_; is the static compressive strength of concrete, f.4 is the dynamic
compressive strength of concrete.
In VecTor2, the equation for y is slightly different, and is calculated as follows:

y = 106:156a-0492 (2.5.8.4)
For concrete in tension, for strain rates 3 X 1076571 < g, < 3 x 102s71, the following CEB-FIP

formulations apply:

£\ 10168 ) 1
‘e (;) fore, <30s
Jta _ 2.5.8.5
ftS S.Ct % . -1 ( )
< or €4 s
B (s ) f > 30
0
where,
__1 (2.5.8.6)
10+6Les o
feco
B = 107:1126-233 (2.5.8.7)

g =3x10"%s71

feo =10 MPa

And f;, is the static tensile strength of concrete, and f;, is the dynamic tensile strength of
concrete. In VecTor2, the formulation for 3 is:

B = 1(06-9336-0.492 (2.5.8.8)

The CEB-FIP 1990 Model Code also provides a formulation for the effect of strain rate on the
modulus of elasticity of concrete.

In compression, for compressive strain rates within the range of 30 x 107¢ < |¢] < 3 X 102:

Eed _ (&)0'026 (2.5.8.9)

E¢ €co
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And in tension, for tensile strain rates within the range of 3 X 1076571 < g, < 3 x 10%s71:

Eeq (e )\0016
where,

g0 = 30 X 107%s™1 for compression

giro = 3 X 107571 for tension

and E, 4 is the dynamic modulus of elasticity, E; is the modulus of elasticity of concrete at 28
days, and &, is the strain rate.
The formulation employed in VecTor2 for peak strain at maximum load, valid for compressive strain

rates of 30 X 107° < || < 3 x 102 and tensile strains rates of 3 X 1076571 < g, < 3 x 10%s71:

Eerd _ (2)"'02 (2.5.8.11)

€c1 £co
where &.4 4 is the impact/dynamic strain at maximum load, &, is the strain at maximum load for static

loading, and €. and £, have the same values as stated above.

For reinforcing steel, the CEB-FIP Bulletin 187 formulations are employed. The CEB-FIP
formulations are valid for steel strain rates of 5 X 107°s™1 < &, < 10 s~ for both smeared and truss bar
reinforcement.

For the yield strength of reinforcement:

Tvd _ 1451, (i) (2.5.8.12)

fy Iy Eto

And for ultimate strength of reinforcement steel:

Jud _ 1 4+ 7 (e
fu 1 t in (sgo) (2.5.8.13)
where

g0 =5x10"%s71
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2.5.9 Structural Damping

Damping refers to the diminishing of the amplitude of the free vibration of a structure. The
damping matrix for a given structure is determined from its modal damping ratios. VecTor2 offers two
types of structural damping, Rayleigh Damping and Alternative Damping. In Rayleigh Damping,
specifying the damping ratio for two damping modes defines the damping frequency for all modes.
Alternative damping, consisting of the superposition of modal damping ratios, allows the user to specify
zero viscous damping for the final damping modes.

2.5.9.1 Rayleigh Damping

One of the most common formulations for proportional damping is Rayleigh Damping. In
Rayleigh Damping it is assumed that damping is proportional to both the mass and stiffness matrices
(Chopra, 2007).

For mass-proportional damping, the generalized damping equation for the nth mode is

C, = agM, (2.5.9.1.1)

. . 1
where the modal damping ratio is {,, = %w—

n

To calculate a specific value of damping ratio for any one mode, the equation 11.4.3 can be
modified as follows.

ap = 2¢;w; (2.59.1.2)
Once a, is determined, the damping matrix and damping ratio for every other mode is determined.
Likewise, for stiffness-proportional damping, the coefficient a, is determined.

Co=wmwiM, and G =2 w,; ay =2 (2.5.9.1.3)

wj
Combining both mass-proportional and stiffness-proportional damping, Rayleigh damping is defined as
c=aom+ a1k (2.59.1.4)

Where the damping ratio is

=2 +2 g, (2.5.9.1.5)

2 wp 2
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Figure 9: Rayleigh Damping (Chopra, 2007)

The coefficients a0 and al can be determined from the specific damping ratios ¢; and g for the ith and jth

modes.

€

1[1/w; wi] {ao} ={€j} (2.5.9.1.6)

2 1/a)]- w;| lag

If the same damping ratio is assumed for both modes, a; and a; can be expressed as follows:

(2.5.9.1.7)

2.5.9.2  Alternative Damping

Alternative Damping allows for damping behavior for the first j modes and no viscous damping
for the remaining modes.

The damping matrix for alternative damping is constructed as follows (Chopra, 2007):

2 n“n
c=m (TN, gM:’ Pndi ) m (2.5.9.2.1)

where M,, is the generalized mass matrix, ¢, is the mode shape, m is the mass matrix, N is the
total dynamic degrees of freedom.

The generalized mass for the nth node is:

M, = ¢I xm x ¢, (2.59.2.2)
The nth term in the big equation is the contribution of the nth mode to the damping matrix. Only the first

Jj modes in equation contribute to the damping response.
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2.5.10 Geometric Nonlinearity
Geometric nonlinearity is used to consider secondary displacements and P-Delta effects and other

large displacements.

2.5.11 Crack Allocation

Two crack allocation models are available in VecTor2, uniform and variable. The uniform crack
allocation model is useful when determining crack widths and spacing for reinforced concrete with
regular deformed reinforcing steel or fibre reinforced concrete; the DSFM is used to determine an average
crack width and spacing. For concrete reinforced with FRP, the variable crack allocation model may be
more appropriate.

2.5.11.1 Uniform Crack Allocation (Deluce, Lee, and Vecchio, 2012)

In normal reinforced concrete, an average crack width and spacing are calculated using the DSFM
as follows (Vecchio, 2000):
W=¢7"S (2.5.11.1.1)
where w is the average crack width, and €. is the average tensile strain.
Under biaxial conditions, the following crack spacing parameters are calculated with respect to the

principal axis:

5= S =2 (c+i—’(’))k3+k;:2 (2.5.11.1.2)

where,

Sp = —=r7 (2.5.11.1.3)

i 5 :
2 .

sp; = 0.5 /”pi (2.5.11.1.4)
_ N Psi_ .29 o %Yr . Lr/dg

Sm = Zldb,i cos®0; + 4 max (—50 , 1.0) (2.5.11.1.5)
_ _ _ _ 1 min(V,0.015) N PR 50

ky =04 kp=025 ky=1-"—-"1"= {1 min (—lf R 1.0)} (2.5.11.1.6)

¢ =15ay, (2.5.11.1.7)
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And ag, is the maximum aggregate size, a is a fibre orientation factor (equal to 0.5 for an infinite

element).

2.5.11.2 Variable Crack Allocation (Sato 2002)

The variable crack allocation model is well-suited for the estimation of crack widths in reinforced
concrete members with fibre-reinforced polymer sheets.
To estimate the contribution of steel bars to crack formation, the stress at the final crack

formation is (Sato and Vecchio, 2003):

SrW¥s,iTho,i€0S0s,i

f1’ = ?le (251121)

where s, is the crack spacing, W, is the bonded area per unit length (mm*/mm), 7, is the maximum
average bond stress of the i steel bar, 6 is the angle between the reinforcement and principle tensile
concrete direction, and A, is the effective cross-sectional area of concrete.
The contribution of the FRP sheets to crack formation is as follows. Concrete stress reaches the
tensile strength f{ at the midpoint between cracks, and a new crack develops at this section.

For equilibrium at a new crack formation:

2
Wr,itFjEF,jA¢Fo,j €S~ OF,j

fl=3r, o (2.5.11.2.2)

However, the only term required to model crack formation is tpEpAeg,.

trEpAepomax = €3 X min(1,s,/220) N/mm (2.5.11.2.3)
where
c3 = (15.8 + 1.34,/t;Er)\/Gr N/mm (2.5.11.2.4)

When the average tensile stress in the cross-section of R.r X wg at the midpoint between two cracks
approaches the tensile strength f{, a new crack develops.
Combining the two equations, equilibrium at the completion of new crack formation in

reinforced concrete members with both steel bars and FRP sheets is expressed in the following equation.

I Pe,iTs0,iC0S0s i
fl = 2s, zﬁl# + 37 1(pr jEr jAermax,j c0S? O ;) (2.5.11.2.5)
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where p,, is the effective reinforcement ratio for steel bars, pr is the effective reinforcement ratio
for FRP sheets (=tr/R,p), i is the component (direction of steel bars), and j is the component of FRP
sheets.

The crack spacing can be calculated as:

!
( Je 7 for s, < 220mm
2ym Pc,iTho,i€050s,i 1 s PF,jC3,j €05~ OF j
i=1 dp; "2204=1 trj
S=8= Flosm p}c’jc3’jcos2 OF,j (251126)
D
J
T for s, > 220mm
2Li=ia,;

Details of the variable crack allocation model can be found in Sato (2003).

2.5.12 Additional Analysis Parameters

Different analysis options or material models available in VecTor2 require the user to specify
additional parameters. These are discussed in this section. Additionally, it is possible for users to specify
material resistance factors in FormWorks; this is discussed in this section and in the FormWorks section
of the manual.

2.5.12.1 Concrete Aggregate Type

The type of aggregate is important when considering fire loads, due to the fact that siliceous and
carbonate aggregates respond differently to elevated temperatures. Some characteristic properties, such
as f; /f/20 are found in (Zhou, 2005). The thermal strains also differ between siliceous and carbonate

aggregate.

2.5.12.2 Concrete Conductivity

Concrete conductivity is important when determining thermal performance. In order to analyze
the response of concrete under extreme thermal loading (ie. fire), this input is required.

2.5.12.3 Concrete Fracture Energy

In order to predict crack formation in reinforced concrete, the fracture energy is required. The
fracture energy depends on the composite structure of the concrete and depends on the mechanical

interaction of the aggregates and cement matrix (Wittman, 2002). The concrete fracture energy is lowest
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for pure hardened cement paste and increases as the maximum aggregate size increases. One equation for
determining the fracture energy is the following (Wittman, 2002):

G = a®pax N/m (2.5.12.3.1)

Where a = 80.6 and n = 0.32.

Note that in VecTor2, the concrete fracture energy must be specified in units of kN/m. If a zero
is entered in FormWorks for fracture energy, a default value of 0.075 kN/m is assigned in VecTor2.

2.5.12.4 Prestressing Friction and Wobble Coefficient

The pre-stressing friction coefficient, specified in units of /m, is dependent on the type of tendon
and the radius of curvature of the tendon. Applicable to post-tensioned systems only, the range of friction
coefficients recommended by ACI and CEB is summarized in Figure 10 below (Collins and Mitchell,
1997). Similar to the friction coefficient, the prestressing wobble coefficient is applied only to post-

tensioned systems and is dependent on the type of tendon. Recommended values are also given in Figure

10.

Table 2-3  Representative friction values* recommended by
CEB-FIP for tendons with radii of curvature not less than 6 m
{20 ft). From Ref. 2-16.

Curvature Wobble Coefficient, Kt
Coefficient,

Type of Tendon 7] per foot | per meter
Cables in concmteﬂ]cr_s L 0.50 0.0015 0.0050
Tendons in metal sheathing

Drawn wires 0.20 0.0006 0.0020
Strand 0.20 0.0006 0.0020
Smooth rolled wires 0.25 0.0008 0.0025 l
Deformed wire 0.30 0.0009 0.0030 :

*Multiply values by 0.90 if tendon is slightly lubricated.
Tin the CEB-FIP Model Code. K is expressed as 0.01u per meter

Table 2-2  Range of friction coefficients recommended by ACI. From Ref. 2-15.

Curvature Wobble Coefficient, K
Coefficient, —
Type of Tendon m per foot per meter
Tendons in flexible metal sheathing
Wire tendons 0.15-0.25 | 0.0010-0.0015 | 0.0033-0.0049
T-wire strand 0.15-0.25 0.0005-0.0020 | 0.0016-0.0066
High-stength bars 0.08-0.30 0.0001-0.0006 | 0.0003-0.0020
Tendons in rigid metal duct — 7-wire strand 0.15-0.25 (0.0002 0.00066
Unbonded pregreased tendons — wires and 7-wire strand 0.05-0.15 | 0.0003-0.0020 | 0.0010-0.0066
Unbonded mastic-coated tendens — wires and 7-wire strand | 0.05-0.15 | 0.0010-0.0020 | 0.0033-0.0066

Figure 10: Prestressing Wobble and Friction Coefficients
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2.5.12.5 Thermal Time-Stepping Factor

The thermal time stepping factor allows transient thermal loading (ie. fire loading) to be
incorporated into VecTor2. The time step is used in the Crank-Nicolson Method, which is a finite
difference numerical integration method implemented in VecTor2 for the analysis of transient thermal
loading. Multiplying the thermal time stepping factor by the number of time steps gives the duration of
each time step.

2.5.12.6 Material Resistance/Creep Factors

Material Resistance Factors are applied to decrease the strength of specified materials. The
factored strength is equal to the input material strength multiplied by the material resistance factor.
Information on how to input the resistance factors for concrete, rebar steel, prestressing steel, structural
steel, masonry/mortar, and wood are provided in the FormWorks section of this manual. The concrete
creep coefficient and prestressing steel relaxation coefficients are discussed in the Concrete Models

section of this manual.
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3 Element Library

The VecTor2 element library is subdivided into three element categories depending on the type of
material the element models. The first category consists of planar triangular, rectangular and quadrilateral
elements which model concrete with or without smeared reinforcement. The second category consists of
the linear truss bar element which models discrete reinforcement. The third category consists of the non-
dimensional link and contact elements, which model bond-slip.

All elements are simple and low powered, with minimal nodes, straight conforming boundaries,
and linear displacement functions. Compared to higher powered elements, these lower powered elements
are advantageous in two respects. First, VecTor2 explicitly calculates their stiffness coefficients without
resorting to numerical integration. Second, low powered elements are not susceptible to spurious

behaviors such as zero-energy modes. The following discussion describes the element type.

3.1 Reinforced Concrete Elements

Reinforced concrete elements are used to model plain concrete or concrete with smeared
reinforcement, representing regions of a structure having well-distributed reinforcement. Owing to
compatibility between the concrete and smeared reinforcement comprising the element, the concrete and
reinforcement are perfectly bonded. The element stiffness matrices, [£], are formulated with the

composite material stiffness matrices by closed form evaluation of the following integral:

[k]=[ [8] [D]Blav 3.1.1)

3.1.1 Constant Strain Triangle

The constant strain triangle, shown in Figure 11, is a three-noded element with uniform thickness,
t. The element is defined by the three node numbers, in counterclockwise sequence i,j,k. As each node

displaces in the x and y directions, the element has a total of six degrees of freedom. Although the triangle



may assume any orientation and shape, its accuracy degrades as the shape deviates from an equilateral

triangle. As such, distorted and elongated triangles should be avoided.

Ay

thickness =t

X
»
»

Figure 11: Constant strain triangle element
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The displacement of any point in the element is expressed as a linear combination of the x and y

coordinates. The element strains, [€], are related to the nodal displacements, [7], by the strain-

displacement matrix [B] as follows:

[e]=[B]] G.1.1.1)
where

el=l. e, v.,[ (3.1.12)
[”]:[”ix Ty T Ty Th rky]T (3.1.1.3)

Yu 0 yg 0 y; 0

[B]:i 0 x, 0 x, 0 x, (3.1.1.4)

24 !
X Ve Xu Yu Xy Vi

X=X =X, and Yi=Yi-y, (3.1.1.5)

Considering the terms of [B], it is apparent that the strains and stresses are constant throughout the

element. Consequently, the constant strain triangle behaves poorly in bending and a finer mesh is

generally is required to achieve the same accuracy as a mesh constructed with plane stress rectangles. For

these reasons, use of the constant strain triangle should be limited to accommodating edges that are not

parallel to the X or Y axes, and to make transitions in element size.
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3.1.2  Plane Stress Rectangle
The plane stress rectangle, shown in Figure 12, is a four-noded element with uniform thickness, ¢.
The element is defined by four node numbers in counterclockwise sequence, i,,j,m,n. As each node
translates in the x and y directions, the element has a total of eight degrees of freedom. The rectangle must
be oriented isothetically, with its edges parallel to the x and y axes. Although the rectangle may assume
any width and height, its accuracy degrades as the shape deviates from a square. As such, rectangles with

aspect ratios exceeding 3:2 should be avoided.

Ay

— 2a—>»

N 2b
A" l
i SLplx O;
thickness = t

V %

Figure 12: Plane stress rectangle element

The displacement of any point in the element is expressed as a bilinear combination of the x and y
coordinates, including the mixed ‘xy’ term. The element strains, [€], are related to the nodal

displacements, [r], by the strain-displacement matrix, [B], as follows:

[e]=[B]] (3.1.2.1)
[e]= [8x €y Y ]T (3.1.2.2)
[l’] = [rlx riy rjx r_jy rmx rmy rnx rny ]T (3 1 23)

-b-y) o0 (b-») 0 (+y) 0 -(@+y) 0

[B]:%‘b 0 —(a-x) 0 —(@+x) 0 (a+x) 0 (a—x) | (3.124)
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Considering the terms of [B], it is apparent that the plane stress rectangle can represent linear gradients of
strains and stress across its width and height. Evaluation of strains at the center of the rectangular element
avoids parasitic shear. Given that the plane stress rectangle is less overly stiff than the constant strain

triangle, the plane stress rectangle is preferable for modeling reinforced concrete regions.

3.1.3  Quadrilateral

The quadrilateral, shown in Figure 13a, is a four-noded element with uniform thickness, ¢. The
element is defined by four node numbers in counterclockwise sequence, i, j, m, n. As each node translates
in the X and Y directions, the element has a total of eight degrees of freedom. The quadrilateral may
assume any orientation and shape in the X, Y coordinate system. For accurate results, the quadrilaterals

should be compact with approximately equal interior angles, and lacking in excessive skew, taper or

warp.

thickness =t thickness =t

v*
\ Ao

(a) (b)

Figure 13: a) Quadrilateral element b) Decomposition of quadrilateral element into two constant strain
triangle elements

VecTor2 divides the quadrilateral element into two constant strain triangles 7; and T, sharing the
shortest diagonal as a common edge, as shown in Figure 13b. VecTor2 analyzes the two triangular
elements separately, each with their own stiffness matrix. Having solved for the nodal displacements,
VecTor2 computes the strains in the quadrilateral element as the area average of the strains in each
triangular element. For the same reasons that apply to the constant strain triangles, the plane stress
rectangle is preferable to the quadrilateral element. Use of the quadrilateral element should be limited to

accommodating edges that are not parallel to the x or y axes, and to make transitions in element size.
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Two different types of quadrilateral elements are available in VecTor2, isoparametric and
degenerate. Both element types are discussed briefly below.

3.1.3.1 Isoparametric Quadrilateral Elements

For isoparametric elements, the same shape functions are used to represent the element geometry and
determine the displacements. In this case, the quadrilateral coordinates are the parameters that define the
shape functions, which are used to link the geometry and displacements.

3.1.3.2 Degenerate Quadrilateral Elements

Certain quadrilateral elements will degenerate into triangular elements. This is done by collapsing
one of the sides of the quadrilateral. For a 4-node quadrilateral, degeneration results in a 3-node

triangular element as illustrated in Figure 14..

(a)

Figure 14: Degenerate Quadrilateral Element (Li, 2004)

Degenerate elements allow quadrilateral and triangular elements to both be used, which is convenient
when dealing with complex structural geometry. Using degenerate elements, the shape functions of the
quadrilateral elements are defined in terms of local coordinates and the shape functions for the triangular

elements are defined in terms of global coordinates (Li, 2004).
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3.2 Reinforcement Elements

Reinforcement elements are used to model reinforcement bars or FRP layers, or a lumped
collection of them in close proximity relative to the surrounding element sizes. The stiffness matrix, [£],
of these elements are formulated with the reinforcement material stiffness matrix only. Use of the discrete
reinforcement elements is required when either the behavior of individual bars or bond-slip mechanisms
are of interest. Generally, as a matter of accuracy and computational economy, primary reinforcement is
modeled by discrete reinforcement elements whereas well-distributed reinforcement is modeled by

smeared reinforcement in the reinforced concrete elements.

3.2.1 Truss Bar

The truss bar, shown in Figure 15, is a two-noded element with uniform cross-sectional area, 4.
The element is defined by two node numbers, i, j. As each node displaces in the x and y directions, the
element has a total of four degrees of freedom. The truss element may assume any orientation in the x, y

coordinate system.

thickness =t

X
NG
»

Figure 15: Truss bar element
The truss bar exhibits resistance only to elongation along its axis. The following equations relate
the nodal forces, [F], and nodal displacements, [r], with the truss bar element stiffness matrix [£]:

[Fl=[x]r] (3.2.1.1)

where

[Fl=r, £, £, F,[ (3.2.2.2)
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T
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[k]=—= (3.2.3.4)
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3.3 Bond - Slip Elements

Without bond-slip elements, the reinforced concrete elements and discrete reinforcement elements
are defined by common nodes. As such, the displacement of these elements is compatible, representing a
condition of perfect bond between the concrete and discrete reinforcement elements.

Bond-slip elements serve as deformable interfaces between reinforced concrete elements and
discrete reinforcement elements. Prior to slippage, bond-slip elements are defined by paired nodes having
the same coordinates. A reinforced concrete element is attached to one of the nodes, and a discrete
reinforcement element is attached to the other node. Increases of bond stresses are accompanied by bond
slip, manifested by relative displacement of the paired nodes and the attached reinforced concrete and
discrete reinforcement elements. VecTor2 includes two bond-slip elements: the link element and the
contact element.

The accuracies of the link and contact element depend upon the variation in slip between
successive nodes of the same discrete reinforcement elements. One measure of accuracy is the
discrepancy between the theoretical strain energy and strain energy of bond elements to model given slip
variations. As discussed by Keuser and Mehlhorn (1987), link elements model constant bond slips
exactly, but provide poor accuracy for non-constant slip variations. Contact elements with a linear
displacement function model constant and linear slip variations exactly, and provide good approximations
of nonlinear slip variations. Nevertheless, it has been found that in practice (Gan, 2000, Wong, 2001) that

both elements types provide similar and good accuracy when the mesh is sufficiently fine.
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3.3.1 Link
The link element, (Ngo and Scordelis, 1967), shown in Figure 16, is a two-noded, non-
dimensional element. The element is defined by two different node numbers, i and j. Prior to slippage, the
paired nodes must have the same coordinate. One node must be incident to a reinforced concrete element,
and the other node must be incident to a discrete reinforcement element. As each node displaces in the x

and y directions, the element has a total of four degrees of freedom.

concrete element
(e.g. quadrilateral)

link element
(nondimensional)

Figure 16 Link element

The link element may be conceptualized as two orthogonal springs, linking the reinforced
concrete element and the discrete reinforcement element. One spring deforms tangentially to the discrete
reinforcement element, representing bond slip and bond stresses. The other spring deforms radially to the
discrete reinforcement element, representing radial displacements and stresses.

The nodal displacements of the elements in the X,y coordinate system, [7], are transformed to
deformations of the tangential spring (the bond slip), A,, and the deformation of the radial spring, A,, by
the coordinate transformation matrix [7]:

[A]=[T]r] (3.3.1.1)

where,

[Al=[a, AT (3.3.1.2)
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[I"] = [rzx riy rjx rjy ]T (3313)

(3.3.1.4)

—cosO —sin® cos® sinO
sin@ —cos® —sin® cosO

The force in the tangential spring, F,, is found by multiplying the bond slip, A,, by the stiffness, &,
and the bonded surface area tributary to the link, 4. Likewise, the force in the radial spring, F,, is found
by multiplying the deformation of the radial spring, A,, by the stiffness k,, and the bonded surface areas,

A, of embedded bars or external plates tributary to the link:

F o el
iy (3.3.1.5)
F. 0 k |A,

The stiffness, k,, relates to the bond stress to the bond slip and is determined from the bond-slip curve. In
VecTor2, k, is assigned a large value of 100-k,, to suppress the radial displacement of reinforcement
element.

The nodal forces in the x,y directions, [F], are determined by transforming the spring forces with

transpose of the transformation matrix, [77]".

F,

F, F

Y=[rl| ! 3.3.1.6
R (33.16)
ij

Substituting equations 3.3.1.1 and 3.3.1.2 in equation 3.3.1.3, provides the stiffness relationship in the x,y
coordinate system with the link element stiffness matrix [£]:

[F]=[«]r] (3.3.1.7)
. |k 0
[k]=[T]" 4 7] (33.1.8)
0 k,
3.3.2 Contact

The contact element, shown in Figure 17, is a four-noded element, having only a linear

dimension. The element is defined by four different node numbers in the sequence, j, k, m, n. Prior to
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slippage, nodes, j and k£ must have the same coordinates. Either node j or node k£ must be attached to a
reinforced concrete element. The other node must be attached to a discrete reinforcement element. The
same condition applies to the nodes m and n. As each node displaces in the x and y directions, the element

has a total of eight degrees of freedom. The contact element may assume any orientation in the X,y plane.

¥ concrete element
(e.g. quadrilateral)

contact element

m,n

i,k truss bar

Figure 17: Contact element

The contact element models a continuous interface along the length of the discrete reinforcement
element. With two node pairs defining the contact interface, the displacement of any point along the
contact element is linearly interpolated from the nodal displacements to ensure conformal deformations
with the reinforced concrete element and discrete reinforcement element. At any point, the bond stress, T,
is related to the tangential displacement, A,, by the stiffness, &,; the radial stress, G, is related to the radial

displacement by the stiffness, &, as follows:

T k, 0| A,
= (3.3.2.1)
c 0 k. |A

The stiffness, &, relates to the bond stress to the bond slip and is determined from the bond-slip curve. In
VecTor2, k, is assigned a large value of 100-k,, to suppress the radial displacement of reinforcement
element.

By minimizing of the potential energy of a loaded element, the following equilibrium relationship

is found relating the nodal forces [F] and displacements [7] in the x,y coordinate system:
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[F]=[x]r] (3.32.2)
where

[F]: [F;x Fviy ij F/'y me me an E1y ]T (3323)
[I"] = [rlx riy ij r_jy rmx rmy rnx rny ]T (3324)

The contact element stiffness matrix, [£], in the X,y coordinate system is found by transforming the

contact element stiffness matrix, [£]’, in the local coordinate system with the transformation matrix [77:

[k]=[r] [k}]T] (3.3.2.5)
where
2k, 0 -2 0 ik 0 —k, 0 |
0 2 0 2k i 0 k0 -k
2k, 0 2% 0 -k 0O k0
g4l 00 -2k, 0 2 0 -k 0 k,
[ = 2| S (3.3.2.6)
6| 0 -k 0 i2k 0 -2k 0
0 K 0 -2k i 0 2 0 =2k

[cos® sin® 0 0 : 0
sin® cos© 0 0 i 0
0 0 cos® sinB: 0

[r]= R .'.?1.1.1..9....‘.’9?9..5 ..... R S S (3.3.2.7)

0
0 0 0 cos® sin0O
0o i 0 0 -sin® cos0|

and 4 is the bonded surface area tributary to the contact element.
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4 Models for Concrete Materials

The concrete constitutive and behavioral models are paramount to the accuracy of the VecTor2
results. At each load step, the structure stiffness is determined from the stresses and strains calculated
from the constitutive models. Further, the inclusion or omission of a model determines whether the effects
of pertinent behaviors are included in the analysis, and the suitability of the results to the purpose of the
analysis. Many of the models in VecTor2 include multiple options differing in degree and type, which
may produce a divergence of results.

Regarding the constitutive relationships, VecTor2 utilizes Cauchy-type models, which describe
the concrete response via nonlinear functions of stress and strain. This approach is amenable to concrete
given that the combined behavior of aggregates, cement and reinforcement which that can often only be
described by empirical relationships. These relationships typically involve mechanical properties
determined from standard specimens under specific stress and strain conditions, rather than being inherent
material properties. Bearing this in mind, it is necessary to select models judiciously for each analysis.

The following discussion describes the constitutive and behavioral models pertaining primarily to
the response of the concrete material, although many models must be discussed in the context of
reinforced concrete. First, the compressive stress-strain response is discussed followed by the associated
models of compression softening. Second, the tensile stress-strain response is discussed followed by the
associated models of tension softening, and FRC tension. Thirdly, confinement and lateral expansion
models are described. Fourthly, cracking criterion, crack stress calculations, crack width models, and slip

distortion models are considered. Finally, hysteretic response models are presented.

4.1 Compression Pre-Peak Response

The stress-strain response of concrete in uniaxial compression is nonlinear beyond low
compressive stresses, despite the fact that the constituent cement paste and aggregates exhibit linear-
elastic behavior in compression. The apparent contradiction is explained by the softening effect of internal

microcracks that form as a result of stress concentrations at the interface of the cement paste and
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aggregates. The ascending branch of the nonlinear stress-strain response is the subject of the subsequent

discussion.

Compression pre-peak response models compute the principal compressive stress, f,;, if the
compressive principal strain, €., is less compressive than the strain, €, corresponding to the peak
compressive stress, f,. The peak parameters are determined by adjusting the unconfined uniaxial concrete
cylinder strength, f”., and the corresponding strain, ,, for compression softening due to transverse tensile
strains, and strength enhancement due to confinement. Some of the following compression pre-peak
response models are described by functions that extended into the post-peak range. In these cases, both

the ascending and descending branches are presented.

4.1.1 Linear

The linear model, shown in Figure 18, is an elastic-plastic compression response curve, which is

not normally used.

gci
|3 f, Jore,<e ;<0
fu= : @.1.1.1)
-/ Jor g, <g,<0

.
P .

Figure 18: Linear pre- and post-peak concrete compression response
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4.1.2 Popovics
Popovics (1973) presented stress-strain curves for a range of normal strength concretes. As shown
in Figure 19, these curves reflect the greater stiffness and linearity of the ascending branch and the
reduced ductility of concretes as the peak compressive stress increases.

The stress-strain curve is given by the following equation:

fc,»=—(8""]f — " fore,<0 (4.1.2.1)

€p ! n'1+(8ci/8p)n

The long fraction represents the deviation from linear-elastic response. The curve fitting parameter, 7,
captures the greater linearity of higher strength concrete through the diminishing difference between the

initial tangent stiffness £, and secant stiffness, E,... These values are computed as follows:

E
=—< 4.1.22
" Ec_Esec ( )
f
E. =777 (4.1.2.3)
‘SP‘
7
— fp =50 MPa
—-——-fp=40 MPa
------- fp =30 MPa
//_\\\ —-—--fp=20 MPa
e RN
/ SO
/- N
/ N
r. -
/ o
e~ ——
e e —-——
a
Iy
7
-€

Figure 19 Popovics pre- and post-peak concrete compression response
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4.1.3 Hognestad (Parabola)

The Hognestad parabola, as shown in Figure 20, is a simple compression response curve, suitable

for normal concrete strengths (<40 MPa).

7
Jp [T

m

o

-€

Figure 20: Hognestad parabolic pre- and post-peak concrete compression response

The stress-strain curve is described by the following relationship:

2
fu=—1, 2(8“}—[2J <0 fore, <0 4.13.1)
8P 817

The stress-strain relationship is symmetric about €,, diminishing to zero stress at zero strain and 2g,. Note

that the Hognestad parabola predefines the initial tangent stiffness, E,, as follows:

E =2f,/,| 4.132)

4.1.4 Popovics (High Strength)

Collins and Porasz modified the stress-strain curve proposed by Thorenfeldt, Tomaszewicz, and
Jensen (1987) and Popovics (1973) to accommodate the behavior of high strength concrete in
compression. Experimental studies demonstrate that as the concrete strength increases, the response is
linear to a greater percentage of the maximum compressive stress, the strain corresponding to the peak
compressive stress increases, and the descending branch of the stress-strain curve declines more steeply.

Also, intermediate high strength concretes exhibit a decreased ultimate compressive strain. The Popovics
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— High Strength response curve, as shown in Figure 21, primarily differs from the Popovics response
curve in the more rapid post-peak stress decay for higher strength concretes.

The stress-strain curve is given by the following equation:

€, n
i = or ., <0
. (‘C’p ]fp ”'1+(5ci/8p)”k :

4.1.4.1)

The long fraction represents the deviation from linear-elastic response. The curve fitting parameter, 7,
captures the greater linearity of higher strength concrete through the diminishing difference between the

initial tangent stiffness £, and secant stiffness E.. It is given by the following equation:

n =080+ {—; (1, in MPa) (4.14.2)

The parameter, k, increases the post-peak decay in stress and is calculated as follows:

1.0 Jor €,<g,<0

k= f,

_ (4.1.4.3)
0.67+521.0 Jor g, <g,<0 (fp mMPa)

Note that the Popovics — High Strength relationship predefines the initial tangent stiffness, £, as follows:

E =7 — (4.1.4.4)
‘ n-1

f, n
‘SP

S ———fp= 70 MPa

-——-fp=60 MPa

Figure 21: Popovics high strength pre- and post-peak concrete compression response
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4.1.5 Hoshikuma et al.

In a study of confinement effects of reinforced concrete bridge piers with a variety of cross —
sectional shapes, hoop reinforcement spacing and volumetric ratio, Hoshikuma, et al. (1997) proposed a
stress-strain curve for concrete in compression, as shown in Figure 22. Experimental investigations
indicated that the peak compressive stress, f,, and corresponding strain, €,, depend upon the amount of
hoop reinforcement, whereas the initial stiffness, £, does not. In this context, it is noted that Hognestad
parabolic is deficient in that the initial stiffness is predetermined by equation. 4.1.3.2 in terms of the peak
parameters, and is therefore an implicit function of the amount hoop reinforcement. To reconcile this
inconsistency, the following relationship was proposed for the ascending branch of the compression

stress-strain curve

n—1
f.=E g 1-1 S—J for &, <€, <0 4.15.1)

I’ZSP

The term in parentheses represents the deviation from linear-elastic response. The parameter, #, is

expressed in term of the initial tangent stiffness £, and secant stiffness E,,., as follows:

n=——=—r—— (4.1.5.2)
Ec " Hsec
o
E, = (4.1.5.3)
el
fe
—fp= 70 MPa
//’ - ——-fp=60MPa
O EEEE fp =50 MPa
74 —-—--fp=40 MPa
v T —--—-fp=30 MPa
/f';/' J— - - —fp=20MPa
fre” 7
4}"'(‘/
"?'f’ - T
e
7 -

-€,

Figure 22: Hoshikuma et al. concrete compressive pre-peak response
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The Hoshikuma et al. post-peak response is considered in the subsequent sections.

4.1.6 Smith-Young

Based on cylinder stress-strain curves, Smith and Young determined the following equation for

the stress-strain behaviour of concrete (Smith and Young, 1956).
fo= 1 ()exp[1-(2)] (4.1.6.1)

The Smith-Young pre-peak curve is illustrated in Figure 23.

fe

Figure 23: Smith-Young concrete compressive pre-peak response

4.1.7 Leeetal 2012 (FRC) (Lee et al, 2012)

For FRC in compression, the following stress-strain formulation is available in VecTor2:

fe=f¢ [M] 4.1.7.1)

A-1+(gc/0)B
where 4 and B are the parameters considering the effect of fibres, which are evaluated for pre-and

post-peak compressive behaviours, separately, as follows:



66

A=B=—2— fore /e <1 4.1.7.2)

fe
-(25)
L —0.957
A=1+0.723 (Vf d—;) fore./eg > 1 (4.1.7.3)

—0.882
[1 +0.882 (Vf ;—;) >A fore/ey > 1 (4.1.7.4)

The strain at the compressive strength and elastic modulus of FRC can be calculated as follows:

l ;0.
€0 = (0.0003Vfd—’; + 0.0018> 1012 (4.1.7.5)
E, = (—367Vf;—f + 5520) 1041 (4.1.7.6)
f

4.2 Compression Post-Peak Response

Beyond the peak compressive stress, f,, and corresponding strain, €,, concrete resists substantial
compressive stress under continued compressive straining. Moreover, confinement of the concrete by
transverse stresses enhances the strength and ductility of the concrete, transforming the failure in
compression from brittle to ductile. This residual compressive strength and ductility may allow localized
regions of a reinforced concrete structure to fail, but gradually unload so as to redistribute internal stresses
and forestall total failure of the structure until additional deformation occurs. The effect of such post-peak
behavior may be beneficial by allowing greater economy in design, or detrimental, should overstrength of
the desired failure mode result in an undesirable failure mode. Post-peak behavior may also be significant
in over-reinforced structures. As such, the selection of the compression post-peak response is significant
to a realistic analysis of the load-deformation response.

Compression post-peak response models compute the principal compressive stress, f.;, if the
compressive principal compressive strain, €, is more compressive than the strain, g,, corresponding to the

peak compressive stress, f,. The peak parameters are determined by adjusting the unconfined uniaxial
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concrete cylinder strength, f”., and the corresponding strain, &,, for compression softening due to
transverse tensile strains, and strength enhancement due to confinement.

Of the following models presented, the Modified Park-Kent, Popovics/Mander, Hoshikuma et al.
and Saenz/Spacone models are formulated in the context of confined concrete. If the Modified Park-Kent,
Popovics/Mander, or Hoshikuma et al. models are selected and the concrete is not sufficiently confined,
then an alternative formulation is necessary to compute the compression post-peak response. (The
Saenz/Spacone is exempt from the following computation, owing to its inclusion of a control point on the
post-peak stress-strain curve.) For these post-peak response models, the compression post-peak stress, f;.,

is computed as follows:

fa=(=c)fi+e- 12 (4.2.1)
where
= (MJ 0<c<1 (4.2.2)
S
fei =-fp(gc"}exp I-Lﬁj (4.2.3)
817 81’

fh = func(e,;) , as computed in the subsequent sections for confined concrete.

The stress computed as f,; is the Smith-Young post-peak branch for unconfined concrete, as shown in

Figure 24. The parameter, c, increases linearly from zero to one as f, increases from f’. to 1.25f".. When
used in equation 4.2.1, ¢ effects a linear transition from the unconfined to confined compression post-peak

response.
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Figure 24: Smith-Young concrete compression post-peak response for f, <= f°.

In addition, when the Modified Park-Kent, Popovics/Mander, Hoshikuma et al. and Saenz/Spacone
models are selected, the post-peak response is assumed to have a sustaining branch equal to 0.2,

whenever the concrete is sufficiently confined such that £, exceeds 1.

fu=func(e,) < -02f, if 0<f.<f, (4.2.4)

4.2.1 Pre-Peak Base Curve

The Pre-Peak Base Curve option is a valid selection for the compression post-peak response if the
Linear, Popovics, Hognestad (Parabola) or Popovics (High Strength) compression pre-peak response
model is selected. The compression post-peak stress is computed using the equations presented in the

previous section for the descending branch of the selected stress-strain curve.

4.2.2 Modified Park-Kent

Park, Priestly and Gill (1982) modified a stress-strain curve proposed by Kent and Park to
account for the enhancement of concrete strength and ductility due to confinement. The stress-strain

curve, as shown in Figure 25, was utilized to compute the flexural strength of reinforced concrete
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columns confined by transverse hoop reinforcement. The linearly descending branch of the modified

stress-strain curve is liberally adapted for VecTor2 as follows:
fr=-f, +2,f (60 —=5,)]<0 or -02f,  for e, <z, <0 4.22.1)

where

0.5
(/. and f,, in MPa) (4.2.2.2)
3+0.29//", Frar

0.9
| Lo + +¢€
145|7'.|-1000 \-0.002) | 170 ?

and f,,, is summation of principal stresses, acting transversely to the direction under consideration:

Jiwa =St fo +f-1.<0 i=lor2 (4.2.4.3)

7o
Ir

-€

Figure 25: Modified Park-Kent post-peak concrete compression response

4.2.3 Popovics / Mander
Mander, Priestley and Park (1988), proposed a compression stress-strain curve for confined
concrete with transverse hoop reinforcement. The form of stress-strain curve is the same as that proposed

by Popovics (1973), except that the initial tangent stiffness, E., is assigned a particular value as follows:

! 4.2.3.1)

g .
fh= =2 r < 02f, fore,<e, <0
€, pn-1+isd/sp)" g !




70

where
E
= ¢ 4233
! Ec - Esec ( )
E. _Io (4.2.3.2)
SP
E, =5000,/1". (4.2.3.4)

4.2.4 Hoshikuma et al.

In a study of confinement effects of reinforced concrete bridge piers with a variety of cross —
sectional shapes, and transverse hoop reinforcement spacing and volumetric ratios, Hoshikuma et al.
(1997) proposed a stress-strain curve for concrete in compression. Based on experimental investigations,
the descending branch of the compression stress-strain curve, as shown in Figure 26, is idealized as a

straight line given as follows:

cl; :—[fp +Edes(sci —sp)]£—0.2fp for g, < €, <0 4.24.1)
where E,, is the deterioration rate of the descending branch. According to a regression analysis of
experimental post-peak stress-strain curves for compressive stresses less than |0.5f,|, Hoshikuma et al.
proposed the following inverse relation between Eg, and pyfyu/f * 2 where Py is the volumetric ratio of
hoop reinforcement, f,, is the yield strength of hoop reinforcement and ,f’. is the concrete cylinder
strength:

11.2

E, =——"
‘ psf‘yh/Jmc2

(4.2.4.2)

In VecTor2, the confining pressure, p; f,4, provided by the yielding of the hoop reinforcement is replaced
by the mean lateral confining pressure, f,,/2, and the deterioration rate is limited to half the initial tangent
modulus as follows:

M2 s (4.2.43)

Vw/2/ 2

des

where f},,, is summation of principal stresses, acting transversely to the direction under consideration:



71
Jiw=For+for + [z -fa<0 i=lor2 (4.2.4.4)

'.fc _________________
f} e -

0.2/",

€ -€

Figure 26: Hoshikuma et al. concrete compressive post-peak response

4.2.5 Saenz/ Spacone

Saenz (1964) noted that higher strength concretes exhibit more rapidly descending compression
post-peak responses. To reflect the shape of the descending branch, Saenz proposed that the compression
stress-strain curve pass through a post-peak control point strain, €, , and corresponding stress, f,, as well as
satisfy stress and stiffness boundary conditions at zero stress and the peak compressive stress. The general

form of such a curve, shown in Figure 27, is given as follows:

€
K-f, { 8‘ }
P
. : (4.2.5.1)
1+ A[S"i } + B(g"] + C{’s”]
€ €, €

The parameters, A, B, C are expressed in terms of the stiffness ratio, strain ratio, and stress ratio,

S =

K, as follows:

A=C+K-2 (4.2.5.2)
B=1-2C (4.2.5.3)
C=K%—KL (4.2.5.4)

where the stiffness ratio, K, compares the initial tangent stiffness, E,, to the secant stiffness, E,..:
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K= ]f (4.2.5.5)
E. e/ (4.2.5.6)
S
P

The strain ratio, K, compares the post-peak control point strain, ,, and the strain corresponding to the

peak stress, €,

K =2r 4.2.5.7)

Kk =lr (4.2.5.8)

It remains necessary to specify the post-peak control point strain, €,, and corresponding stress, f,.
Kwan and Spacone (2002) utilize the following empirical equation to determine the stress f,, which
increases as the confinement effect increases:

Iol'e

Uy

<14f, (4.2.5.9)

The strain, €, is computed as four times the strain corresponding to peak compressive stress:

0.2f",

<2 Y

p €.

Figure 27: Saenz/Spacone concrete compressive post-peak response
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4.2.6 Montoya 2003

Montoya proposed a post-peak model for steel and FRC confined concrete. This model includes
a stress-strain curve which accounts for three-dimensional effects, concrete dilatation, strength
enhancement, and post-peak softening or increased strain hardening. In formulating this model, varying
concrete strengths, 20MPa to 100MPa, as well as confining pressure ratios, 0 to 100%, were studied.
Note that the dilatation component of the model is discussed in a subsequent section of this user manual.

For post-peak compression, the following model is proposed (Montoya, 2004).

= fpi
Jei A(Sci/fpi)z_B(Sci/fpi)+c+1.0 (4.2.6.1)
where
A =ka (4.2.6.2)
A
B=2; (4.2.6.3)
A
C=n (4.2.6.4)
_ fpi
Esec = e (4.2.6.5)
pi
2
_ l fpi
ka=1 (scgoi—sp) (4.2.6.6)
fol = 1.5+ (89.5 - 0.60£) /¢ (4.2.6.7)

And k, is the shape factor which is a function of the post-peak curve’s steepness, &.g¢; 1S the
post-peak strain at 80% of the peak stress, E,. is the secant Young’s modulus. The compressive stress-

strain curve is shown in Figure 28 below (Montoya, 2004).

Montoya Stress-Strain Curve

increase in confining pressure

Normalized Stress f,, /.

0

0 €go  Epj
Strain [x107]
Figure 28: Montoya concrete compressive post-peak response
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427 Lee etal 2012 (FRC)

The formulations implemented in VecTor2 for compressive behavior of FRC are outlined in the Lee et al

2011 (FRC) section 4.1.7.

4.3 Compression Softening

Compression softening in cracked concrete is the reduction of compressive strength and stiffness,
relative to the uniaxial compressive strength, due to coexisting transverse cracking and tensile straining.
This reduction can be substantial and have considerable effects on the load-deformation response of
reinforced concrete structures, in terms of stiffness, ultimate strength capacity and ductility.

In VecTor2, the compression softening is effected by a softening parameter, 3, with a value
between zero and one, which is calculated by the compression softening models. These models are
determined by statistical analysis of the stress-strain states of selected panel elements (890x890x70mm)
and shell elements (1450x1450x350mm) tested at the University of Toronto (Vecchio and Collins, 1992).
Depending on how the models calculate and apply B, the following compression softening models may
be classified into two types: strength-and-strained softened and strength-only softened models.

Strength-and-strain softened models, as shown in Figure 29, use 3, to reduce both the uniaxial
compressive strength, /., and corresponding strain, €4 to determine the peak compressive strength, f,, and
corresponding strain, €,, used in the compression response models. The value of B, is a function of &.,/€x
— the ratio of the principal tensile strain to the principal compressive strain. In general, the calculation and

application of strength-and-strained softened models is as follows:

B, :func( Sclj 4.3.1)
802

Sp =BaB. S (4.3.2)

e, =B.Be, (4.3.3a)

(The parameter, B;, accounts for strength enhancement from confinement effects.)
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However, if the compression softening is significant enough that ¢ , =f,B,¢, is less compressive than

€,, then a modification must be made to the calculation of ¢, so that the compression response ascends for
strains up to €, and descends thereafter. When the compressive strain, €., is more compressive than

B.Be, > €, is calculated as follows:

. :{sd if e, <e, <B,Bie, <0 (4.3.3b)

’ 80 l.f 802<80<Bd[3180<0
Further, for strains more compressive than €,, the softened response is computed by simply multiplying

the base response by P,.
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Figure 29: Strength and strain-softened compression response

Strength-only softened models, as shown in Figure 30, use B, to reduce only the uniaxial
compressive strength, /., to determine the peak compressive strength, f,, while the corresponding
strain, g, is unmodified for compression softening. The value of B, is a function of &,/ — the ratio of
the principal tensile strain to the strain corresponding to the uniaxial compressive stress. As g, is not
considered as a variable, strength-only softened models are more amenable for manual calculation, but

marginally weaker in correlation with experimental results and in accuracy.

€

o

By = func(g‘“) (4.3.4)

Sp =BaB.S . (4.3.5)
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e, =P, (4.3.6)

_______________________

o

€ -€

Figure 30: Strength-only softened compression response

It is assumed in the following discussion that the principal compressive strain €., and the strain
corresponding to peak stress, €,, are negative values while the principal tensile strain, €., is a positive

value.

4.3.1 No compression softening

The compression response is independent of the coexisting tensile strains:

B, =1 (4.3.1.1)

4.3.2 Vecchio 1992-A (el/e2-Form)

The strength-and-strained softened model, shown in Figure 31, is based on the results of 116
panel and shell element tests. The ratio of the principal tensile strain to principal compressive stress is
limited to 400 to avoid overestimation of the softening effect when the principal tensile strains are very
large (e.g. when the reinforcement has yielded). The factor C; recognizes whether shear slip deformations
are considered (see discussion on DSFT). Both the uniaxial compressive strength and corresponding
strain are softened. The model was originally developed for the Popovics (High Strength) compression

stress-strain curve.
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1
=— <1 43.2.1
Pa =13 C,-C, ( )
d = ° 0.80 v or<0.28 4.3.2.2)
0.35(r —0.28)"* if r>0.28
—& -1
r=—" <400 (4.3.2.3)
802
- 0 if shear slip not considered (432.4)
0.55 if shear slip considered

Sp=Baf (4.3.2.5)
e, =B&, (4.3.2.6)

1 —

Ba

0.8 -

0.6 -

04 -

0.2 r Cs=1.0
-——-Cs=0.55
0 | | “Ec1/€ 2
0 5 10 15

Figure 31: Vecchio 1992-A compression softening model

4.3.3 Vecchio 1992-B (el/e0-Form)

The model is the strength-only softened version of the Vecchio 1992-A model. The factor C;
recognizes whether shear slip deformations are considered (see discussion on DSFT). The model was

originally developed for the Popovics (High Strength) compression stress-strain curve.

1

- <1 433.1

Pa 1+C, - C, ( )

C, :0.27(“‘361 —0.37} 0<C, <50 (4.3.3.2)
80
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_ |0 if shear slip not considered (4.333)
¥ 10.55 if shear slip considered o
So=Baf. (4.3.3.4)
€, =g, (4.3.3.5)

4.3.4 Vecchio-Collins 1982

The strength-and-strain softened model is based on the results of thirty panel tests. The model
was originally developed for the Hognestad Parabola compression stress-strain curve. Note that this
model does not recognize the softening effects of shear slip when they are included in the analysis.

1
By =
8(!1
0.85 - 0.27(]

802

<1 (43.4.1)

Sp=Bafe (4.3.4.2)

——— (4.3.4.3)

0.6 |-
04 -

02 -

0 -€c1/€0

Figure 32: Vecchio 1982 compression softening model
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4.3.5 Vecchio-Collins 1986

The model is strength-only softened version of the Vecchio-Collins 1982 model. The model was
originally developed for the Hognestad Parabola compression stress-strain curve. Note that this model

does not recognize the softening effects of shear slip when they are included in the analysis.

Bs= 1 <1 (4.3.5.1)
os—os{fdJ
8()
So=BaS (4.3.5.2)
€, =¢, (4.3.5.3)

4.4 Tension Stress-Strain Response

In tension, concrete is predominantly brittle and its response can be differentiated into uncracked
and cracked response.

Prior to cracking the response is assumed to be linear-elastic, as follows:

fa=Eze, forO<e,<g, (4.4.1)
where,
%zg% (4.4.2)

€. 1s the cracking strain, E, is the initial tangent stiffness of concrete, € is the principal tensile strain,
and f;, is the cracking stress of the concrete determined by the cracking criterion model.

After cracking in reinforced concrete structures, the concrete tensile stresses diminish virtually to
zero at the free surface of cracks. However, owing to bond action with the reinforcement, average
concrete tensile stresses continue to exist in the concrete between the cracks in the vicinity of the
reinforcement. With additional tensile straining, cracks widen, the bond action degrades near the cracks
and the average concrete tensile stresses gradually diminish to zero. While these average concrete tensile

stresses must be less than £, (or else additional cracking ensues), they act over a relatively large tributary
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area of the reinforcement. As such the stiffness of the reinforced concrete in tension is greater than that of
the reinforcement alone. For this reason, the phenomenon is known as tension stiffening.

Tension stiffening is important to modeling the load-deformation behavior, particularly in the
finite element context. If tension stiffening is neglected, the concrete tensile stress reduces immediately to
zero upon cracking and the tensile stress must be redistributed entirely to the reinforcement. The
discontinuous change in the stiffness may manifest as an unrealistic abrupt deviation in the load-
deformation response and pose difficulties to the solution convergence for lightly reinforced structures.

The cracked concrete exhibiting tension stiffening must be within the tributary area of the
reinforcement. In VecTor2, the tributary area of discrete reinforcement elements is delineated by a
distance of 7.5 bar diameters from the discrete reinforcement element. (Note that in this manner, the
tension stiffening effect depends somewhat on the coarseness of the finite element mesh). When the
Tension Chord Model is selected, the tributary area of externally bonded FRP plates and sheets is based
upon crack formation and bond considerations.

In VecTor2, the tension stiffening is effected by a gradually decreasing average stress-strain

response of concrete in tension, as presented in the following discussion. The average concrete tensile

stress determined is denoted by f.9

cl»

to distinguish it from the average concrete tensile stress due to

tension softening effects, denoted by £,%. The magnitude, £.¢, is always limited by the yielding of the

reinforcement of the crack, and additionally by the maximum shear stress at the crack when slip
deformations are not included. The larger of the two tensile stresses is assumed to be the average post-

cracking concrete tensile stress:

S :max(fcla’fclb) (4.4.3)

4.4.1 No Tension Stiffening

The tension stiffening effect is ignored and the post-cracking concrete tensile stress is zero.

£4=0 for 0<e, <e, (4.4.1.1)
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4.42 Modified Bentz 2003

The Bentz 2003 formulation for tension stiffening incorporates the percentage of reinforcement as

well as bond characteristics; it is the default model in VecTor2. The formulation is as follows:

fo1 = 1+f% fore, > ¢l 4.4.2.1)
where

¢ =36t m (4.42.2)
ty = 0.6 (4.4.2.3)
1/m =¥, 4pi/dp; - lcos(0 — a;)| (4.4.2.4)

And p; is the reinforcement ratio, dp; is the rebar diameter, 0 is the inclination of the principle

direction, and «; is the inclination of reinforcement.

This formulation is modified when FRC is used (Lee et al. 2012). The following proposed

tension stiffening model is incorporated into VecTor2:

443

_ ft
fer = 1+ /cC;3.6Me; (4.4.2.5)
where
1 (1 (100Vf)1'5 .
¢ = 0.6 +-— (d—f> 705 for hooked — end fibres (4.4.2.6)
1 lr 0.9 Vg
g =06+ Tose (d—f) 2708 for straight fibres 4.4.2.7)

Vecchio 1982

This model, originally used in the Modified Compression Field Theory, is based upon tests

conducted at the University of Toronto of thirty panel elements measuring 890x890x70mm with welded

wire mesh reinforcement. Compared to the Collins-Mitchell 1987 model, this model is more appropriate

for smaller scale elements and structures. The average concrete tensile stress-strain response is curve,

shown in Figure 33, is determined as:

fa Jor for 0<e, <g, (4.43.1)

T 1+ 2008,
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fe
fcr

/ ¢ =200

\ ¢ =500

cr

Figure 33: Vecchio 1982 and Collins-Mitchell tension stiffening response

4.44  Collins-Mitchell 1987

The model, a modification of the Vecchio 1982 model, is based upon the results of shell elements,
measuring 1450x1450x350mm with reinforcing bars, tested at the University of Toronto. This model
results in a more rapidly diminishing tension stiffening effect compared to the Vecchio 1982 model and is
more appropriate for larger scale elements and structures. The average concrete tensile stress-strain

response, shown in Figure 33, is curve is determined as:

fa — ﬁf}"
¢ 14+4/500¢,

for 0<g, <ge, (4.44.1)

4.4.5 Bentz 1999

Bentz (1999) proposes a tension stiffening formulation that incorporates the bond characteristics
of the reinforcement, given that the tension stiffening effect relies upon bond action. The model,
originally formulated for sectional analysis of reinforced concrete members, has been adapted by Vecchio
for VecTor2 to account for two dimensional stress conditions and the placement of smeared and discrete

reinforcement. The average concrete tensile stress-strain response is curve is determined as:

fa — fcr
1+ Beme,

for 0<e, <g, (4.4.5.1)
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In brief, the bond parameter, m reflects the ratio of the area of concrete to the bonded surface area of the
reinforcement that is tributary to the concrete. For a constant area of reinforcement, the bond
characteristics of numerous bars of smaller diameter are superior to those of fewer large diameter bars. As

such, the former will have a smaller value of m and result in a larger tension stiffening effect.

4.4.6 Izumo, Maekawa Et Al

Izumo et al. (1992) propose an analytical model for reinforced concrete panels subjected to in-
plane stresses using a smeared crack approach. The model exhibits good accordance with the
experimental results for seventeen of the Vecchio and Collins panels. The average concrete tensile stress-
strain response curve, shown in Figure 34, is determined as:

for for 0<e, <g, <2¢,

a — 2 ¢
S fcr( Cor j for 0<2e, <g,
€

cl

(4.4.6.1)

The parameter, c, reflects the bond characteristics. In VecTor2, the model is implemented with ¢ = 0.4,
the recommended value for deformed reinforcing bars. Unlike the preceding models, the tensile stress

remains at the cracking stress up to two times the cracking strain before descending nonlinearly.

fe
fCl" _______

cr

Figure 34: Izumo, Maekawa et al. tensions stiffening response
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4.477 Tension Chord Model (Kaufmann)

The preceding tension stiffening models are empirical relationships based on investigations of
concrete reinforced with embedded steel bars or wire, rather than externally bonded FRP plates or sheets.
Considering the differences in dimensional and mechanical properties between the steel and FRP, and the
more brittle bond between FRP and concrete, it follows that the preceding tension stiffening models are
not ideal for determining tension stiffening effects due to FRP plate or sheet reinforcement.

To address crack spacing and tension stiffening effects in concrete reinforced with externally
bonded FRP plates and sheets, as well as conventional reinforcement, Sato and Vecchio (2003)
implemented the tension chord model (Kauffmann and Marti, 1998). This tension chord model considers
a truss-like segment of reinforced concrete, as shown in Figure 35. The two ends of the chord represent
two consecutive cracks, and the length of the chord is equal to the crack spacing. The chord is subject to
tensile stresses along the longitudinal axis, which are resisted entirely by the reinforcement at the ends,
and by a distribution of tensile reinforcement and concrete stresses between the two cracks. For a given
value of tensile reinforcement stress at the ends of the chords, the tension chord model considers the bond
stresses and slips between the concrete and reinforcement to determine the distribution of tensile stresses
for the two materials between the cracks.

With its dependence on the crack spacing and bond stress-slip relationships, the tension chord
model cannot be simply summarized as stress-strain relationship for concrete. While the complete
description is beyond the scope of this discussion, the average concrete tensile stress is determined as
follows:

" .cosO_ . cosO_ . n
fi=s rboz Pes %P5t min L, [—= +ZpF’jEF’jAsF cos’ 0, (4.4.7.1)

i=1 d,, Sp€ =1

The first term in the above equation represents the contribution of the steel reinforcement to tension
stiffening. The value s, is the crack spacing, 1,, is the maximum average bond stress of the steel
reinforcement, and €, is the average reinforcement strain. For the ith steel reinforcement, p, ;is the

effective reinforcement ratio in its tributary area, d, ;s its diameter, and 6, ; is the angle between principal
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concrete tensile stress direction and the axis of the steel reinforcement. The second term in the above
equation represents the contribution of the FRP reinforcement to tension stiffening. The value Agr is the
average difference between the average FRP strains and the local FRP strains at a crack. For the jth FRP
reinforcement, py;is the effective reinforcement ratio in its tributary area, Ef; is the elastic modulus of
elasticity, AOg; is the angle between principal concrete tensile stress direction and the axis of the FRP

reinforcement.

A
A\ 4

s,

f]“"cr <:|

Figure 35: Tension chord model

4.4.8 Lee 2011 (w/ Post Yield) (Lee et al. 2011)

This model is based on the comparison of parametric studies with experimental results for
uniaxial members, and includes a proposed model for the behaviour of reinforced concrete after yielding
of reinforcement. The model allows VecTor2 to calculate the reinforcement stresses at crack locations,
and makes it possible to determine the average strain conditions that will result in the rupture of
reinforcement. Thus, the ductility of reinforced concrete members can be more accurately predicted.
Also, improved estimates of strength and deformation capacity for concrete members with nonductile
reinforcement can be made with this model.

Figure 36 shows the variation of the average tensile stress in concrete up to failure.
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Figure 36: Lee 2010 stress-strain response

The proposed tension stiffening model for the stress-strain relationship of concrete after yielding
of the reinforcement is:

Et,peak—Et,avg

2
fct,peak - fct,peak ( ) fOT‘ Ssy < St,avg < gt,peak

fct,avg = Fepear—05 cpeatcp. - sepeakTEy (4.4.8.1)
fct,peak - 0.1—¢; peat T (St,avg - st,peak) 2 O'Sfct,peak,pmm fOT' St,avg 2 gt,peak
where
cr ‘Ec

Pmin = m (4.4.8.2)
€t peare = 0.01 + 0.001 - max(15 — dy, 0) = &g, (4.4.8.3)
fetpear = ay/f! (4.4.8.4)
a = —0.0313p%57d, + 3.3881p%76 (4.4.8.5)

In this proposed model, the steel stress at the location of a crack is calculated from force

equilibrium as follows:

fser = fs,avg + fct,avg/ps (4.4.8.6)
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4.5 Tension Softening

Tension softening refers to the presence of post-cracking tensile stresses in plain concrete. Under
increased tensile straining, the tensile stresses diminish to zero. This phenomenon is attributable to the
fact that concrete is not perfectly brittle. Rather, as described by fracture mechanics approaches, the
formation of a localized crack requires energy. As the fracture process progresses and the crack widens,
concrete in the vicinity of the crack is gradually relieved of stress, and the dissipated energy propagates
the crack tip.

Tension softening is significant in several ways to the analysis of reinforced concrete structures,
particularly those having lightly reinforced regions. The tension softening response may be important to
modeling the stress redistribution and localized damage of lightly reinforced structures exhibiting brittle
failure modes. By including a descending post-cracking stress-strain branch for plane concrete, it is
possible to more accurately determine the load-deformation response and ductility of the member.
Further, tension softening may mitigate inaccuracies associated with the coarseness of the finite element
mesh. Due to their finite size, the elements invariably include both cracked and uncracked concrete.
Accounting for the post-cracking tensile stress in cracked elements represents to some extent the stiffness
contribution of uncracked concrete, and prevents undue stress concentration in adjacent uncracked
elements.

In VecTor2, tension softening is effected by descending post-cracking average tensile stress-

strain curves for concrete described in the subsequent discussion. The average concrete tensile stress due

to tension softening is denoted by £;2, to distinguish it from the average concrete tensile stress due to

tension stiffening effects, denoted by £/ . The larger of the two tensile stresses is assumed to be the

cl:

average post-cracking concrete tensile stress:

b
fu =maxf,", £.1") (4.5.1)
It is convenient to define common parameters in the tension-stiffening models. The fracture
energy, Gy, is the energy required to form a complete crack of unit area. It describes the resistance of the

concrete to cracking and is equivalent to the area beneath a plot of tensile stress versus crack width. The
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fracture energy is independent of element size, and is assigned a value of 75N/m in VecTor2. The
representative length, L,, is the distance over which the crack is assumed to be uniformly distributed, and
is assigned a value of half the crack spacing. The characteristic strain, €., of the tension softening curve is
determined as follows:

€. =£ Lle, <g,, <10g,, (4.5.2)
L, fe
The corresponding tensile stress, f.;, is the characteristic stress of the tension softening curve. The
terminal strain, &, is the strain at which the tension softening stress diminishes to zero, determined as:
= &g (4.5.3)
In models, without residual tension, the tensile stress due to tension softening is equal to the
tensile stress, fi sase» cOmputed from the tension softening base curve.

.f’clb = .]rts,base (454)

In models with a sustained residual tension, f,.,, the residual stress is calculated as follows:

fo= {O.Ifcr for 0 <w<S5mm (4.5.5)

011, (3-w/2.5)>0  for 5mm<w

For these models, the tensile stress due to tension softening is taken as the maximum of the tensile stress,

and the residual stress, f,., as follows:

fc’lh = max( Is,base’fres ) (456)
Residual tension should not be utilized in structures predominantly subject to tension stresses.
4.5.1 Not Considered

Post-cracking tensile stresses due to tension stiffening are not considered:

fu" =0 4.5.1.1)
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4.5.2 Linear

The tension softening base curve descends linearly from the cracking stress and strain to zero
stress at the characteristic strain (i.e. the terminal strain is taken as the characteristic strain). The curve, as

shown in Figure 37 with and without the residual branch, is given as follows:

.f‘ts,has‘e :fcr{l_M}zoﬂ fOr Scr <8L‘1 (4521)
Sch - gcr

fe
fC‘I’__

w/ residual

2 g

cr te ch

Figure 37: Linear tension softening response with and without residual

4.5.3 Bilinear

There are numerous bilinear tension softening models that have been proposed by different

researchers. The CEB-FIP model is discussed in this manual.

The 1990 CEB-FIP model code provides a bilinear model for the stress-strain relationship of

concrete. For a cracked concrete section, Figure 38 summarizes the stress-strain relationship:
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Figure 38: CEB-FIP tension softening curve (CEB-FIP, 1990)

The equations that summarize the CEB-FIP stress-strain relationship are (CEB-FIP, 1990):

fctm (1 —0.85 Wil) fOT 0-15fctm < Oct < fctm

Oct = 0.15f, (4531)
‘;V—CW“" (we—w) for0 <o, <015fim
c— W1
wy = 2fo — 0.15w, (4.5.3.2)
ctm
Gr
W, = ap (4.53.3)
fetm

where w is the crack opening width (mm), w; is the crack opening (mm) for o = 0.15f 41, We
is the crack opening for ¢ = 0, f,;y, is the tensile strength (MPa), and a is a coefficient related to
maximum aggregate size.

Equations for fracture energy, Gy, and tensile strength, fc;p,, are also found in the CEB-FIP
design guide.

The bilinear tension softening model implemented in VecTor2, adapted from the above

formulations, is shown below in Figure 39:

( for <1 —0.80 (ﬂ» for e, < g3

Ech3z—Ecr
(4.5.3.4)

Echa—Ech3

far = { -
‘ lo-zfcr <1 - (M)> fOT' Ech3 = €c1 < Echa

0 otherwise

where

Ecnz = 0.64e., + &4 (4.5.3.5)
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€cha = 6.8y + €r (4.5.3.6)
Ecn = Lo Tor ; characteristic strain using G¢ from (Bazant, 2002) (4.5.3.10)
f:
.f:-

D.2f..

Figure 39: Bilinear Tension softening model implemented in VecTor2
4.54 Nonlinear (Yamamoto 1999 — No residual)
As proposed by Yamamoto (1999), the tension softening base curve descends non-linearly from

the cracking stress to the characteristic stress and strain, then linearly to zero stress at the terminal strain.

The curve, shown in Figure 40 with and without the residual branch, is given as follows:

fcr fOl" Scr <8€1 <Sch

oo =1 1Yl —20) (4.53.1)

fch (Ste B Scl)

20 for g, <e,
Ee _sch)

The tension softening coefficient, ¢, is determined such that area beneath the tension softening curve is

equal to the ratio of the fracture energy to the characteristic length as follows:

G, o
S
L, = J.Ojrts,base dgcl (453 2)
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Figure 40: Yamamoto tension softening response with and without residual

4.5.5 Nonlinear (Hordijk)

Hordijk et al. carried out experiments on the crack softening behaviour of normal-weight and
light-weight concrete, resulting in nonlinear curves for the post-peak tensile stress-strain behaviour for
both concrete types. Both deformation controlled tensile tests and cyclic tests were performed. From

their experiments, Hordijk obtained stress-deformation envelope curves.

G iMfmm?|

Cat

P

il = -

A

100 120 140
St (L)

Figure 41: Envelope curves for normal and light-weight concrete (Cornelissen et al, 1986)
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Stress-crack opening relationships were developed from the envelope curves shown in Figure 41
above, and a mathematical model was derived.

This mathematical model for both concrete types is shown below (Cornelissen et al, 1986):

a/fe=f(8) —(8/80)f (6 = &) (4.5.5.1)

f(8) =1+ (€16/80)3) exp(—C,6/8y) (4.5.5.2)

Where § is the crack opening at which stress cannot be transferred. The values for §, and the

two constants are shown in Figure 42.

o/ fy
10 T T .
€1=3 ¢ ft ft
08 | C=693 S R I'S — |/ 5
¢ =160
06 :ii e B B
0k -
S
0,2 o S o) 3
e 80 o 4 ° %00 1
NC s o S SR Y D .
0 02 0.4 06 0.8 10 0 02 0.4 06 0.8 1.0
5/60 5/5,
Figure 42: Stress-crack opening relationships (Cornelissen et al., 1986)
The above model has been adapted for VecTor2 and is implemented using the following
formulation:
_ Werx 3 _r Werx) _ Werx 3 _
for=fer [|1+(Cy exp (—C,—=) — === (1+ (7) exp(—C3) (4.5.5.3)
Wule Wule Wule
where
;=3 (4.5.5.4)
C, =6.93 (4.5.5.5)
Wiy = ok (4.5.5.6)
fCT'
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4.5.6 Exponential
This tension softening formulation is recommended for FRC members, and is implemented in VecTor2 as

follows:

fc,t = fcr €xp (_ fch_‘j:CT) (4-5~6-1)

where G/ is the concrete fracture energy.

4.5.7 Custom Input-Strain Based

A custom tension softening curve can be input by entering four stress-strain values in the Auxiliary
Tab of the Model Page. This strain-based custom tension softening model is based on tension prism or
dog-bone responses (direct tension test results) and requires the manual input of f.; — €.; data. Based on
the input stress-strain values, VecTor2 constructs a tension softening response; for strain values between
the specified data points, the program calculates the stress through linear interpolation.

Figure 43 illustrates the custom input-strain based curve.

l:.f:-' E:11-

Figure 43: Custom input-strain based tension softening in VecTor2
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4.5.8 Custom Input-Crack Based
This type of custom tension softening is also based on dog-bone responses and requires the
manual input of f.; — w data.
For the crack based tension softening response, the user still inputs the tension softening data as

f.; — €1 data points, and VecTor2 converts them to f.;, — w data as follows:

w = 1000 - = (4.5.8.1)

Scr1

Similar to the strain-based input, stress is calculated through linear interpolation between the

input data points.

4.5.9 FRC (fib Model Code 2010)

The fib Model Code formulation for FRC in tension is based on the bending test results of a
rectangular beam with a notch. The load-displacement response of the flexural member is used for an
evaluation of the tensile stress-crack mouth opening displacement (CMOD), which is then employed to
derive a simple linear post-crack constitutive law for the tensile stress-crack width response of FRC in
tension.

From the two residual flexural strengths, fz; and fz;, at the CMODs of 0.5 and 2.5 mm, respectively, the

tensile stresses at a crack width, w,,, can be evaluated as follows:

frts = 0.45 fpq (4.5.9.1)

freu = fres — #&)3 (frts — 0.5fr3 + 0.2fg1) =20 (4.5.9.2)

where, fx; is the residual tensile stress at an initial crack opening. The figures below illustrate the
relationship between the stress-CMOD response measured from the bending test and the stress-crack

width response of FRC in tension.
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Figure 44 tension-crack opening relationship in fib model code 2010 (fib, 2010)

4.6 FRC Tension

A number of models are available in VecTor2 specifically for the consideration of the contribution of

steel fibre reinforcement to concrete tensile strength. This section describes the available formulations.

4.6.1 Not Considered

This option should be used for regular reinforced concrete, where no steel fibres are added.

4.6.2 SDEM-Monotonic (Lee et al 2012)

The Simplified Diverse Embedment Model (SDEM) for monotonic loading conditions expresses the
tensile stress in the fibres through the frictional bond behavior in straight fibres and the additional

mechanical anchorage in hooked-end fibres.

For both hooked and straight fibres the tensile stress attained by the frictional bond behavior of fibres is:

2
l 2 cr
for = afvfkstrf,maxd—; (1 - “lv—f) (4.6.2.1)
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where

%M;—jf forwe <sf
Kse = . \/;:; N %\/;::r forwe s, (4.6.2.2)
Tf max = 0.3964/ f¢ (4.6.2.3)
Br = 0.6

and ay is the fibre orientation factor (=0.5 for a 3D infinite element), V is the fibre volumetric
ratio, K is the bond modulus, [ is the fibre length.
The value of B = 0.6 is used in order to prevent the tensile stress due to fibres being overestimated,
which correlates well with data from the Diverse Embedment Model.

For end-hooked fibres, additional tensile stress is attained from the mechanical anchorage of the

hooked ends. The tensile stress attained through this anchorage is calculated in VecTor2 using the

following formulation:

2(Li—2wey)

fen = afoKehTeh,maxd—f (4.6.2.4)
where
2
( ,Beh [Em - l (M) ] fOT Wer < Sen
K —{ Fen 5 Men (4.6.2.5)
eh — 2 .0.2.
7Be e 2(JWer—/Se le—1;
L+ (- 1) w——% for sen < wer <<=
Tenmax = %% = 0.429./f7 (4.6.2.6)
7
Ben = 0.8 4.6.2.7)

The value of ., = 0.8 is used in order to prevent the tensile stress due to fibres being overestimated,
which correlates well with data from the Diverse Embedment Model.
Thus the tensile stress attained by steel fibres according to SDEM-Monotonic is:

fr="Fst for straight fibres (4.6.2.8)

fr = fst + fen for hooked end fibres (4.6.2.9)
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4.6.3 SDEM-Cyclic
For the cyclic behavior of fibre-reinforced concrete, the SDEM-Cyclic model calculates the
unloading and reloading stiffness for the tensile stress attained by the fibres. For the envelope tensile
stress-crack width response of fibre-reinforced concrete, the formulations for the stress attained by the
fibres are the same as SDEM-Monotonic. The formulations for the stiffness of the unloading and

reloading paths are the following:

Eyn = Eg¢ + E.p, (4.6.3.1)
lr B 2Werex

Eg = afvfrf,maxd—’;#@ - T”) (4.6.3.2)
li 4Ben li—2Wcr ex

Een = a7V Tenmax - o™ (4.633)

In the above formulations, Eg; is the stiffness due to the frictional bond behavior of the steel
fibres, E¢p, is the stiffness due to mechanical anchorage, and we;. ¢xp, is the maximum experienced crack

width.

Esh + Esz:

Figure 45: Stiffness for the re- and unloading response of FRC in cyclic tension
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4.6.4 Diverse Embedment Model (DEM, Lee et al 2011)

The Diverse Embedment Model (DEM) considers various mechanisms involved in the tensile
behaviour of SFRC. The DEM considers the pullout behaviour of individual fibres, the random
distribution of fibres, and the effects of finite member dimensions. The fibre tensile stress at a crack can
be calculated from the analysis for the pullout behaviour of a fibre embedded on both sides; both the
frictional bond behaviour of a straight fibre and the mechanical anchorage effect of an end-hooked fibre

are accounted for.

The fibre tensile stress at a crack is affected by the fibre inclination angle and fibre embedment
length, thus the average fibre tensile stress at a crack, for a three-dimensional infinite element, can be

expressed by the following equation:

2 le/2 2 .
Of cr,avg = ; fof/ fon/ Gf,cr(la; ) sin6 dodl, (4.6.4.1)

where [ is the fibre length, [, is the fibre embedment length for the shorter embedded part across a crack,
0 cr 1s the fibre stress at a crack with a given fibre inclination angle and embedment length, and 6 is the
fibre inclination angle from the axis perpendicular to the crack surface. In this formulation sin @ is the
probability function for the fibre inclination angle. From the average fibre stress at a crack, the tensile
stress attained by the fibres can be calculated by accounting for the fibre orientation factor and volumetric
ratio:

fr = asVs 05 cravg (4.6.4.2)
where a; is the fibre orientation factor and Vy is the volumetric ratio. The fibre orientation factor varies
in regions where the distance to a boundary surface is less than the fibre length; moving inward away
from all boundaries, the factor converges to 0.5. In VecTor2, the fibre orientation factor is calculated

using the following expression, where h is the member thickness:

h 28 h
—-0.05 (T) +0.64 form-<1
a = 4 4 (4.6.4.3)

1.12
0.087(L) " +0.5 for% >1



100
4.6.5 Variable Engagement Model (VEM: Voo & Foster 2003)

The Variable Engagement Model (VEM) expresses the force in a single steel fibre based on the
calculation of the crack opening displacement at which the fibres become actively engaged; for
mechanically anchored fibres, once the adhesive between the concrete and fibre is broken, slip must occur
before anchorage is engaged.

In VEM, the tensile stress attained by fibres can be evaluated as:
= KKy L 4.6
o = Kde?VfTb ( . 51)

Where 7, is the bond strength of a fibre, K, is the damage factor or fibre efficiency factor, which
accounts for the effect that the pullout of adjacent fibres has on the bond efficiency in a particular fibre;
the damage factor decreases as the volume of fibres increases, but generally taken as one. K is the factor
to account for fibre orientation and engagement. Where fibre fracture is not possible, K;is calculated

using the following equation:

__ tan"'(w/a) 2w\
Kf = (1 — ?) (4.6.5.2)

Where fibre fracture is possible, numerical integration is used to calculate K:

_ 12 . 1 Ocrit lacrit . _ Z_W .
Ky = [; Lr/2—w Jo T L ke 9)dlad9] (1 lf) ; (4.6.5.3)
. (dfofy
la,crit = min (Tf% + we, lf/Z) (4.6.5.4)
Ocrie = tan~ ' (w/a) (4.6.5.5)

where 6 is a fibre inclination angle from the normal direction to crack surface, and /, ., is the critical fibre
embedment length for fibre fracture. When fibre fracture is not possible,the critical embedment length for
fracture is equal to //2 and equation (4.6.5.3) reduces to equation (4.6.5.2). In equation (4.6.5.2) and

equation (4.6.5.5), « is an engagement factor which is usually chosen as df/3.5.
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4.6.6 fib Model Code 2010

FRC in tension, according to fib Model Code 2010, has been described in Section 4.5.9 of this manual.

4.7 Lateral Expansion

Lateral expansion effects are modeled in VecTor2 according to the formulation discussed in
Section 2.5.1. Due to internal microcracking, the rate of concrete lateral expansion increases as the
compressive stress increases. Near the peak compressive stress, the volume of concrete expands as
cracking becomes extensive. When confined by reinforcement, the lateral expansion gives rise to passive
confining pressures, which may significantly enhance the strength and ductility of concrete in
compression.

For concrete in tension, the Poisson’s ratios are computed in the following manner regardless of
the selected lateral expansion model. If the concrete is uncracked, then vy, and v,; are equal to the initial
Poisson’s ratio, v,. If the concrete is cracked, then the Poisson’s ratio decreases linearly from v, at the

cracking strain, g, to zero at two times the cracking strain.

v forO<e, <g,

o

4.7.1)

Vip =V, =
o N S ) P fore, <g
o e = cr cl

cr
The following lateral expansion models pertain to the determination of the Poisson’s ratio, v,
relating the expansion of concrete in the principal i-direction due to compressive straining, €., in the

principal j-direction.

4.7.1 Constant Poisson's ratio

The Poisson’s ratios v; are always equal to the initial value, v,.

v, =v, forg,;<0 4.7.1.1)

ij o
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4.7.2 Variable Poisson's Ratio — Kupfer

Based on strain data of Kupfer et al. (1969), the Poisson’s ratio v; increases nonlinearly as
compressive strain increases. The Poisson’s ratio, shown in Figure 46, is computed as follows:

v Jor-05¢,<e,; <0

4.7.2.1)

€p

2
V.. = - 28L]
7o v, | 1+1.5 -1| |£05 for g, <-05¢,
where ¢, is the strain corresponding to the peak compressive stress.
Vij

0.5

8Lji
Figure 46: Kupfer variable Poisson’s ratio model

4.7.3 Variable Poisson’s Ratio — Montoya

This concrete dilation model from Montoya was proposed in conjunction with the concrete
compression post-peak stress-strain curve described in section 4.2.6. As mentioned previously, the model
was verified with and accounts for a wide range of confinement levels, with lateral pressures of up to
100% of the unconfined concrete strength. The formulation models concrete dilation as a function of the
lateral pressure ratio and the concrete compressive strength. The model proposed by Montoya was based
on cylinder tests carried out by Imran and Pantazopoulou, where the cylinders were subjected to different

confinement levels and loading paths. The resulting proposed model is (Montoya et al, 2006):

e = (1.9 +242L2) (2)2 4.7.3.1)

cl
!
fe Ecc
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v=(19+242 %);% 1073 + v, 4.7.3.2)

Vo <V <11 (4.7.3.3)
fc'+fc

fei = —y s fei>0, fejfer <0 (4.7.3.4)

where f,, is the lateral pressure, f, is the unconfined concrete strength, €. is the strain at peak
stress, v is the secant poisson ratio, and j, k, are the principle directions normal to i.
These relationships are based on cylinder tests with constant lateral pressure throughout loading.
However, they can also be used in incremental calculations with varying lateral pressure and strain at
peak stress. For constant lateral pressure and peak strain, the relationship becomes a straight line, where

the lateral strain increases proportional to axial strain. Comparisons to experimental results are shown in

Figure 47.
(f: 21 MPa; f; 4.2 MPa) (f.: 65 MPa; f,: 25.6 MPa)
a5 60
50 4
F 5
£ =
£ g
= ko
E % 20 4
- —— Regression
o Experiment

10 1
Expariment

2 0o 05 1.0 15 2.0 25
Avial sirain ratio ¢ fe, Axial strain ratio ¢ fe,

Figure 47: Lateral strain-axial strain curves for Imran-Pantazopoulou tests (Montoya, 2003)

There is no maximum value for the secant Poisson’s ratio. However, in finite element programs,

the deformation capacity of the elements used will provide a limit (Montoya, 2003).
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4.7.4 Variable Montoya With Limit

In this model, the lateral pressure and poisson’s ratio is calculated in the same way as the Montoya
2003 model. The only modification in this model is that a limit of v = 0.50 is imposed on the calculated

Poisson’s ratio.

4.8 Confinement Strength

Confined concrete exhibits enhanced strength and ductility in compression. In VecTor2, strength
enhancement due to confinement is effected by a strength enhancement factor, 3, which is calculated by
the confinement strength models. The value of B, serves to modify the concrete compression response
curves by increasing both the uniaxial compressive strength, f°., and corresponding strain, g, to determine

the peak compressive strength, f,, and corresponding strain, ¢, as follows:
Sp =BabBi S (4.8.1)
e, =B.Bie, (4.8.2)

(The parameter, 3,4, accounts for compression softening. Also, note that the calculation of ¢, is subject to

modification if certain compression softening models are selected.)

4.8.1 Strength Enhancement Neglected

The uniaxial compressive strength and corresponding strain are not enhanced for confinement.

B, =1 4.8.1.1)

4.8.2 Kupfer / Richart Model

In the case of triaxial compression, in which f.;< f;,< f.;<0, the strength enhancement factor for
the direction of the largest compressive stress, £, is determine by the equation below. The first term is an
adaptation of the relationship proposed by Kupfer et al. (1969) to determine the strength of concrete
subject to biaxial compression. The second term is the stress enhancement in columns with spiral

reinforcement as noted by Richart et al. (1928).
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B, = 1+0.92(%j—0.76(ﬁ] +4.1{fd J i< fa< O (4.8.2.1)

c f'c f'c

where /. is the uniaxial concrete cylinder compressive strength, f., is the difference in normal lateral

stresses acting on the concrete:

Jon =S = 1)>0 (4.8.2.2)
and £, is the lateral confining stress on the concrete:

Sao==Sa>0 (4.8.2.3)
The strength enhancement factor for the other compressive stress directions are similarly determined by
interchanging f;s, f.o, fo1 as necessary.

The above expressions can be extended to the case of biaxial compression, in which f.;< f,,<0 and
f.1 =0, to determine the strength enhancement factor for the direction of the largest compressive stress, f.3.
Strength enhancement in the direction of f;,, is similarly determined by interchanging f;; for f;, in the

above equations. Note that in either case, the second term of equation 4.8.2.1 is zero.

4.8.3 Selby Model

In this model, the stress required to cause failure the in the direction of the maximum compressive
stress, f3, in the presence of compressive stresses, f; and f., is determined by numerically solving the

failure surface of Hsieh et al. (1979):

N 1
2.0108J—22+ 097142 + 9.1412f—f1+ 0.2312}(—'1 -1=0 (4.8.3.1)

where [, is the first stress invariant determined as:

Iy =fa+ o+ far (4.8.3.2)

and J, is the second deviatoric stress invariant determined as:
7, = J o+ F+( Pl 48.3.3
Z_g fcl_fCZ +f02_f63f +fc3f_f;7 ( )

The stress enhancement factor 3, is the ratio of the failure stress, f.35 to the uniaxial concrete cylinder

strength, f°:
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B, = (4.8.3.4)

4.8.4 Montoya / Ottosen

In this model, the stress required to cause failure the in the direction of the maximum compressive
stress, fe3 in the presence of compressive stresses, f.; and f., is determined by numerically solving the

four parameter failure surface of Ottosen (1979):

. ST .
AJy | 2 B L (4.8.4.1)
f, 2 fll f'~

1, is the first stress invariant determined by Equation 4.8.3.2 and J, is the second deviatoric stress
invariant determined by Equation 4.8.3.3.

The first dimensionless parameter 4 is computed as follows:

2.731 for R<0.2 and f', <40 MPa

e 12.039 for R<0.2 and f', > 40 MPa (4.8.4.2)

2.327 for R>0.2 and f. <40 MPa
14128 for R>0.2 and f. > 40 MPa

R is the ratio of the lateral compressive stress, f; to the uniaxial concrete strength, /., computed as

follows:

roJe (4.8.4.3)

Sa = —(]F%Z) (4.8.4.4)

The second dimensionless parameter B is determined from the concrete tensile strength, f;, and the

concrete biaxial compressive strength, ., as follows:

Bzé_fbc_ft _'_l f'c_f'c‘ (4.8.4.5)
9 f'c 3 f; fbc

f, =0.65(f". )" (4.8.4.6)

e =116, (4.8.4.7)

The value of A is computed using the third and fourth dimensionless parameters, K; and K, as follows:
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=K, +K, cos30 (4.8.4.8)

K, _V3| 1 _[ﬁj( /. +1)+1} (4.8.4.9)
2 L ‘f‘t 3 f'C

k, =2 &—(AJ(L—I]—ZB—I} (4.8.4.10)
20/ 3SAS.

The invariant cos30 is computed as follows:

5.196.,

5 (4.8.4.11)
2J,"

cos 30 =

where the third deviatoric stress invariant J; is given by:

d IR (VR IY
J3 :(fcl _?j(fcz 3 j(fcsf 3 j (4.8.4.12)

The stress enhancement factor 3, is the ratio of the failure stress, f;3; to the uniaxial concrete

cylinder strength, /.
B, =T (4.8.4.13)
Se

4.9 Cracking Criterion

The cracking strength of concrete, f;,, is not an inherent material property. In addition to factors
such as specimen size, and compressive strength, the cracking strength varies with the stress states. In
particular, the cracking strength generally decreases as transversely acting compressive stresses increase.
The cracking criterion accounts for this effect by computing f;,, based on the coexisting compressive
stresses or strains. Therefore, f;, is generally different from the input value of concrete tensile strength, f°,.
Having determined f.,, the cracking strain, €., is computed by assuming a linear-elastic relationship

before cracking:

f.
g == 49.1
o =g (4.9.1)

c
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where E. is initial tangent stiffness of concrete. The values of £, and ., are then used in the tension
stress-strain response and tension stiffening models. The following discussion describes the available

cracking criterion models.

4.9.1 Uniaxial cracking stress

The cracking strength is taken as the specified uniaxial cracking strength:

Jo =1 (4.9.1.1)

4.9.2 Mohr-Coulomb (Stress)

The Mohr-Coulomb criterion is often used to determine the failure shear stress and failure plane
for a given set of coexisting normal stresses in a frictional material, concrete in this case. It is implicitly
assumed that the concrete is sufficiently ductile to redistribute stresses along the failure plane. The failure
envelope is tangent to the Mohr’s circles defining combinations of shear stress, T, and normal stresses, f;
and f.;, resulting in shear failure.

As shown in Figure 48, the shear strength is comprised of a stress-independent component and a
stress-dependent component. The latter is the internal angle of friction, ¢, which VecTor2 assumes is 37°.
The former is the cohesion, ¢, which is determined by noting that at failure in uniaxial compression, the
maximum compressive stress, f.3, is equal to the concrete cylinder strength, /., and f;, is zero. Therefore:

4 l—sin¢
C_fc—2cos¢ 4.9.2.1)

Further, when f;; = 0, the failure tensile stress £ is equal to f;,,, which is computed from the envelope as:

2c-cos

reosd 4.9.2.2)

fcru :f'c

Given a set of principal concrete strains, €.; < g, < &, the principal compressive stress, f.3, is

computed as follows:
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2
— 12 £ |_| B fore , <e_ <0
c c c3 o

80 o
foz =3—1". fore, <e5 <0 (4.9.2.3)

0 for0<eg_,

Having defined the principal compressive stress, the cracking strength is the principal tensile stress, f.;, of

the Mohr’s circle tangent to the failure envelope. The value of £., is computed as follows:

for = foru [1+%} 0201, < f.. < f, (4.9.2.4)

c

N
N P
~ < IS

s ,’, f;r
\\\ -
N -

S~ » |l f —P

~a ——--J3 .l cru

Figure 48: Mohr-Coulomb (Stress) cracking criterion
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4.9.3 Mohr-Coulomb (Strain)

This model is similar to the Mohr-Coulomb (Stress) model. Given a set of principal concrete
strains, €. < €., < &., and the strain g, corresponding to the uniaxial concrete cylinder compressive

strength, the failure cracking strength is computed as follows:

fcr = fcru (1 - 843)’ 020f't < fcr < f't (4931)
€

o

4.9.4 CEB-FIP Model

The CEB-FIP model reduces the cracking strength for increasing biaxial compression, based on

the linear relationship proposed by Kupfer et al. (1973):

for = fcm(no.s%], 0201 < f..<f (4.9.4.1)

The principal compressive stress, .3, is computed from equation 4.9.2.3. The unconfined cracking

strength, f.,,, is computed from the compressive strength, f°., as follows:

Forw = 0.6/, (4.9.4.2)

4.9.5 Gupta 1998 Model

In an investigation of reinforced concrete members subject to high levels of axial compression and
shear, Gupta (1998) observes that the predicted shear capacity is sensitive to the assumed cracking
strength, /... In examining data from Kupfer et al. (1969), Gupta notes that the cracking strength of
concrete reduces rapidly at high levels of compression due to internal microcracking. Gupta proposes a

linear reduction in cracking strength, with increasing compressive strain as follows:

€

o

fcr :f't (1_ 862 j’ 025f't Sf‘cr Sf"t (4951)

where ¢, is the principal compressive strain, €, is the strain corresponding to the concrete cylinder

compressive strength, /..
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4.10 Crack Stress Check

Calculation of the shear stress on a crack is included in VecTor2. The basic method for calculating
this stress is the DSFM/MCFT. An advanced option for calculation stress along a crack is also available
in VecTor2 and utilizes a different convergence criteria.

4.10.1 Crack Stress Calc Omitted

Calculation of shear stress on the crack is ignored.

4.10.2 Basic (DSFM/MCEFT)

The basic option for crack stress calculation is based on the Modified Compression Field Theory
(MCFT) and Disturbed Stress Field Model (DSFM). The MCFT stress calculations are based on

Vecchio-Collins (1986). In the MCFT, stress is transferred across a crack through aggregate interlock.

Figure 49: Shear across with crack through aggregate interlock

The tensile stresses at a crack are zero, but the local shear stresses on the crack, v.; are calculated
using the equation below, and are accompanied by small local compressive stresses across the crack, f; ,

based on work by Walraven (Vecchio-Collins, 1986).

2
Vei = 0.18Vy max + 1.64f,; — 0.82 e (4.10.2.1)

Vcimax

where

\/_76’ (4.10.2.2)

V.: =V
cLmax — o31+24w/(a+16)
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W =€ " Ser (4.10.2.3)

The formulation for s, is described in detail in section 2.5.11.
Shear stress on the crack can also be calculated by the Disturbed Stress Field Model (DSFM), which
builds on the MCFT. The calculation for the maximum shear stress on the crack is formulated in

VecTor2 as follows:

0.18 |f!
= —‘/_ (4.10.2.4)

Vei - 24
ci,max 0.3142Wer
ag+16

4.10.3 Advanced (Lee 2009)

The advanced crack stress calculation differs in terms of the convergence criteria used; this model

employs a bi-section method of convergence. The crack stress formulation, however, is the same.

4.11 Crack Width Check

The crack width check serves to reduce average compressive stresses when crack widths exceed a
specified limit. This check was implemented for the analysis shear-critical reinforced concrete beams
having little or no shear reinforcement (Vecchio, 2000), in which element shear-slip distortions were not
considered. Such beams exhibit a dominant shear crack of considerable width at failure. It is necessary to
limit the compressive stress in elements with excessive crack widths for two reasons. First, concrete near
the crack exhibits tensile strains, which may exceed the calibration range of compression softening
models and warrant additional softening. Secondly, if shear-slip distortions are not considered, the
reorientation of the principal stresses tends to be overestimated, thereby implying a transmission of local
compressive stresses across the crack. Yet, such transmission is unlikely when cracks exceed the specified
limit. It was found that rapidly reducing the average compressive stress when the crack limit is exceeded
provides more accurate predictions of the load-deformation response. However, it may be preferable to
include element slip distortions in the analysis instead of including the crack width check.

The crack width check is implemented by reducing the average compressive stress computed

from the stress-strain response, f.,, by a crack coefficient B, as follows:
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chZBcrfc*Z (4111)

If the crack width check is omitted, 3., = 1.0. Otherwise B, is computed as follows:

Bcr =

{1 Sfor w<w, @112)

1—=(w=w,)/320  forw, <w

where w is the crack width in the element, and w; is the limiting crack width. The limiting crack width
may be selected as a quarter or half the aggregate size, or widths of Imm, 2mm, or Smm.

When FRC is used, a maximum crack width check is automatically performed in VecTor2,
limiting the tensile stress attained by the fibres. The maximum crack width for an infinite element is

calculated from the average crack width, as follows (Deluce et al 2012):
Vil
Wermax = (1.7 + 3.4 d_f Weravg (4.11.1.1)

In order to consider the effect of element size on the difference between the maximum and average crack
widths, a linear interpolation between the average crack spacing and 1000 mm is employed, as illustrated

in Figure 50.

w /w y
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Figure 50: Maximum crack width check including effect of element size

As a result of this crack width check, the tensile stress attained by the fibres at an average crack width is

limited by the stress that can be attained by the fibres at the maximum crack width:

ffchr,avg = ff:Wcr,max (41 1.1 2)
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4.12 Crack Slip Calculation
The element slip distortion models allow the VecTor2 analysis to explicitly account for strains due
to shear slip along the crack, in the manner of the Disturbed Stress Field Model. As described in Section
2.3.4, three methods are available for determining the shear slip, 8, along the crack: stress-based models,
constant rotation lag models, and hybrid models.
Stress-based models relate the shear slip, &, along the crack to the local shear stress, v,;, along

the crack. The shear slip strain, y;, is computed as the shear slip divided by the crack spacing, s:

Yy =— (4.12.1)

Note that the implemented versions of these models do not account for shear slip before the crack surfaces
develop traction. As well, these models compute zero shear slip in unreinforced elements, as the local
shear stress for such elements is always computed as zero.

Constant rotation lag models relate the post-cracking rotation of the principal stress field, A8, to

the post-cracking rotation of the principal strain field, AO,, by a specified rotation lag, &, as follows:

AB, =

(e

A8, for| A8, <6
(4.12.2)

(40, -0')  for| a0, >0’
The inclination of the principal stress field is determined by adding A8, to the inclination at cracking, 0,.:
0,=0, +A0, (4.12.3)
Shear strains can then be determined from Mohr’s circle transformation of the total strains as follows:
ysb =7, cos28, +(8y —(C,x)-sinZOcs (4.12.4)

Note that constant rotation lag models may be unsuitable at higher load intensities when the amount of lag
increases and shear slip depends increasingly on the shear stress on the crack.
Hybrid models compute the shear slip strains according to both a stress-based model and a

constant rotation lag model, and utilize the greater of the two values.

v, =maxly,*,v,") (4.12.5)
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At low load intensities, the shear slip is generally governed by the constant rotation lag model, which
captures the initial slip as the crack surfaces develop traction. At higher load intensities, the shear slip is
generally governed by the stress-based model, which captures the increasing slip.

Lai (2001) made the following conclusions regarding the merits of the approaches. In monotonic
loading, the three stress based models (Walraven, Mackawa, and Lai/Vecchio) provided comparable
levels of accuracy. In cyclic loading the Walraven model appears to be more accurate and stable. In
constant rotation lag models, the lag should be taken as 10° for unreinforced elements, 7.5° for uniaxially

reinforced elements and 5° for biaxially reinforced elements.

4.12.1 Not considered

As in the Modified Compression Field Theory, the analysis does not account for shear slip along
the crack:

Y, =0 (4.12.1.1)

4.12.2 Vecchio-Lai (Cyclic)

This model, proposed by Vecchio and Lai (2002), is a combination of the Walraven and
Maekawa models and is found to provide levels of accuracy comparable to these models. The slip along

the crack, &, is computed as follows:

5. =8 |—L <o (4.12.2.1)
-y
where
* 0.5v +v

5 = cimax © Vo (4.12.2.2)
1.8w % +(0.234w ™07 ~0.20)- 1.,

g = (4.12.2.3)
vcimax

S (4.12.2.4)

Yeima =0 311 24w/(a + 16)

Vo =25 (i MPa) (4.12.2.5)

co
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Additionally, v,, is the local shear stress on the crack, f°. is the concrete cylinder compressive strength, w
is the average crack width, a is the maximum aggregate size, and f;. is the concrete cube strength, taken as

1.2f°.. The term v,,, implements an initial offset in the crack shear-slip relationship.

4.12.3 Maekawa (Monotonic)

This model is proposed by Okamura and Maekawa (1991) and utilized in their fixed non-

orthogonal crack model. The slip along the crack, &, is computed as follows:

5, =w | <2w 4.12.3.1)
A -
where,
V.
y=—09 (4.12.3.2)
vcimax
vcimax = f . (41233)
0.31+ 24w/(a +16)

Additionally, v, f°., w and a are as previously defined.

4.12.4 Stress Model (Walraven)

This model is an adaptation of the formulations of proposed by Walraven and Reinhardt (1981),
based on an analysis of crack structure and contact area of crack faces. The slip along the crack, J;, is
computed as follows:

V. +V
5, = o T Teo <2w (4.12.4.1)
1.8w %% +(0.234w 77 —0.20). £,

where v,;, v.,, w and f;. are as previously defined.

4.12.5 Hybrid-I, I1, and III Models

The Hybrid-I Model combines the Walraven model with the constant rotation lag model.
The Hybrid-II Model combines the Vecchio-Lai model with the constant rotation lag model.

The Hybrid-III model combines the Maeckawa model with the constant rotation lag model.
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In these hybrid models, the constant rotation lag, 0, is taken as 10° for unreinforced elements,
7.5° for elements with one smeared reinforcement component and 5° for elements with two or more

smeared reinforcement components.

4.13 Creep and Relaxation

Currently, this option is not available in VecTor2.

4.14 Hysteretic Response

As a consequence of internal damage, the stress-strain response curves of concrete under loading,
unloading and reloading are non-coincident. The resulting plastic offset strains along with the area
delineated by the hysteretic loops, are indicative of the internal damage and energy dissipation under
cyclic loading. As such, the hysteretic response is a critical influence on the strength and ductility of
reinforced concrete structures subjected to cyclic and reverse cyclic loading.

The following hysteretic response models describe how concrete reloads to and unloads from the
monotonic concrete stress-strain curve. As such, the monotonic stress-strain curve is likened to a
backbone, to which unloading and reloading curves attach. The hysteretic response also incorporates the

plastic strain offsets that define the unloading path.

4.14.1 No Plastic Offsets

The concrete reloads linearly from and unloads linearly to the point of zero strain and zero stress
of the monotonic stress-strain curve.
When reloading in the compression domain to a compressive strain of €., the concrete

compressive stress, /., is computed as follows:

0 for O<eg,

fo=1Ze . r for e, <&, <0 (4.14.1.1)
80}71
fbc(sc) f0r80<8cm<0
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where ¢, is the maximum previously attained compressive strain, f,, is the corresponding stress, and
Se (ac ) is the function defining the monotonic compression stress-strain base curve. In the latter case,

€., and f,_ areupdated as €. and f; respectively.
Unloading in compression results in concrete stresses as follows:
Je=E, & (4.14.1.2)

where, E_, is the unloading modulus in compression, computed as:

g =T (4.14.1.3)

When reloading in the tensile domain to a tensile strain of €., the concrete tensile stress, f., is
computed as follows:

SC

“fom for 0<e_ <g,,
S, =3 &m (4.14.1.4)

fbt(gc) fOl"Scm <Sc

where ¢,, is the maximum previously attained tensile strain, f, is the corresponding stress, and

£, (€.) is the function defining the monotonic tensile stress-strain base curve. In the latter case, €,, and
f.. are updated as €. and f; respectively.

Unloading in tension results in concrete stresses as follows:

Jfe=E,, & (4.14.1.5)
where, E,  is the unloading modulus in tension, computed as:

£, =L (4.14.1.6)

tm

€

tm

4.14.2 Plastic offsets; linear loading/unloading

This model is similar to the preceding model, except that it includes plastic offset strains as

proposed by Vecchio (1999).
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When reloading in the compression domain to a compressive strain of €., the concrete

compressive stress, f., is computed as follows:

0 forel <e <0 or 0<eg,
_eP
e fore,, <&, <e? <0 (4.14.2.1)
8Cm _SC
fbc(sc) fOl"SC <Scm <0

where € is the current plastic offset strain, ¢, is the maximum previously attained compressive strain,
fon is the corresponding stress, and f;, (e, ) is the function defining the monotonic compression stress-

strain base curve. In the latter case, ¢,

n

and f,, areupdated as €. and f; respectively.

At a given compressive strain, €., the instantaneous plastic strain, €', is computed as follows:

2
g —¢,| 0.87 =< |-0.29] =¢ for 15¢, <,
€ €
e7'= ’ ’ (4.142.2)
€
£, —0.001305 —2 Jors, <15¢,
0.002

where ¢, is the strain corresponding to the peak stress on the compression base curve. If €7' is more

compressive than €7, then € is updated as €.
Unloading in compression results in concrete stress, f;, is as follows:
fo=E, (e ") (4.14.2.3)

where E_, is the unloading modulus in compression, computed as:

£ = Sen (4.14.2.4)

cm
_ P
Scm € c

When reloading in the tensile domain to a tensile strain of €., the concrete tensile stress, f., is

computed as follows:

€. —Sf p
P ﬁm fO}" Sc <8c <8tm
fL. = 8tm _gc (41425)

fbt(gc) forgcm <gc
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where €7 is the current plastic offset strain , &

m

is the maximum previously attained tensile strain, f,,
is the corresponding stress, and f,, (gc) is the function defining the monotonic tensile stress-strain base

curve. In the latter case, €,, and f,, are updated as €. and f, respectively.

tm

For a given strain, &, in the tension domain, the instantaneous plastic strain, €”', is initially the
strain at which the response first traverses from the compression to tension domain. Thereafter, the

monotonic stress-strain response is calculated with respect to that strain. Subsequently ”' is updated

until non-negative and held at zero afterwards such that no plastic offset strains are considered in the
tension domain.

Unloading in tension results in concrete stress, f;, as follows:
S =E;,,(sc —sﬁ’) (4.13.2.6)

where E,, is the unloading modulus in tension, computed as:

Eo = Jm (4.14.2.7)

tm

4.14.3 Plastic offsets; nonlinear loading/unloading

This model proposed by Vecchio is similar to the preceding model except that unloading in the
compression and tension domains follows nonlinear Ramsberg-Osgood formulations.

Unloading in compression to a strain of €. results in concrete stress, £, is as follows:

fo=fum+E (e~ )+ for1<N, <20 (4.14.3.1)

where € is the current plastic offset strain, ¢, is the maximum previously attained compressive strain,

f... 1s the corresponding stress. N, is the Ramsberg-Osgood power term representing the deviation from

linear elasticity. It is computed such that the initial unloading modulus is equal to the initial tangent

stiffness of concrete, E., as follows:

_ Ec (Sf _Scm)
N, = i VE (85 —Scm) (4.143.2)
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In the case that &V, is less than one or greater than twenty, £ is computed by a linear unloading response
between from €. to €7:
f.=E.(e.—€") for N, <lor20<N, (4.14.3.3)
Unloading in tension results in concrete stress, f;, as follows:

N,
Ec(gtm _Sc) [
N, -1
p t
Nt(gtm _80)

f.o=fm _Ec(gtm —gc)+ for1< N, <20 (4.14.3.4)

where €” is the current plastic offset strain, €, is the maximum previously attained tensile strain, f,,

is the corresponding stress. N, is computed as follows such that the initial unloading modulus is equal to

the initial tangent stiffness of concrete, E.:

_E, -(s " —sf)
N, = Z (8,,,, —tsf)—ftm (4.14.3.5)

In the case that , is less than one or greater than twenty, f; is computed by a linear unloading response

between from . to €7:

fo=Ee, —e?) for N, <1or20< N, (4.14.3.6)

4.14.4 Plastic offsets; nonlinear w/ cyclic decay (Palermo Model)

The model proposed by Palermo and Vecchio (2002) is similar to the preceding model.
Modifications include modeling of damage in the reloading curves, consideration for partial unloading
and reloading, the shape of the unloading of curves, and calculations of the instantaneous plastic offset
strains, in both the compression and tension domains. The shape of the hysteretic responses in
compression and tension are shown in Figure 51 and Figure 52, respectively.

When reloading in the compression domain to a compressive strain of g., the concrete compressive

stress, f., is computed as follows:
f.o=f, +E; (e, —¢,) (4.14.4.1)
where €, is the strain at load reversal in the current hysteretic loop, f,, is the corresponding stress, €,

is the unloading strain in the current hysteretic loop are €, and f,,, is the corresponding stress.



122

+
cm

The reloading modulus in compression, £ , is computed as follows

g, =Pt S (4.14.4.2)
e — &

cm ro

+
cm

The damage indicator, 3,4, serves to degrade £, such that additional straining is required to intersect the

base-curve. The damage is a function of the strain recovered in unloading of the current hysteretic loop,

€.c, and is computed as follows:

1
1+0.10( Je E forle, <‘gp‘
. | (4.14.4.3)
1
1+0.175(grec/8p)0.6 Jorle, >‘8p‘
Co (4.14.4.4)

where ¢, is the strain corresponding to the peak stress in the base-curve.
The instantaneous plastic strain, €?', for the compression domain is computed as follows:

Sp Sp

2
&''=¢, 0.166£8ﬂJ +0.132(8ﬂ] (4.14.4.5)

If 7' is more compressive than €7, then € is updated as 7.

Unloading in compression to a strain of €. results in concrete stress, £, is as follows:

E (0.071-1)e, —¢,, )"
Nc (85 - 8cm )Nc_l

fo=fom +E(e. —€,)+ (4.14.4.6)

where € is the current plastic offset strain, ¢, is the maximum previously attained compressive strain,

f... 1s the corresponding stress. N, is the Ramsberg-Osgood power term representing the deviation from

linear elasticity. It is computed such that the unloading modulus is equal to the initial tangent stiffness of
concrete, E,, at the beginning of the unloading branch and equal to 0.071 E. at the end of the unloading

branch, as follows:

E,(1-0.071)e” -&.,)

N, = - +Ec(sf —Scm) (4.14.4.7)

c
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When reloading in the tensile domain to a tensile strain of €., the concrete tensile stress, f., is

computed as follows:

fo =B S —Enm(e, —€.) (4.14.4.8)

+
cm

where ¢, is the unloading strain in the current hysteretic loop, f,,, is the corresponding stress, and E

is the reloading modulus in tension, computed as follows

g =P Sm =T (4.14.4.9)
tm - Sro

+
tm >

The damage indicator, 3, serves to degrade E, , such that additional straining is required to intersect the
base-curve. The damage is a function of the strain recovered in unloading of the current hysteretic loop,

€.c» and 1s computed as follows:

By = 15 ) (4.14.4.10)

Erec TEm T (4.14.4.11)

The instantaneous plastic strain, €”', for the tension domain is computed as follows:

e’'=146¢, > +0.523¢,, (4.14.4.12)
If 7' is more tensile than €, then € is updated as &”'.

Unloading in tension results in concrete stress, f;, as follows:

fo=fm—E e, &)+ (E —E Je —e)” (4.14.4.13)

N, (stm —g? )N’_l
where €7 is the current plastic offset strain, €, is the maximum previously attained tensile strain, f,,
is the corresponding stress. N, is computed as follows such that the unloading modulus is equal to the

initial tangent stiffness of concrete, E, at the beginning of the unloading branch, and equal to £/ at the

end of the unloading branch, and is computed as follows:

_ (Ec _ch).(gm —Sf)
N, = Ec(atm —aft)—ftm (4.14.4.14)
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E] =

0.071-E,(0.001/¢,,) fore,, <0.001
(4.14.4.15)

0.053- E£,(0.001/¢,,) fore,, <0.001

Partial unloading and reloading is effected by similar equations with modifications to the reversal

and maximum strains under consideration.

Jo 4 base curve for
compression softened
________________________ response

fo !
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
: >

Sf 8[7 —&

Figure 51: Palermo model of concrete hysteretic response in compression
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Figure 52: Palermo model of concrete hysteretic response in tension
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S Models for other material types

The original material type modeled in VecTor?2 is reinforced concrete; the majority of this manual
is dedicated to the discussion of material and behaviour models for concrete. The following materials can
also be modeled as the main material type in VecTor2: structural steel, masonry, and orthotropic wood.
In addition, using the main material types and smeared reinforcement types the following laminates can
be modeled in VecTor2: concrete-steel laminate, concrete-SFRC laminate, masonry-SFRC laminate,
concrete-wood laminate. This section contains a discussion of the above materials and how they are
analyzed in VecTor2. A discussion of how to model them in FormWorks is included in the Reinforced

Concrete Material Types part of the FormWorks section of this user manual.

5.1 Structural Steel

Structural steel is modeled in VecTor2 as a linear-elastic material up to the point of yielding, after
which plastic deformation and strain hardening occur. Strain hardening is modeled in VecTor2 using a

trilinear relationship, illustrated in Figure 53.

fs
d = - Eg
Iy : : 1
\E, |
—Eu —Esh —Ey i i
: g
Esh Eu ’

Figure 53: Stress-strain behavior of structural steel in VecTor2
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Steel hysteresis is also considered, and is described in section 6.2. In VecTor2, the hysteresis
model for structural steel is the same as for reinforcing steel.

The main different between the modeling of structural steel and reinforcing steel in VecTor2 is the
consideration of biaxial loading. For structural steel, particularly steel plates, biaxial effects are
important; the Von Mises failure criterion is used for structural steel and is discussed further in the
concrete-steel laminate section of the manual, section 5.4. For reinforcing steel, biaxial effects are not

considered.

5.2 Masonry

5.2.1 Introduction

Masonry is an orthotropic material consisting of masonry units and mortar joints, shown in Figure
54. As with the smeared crack approach to the analysis of cracked concrete, for sufficiently large
masonry structures, the masonry can be modeled as a continuum with average properties where joint

failures are smeared across the single finite element.

Y Y
L ol 2
Joint 2 22
Head Joint
Unit
Joint 1
Bed Joint

x-y = global axes

x'-y' = orthotropy axes

1-2 = principal stress axes

B = angle between the axes X" and 1

0 = angle between the axes x and 1

o = direction of the bed joints with respect to x

Figure 54: Masonry joints
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In Figure 54, sp2 is the spacing between head joints and sp1 is the spacing between bed joints.

These are entered in the Define Reinforced Concrete Materials tab of FormWorks as Sy and Sy,

respectively.

5.2.2 Compressive Behavior

The uniaxial compressive pre-peak stress-strain behaviour of unreinforced masonry (URM) can
be modeled with a relationship similar to the one used to model the compressive response of reinforced
concrete. When modeling URM in VecTor2, because the initial tangent modulus is not necessarily
directly related to the peak stress-strain ratio, the Hoshikuma et al. model is recommended, as it allows for
the independent definition of peak stress, peak strain, and initial tangent modulus.

The material strength and elastic modulus of URM change with the direction of the axes of
orthotropy. Ganz’ failure criteria for URM is implemented in VecTor2, expressed in terms of the

principal stresses.

J.I_O,b T-fmy
o /o= -1/-10

I IMa,b

\BI a1

o, /o, =1/-3 x] |

Vo

Vo V¢

T T t T T } o B

0 /4 w2

Figure 55: Ganz failure criterion implemented in VecTor2 (Ganz, 1985)
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The following equations define the failure criteria above:

Equation Ib:

(1 — 0mR) (@ —R)) 02+ (R = 1(fany — fine) (@05 + 1)? = £y RAL + 003 +

Fn(R— ©03,) + 2003 firy + Frnpwn (R— 1}) 02 + (fany — Fonse) frny @ — Frnafony0Z, < 0 (5.2.2.1)
Equation II:
—Ro% — (t*(fmy = finx) (1 = R) + finy + Ry )02 — finyfiny < 0 (5.2.2.2)
Equation I1Id:

(—(1 + wm)?(R = 1D2t* + 2(R — 1)(=2wm + R(1 + 02)) — (R(wmy — 1))2) o2 +

(20mfmx(1 = 0m) (2 + RO = 19))) 6, = (@mfmy)? < 0 (5.2.2.3)
Equation Illa,b:
(t? + R = R?t})0y + (2 + R(1 — %)) <0 (5.2.2.4)
Equation IVa:

(R-12¢-) - (tang (1+ 2R - 1)))2) o3 +2ctang (1 +2R-1))o, > <0 (5.2.2.5)
Equation IVc:
(R?(et* + t2(1— 4m? — 2am(1 +2m)) + (1 +2)m?) +R (—2et* +t*(4m(1+2) +

2m2(1+20)) — 2m(1 + 1}) +et* —t2(1+2m(1+ ) + 1) ol + (2m(R +t2(1 - R))(fL (1 +

20 -9 +2(1+ 2R- 1) (s £, (1 + 1})) o+, (15 —2(s-26,)) =0 (52256)
where
t =sinp
R = 0,/0;

A =sing /(1 —singp)



130

E=c-tan(g+%)

!

e=m(m+2(1+7\+7\m))wherem=ft—y

Hfmx

And f is the angle between the principal axes and axes of orthotropy, R is the ratio of principal
stresses, ¢ is the friction angle of the mortar bed joint interface, f,,, is the compressive strength in the x-
direction with bed joint aligned horizontally (at @ = 0), fp,,, is the compressive strength in the y-direction
with bed joint aligned horizontally, c is the cohesion of the mortar bed joint interface, f¢,, is the tensile
strength of the mortar bed joint interface in the x-direction (perpendicular to the bed joints), w,, is the
ratio between the tensile strength in the x-direction (for @ = 0) and compressive strength f;,,,, and p is the
reduction coefficient for the strength f,,,.

Within the implementation of the Ganz failure criteria in VecTor2, in order to properly account
for the orthotropic behaviour of masonry, the maximum compressive strength of the masonry is limited
by defining a factor 3, the ratio of the maximum principal compressive strength and the compressive
strength fy,y.

fo = BaB1Bmfe (5.2.2.7)

where 34 is the compression softening parameter (coincident with the Vecchio 1992-A model for
RC), B, is the parameter accounting for confinement effect, B, (= 02 max/fmy) is @ parameter
accounting for orthotropic effect on compressive strength, 0, 4 1s the principal compressive strength
defined according to the Ganz failure criteria, f; = f,,, is the maximum compressive strength off

masonry, and f, is the actual compressive strength of masonry.
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Figure 56: Masonry compressive stress-strain behavior
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In VecTor2, when modeling masonry structures, the maximum compressive masonry strength,
fmy, is entered as the cylinder compressive strength, f, in the Define Reinforced Concrete Properties tab
of FormWorks.

Given that masonry is considered orthotropic in VecTor2, the elastic moduli are different in each
direction of orthotropy. A smooth transition from the maximum modulus, E,,, to the minimum
modulus, E,,,, is generated by evaluating the stresses and strains at various angles of 3, and taking the
ratio of the two to determine the modulus at each angle. Once the E — £ relationship is determined by
VecTor2, as shown in Figure 57, the initial tangent modulus can be evaluated directly as a function of the

direction of the principal axes with respect to the direction of the horizontal joints.

Initial Elastic modulws (principal direction) = Jaints Direction

m

toy 1 E,,=1350MPa o
¥ LR

| E,,, =8400MPa S
PG, =1058MPa S

v, =0.18
K o0
1= v,,=0.038 | Y

Elastic ma-dulus [MPa)

= i
_‘—UE".‘ i

I*/( E(3)

f tded €p  -Bc

Figure 57: Variation in masonry elastic modulus

In the Define Reinforced Concrete Materials tab of FormWorks, the initial maximum elastic
modulus, E,,, is entered in the Initial Tangent Elastic Modulus, E, space. The ratio between the two

elastic moduli is entered in a different tab in FormWorks, as will be outlined in a subsequent section.

5.2.3 Tensile Behavior
The tensile behaviour of masonry in VecTor2 is modeled as isotopic linear elastic. The stress-
strain relationship is linear until the tensile strength, fiy, is reached, after which tension softening occurs.

The suggested VecTor2 tension softening model is the Hordijk model. The tensile strength of masonry is
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equal to the minimum tensile brick-mortar strength, perpendicular to the bed joints, and is entered as

tensile strength, f{, in the Define Reinforced Concrete Materials tab of FormWorks .

5.2.4  Slip Along the Joints

Within the DSFM adaptation for masonry materials, masonry is modeled as a continuum that may
slip along the head and bed joints, even when the material is uncracked.

From the total stress vector, the shear stress and shear strain parallel to the joints can be
determined. Based on the calculated shear strain along the joints, the shear slip, 85, can be determined:

6s =y th; (5.24.1)

where th; is the thickness of the joint.

The average shear slip strain can also be calculated as follows:

Yo =2 (5.2.4.2)

SPi

where & is the slip along the joints and sp; is the joint spacing.

Slip along bed joints Slip along head joints
2
Brick - SP -
th2,)
Brick | ) Brick
wn T | //
______ & '

Mortar head Joint /

Figure 58: Masonry Joint Slip

In VecTor2, by default, the crack slip check is not considered.
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5.3 Wood (Fixed Orthotropic)

In VecTor2, wood is modeled as a fixed orthotropic material. The two directions of orthotropy
are parallel to the grain and perpendicular to the grain. The longitudinal direction is defined as parallel to
the grain; the transverse direction is perpendicular to the grain. When modeling wood in FormWorks, one
must define the compressive and tensile strength, as well as the elastic moduli and Poisson’s ratios, in
both the longitudinal and transverse directions. No default values will be applied by VecTor2 if an input
is left blank. This is discussed more in the FormWorks-Reinforced Concrete Material Types section of
the manual.

The stress-strain curve for wood is currently linear-elastic.

The following relations are used to model the stress-strain behaviour of wood in VecTor2.

1 Vyx
Cxx = 5 Oxx — i Tyy (5.3.1)
Vy 1
eyy = —é Oxx +——0yy (5.3.2)
1
Vxy G_xyo-xy (5.3.3)

In these equations, we can consider the x-axis to be the longitudinal direction. Thus, the stress-

strain behaviour of wood can be characterized by the following equations:

1
e = E_lo-” - vE_?O-tt (534)
1
ett = _1;_l:0-ll + E_t-o-tt (535)
1
Yie = G_ualt (5.3.6)

where e;; is the longitudinal strain, e;; is the transverse strain, E; is the elastic modulus in the
longitudinal direction, E; is the elastic modulus in the transverse direction, v;; is the Poisson’s ratio
(longitudinal stress-transverse strain), v;; is the Poisson’s ratio (transverse stress-longitudinal strain), oy;

is the longitudinal stress, o;; is the transverse stress.
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5.4 Concrete-Steel Laminate

Steel-concrete composite wall elements typically consist of a thick concrete core integrated with
two thin steel faceplates, where forces are generally transferred between the concrete and the steel
through shear studs. In VecTor2, the DSFM is the basis for the analysis of concrete-steel laminates. As
VecTor2 is a 2D finite element program, the different materials must be modeled as a smeared/combined
element with properties representative of the two materials, as outlined below and described fully in

Vecchio and McQuade (2011). A typical concrete-steel laminate is illustrated in Figure 59.

5: teel plate oncrete
(thickness t.) To (thickness t.)

B

Anchor Stud/

einforcement
(reinf. ratio pi)

gy

Figure 59: Concrete-steel laminate element (Vecchio and McQuade, 2011)

The element is analyzed using the same principals of solid mechanics as a typical concrete

element, where:
[e] = [D][e] - [0°] (54.1)

The composite material stiffness matrix, [D], and the prestress vector, [6°], are formulated as

[D] = [Dc] + Xic 55 [Dr)i + 55 [Ds] (54.2)

(tc+2t ) i=1 (t +2t5) (t +2t )
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[0°) = [Dc)(lee] + [7] + [eg]) + Tial, e (Legle + [€2],) + D[] + [7])  (5.43)

The formulation of [D.] and [D,] is described fully in (Vecchio, 2000b). The material stiffness matrix for
the steel faceplates is a diagonal matrix with respect to the principal stress directions.

For the yield criteria for the steel plates, the von Mises criterion is used, where:

(fsl - fsz)z + (fsz - fs3)2 + (fs3 - fsl)2 = Z(fy)z (5-4-4)

In terms of the contribution of the steel plates to the tension stiffening response of concrete, no
experimental data is currently available. However, due to the fact that the steel plate is typically quite
thin compared to the concrete core and the bond between plates and the concrete is weaker than that of
fully embedded deformed rebar, it is assumed that the steel faceplates do not contribute to concrete
tension —stiffening (Vecchio and McQuade, 2011). In addition, in accordance with the Canadian Design
Code A23.3, for steel-concrete elements with no in-plane reinforcement, the maximum crack spacing is
considered equal to the element thickenss.

A detailed explanation of the modeling of steel-concrete composite structures, specifically wall

elements, can be found in Vecchio and McQuade (2011).

5.5 Concrete-SFRC Laminate and Masonry-SFRC Laminate

Similar to the concrete-steel laminate, a concrete-SFRC laminate combines a concrete core with
steel-fibre reinforced concrete faceplates. Using an SFRC laminate will result in a higher capacity and a
more ductile response; a common application of the SFRC laminate is in strengthening of RC slabs,
whereby a thin layer of SFRC is attached to an existing RC slab. Adding the SFRC laminate to the
compression zone (ie. the top of the slab) can significantly increase the flexural capacity of an existing
RC slab. There are also benefits in shear capacity. An overlayer of SFRC also allows for increased post-
cracking residual stress as the steel fibres are efficient at controlling large cracks in most circumstances.

For more details on the concrete or SFRC behaviour, see sections 4 or 6.5, respectively. For details

on how to model this material in FormWorks, see section 10.4.1.6.
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The masonry-SFRC laminate is similar to the concrete-SFRC laminate, and is defined in FormWorks
in much the same way. For a detailed description of the behaviour of masonry, see section 5.2. Section
6.5 describes the stress-strain response of SFRC. For information on how to model masonry-SFRC

laminate in FormWorks, see section 10.4.1.7 of this manual.

5.6 Concrete-Ortho Laminate

Concrete-wood laminates are commonly used in both floor and beam construction. In new floor
construction, solid concrete is typically placed on timber floor beams or a solid layer of wood. The wood
layer functions to replace the cracked concrete-steel reinforcement section of a solid concrete slab, and
also reduces the need for formwork. Similarly, deep beams benefit from concrete-wood composite
construction, as wood can eliminate the high tensile stresses in the concrete. Hence, bridges can also
utilize composite concrete-timber beams. As with other laminates, forces must be transferred between the

concrete and the wood, most likely through shear studs.

Section 4 describes in detail the behaviour models for concrete. For the stress-strain behaviour of
orthotropic wood, see section 5.3. Details on how to model concrete-ortho laminates are provided in

section 10.4.1.8 of this manual.
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6 Models for Reinforcement Materials

The following discussion describes the constitutive and behavioral models pertaining to the response
of reinforcement materials. The monotonic stress-strain response of reinforcement is discussed, followed
by the hysteretic response models. Subsequently, dowel action and reinforcement buckling models are
discussed.

After the discussion of conventional steel reinforcement, the modeling of Steel Fibre Reinforced
Concrete in VecTor2 is discussed. Subsequently, a brief discussion of laminates and shape memory

alloys in VecTor2 is included.

6.1 Stress-Strain Response

The following models describe the monotonic stress-strain response of reinforcement materials.
These models are categorized by reference types of reinforcement: ductile steel reinforcement,
prestressing steel, tension only reinforcement, compression only reinforcement, and externally bonded

FRP reinforcement.

6.1.1 Ductile Steel Reinforcement

The reinforcement stress-strain response is composed mainly of three parts, as shown in Figure 60,
including an initial linear-elastic response, a yield plateau, and either a linear or nonlinear strain-
hardening phase until rupture. Moreover, this monotonic stress-strain curve describes the back-bone curve
of the Seckin or Menegotto-Pinto models, as discussed below for the hysteretic response. The

reinforcement stress, f;, in tension and compression is determined as follows:



138

E ¢ Jore <e,
/ fore, <g <g,
P
f = e —¢ (6.1.1.1)
VLSS | fore, < <e,
gu_ sh
0 fore, <e,

where ¢, is the reinforcement strain (e,=¢,|), ¢, is the yield strain, ¢, is the strain at the onset of the strain
hardening, ¢, is the ultimate strain, E; is the elastic modulus, f, is the yield strength, f, is the ultimate

strength, and P is the strain-hardening parameter.
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Figure 60: Ductile steel reinforcement stress-strain response
[left(a): Linear strain-hardening (Trilinear); right (b): Nonlinear strain-hardening (HP4)]

There are two options for the strain-hardening phases after the yield plateau; these are linear strain-
hardening (trilinear, P=1) and nonlinear strain-hardening (HP4, P=4), as shown in Figure 60. Elastic-
plastic or bilinear stress-strain curves are generated by the trilinear option given in Figure 60a. The default
option is HP4. (The default option can be changed from the hysteretic response section of reinforcement

models.) The strain hardening modulus, £, is defined as follow:

(6.1.1.2)
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6.1.2 Prestressing Steel

This model is appropriate for cold-worked steel reinforcement that does not exhibit a distinct
yield plateau, but rather an initial linear-elastic branch, followed by a transition curve to a second
hardening linear branch, as shown in Figure 61. The reinforcement stress, f;, in tension and compression is

determined by a Ramsberg-Osgood formulation as follows:

f.=E., A+¢Vc <f (6.1.2.1)
[1 + (Bss )C]
E
A=—" 6.1.2.2
E. ( )
gL (IZA) (6.1.2.2)
Ss
C = transition coefficient (6.1.2.3)

where &, is the reinforcement strain, E is the initial elastic modulus, f; is the ultimate strength and f: is

the value at which the second linear branch intercepts the stress axis at zero strain. A representative value
of the transition coefficient, C, for prestressing strands with an ultimate strength of 1860 MPa is 10 for

low-relaxation steel, or 6 for stress-relieved steel.

27

—_ 1
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Figure 61: Prestressing steel reinforcement stress-strain response

6.1.3 Tension Only Reinforcement

In tension, the stress-strain response is the same as the trilinear relationship of the ductile steel
reinforcement model. In compression, the reinforcement stress is always zero. This model may be utilized

to represent fabric-type FRP reinforcement that offers no resistance in compression.

6.1.4 Compression Only Reinforcement

In compression, the stress-strain response is the same as the trilinear relationship of the ductile
steel reinforcement model. In tension, the reinforcement stress is always zero. This response may be
utilized to model contact phenomenon between two disjoint structures, by specifying an initial prestrain

representing the relative movement prior to contact.

6.1.5 Externally Bonded FRP Reinforcement

This model is similar to the tension only reinforcement model, in that the reinforcement does not
exhibit compressive stress. Additional modifications allow the local crack stresses in externally bonded

FRP reinforcement to be more accurately calculated.

6.2 Hysteretic Response

The following hysteretic response models describe how the reinforcement reloads to and unloads
from the monotonic stress-strain curve. As such, the monotonic stress-strain curve is likened to a

backbone, to which unloading and reloading curve attach.

6.2.1 Linear

The reinforcement reloads linearly from and unloads linearly to the point of zero strain and zero

stress of the monotonic stress-strain curve. No plastic offset strains result.
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6.2.2  Seckin Model w/ Bauschinger Effect
The following model was proposed by Seckin (1981), as shown in Figure 62. This model includes
the Bauschinger effect, in which the reinforcement exhibits premature yielding upon load reversal after
plastic prestraining due to stress changes at the microscopic level. There are two options when using this

model; these are Seckin w/ Bauschinger-Trilinear and Seckin w/ Bauschinger-HP4 as shown in Figure 62.

fi® Tension £ 4 Tension
- E 1 Em
fEr
g
Compression v Compression v

Figure 62: Seckin model of ductile steel reinforcement for hysteretic response
[left (a): Seckin w/ Bauschinger-Trilinear; right (b): Seckin w/ Bauschinger-HP4]

When reloading in a positive cycle to a strain of ¢;, the reinforcement stress is f;, reflects the Bauschinger

effect with a Ramberg-Osgood formulation as follows:

f =E,(gj—go)+Em;E"N_l(gj—go)N (6.2.2.1)

(6.2.2.2)
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E for (&, - &)< £,
(e,—&)
E, ={E|105-0.05~—"—=| fore <(¢,—5,)<4s, (6.2.2.3)
&
y
E for 4s, < (&, - &,)

where, ¢, is the plastic offset strain in the current cycle, ¢, is the yield strain, ¢, is the maximum positive
strain attained in previous cycles, E,, is the tangent stiffness at ¢, E, is the unloading modulus, E; is the
elastic modulus of the monotonic stress-strain response, and f,, is the stress corresponding to &,,.

Unloading is linear and results in reinforcement stresses as follow:

fo=foa+E (e,-¢.,) (6.2.2.4)

6.2.3 Menegotto-Pinto Model w/ Bauschinger Effect

The following model was proposed by Menegotto and Pinto (1973), as shown in Figure 63.
Similar to the Seckin model, this model includes the Bauschinger effect. There are two options when
using this model; these are Menegotto-Pinto w/ Bauschinger-Trilinear and Menegotto-Pinto w/
Bauschinger-HP4 as shown in Figure 63. The Menegotto-Pinto model defines an asymptotic curve
tangential to two asymptotic lines at the initial (origin) and end (target) points. The reloading part of the

stress-strain curve is defined in a normalized form as follows:

(1-b)e,
Sy =b8 + Tk (6.23.1)
(1+geq)
Jo = Lot £, =251 (=g and f=0) (62.3.2)
f=1 &, "¢,
E aé
b=—"", R=R ——2_, & =(e —¢ 6.2.3.3
E, " oa ¢ % =(n-e) ( :

E =E, 08+— (6.2.3.4)
‘ 5+1000s,
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where f, and &,, are normalized stress and strain, and f, and &, are stress and strain at the intersection
point between the initial tangent at the origin and the asymptote at the target, respectively. b is the strain-
hardening ratio of the intended slope (£,,) at the target point to the unloading or initial reloading stiffness
(E,) at the origin. R is the independent parameter which defines the curvature according to experimental
parameters, Ry, a;, and a,. In the VecTor2 implementation, Ry, a;, and a;, are taken 15, 18.5 and 0.15,
respectively and the values of R are limited between 1 and 15. &g, is the strain difference between the
strain at the intersection point, &, and the maximum (target) strain attained at the previous cycle, &,. In
addition, f,, is the stress corresponding to &,, E,, is the tangent stiffness at ¢,,, E, is the unloading or initial
reloading modulus, proposed by Dodd and Restrepo-Posoda (1995), ¢, is the plastic offset strain in the
current cycle, f, is yield strength corresponding to the yield strain, ¢,, and E; is the elastic modulus of the

monotonic stress-strain response.

fsh

= ’
P=1 /
g {

Tension

Compression ¢ Compression
Figure 63: Menegotto-Pinto model of ductile steel reinforcement for hysteretic response

[left (a): Menegotto-Pinto w/ Baushinger-Trilinear ; right (b): Menegotto-Pinto w/
Baushinger-HP4

Unloading is linear and results in reinforcement stresses as follow:

/s Zfsyq +E, (51' _gjfl) (5.2.3.5)
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6.2.4 Elastic Hardening (Curvilinear)

Figure 64 illustrates the curvilinear stress-strain model.

e

3

foy

SS'
Ech Esu
Figure 64: curvilinear strain hardening
The equation for the curvilinear portion of the response is:
= fou = (Fou — foy) (E2=52) (6.2.4.1)
su su sY) \equ—tsn 2.4,

6.2.5 Elastic-Hardening (Trilinear)

The monotonic stress-strain curve is trilinear, as described for the ductile steel reinforcement. The
reinforcement unloads and reloads linearly with a modulus equal to elastic modulus of the reinforcement,

E,. As such, plastic strain offsets result.
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Figure 65: Trilinear stress-strain response
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6.2.6  Elastic Plastic (Bilinear)
The monotonic stress-strain curve is bilinear, comprised of an initial linear-elastic branch, followed
by a yield plateau. The reinforcement unloads and reloads linearly with a modulus equal to elastic

modulus of the reinforcement, Es. Figure 66 illustrates this stress-strain model.
)

-l
-

Figure 66: Elastic-plastic stress-strain response

6.3 Dowel Action

Dowel action refers to shear resistance offered by reinforcing bars crossing a crack as the crack
slips transversely to the axis of the reinforcement. In some circumstances, such as beams with small
amounts of transverse reinforcement, dowel action may contribute significantly to the shear strength and
post-peak ductility of reinforced concrete members.

The model is used in conjunction with the Vecchio/Lai and Walraven stress-based element slip
distortion models and their hybrid formulations. The shear resistance due to dowel action, v, is computed
as a function of the shear slip, J;, at the crack. This shear resistance is subsequently subtracted from the

local shear stress on the crack, v,;, thereby reducing the amount of computed shear slip.

6.3.1 Not considered

The shear resistance at a crack due to dowel action is not considered.
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6.3.2  Tassios Model
The dowel force-displacement relationship is modeled as elastic-plastic. For simplicity, consider a
reinforcing bar perpendicularly crossing a crack as shown in Figure 67. (Reinforcing bars crossing cracks
at oblique angles are also accommodated.) As described by He and Kwan (2001), the dowel action of the
reinforcement may modeled as a beam on an elastic concrete foundation. The dowel force, V,, due to the

relative displacement, J, of the cracks is computed as follows:

V,=EJI\N8, <V, (6.3.2.1)
nd,
= 6.3.2.2
: =" ( )
k.d
% = 4| Kb (6.3.2.3)
4E I
127 -4/ f!
k, = ¢ (6.3.2.4)
dbz/s
c=0.8 (6.3.2.5)
Vi =127d,2 1. 1, (6.3.2.6)

where J; is the shear slip along the crack, d, is the diameter of the reinforcement, E; is the elastic modulus
of the reinforcement, f; is the yield strength of the reinforcement, f°. is the compressive strength of the
concrete. The parameter /, is the area moment of inertia of the reinforcement. The parameter A compares
the stiffness of the concrete to that to the reinforcing bar. The parameter £. is the stiffness of notional
concrete foundation, where c is an experimentally based coefficient to reflect the bar spacing. The
ultimate dowel force, V,,, corresponds to plastic hinging of the reinforcement and crushing of the
surrounding concrete in multiaxial compression.

The shear resistance due to dowel action is computed as a smeared contribution as follows:

v, =p;ﬁ (6.3.2.7)

N

where p; is the reinforcement ratio and A, is the area of the reinforcement.



147

ko2

Figure 67: Dowel resistance mechanism

The Tassios (Crack Slip) and Tassios (Crack Strength) options are available in VecTor2 for
calculating rebar dowel action. In the crack slip option, the dowel force V; is subtracted from the stress of

the concrete at a crack. For crack strength, the dowel force acts as a resisting force.

The default option is Tassios Crack Slip Model. In general, this option is used unless stability issues
related to reinforcement shearing occur during the analysis, in which case the Tassios Strength Model is

used.

6.4 Reinforcement Buckling

Three models are available for the consideration of reinforcing bar buckling. These are the Dhakal-
Maekawa 2002 model (DM), the Refined Dhakal-Maekawa model (RDM), and the Asatsu model. Both
the DM and RDM models are mainly based on the model of Dhakal and Mackawa (2002a, and b). By
using the formulations of Dhakal and Maekawa (2002b), the Seckin and Menegotto-Pinto hysteretic
models were modified by Akkaya et al. (2013) for ductile reinforcement including buckling effects. The
DM and the RDM models can be used only if the ductile steel reinforcement and one of the Seckin or the
Menegotto-Pinto models are selected. Both models assume that the reinforcement buckling begins to
occur when the unsupported length to diameter ratio (b/t=L/D) for the reinforcing bars exceeds 5.0 and
the compressive reinforcement strain exceeds its yield strain g,. Consequently, to take into account the

rebar buckling effect, both models require the input of L/D prior to an analysis for L/D > 5.0. For the
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default value of L/D and L/D<S5, there is no rebar buckling effects considered for the reinforcing bars.

When using the Asatsu model, there is no requirement for the input of L/D.

6.4.1 Dhakal-Maekawa Model 2002 (DM) Model

The following model was proposed by Dhakal and Maekawa (2002a,b) as shown in Figure 68.

fsch
f Tension curve
78 e
f \r annnnnee
L B !
fit ———————— -~ Compression curves
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Figure 68: Compressive stress-strain relationships (Dhakal and Maekawa, 2002a, b)

The DM model defines an intermediate point (&, f;) to obtain the average compressive stress-strain curves.
After this intermediate point, a constant negative stiffness of 0.02F; is assumed until the average

compressive stress becomes equal to 0.2f,. In this formulation,

7L
) 6.4.1.1
" “\100 D (64.1.1)

g =¢,[55-23n]  fore 27¢, , otherwise & =T7g, (6.4.1.2)
2
E —E&.
Ju =1, fore<e, 5 f,=1, +(fy—fu)(g"_ l j for (g, <&, <¢,) (6.4.1.3)
u sh
2
E —&
1. :fy fore <&, ; f., =1, +(fy —fu)[g“ _g‘“’j for (g, <&, <¢,) (6.4.1.4)
u sh
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where, r, is slenderness ratio, f, is the yield stress in MPa, f; and f;, are the stress in the tension curve
corresponding to the intermediate strain & and the current strain &, respectively. At the intermediate

point, the stress f; on the compression curve is determined as follows:

fi=fa[1.1-0.0165]  for f,> 0.2/, , otherwise f;=0.2f, (6.4.1.5)

The following equations are used for the determination of o

oc=0.75+‘24_J for a < ?f and 0.75<a <1.0 (6.4.1.6)

OOgy )

The compressive stress-strain (f;, &) relationship are then determined as follows:

f;c :Esgsc fOF gsc Sgy (6417)
f gSC - gy
= — — Lt <
f.;'c f.;'t 1 (1 ﬁt El. _ E}y fbr gy < gsc _gi (6418)

S =max[(ﬁ -0.02E, (&, —gi));0.2fy] fore <e <e, (54.1.9)

6.4.2 Refined Dhakal-Maekawa (RDM) Model

Although the DM model provides good approximation in general sense to the buckling behaviors
of reinforcing bars, to improve the performance of the DM model for reinforcing bars with any geometric
and material properties, and to eliminate some criticized points on the DM model, a refined model (RDM)
was proposed by Akkaya et al. (2013). As the RDM model covers the DM model, the performance of the
RDM model is similar to or better than the performance of the DM model. By comparison with the DM
model, the intermediate stress, f; is determined more effectively as per the location of the intermediate

strain, & on the tension curve in the RDM model. In particular, RDM model gives better results than the
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DM model when the intermediate strain, &, is on the strain-hardening region of the tension curve for
reinforcing bars with a high strain-hardening parameter (P=4) and small slenderness ratios (7,<21), and
for reinforcing bars with tension stress-strain response where g<g, and &,.>&,. A typical average

compressive response obtained from this model is presented in Figure 69.
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Figure 69: Compressive stress-strain relationships (Akkaya et al., 2013)

The compression curves are developed through the definition of an intermediate point (&, f;) on the
average compression stress-strain curves. The intermediate strain & and the maximum intermediate strain

Emax are determined as follows:

/o L
o= 6.4.2.1
> \100 D (0421
e —e|55-23 | x5 (6.4.2.2)
g 100
& = Pe,[55-2.3n,] fore 27¢s,, otherwise &, =T¢, (6.4.2.3)

where r, is slenderness ratio and f; is the yield stress in MPa. Maximum intermediate strain &, is used to

define different tension curves using £ and P constants as follow:

max

P=5,/6m for (" <s,and e, >s,); otherwise ff=1 (6.4.2.4)
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P=1 for(gimaX >¢g,and € = 76‘},) ; otherwise P =4 (6.4.2.5)
(2.-2) |
&, &
fi=1, fore<eys fo=f+(f- f)[m] forg > ¢, (6.4.2.6)
u sh
(2.-2.) |
&, —&,
fu=t, foreg<ey: o=+ (1,1, )[mJ Jor (e, <2, <) (6:42.7)
u sh

where, f;, and f;, are the stress in the tension curve corresponding to the intermediate strain & and current
strain &, respectively. At the intermediate point, the stress f; on the compression curves is determined as

follow:

fi=af, 5 <1, (6.4.2.8)

The following equations are used for the determination of « based on the location of & on the tension

curve:
a=[1.1-0.016r,] 08+187: 2 fore >¢, (6.4.2.9)
f, L
f, D
a =0.75[1.1-0.016r, | 0.8+1.8f" - fore <e, (6.4.2.10)
y
a= 0.75£[1.1—0.016rb] Jor (&, 2 &, and & =7s) (6.4.2.11)

y

The compressive stress-strain (f;, &) response including rebar buckling is then determined as follows:

f. =Eé&, fore <g, (6.4.2.12)

s Ssc



Ji || Ese =8

S =1 1—(1—7J P

! y

Jore <& <eg

f =max[(fl. —0.02E, (&, —gl.));O.ZfJ for (,<¢,<g;)

foo =max| (0.75£,-0.01E, (&, —£,));0.2f, | for (5,<¢,.<&,)

6.4.3 RDM and DM buckling models for hysteretic response
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(6.4.2.13)

(6.

(6

4.2.14)

4.2.15)

When the unsupported length ratio is equal to or larger than 5, the backbone compressive stress-strain

curve are defined by the selected RDM or DM models as shown in Figure 70. The stiffness (£,,) at the

target point and the unloading-reloading stiffness (£,,) on the compressive strain region are also changed

due to buckling.
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Figure 70: Hysteretic models for ductile reinforcement including buckling
[left (a): Seckin; right (b): Menegotto-Pinto

In the Seckin model, Figure 70a, the stifness (£,,) at the target point on the compressive strain zone is

assumed to be zero when the compressive stress (f,,) is smaller than yield stress (f;). In Menegotto-Pinto
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model, Figure 70b, the same stifness (E,,) at the target stress-strain point (f,,, &,) on the compressive strain

zone are limited with a negative value as follows:

E = (f’”—_fY) > —0.02E, (6.4.3.1)
(¢,-¢,)

For both hysteretic models, in Figure 70, the unloading-reloading stifness (£,;) on the compressive strain

zone are reduced as follow:

2
E,=E, (% for |e,| <& (6.43.2)
fm] / :
E =E =L | for |, |> & (6.4.3.3)
() ort

6.4.4 Determination of the Unsupported Length Ratio (b/t=L/D)

The accuracy of reinforcement buckling models depends on defining the unsupported length ratio (b/¢)
correctly. Because RC members have the numerous reinforcement configurations, there are difficulties in
determining b/t automatically. Consequently, b/t should be input manually. One method is proposed by

Dhakal and Maekawa (2002c) for this purpose as follows:

This method requires determining the reduced flexural rigidity (£, /) of a rebar as follows:

I=zD"/64, EI=05E1/( £, 1400) (6.4.4.1)
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where, 1, D, E;, and f, are the moment of inertia, diameter, modulus of elasticity, and yield strength (MPa)
of the reinforcing bar including buckling, respectively. Normalized stiffness & of the rebar, tie stiffness £,

and equivalent stiffness ratio k., are calculated as follows:

_n'EI p o EAn

t eq
s [, n,

e

(6.4.4.2)

|

where s is the tie spacing, A, is the sectional area of the one tie leg, /, is the length of the tie leg, E; is the
modulus of elasticity of the tie, n, is the number of longitudinal bars supported by these tie legs, and #, is
the number of tie legs parallel to the lateral load. Dhakal and Maekawa (2002¢) propose the values for n,

and »; for common arrangements of longitudinal and lateral reinforcement as shown in Figure 71.
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Figure 71: Values of n, and n, for common reinforcement

The buckling length is then determined as follow:
L=n-s (6.4.4.3)
where, n is the number of spaces between ties over the buckling length which may be chosen from

Table 1.
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Table 1: Determination of n (Dhakal and Maekawa 2002c¢)

L=ns

k

cq
keq>0.75
0.7500-0.5000
0.5000-0.1649
0.1649-0.0976
0.0976-0.0448
0.0448-0.0084
0.0084-0.0063
0.0063-0.0037
0.0037-0.0031

=

or2
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In Table 2, the slenderness ratio, r, indicates approximately the reduction of normalized stress (f/f,) on the
modified compressive stress-strain curve due to buckling. The calculated unsupported length ratio can be
used together with Table 2 when determining the unsupported length ratio. If the calculated value of r; is
smaller than 8, there is no rebar buckling effect. For other values, Akkaya et al. (2013) recommend the
followings:

1) Ifthe calculated value of 7, is between 8 and 16, assume r; is 16.

2) If the calculated value of r; is between 16 and 21, assume 7y, is 21.

3) If the calculated value of r; is larger than 21, use the calculated value of 7,

Table 2: Relationships between the buckling length and normalized intermediate stress ratio

r, = £ L Buckling affect
D Y100 /£, level
<§ - No effect
(8-16) (1.0-0.8) Small
(16-34) (0.8-0.4) High
(34-50) (0.4-0.2) Very high
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6.4.5 Asatsu Model
In order to use this model, the reinforcement bars subject to buckling must be modeled discretely
by truss bar elements and connected to the concrete elements with bond (link or contact) elements. A full
description of the determination of the buckling length and buckling criteria are beyond the scope of this
discussion. In brief, the criteria for reinforcement buckling are that reinforcement is plasticized, is subject
to compressive stresses exceeding eighty percent of the yield strength and that the bond deterioration is

severe, such that the cumulative energy consumption exceeds the fracture energy G

6.5 Steel Fibre Reinforced Concrete

The following sections describe the response of Steel Fibre Reinforced Concrete (SFRC). The
two types of fibres that can be used to model SFRC in VecTor2 are straight fibres and hooked fibres. The
main difference between the two types of fibres is in the quality of bond between the fibres and the
concrete matrix. The deformed ends of the hooked fibres enable a stronger bond between the steel fibres

and the concrete compared to the straight fibres.

6.5.1 Introduction

The effect of fibres on the behaviour of concrete is dependent on fibre volume content, fibre length, fibre
aspect ratio, fibre tensile strength, concrete strength, and fibre orientation. The majority of these are
required inputs in FormWorks. The following properties are considered when SFRC is analyzed using
VecTor2:

- Fibre Volume Fraction, V¢

- Fibre Length, L¢

- Fibre Diameter, D¢

- Fibre Tensile Strength, F,

- Fibre Bond Strength, T,
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Note that the fibre aspect ratio mentioned above is the ratio of fibre length to fibre diameter, and is a
measure of the stiffness of the fibre. A brief description of the effect of the factors listed above on the

behaviour of SFRC can be found in (Susetyo, 2009).

6.5.2  Stress-Strain Behavior of SFRC

This section outlines the tensile and compressive stress-strain behaviour of SFRC.

An important function of steel fibres in SFRC is to provide post-cracking tensile capacity. In
SFRC, while the concrete stress reduces after cracking, the strain may still increase substantially prior to a
reduction in tensile strength. At higher fibre volumes, strain hardening may also occur (Susetyo, 2009).
Figure 72 illustrates the stress-strain response of both high and low fibre volume content concrete.

There are a variety of options available with SFRC. Steel fibre reinforcement can be used in
normal SFRC or as part of a composite material. The two SFRC composite materials available in
VecTor2 are Concrete-SFRC Laminate and Wood-SFRC Laminate. For both regular SFRC and the
SFRC used in composite material models, either straight or hooked fibres can be used. The required input
properties for steel fibres are the same for types of fibres.

There are also a number of models available in VecTor2 for SFRC. For the compression stress-
strain response of SFRC, the Lee et al 2011 (FRC) model is available and is described in Section 4.2.7.
Two tension softening models for FRC are also available in VecTor2. An exponential tension softening

model and the fib FRC tension softening models are discussed in sections 4.5.6 and 4.5.9, respectively.
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Numerous FRC tension models are also available and are described in section 4.6.

Figure 72: Tensile stress-strain response of FRC for low and high fibre volume contents
(Susetyo, 2009)

The addition of fibre to concrete makes the post-peak compressive response more gradual, less
steep compared to plain concrete. The higher the aspect ratio or volume content of the fibres, the more

gradual the post-peak compressive response. The compressive response of SFRC is illustrated in Figure
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Figure 73: Compressive stress-strain curve of SFRC, illustrating
a) fibre content and b) fibre aspect ratio (Susetyo, 2009)

6.6 Laminates

Four different types of laminate can be modeled in VecTor2. The most common is the concrete-
steel laminate, where a concrete core is located between two steel face plates.

The Steel Skin Plate option is used as the reference reinforcement type in the Define Reinforced
Concrete Properties tab when modeling concrete-steel composite elements. The steel plate is analyzed in
accordance with the DSFM, where steel stresses are determined from uniaxial stress-strain relationships.
For the monotonic response of steel skin plates, VecTor2 employs a tri-linear elastic-plastic strain
hardening model. Yielding, strain hardening, and Bauschinger’s effect for reverse cyclic loading are all
considered in VecTor2, and yielding of the plates under biaxial stress is determined using the Von Mises

criterion:

(fs1 = fs2)? + (fz = fs3)* + (fsz — fs1)* = Z(fy)z (6.6.1)

where fgq, fs,, and fg3 are the principal stresses in the plate, one of which is always zero.

The hysteretic response of the steel plate, which includes the Bauschinger effect as mentioned
above, is modeled using a modified Seckin formulation. After the steel plate buckles in compression, it
can sustain additional loading in tension but cannot sustain further compressive stress upon load reversal.

It is assumed in VecTor2 that the anchor studs prevent slip between the concrete and steel skin
plates. A more detailed response of the FEM formulation of steel-concrete elements is found in Vecchio
and McQuade (2011).

SFRC can also be used as a laminate; both SFRC—straight fibres and SFRC—hooked fibres are
possible laminate options. The stress-strain behaviour of SFRC was discussed in the preceding section.
Orthotropic laminate can also be used as smeared reinforcement. The stress-strain behaviour of

orthotropic wood was discussed in section 5.3.
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6.7 Shape Memory Alloy Type 1 and Type 2

Shape Memory Alloy materials are used to replace conventional reinforcing steel under seismic
loading conditions, and are useful due to the material’s ability to dissipate large amounts of energy
without excessive permanent deformation. The hysteresis for conventional reinforcing steel includes
large strain offsets; after an earthquake, the structure may have large permanent displacements. Shape
memory alloys minimize or eliminate these large strain offsets such that after a seismic event, the
structure will retain its original shape or the deformations will be much smaller than if conventional

reinforcing steel was used.

6.7.1 Shape Memory Alloy 1 (SMA 1)

The idealized behaviour of the SMA 1, with no strain offsets is modeled with SMA 1. It has a

flag-shaped hysteresis, as shown in Figure 74.

f

fy ___________________

0.5f, |F--=------

—————————— 0.5f,

................... f

Figure 74: Stress-strain response for SMA 1
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6.7.2 Shape Memory Alloy 2 (SMA 2)

Developed at the University of Ottawa, the hysteresis for SMA 2 differs from SMA 1 in that it
incorporates strain hardening as well as small strain offsets. Figure 75 illustrates the stress-strain curve

and hysteresis for SMA 2.

s

f

f unl

Figure 75: Stress-strain response for SMA2

In the figure above, f, is the yield stress, f;,; is the unloading stress, &, is the strain offset, £,4
and &,., are reference strains, and &, is the maximum strain.
Both the unloading stress and strain offset are functions of the maximum strain.

funt = f, + (0.70188 — 0.003127¢,,, — 0.00003214¢%)  0.25f, < fy < 0.75f,  (6.7.2.1)

g, = 0.001¢2, — 0.005¢,, + 0.4323 (6.7.2.2)
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7 Models for Bond

The following discussion describes the monotonic bond stress-slip models for bond elements. In
VecTor2, the bond materials are divided into two categories: models for embedded bars (smooth and
embedded) and models for externally bonded plates or sheets. For the former, the bond stress-slip
relationship is internally calculated by VecTor2 according to the selected model, while for the latter, the
bond stress-slip relationship is specified by the user by a series of reference bond stress and slips.

Hysteretic response is included in the models, but not discussed here.

7.1 Bond Stress-Slip Models for Embedded Bars

For embedded bars, the bond model first determines the stress-slip relationship for two distinct
cases: confined bars and unconfined bars. The stronger relationship for confined bars corresponds to pull-
out type bond failure, whereas the relationship for unconfined bars corresponds to splitting failure. Both
the confined and unconfined bond stress-slip relationships are defined by a series of reference bond
stresses, T, and bond slips, A. Those pertaining to pullout failure are subscripted as t,, A, while those
pertaining to splitting failure are subscripted, T, A..

The actual bond stress-slip model is defined by a series of reference bond stresses and slips,
Ty, Ay These are determined by linearly interpolating between the unconfined and confined reference
bond stresses and slips using the confinement pressure factor, . A confinement pressure of zero
corresponds to the unconfined case of splitting failure, while a confinement pressure of 7.5 MPa
corresponds to the confined case of pullout failure. Based on the anticipated confining pressure, c, the
confinement pressure factor may be computed as follows:
B:%, (in MPa) 0<P<I, (7.1.1)

The following models utilize several properties pertaining to the reinforcing bars and their

placement to compute the bond stress-slip relationship. The minimum of the concrete cover and half of
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the bar spacing is denoted, ¢. For deformed reinforcement bars, VecTor2 computes the lug spacing, S, and
lug height, H, depending on the reinforcement bar diameter, dj, as follows:

39.4 mm, 2.55mm for 55mm<d,
30.6 mm, 2.20 mm for 43 mm<d, <55mm
25.0mm, 1.79 mm for35mm <d, <43 mm
20.9 mm, 1.48 mm for 29 mm <d, <35 mm
S,H =417.6 mm, 1.26 mm for 25mm <d, <29 mm
13.6 mm, 0.98 mm for19mm<d, <25 mm
11.2mm, 0.72 mm for15mm<d, <19 mm
7.9mm, 0.45mm for11mm<d, <15mm
0.70d,,0.04d, for Omm=<d, <11mm

(7.1.2)

For smooth bars, VecTor2 computes the lug spacing according to Equation 7.1.2, but computes the lug

height as follows:

S
g5 7.13
=5 (7.1.3)

The model for hooked bars is different is described subsequently.

7.1.1  Perfect bond
The bond material is assigned a numerically large stiffness and strength to prevent deformation of

the bond element.

7.1.2  Eligehausen Model

As proposed by Eligehausen et al. (1983), the confined and unconfined bond stress-slip
relationships are described by an ascending non-linear branch, a constant bond stress plateau, a linearly
declining branch, and a sustaining residual stress branch, as shown in Figure 76.

The confined stress-slip relationship is summarized as follows:

TPI(A/Apl)a for A<A
T, Jor A, <A<A

=17 (A—Apz) ( (7.1.2.1)

T, (—) for A , <A<A
p Ap3_Ap2 p p

Tp2 _Tpf)

Ty Jor A 5 <A



where

A =
P! 30

The unconfined stress-slip relationship is summarized as follows:

TSI(A/ASI)OL fOI"ASASl
Tyo for Ay <A<A,
= (A-A,)
T, -| ——~\t, — T, or A , <A<A,
s2 |:(AS3 _Asz)( 52 sf) f s2 s3
Ty Jor A <A
where
v =0748 | ¢ <1,
d,
132 :Tsl
vy =0234 L€ <o
d, '
1
Ag =A, exp|—In Sl
o T
As2 :APZ
As3 :Ap3
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(7.1.2.2)

(7.1.2.3)

(7.1.2.4)

(7.1.2.5)

(7.1.2.6)

(7.1.2.7)

(7.1.2.8)

(7.1.2.9)

(7.1.2.10)

(7.1.2.11)

(7.1.2.12)

(7.1.2.13)

(7.1.2.14)

(7.1.2.15)
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Given a confinement pressure factor, 3, the bond stress-slip relationship is defined as follows:
v (A/A, ) for A<A,

| el

m sp2 Tspf ):| fOl" Aspl <A< Asp2
sp sp

T= (7.1.2.16)
(a-2,.) (c,-x.) -

Topa = {m T2 ~ Topr :l for Ay <ASA

Tr for Ay <A
Tyr =Ty +Blt, — 1) (7.1.2.17)
T2 =Tyl (7.1.2.18)
Ty =T +Blt,, —1y) (7.1.2.19)
A =D +BlA, =8, )2A, (7.1.2.20)
Ay, =47, (7.1.2.21)
Ags =4, (7.1.2.22)

T

Figure 76: Eligehausen bond stress-slip response
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7.1.3 Gan Model
The Gan confined bond stress-slip relationship, as shown in Figure 77, is the same as the
Eligehausen model for the confined stress-slip relationship as summarized by equations 7.1.2.1 to 7.1.2.8.
The unconfined bond stress-slip relationship is described by an ascending non-linear branch, a

descending linear branch, and a sustaining residual stress branch, summarized as follows:

T (A/A(sl)a ) Jor A<A
A—A,
= A — -7, A A<A 7.1.3.1
T=19Tq |:(As2 _As])(rsl Ty )} JorAg < 52 ( )
Ty forA, <A
where

PR

T, =0.748 <1, (7.1.3.2)
d,

1, =0.151,, (7.1.3.3)

Ty =Ts2 (7.1.3.4)

Ay =A, exp{l ln[riﬂ (7.1.4.5)
a (1T,

A, =2.0mm (7.1.3.6)

Ay =A, (7.1.3.7)

Given a confinement pressure factor, 3, the bond stress-slip relationship is defined by equation

7.1.2.16, where:

Tspl = Tsl +B(Tp1 _Tsl) (7138)
T2 =Ts2 +B(Tp2 _Tsz) (7.1.3.9)
Toor = Tof +B(rpf —be)< Ty (7.1.3.10)
Ay =0y +BlA, —4A, )24, (7.1.3.11)
2.0mm if =0
p2 = . 7.1.3.12)
72 {A,ﬂ if 0<p (
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2.0mm if =0
= 7.1.3.13
sp3 {Alﬁ lf‘0<B ( )
T
A

Figure 77: Gan bond stress-slip response

7.1.4 Harajli Model

Both the confined and unconfined bond stress-slip relationships are described by an ascending
non-linear branch, a constant bond stress plateau, and linearly declining branch, and a sustaining residual
stress branch, as shown in Figure 78.

The confined stress-slip relationship is summarized as follows:

. (a/A,, ) for A<A,
T Jor A, <A<A
T= (A—Apz) (7.1.4.1)
Ty - A A (sz—rpf) Jor A, <A<A
( P P )
Ty Jor A 5 <A
where
T, =2.575\f", (7.1.4.2)
Ty =Ty (7.1.4.3)



T, =0.351

A, =0.75(0.189S +0.18)
A, =1.75(0.1895 +0.18)
A,=S

a=0.3

The unconfined stress-slip relationship is summarized as follows:

‘csl (A/Asl )0‘ fOV A< Asl
T=
0 for A, <A

c Srpl

T, = (0.249 + 0.291%) Iz

TSZ =0

Ty =0

Ag =4, exp{l ln(riﬂ
a (1,

Ay, = Apz

AS3 = Ap3
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(7.1.4.4)

(7.1.4.5)

(7.1.4.6)

(7.1.4.7)

(7.1.4.8)

(7.1.4.9)

(7.1.4.10)

(7.1.4.11)

(7.1.4.12)

(7.1.4.13)

(7.1.4.14)

(7.1.4.15)

Given a confinement pressure factor, 3, the bond stress-slip relationship is defined by equation

7.1.2.16 where:

Tt = Ta "'B(Tp] _Tsl)
Tsp2 ZB'sz
Tor =BTy

Agi =47y +B(Ap] _ASI)ZA

sl

3.0mm if =0
v ApZ UFO<B

(7.1.4.16)

(7.1.4.17)

(7.1.4.18)

(7.1.4.19)

(7.1.4.20)
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3.0mm if p=0
3 ={ (7.1.4.21)

Ap3 UFO<B

Figure 78: Harajli bond stress-slip response

7.1.5 Fujii Model

The Fujii model provides the lowest bond strength and ductility among the available models.
Note that this is recommended for analyses where cover splitting is anticipated, but does not consider the
effect of hooked bars. The model determines whether one of two cover splitting modes governs: side
splitting, in which the entire volume of concrete cover spalls, and corner splitting, in which a fraction of
the concrete cover spalls. Side splitting occurs when the side splitting length ratio, Bis, is less than the
corner splitting length ratio, Bic, and vice versa. The value Bis compares the thickness of the concrete to
the cumulative diameter of reinforcing bars, while Bic compares the cover to the diameter of a single bar.
The exact computation is beyond the scope of this discussion.

The bond stress-slip relationships is described by an ascending linear branch, a constant stress

plateau, a descending linear branch, and a sustaining residual stress branch, summarized as follows:



Tl(A/Asl) Jor A<A,
T, ( ) Jor Ay <A<A,
T= A-A,
- 27 (g, - A, <AZA
T, . _Az)(Tz rf) for A, < 3
T, Jor Ay <A

In the case of 3 =0, the reference bond stress and slips are determined as follows:

T, =(Bi+1.5),//. /8

_ b

" 100
A, =0.04Bi — A,
Ay =AJ20+A,

Bi = min(Bis, Bic)

In the case of B # 0, the reference bond stress and slips are determined as follows:

~ {0.3 13(0.307Bi +0.427+ 2490/ f".  for 0<0.0035
=

0.313(0.307Bi +1.3)/ 1", for Q>0.0035
L, =T
o 0.313(23.30+0.3)/ /", for 0 < 0.0035
70357 for O > 0.0035

=
1

100

[20.70+053-A,/2  for 0<0.0035
2 1.25-A,/2 for Q> 0.0035

Ay=AJ2+A,
0 =Q"B(Bis +1)/88

0 - 1 for Bis < Bic
V2 for Bic < Bis
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(7.1.6.1)

(7.1.6.2)
(7.1.6.3)

(7.1.6.4)

(7.1.6.5)

(7.1.6.6)
(7.1.6.7)

(7.1.6.8)

(7.1.6.9)

(7.1.6.10)

(7.1.6.11)

(7.1.6.12)

(7.1.6.13)

(7.1.6.14)

(7.1.6.15)

(7.1.6.16)
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7.1.6  Eligehausen and Gan Models with No Cyclic Damage

Figure 79 shows the analytical model developed by Eligehausen et al from cyclic loading tests.

l\
\ il

bond stress

Figure 79: Eligehausen cyclic bond stress-slip relationship

The initial loading curve is monotonic, where the bond element stiffness is calculated as follows

(Gan, 2000):
G, = A,G, forlinkage elements (7.1.6.1)
G, = G, for contact elements (7.1.6.2)
Where,
Gy = dt/dA = 1a-1001"% atA/A, = 1/100 (7.1.6.3)

For all other loading increments, the stiffness is calculated as:
G, = Axt/A forlinkage elements (7.1.6.4)
G, =t/4 for contact elements (7.1.6.5)
Unloading occurs with constant bond stiffness, which is the same bond stiffness used during
reloading. Unloading is shown by the curve ADE. The stress after unloading is related to the maximum

bond stress reached at the end of the previous loading, Ty, as follows:

Tun = —0.257p (7.1.6.6)
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The damage index, D, is used to calculate the reduction in bond resistance as both the slip and
number of cycles increases. The damage index is equal to zero for no cyclic damage, and equal to one
when T = 0 and bond has broken down entirely. Otherwise, D is calculated as follows.

D;=1—-e" (7.1.6.7)

a=—1.2(E;/E))** (7.1.6.8)

where E; is the hysteretic energy dissipation at the current unloading stage and E is the energy
equal to the area under the stress slip curve from the monotonic stage to As.
The application of the damage index, D, to different types of failure including pull-out, splitting
without confinement, and splitting with partial confinement is not outlined in this manual, but is discussed

fully in (Gan, 2000). The equations used to calculate the energy E; and E; are also discussed there.

7.2 Bond Stress-Slip Models for Externally Bonded Plates or Sheets

7.2.1 Perfect bond

Bond materials are assigned a large stiffness and strength to prevent deformation bond elements.

7.2.2 Other models

Regardless of which imperfect bond model is selected, the bond stress-slip relationship for

externally bonded plates or sheets is described by a multilinear relationship as follows:

7, (A/A,) for A<A,
rl+%(rz-ﬂ:l) Jor Ay <A<A,
T= 2 (7.2.2.1)
A-A
Tz+ﬁ(rz'fz) Jor A, <A<A;
Ty for Ay <A

The shape of the bond stress-slip relationship, as shown in Figure 80, may be modified by specifying the

values of the reference bond stresses, 1), T, and 13 and corresponding slips, A;<A;< A;.
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Figure 80: Bond stress-slip response for externally bonded plates or sheets
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8 Part II: FormWorks

8.1 Introduction

FormWorks is a preprocessor software that generates input files for VecTor2, the nonlinear finite
element analysis program for membrane structures. The role of FormWorks is to provide a user interface
for generating, visualizing and checking the finite element model. This chapter provides assistance for

using FormWorks and constructing the finite element model.

8.2 Installing FormWorks

The FormWorks program is written in the object-oriented C++ programming language and Microsoft
Foundation Classes, and compiled with Microsoft Visual C++ Version 6.0. Formworks is designed to run
in the Microsoft Windows operating system. The recommended minimum system requirements are:

= PC with 233 MHz or higher processor and 16 MB of RAM

SMB of free hard-disk space

=  Microsoft Windows 95 or later operating system
= 16-bit color monitor

= mouse or equivalent pointing device.

At a minimum, the FormWorks package consists of the following files:

= FormWorks.exe: the executable FormWorks program.

= JobOpt.fwd: the FormWorks job options data file.

»=  StrOpt.fwd: the FormWorks structure options data file.
* LoadOpt.fwd: the FormWorks load options data file.

* FWK.ico: the FormWorks file icon.

= Vt2.exe: the executable VecTor2 program.

* DOS4GW .exe: an auxiliary executable program required by VecTor2.
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To install and run FormWorks, complete the following procedure:
1. Create a new folder entitled VecTor in the C:\Program Files folder.
2. Copy all of the above files to the newly created folder.
3. Locate the Control Panel folder in the hard drive.
4. Open the Folder Options folder.
5. Select the File Types tab.
6. Click the New button.
7. In the Create New Extension dialog box, enter FWK in file extension field.
8. Click OK.
9. In the File Types tab, click the Opens with: Change... button.
10. Click the Browse... button.
11. Browse for and select the FormWorks.exe file in the newly created VecTor folder.
12. Click the Open button, then the Ok button.
13. In the File Types tab, click the Advanced button.
14. In the Edit File Type dialog box, click the Change Icon... button.
15. Browse for and select the FWK.ico file in the newly created VecTor folder.
16. Click the Ok button.

17. Double-click the FormWorks.exe icon in the newly created VecTor folder to run FormWorks.

8.3 An Overview of the FormWorks Modeling Process

The goal of the VecTor2 analysis is to approximate the response of an actual reinforced concrete
structure to a given loading scenario and thereby solve a specific engineering question. The approach is to
partition the structure into finite elements, generate solutions for each element, assemble the solutions and
thereby determine the response of the entire structure. A requisite task for an accurate and relevant
solution is a carefully considered finite element model. The subsequent discussion attempts to bring forth

initial considerations in this process and describe the role of FormWorks in generating input files.



8.3.1 Before Using FormWorks

It is advisable to carefully define the structural analysis problem to be addressed by VecTor2
before embarking on the finite element modeling process. With some forethought and experience, it is

possible to simplify input, create an efficient finite element model, and avoid the need for extraneous
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analyses. As VecTor2 provides copious amounts of analysis results, it is advisable whenever possible to

construct the finite element model with the intent of determining a specific aspect of structural response.

A numerical objective such as the maximum load factor, displacement or stress levels can suggest the

necessary mesh features and appropriate material models. Assumptions should be considered regarding

the stress-state, material properties, boundary conditions, structural and loading symmetry, and the nature

of the loads. Further, it is useful to hypothesize which mechanisms are critical to the structural response

so that they are adequately represented and suitable material models may be chosen.

8.3.2 VecTor2 Input and Output Files

To run a VecTor2 analysis, several input files are required. As the analysis proceeds,

generates several output files. This process is summarized in Figure 81.

User input |:> FormWorks

JOB || SR |[.2R |{.L2R !!.2R |!.L2R ||.L2R !
VecTor2

: é:\]iach load stage

S2E L2E A2E A2R

Figure 81: Input and output files forVecTor2 analysis

VecTor2
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FormWorks receives user input and generates the following input files for VecTor2:

Job Data File (*JOB)

VecTor2 reads one Job Data File. This file manages the execution of the VecTor2 analysis. It
specifies the names of the Structure Data file and Load Case file, the load factors, the iteration
parameters, and the selected material and analysis models.

Reduced Structure Data File (*S2R)

VecTor2 reads one Reduced Structure Data File. This file describes the material properties,
elements, material assignments, nodes and restraints in an abbreviated format.

Reduced Load Case Data File (*L2R)

VecTor2 reads one to five Load Case Data Files. Each file describes nodal loads, support
displacements, concrete prestrains, gravity loads, temperature loads, and ingress pressures for
each load case in an abbreviated format. Individual load factors for each load case are specified in

the Job Data file.

For some analyses, VecTor2 can also read an input seed file. Seed files are Reduced Analysis Data

files with the extension *A2R, generated as output from a previous load stage. Seed files store the strain

and stress history of the structure. These files may be used for analyzing repaired structures by running

the analysis to an intermediate load stage, modifying the structure by disengaging or engaging elements,

and resuming the analysis with the seed file.

During the analysis process, VecTor2 generates the following output files:

Expanded Structure Data File (*S2E)

VecTor2 generates one expanded structure data file. This file prints out the structure data in
greater detail than the reduced structure file by printing the attributes of every material type, node
and element.

Expanded Load Case Data File (*L2E)

VecTor2 generates one expanded load case data file for each reduced load case data file. This file

prints the load case data in greater detail than the reduced load case data file.
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= Expanded Analysis Data File (*A2E)

If desired, VecTor2 generates one expanded analysis file for each load stage, in ASCII format that
may be read with a text editor. This file prints out convergence parameters, reactions,
displacements, crack widths, stresses and strains for concrete and reinforcement, bond stresses
and slips, and stiffness matrix coefficients.

= Reduced Analysis Data File (*A2R)
If desired, VecTor2 generates one reduced analysis file for each load stage, in binary format.

These files are also used as seed files.

8.4 FormWorks Basics

8.4.1 The FormWorks Interface

Upon starting FormWorks, the FormWorks application window appears as shown in Figure 82.
The exact configuration of the FormWorks screen elements may vary with the operating system and
display hardware.

FormWorks is a multiple document interface. The FormWorks application window encloses one
or more child Workspace windows. Each Workspace is a unique document that can be saved and opened
as a FormWorks file and contains all the information required to generate the input files for one VecTor2
finite element mode. The application title bar indicates the name of the active workspace in brackets. In
this case, the active workspace is Workspacel, which is created by default when the FormWorks
application opens. The finite element model appears in the Workspace window as it is created.

A menu bar appears near the top of the FormWorks window. When a Workspace is open, the
File, Edit, View, Structure, Load, Analysis, Window and Help menu items are visible. Some menu
items appear greyed-out and become enabled as the finite element model proceeds.

Several toolbars are docked below the menu bar. These buttons provide easier access to the menu

items having the same icon. Similarly, some buttons appear greyed-out and become enabled as the finite
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element model proceeds. As the mouse lingers over the toolbar buttons, names of the buttons appear

beneath the mouse pointer.
A status bar appears at the bottom of the FormWorks window. A prompt on the left side of the
status bar describes the function of menu items and toolbar buttons as the mouse pointer lingers over

them. In the right side, the Coordinate Pane displays the coordinates of the mouse crosshairs in the active

Workspace window.

% FormWorks - [Workspace1] E]@
l File Edit W%iew Iob Structure Load  Analvsis Window Help - & %
0= | %ﬂi@\@\@\ ' @
it
b
Ready w103 Y94 ML
Figure 82: FormWorks application window
8.4.2 Creating a New Workspace
To start a new finite element model: |__h|

1. Select the File/New menu item. Or, click the New toolbar button.
By default, the new Workspace name reflects the order of their creation. For instance, two Workspace
child windows, Workspacel and Workspace2, appear in Figure 83. The FormWorks window is titled

FormWorks-Workspace2, indicating that the second Workspace is currently active.
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Figure 83: Creating new Workspace windows

Saving the Workspace

It is advisable to regularly save the Workspace for backup and later retrieval as the finite element

model progresses. To save the active Workspace:

1.

3.

4.

box appears.

Click Save.

Select the File/Save menu item. Or, click the Save toolbar button. The Save As dialog

Select a directory in which to save the Workspace. It is recommended that the .FWS file be saved
in the directory containing the FormWorks application.

Enter a name for the Workspace in the File Name field.

A new Workspace file with the JFWK extension is created in the specified directory. Select the File/Save

menu item or click the Save toolbar button to update an existing Workspace file. To save a version of the

same Workspace in a different file, select the File/Save As... menu item and follow the preceding

procedure.
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8.4.4 Opening a Saved Workspace File
To open a saved Workspace file:
T
1. Select the File/Open menu item. Or, click the Open toolbar button. The Open E'
dialog box appears.
2. Browse for and select the desired FormWorks file with the FWK extension.
3. Click Open.

Alternatively, select the File menu and select from the four most recent Workspace files.

8.5 Viewing and Printing the Workspace

The active Workspace window displays a limited region of an infinite (x,y) plane, corresponding to
the plane of stresses. As the modeling process proceeds, it is necessary to manipulate this view to display
different parts of the finite element model. Furthermore, it may be desirable to control which model

attributes are displayed. The following sections describe how to manipulate and print the Workspace.

8.5.1 Manipulating the View

8.5.1.1 Horizontal and Vertical Scaling

On the screen, the Workspace may be displayed with either equal or unequal scaling of the x and
y distances. The former is generally desirable and is the default option. The latter option may be
convenient for viewing structures in which the width is much greater than the height or vice versa.

Select the View/Maintain Aspect Ratio menu item to toggle between the two modes. When
checked, the scaling is equal in the x and y directions. When unchecked, the scaling is unequal in the x

and y directions, and depends on the current display limits.

8.5.1.2 Changing Display Limits

To specify the portion of x,y plane that is visible in the Workspace, complete the following steps.
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6.
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Select the View/Limits... menu item. The Display Limits dialog appears as shown in Figure 84.
The current limits of the Workspace window are shown in the dialog box.

In the Min X entry field, enter the desired bottom coordinate of the Workspace window.

In the Min Y entry field, enter the desired left coordinate of the Workspace window.

In the Max X entry field, enter the desired right coordinate of the Workspace window.

In the Max Y entry field, enter the desired top coordinate of the Workspace window.

Click OKk.

The Workspace window is redrawn with (Min X, Min Y) as the bottom-left coordinates. If the Maintain

Aspect Ratio item is checked the top-right coordinates of the Workspace window are adjusted to maintain

equal horizontal and vertical scaling on the screen. If the Maintain Aspect Ratio item is not checked, the

Workspace window is redrawn with (Max X, Max Y) as the top-right coordinates of the Workspace

window.

Display Limits

Minirum # and % Coordinates:

Minx:  |-525

:

Min ' |-355

b aximurm # and ' Coordinates:

haw = 1639

:

Maxy: 355

k. I Cancel ‘

Figure 84: Display Limits dialog box

8.5.1.3 Zooming and Panning

Five options exist for zooming and panning the Workspace view. Select the desired option from

the View/Zoom menu item or click the corresponding toolbar button.

Select the Zoom All menu item or click the Zoom All toolbar button to display the a

entire finite element model in the Workspace View
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Select the Zoom In menu item or click the Zoom In toolbar button to increase the

scale of the Workspace View by 10%.
Select the Zoom Out menu item or click the Zoom Out toolbar button to decrease the
scale of the Workspace View by 10%.
Select the Zoom Window menu item or click the Zoom Window toolbar button. The
mouse pointer appears as a magnifying glass. Left-click and drag the mouse pointer to

specify the view window.

2 |D DB

Select the Pan Menu item or click the Pan toolbar button. The mouse pointer appears

as a hand. Left -click and drag the mouse pointer to translate the Workspace view window.

8.5.1.4 Selecting Display Options

Select the View/Display Options menu item or click the Display Options toolbar button to

display the Display Options dialog box shown in Figure 85.

The display options hides or reveal attributes of the finite element model in the Workspace view.

i

Node Options

Node Numbers

Check to reveal the node number beside each node of the finite element model.
Restraints

Check to reveal the support restraints on each node.

Nodal Loads

Select to reveal applied nodal forces for the current load case.

Support Displacements

Select to reveal imposed displacements for the current load case.

Impulse Forces

Select to reveal time-varying forces for the current load case



Nodal Thermal Loads

Select to reveal nodal thermal loads for the current load case

None

Select to hide the above load types for the current load case.

Element Options

Element Numbers

Check to reveal the element number in the center of each element of the finite element model.

Material Color

-,

Display Options

Made Options

Mode Mumnbers
Restraints

Modal Loads

Support Digplacements
Lumped Mazzes
Impulze Forces

Modal Thermal Loads
MHaone

O I T T T B IE

Element Options

Element Mumbers
k aterial Calar

b aterial Type Humber
[aravity Loads
Element Temperature
Concrete Prestrains
|ngress Pressures

I I B T T R £

Maone

Element Filters

[ Bectangular
[ Quadrilateral
[ Triangular
[ Truzs

| Link

[ Conbact

Apply Done

Figure 85: Display Options dialog box
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Check to display elements with the color of the assigned material type or default color. Uncheck

to view elements drawn in black and white.
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Material Type Number

Select to reveal the material types labels in the center of each element. Reinforced concrete
materials are displayed as Cn, reinforcement materials are displayed as Rn and bond materials
are displayed as Bn, where n is the ordinal of the material type.

Gravity Loads

Select to reveal the density in kg/m’ and G-forces applied to concrete elements in the load case.
Element Temperature

Select to reveal the temperature gradient in degrees Celsius for concrete and reinforcement
elements in the current load case.

Concrete Prestrains

Select to reveal the elastic strain offset in millistrain applied to concrete elements in the load case.
Ingress Pressures

Select to reveal ingress pressures in mega Pascal, applied to concrete elements in the load case.
None

Select to hide all of the above load types for the current load case.

Element Filters

Elements are displayed in layers according to their element type. From bottom to top, the drawing

order is as follows: rectangular elements, quadrilateral elements, triangular elements, truss elements, link

elements, and contact elements. Occasionally, elements conceal elements or their attributes drawn beneath

them. The Element Filters reveals or hides element types or makes them ineligible for mouse selection.

Rectangular, Quadrilateral and Triangular

Check to hide the element attributes, (but not the element itself) and make the elements ineligible
for mouse selection.

Truss, Link and Contact

Check to hide the elements and their attributes, and make the elements ineligible for mouse

selection.
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Printing the Workspace

FormWorks allows the finite element model to be printed with a standard printer. The entire finite

element model is scaled to fit the selected page format and printed with the same attributes that are shown

in the Workspace view.

To print the finite element model, complete the following procedure:

1.

2.

Select the File/Print Setup... menu item. Select the desired paper properties and click Ok
Select the File/Print Preview menu item to preview the finite element model.
Select the File/Print menu item or click the Print toolbar button. %

Click OKk to print the Workspace.
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9 The Job Data

The first step in creating the VecTor2 input is to define the Job Data. At the time of analysis,

FormWorks generates the *JOB file based on the defined Job Data.

9.1 The Job Control Page F]

1. Select the Job/Define Job menu item or click the Define Job toolbar button. The Define Job

property sheet appears with the Job Control page displayed as shown in Figure 86.

Define Job | =
Job Control | Models | Audiary |
—Job Data Structure Data
Job file name: I‘u"ecTor Structure file name: IStn.lct
Job title: |Er|ter Job Title Structure title: |Er1‘ter Structure Title
Date: [Erter Date Stucture type:  [Plane Membrane (2D} |
 Loading Data
Load series |D: IID Starting load stage no.: |1 No. of load stages: |1
Activate: [~ Case 1 [ Case2 [~ Case 3 [~ Cased [~ Case 5
Load file name: |1jULL [nuLL JnuLL JnuLL JHULL
Load case title: |E|'rlerlc-ad case title |E|'rlerlc-ad case title |En'terload case title |En'terload case title |Errler load case title
Initial factor: ID ID ID ID ID
Final factor: ID ID ID ID ||}
Inc. factor: I[;. I[;. I[;. I[;. ||}
Load type: IMDI‘ID‘tDI‘IiC LI IMDI‘ID‘tDI‘IiC LI IMonutonic ;I IMonutonic LI IMDI‘ID‘tDI‘IiC ;I
Repetitions: |1 |1 |-| |-| |-|
Cyclic Inc. factor: ID ID ID ID ID
— Analysis Parameters
Seed file name: INULL Convergence criteria: IDispIacemerrts - Weighted A\femge;l
Max. no. of iterations: I‘c-;'l:i Analysis Mode: IStE'ﬁC Nonlinear - Load Step ;I
[~ Dynamic Averaging factor: ID-G Results files: I-’“*SC” Files Onty LI
Convergence limit: |1-00001 Output format: ITO Computer |
0K | Cancel Apply

Figure 86: Job Control property page

2. Input the job data as described in the subsequent sections.



3.

4.

9.1.1

When done, select the Models page.

When done selecting appropriate models, select the Auxiliary page.

Job Data Group

These entry fields manage the creation of the *JOB file.

9.1.2

Job File Name
Enter an alpha-numeric file name up to 8 characters long without spaces. This defines the file
name to which FormWorks appends the *JOB extension when saving the Job Data file.

Job Title

Enter a descriptive identifier up to 30 characters long to differentiate this analysis from others.

Date

Enter the date in a string up to 30 characters long.

Structure Data Group

These entry fields manage the creation of the *S2R file.

9.13

9.1.3.1

Structure File Name

Enter an alpha-numeric file name up to 8 characters long without spaces. This defines the file
name to which FormWorks appends the *S2R extension when saving the Structure Data file.
Structure Title

Enter a descriptive identifier up to 30 characters long for the structure being analyzed.
Structure Type

Select Plane Membrane 2-D for the VecTor2 analysis.

Load Data Group

Static Analysis

Each load case consists of a set of loads that are proportionally increased or decreased by a

common load factor from one load stage to the next. While all load cases act simultaneously on the

structure, different load cases can have different load factors. For instance, lateral loads defined in one
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load case may be monotonically increased, while gravity loads defined in another load case remain

constant.

Each load case is assigned one of three loading types, Monotonic, Cyclic and Reversed Cyclic.

Examples of each are illustrated in Figure 87, Figure 88 and Figure 89, respectively.

Load Factor

30
25
20
15
10

5

0

Load Factor

40
35
30
25
20
15
10

5

Starting Load Stage No.: 1
No. of Load Stages: 26
Initial Factor: 0.

Final Factor: 25.

Inc. Factor: 1

Load Type: Monotonic

6 11 16 21 26
Load Stage No.

Figure 87: Monotonic type loading

Starting Load Stage No.: 1
No. of Load Stages: 361
Initial Factor: 0.

Final Factor: 25.

Inc. Factor: 1

Load Type: Cyclic
Repetitions: 3

Cyclic Inc.Factor: 10

51 101 151 201 251 301 351
Load Stage No.

Figure 88: Cyclic type loading



Load Factor

40
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10
0
-10
-20
-30
-40

Starting Load Stage No.: 1
No. of Load Stages: 721
Initial Factor: 0.

Final Factor: 25.

Inc. Factor: 1

Load Type: Reversed Cyclic
Repetitions: 3

Cyclic Inc.Factor: 10

51 101 151 201 251 301 351 401 451 501 551 601 651 701 751
Load Stage No.

Figure 89: Reversed cyclic type loading

The size of the load steps, which is be controlled by the size of the load factor increment, can

appreciably impact the efficiency of the solution convergence. Many small load increments may be
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preferable to fewer large load increments, especially when the structure is at an advanced state of distress.

Smaller load increments allow the solution to properly converge in a fewer number of iterations before

the analysis proceeds to the next load step. Excessively large load increments may result in improper

convergence. Given the overall softening response of concrete, improper converge may overestimate the

strength for an imposed displacement, and underestimate the displacement for an imposed load.

The following entry fields are common to all load cases. They define the name of the *A2E and

*A2R output files generated by VecTor2 and the number of loads stages to be analyzed. As the analysis

proceeds, VecTor2 generates output files having the name LoadCaseID_N.A2E and/or

LoadCaselD_N.A2R, where N is the current load stage number.

Load Case ID

Enter an alpha-numeric file name up to 5 characters long without spaces. This defines the file

name to which VecTor2 appends the *A2E and/or *A2R extension when storing analysis results.
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Starting Load Stage Number

Enter an integer greater than or equal to 1. This defines the number of the first *A2E or *A2R file
that is stored by VecTor2. When resuming an analysis, enter an integer greater than the last
completed load stage to avoid overwriting previously generated output files.

No. of Load Stages

Enter an integer greater than or equal to 1. This defines the number of load stages analyzed by

VecTor2. The total number of required stages is defined by equation 8.1.1.3.1.

To create a load case, complete the following steps:

1.

2.

Check the load Case box to activate the load case. Only active load cases can be modified.
Complete the following entry fields for the activated load case.

Load File Name

Enter an alpha-numeric file name up to 8 characters long without spaces. This defines the file
name to which FormWorks appends the *L2R extension when generating the Load Case Data
files.

Load Case Title

Enter a descriptive identifier up to 30 characters long to differentiate the load case.

Initial Factor

Enter the load factor of the first load stage.

Final Factor

For monotonic loading, enter the load factor of the last load stage. For cyclic and reversed
loading, enter the maximum load factor of the first set of repetitions.

Inc. Factor

Enter the change in load factor from one load stage to the next.

Load Type

Select the desired loading type from the drop-list.



192

= Repetitions

Enter the number of cycles per set. (For cyclic and reversed cyclic loading only.)

= Cyeclic Inc.Factor

Enter the change in final load factor from one set of repetitions to the next. For uniformity in load

stage increments, the value should be a multiple of the load stage load factor increment. (For

cyclic and reversed cyclic loading only.)

Having specified the load factors and load factor increments, the number of load stages required to

analyze all load stages can be computed as follows:

No. Stages =

LF, - LF,
—+1 for monotonic loading
LSinc
LF, —LF,\ (R-C.
2(R- S)( 2 S ] +( . ][S(S ~1)]+1  for cyclic loading (9.1.3.1)

LF, —LF; 2R-C,
4R- S{ 25 J+( 7S = J[S(S —1)]+1 for reversed cyclic loading

where LF; is the initial load factor, LFis the final load factor, LS;,. is the load factor increment for each

load stage, R is the number of repetitions, S is the number of sets of full repetitions and C;,. is the cyclic

load factor increment.

9.1.3.2 Dynamic Analysis

To create a load case for a dynamic analysis:

The time-step size for the analysis is specified in the first load case. Therefore, the first load case should

contain the dynamic mass information.

1. Check the load Case box to activate the load case, as in a typical analysis. Note that the dynamic

information must be contained in the first load case.

2. Fill in the following fields:

= Load File Name

= Load Case Title
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= [Initial Factor: the initial factor coefficient is ignored for the first load case in dynamic analysis
(enter it as 1)
= Final Factor: the final factor is also ignored in the first load case (enter it as 1)
= Inc. Factor: this is the time increment between two recorded output files
= Load Type: The load type must be set to Cyclic in order to activate the Repetitions input
= Repetitions: Specify the number of time divisions between two output files. The time-step that
is actually used in the numerical integration for dynamic analysis is the Inc. Factor/Repetitions
As mentioned above, the initial and final load factors are ignored for the first load case in dynamic
analyses. However, if static loads are also present in the first load case file, the load factor for those static
loads is taken as 1.0.
In addition, selecting the proper time-step size for the analysis is very important, as it affects both
the accuracy and the stability of the solution. One way to determine if the time-step is sufficiently small
is to perform the analysis with a smaller time-step size and compare the two results. If the results are the

same, then the time-step size is appropriately small. If not, then a smaller time-step size should be used.

9.1.4 Analysis Parameters Group

This group controls the progress of the iterative solution procedure and the analysis output:

= Analysis Mode
There are five options for the analysis mode. The Linear Elastic option is the most basic
analysis mode. The Static Nonlinear-Load Step option is chosen for most static analyses where
the load is increasing in stages. The Static Nonlinear-Time Step option is used when modeling
time-varying loads such as surface thermal loads. The Dynamic Nonlinear-General option is
used for impact and impulse load analyses, including ground acceleration. Note that if this option
is used, the ground acceleration must be applied by selecting the “Considered” option in the
Apply Ground Acceleration field of the Auxiliary tab of the Define Job window. The Dynamic
Nonlinear-EQ Record option is used when the ground acceleration is specified by an earthquake

record, in the form of a VECTOR.EQR file.
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Seed File Name

Enter NULL if no seed file is used. Otherwise, enter the file name of the *A2R file.

Max. No. of Iterations

Enter the maximum number of iterations VecTor2 performs for each load stage. Regardless of the
convergence quality, VecTor2 proceeds to the next load stage when this limit is reached.
Averaging Factor

Enter the weighting factor between 0 and 1 used to update the value of the material stiffness
coefficients between iterations. Structures exhibiting less stability such as lightly reinforced
structures require values closer to zero. Alternatively, check the dynamic averaging factor to
allow VecTor2 to automatically choose a value based on response of the structure.

Convergence Limit

Enter a value greater than 1 for the maximum ratio of the convergence criteria that must be
satisfied before the VecTor2 proceeds from on load stage to the next. As the value approaches 1,
the more stringent the convergence criterion becomes.

Convergence Criteria

Select the parameter by which the solution convergence is judged against the convergence limit
before VecTor2 proceeds to the next load step.

Results Files

Select the file type of the analysis output. ASCII files are extended analysis files that can be read
by text editors. Binary files are reduced analysis files that may be used as seed files.

Output Format

Select To Computer.

9.2 The Model Page

1.

Select the Models property page as shown in Figure 90.

2. Select the desired material and behavioral models. The following sections provide !]

abbreviated descriptions of the models.
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3. When done, click Ok to store changes to the Job Data.

For the majority of analyses, it is advisable to select the VecTor2 default models. Ultimately,
however, it remains the responsibility of the analyst to exercise his or her discretion regarding the

appropriateness of the models and the reliability of the results.

Define Job -

Job Cortrol ~ Models ] Aundliary |
Concrete Models
Compression Pre-Peak:: |[gERLEE RN EERE )] A Confined Strength: |Kj_|pfer,-’ Richart ﬂ
Compression Post-Peak: |Modified Park-Kert ﬂ Dilation: |‘u"ariab|e - Kupfer ﬂ
Compression Softening: |‘u"ec:u:hiu:| 1992-A (e1/e2-Fom) ﬂ Cracking Criterien: |Mohr—Coqumb [Stress) j
Crack Stress Calc: |Basic (DSFM/MCFT) -
Crack Width Check: |Agg/2.5 Max Crack Width |
Tension Stiffening: | Modfied Bertz 2003 Ba Crack Slip Cale: |Walraven (Monotonic) =l
Tension Softening: ||Jnear ﬂ Creep and Relaxation: |Not Available j
FRC Tension: |SDEM - Monctonic | Hysterstic Response: |Norlinear w/ Plastic Offsets |
Reinforcement Models Bond Models
Hysteretic Response: |Bauschinger Effect (Seckin) ﬂ
Dowel Action: |Tassi03 (Crack: Slip) ﬂ Concrete Bond: | Eligehausen ﬂ
Buckling: |F~!efined Chakal-Maskawa j
Analysis Models
Strain Histary: |Previ0us Loading Considered j
Strain Rate Effects: |N01 Considered ﬂ
Structural Damping: |N01 Considered ﬂ Reset Options
Geometric Monlinearity: |Cnnsidered ﬂ Basic
Crack Process: [|jnf =
| o J Advanced
ok | cancel |

Figure 90: The Models page

9.2.1 Concrete Models

=  Compression Pre-Peak Response
Select the ascending branch of the average concrete compression stress-strain response.

=  Compression Post-Peak Response
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Select the descending branch of the average concrete compression stress-strain response.
Compression Softening

Select the model for reducing the concrete compressive strength and stiffness relative due to the
presence of coexisting transverse tensile strains.

Tension Stiffening

Select the post-cracking average tensile stress-strain response of reinforced concrete.

Tension Softening

Select the post-cracking average tensile stress-strain response of plain concrete.

FRC Tension

Select the FRC Tension model, if applicable.

Confined Strength

Select the model for strength and ductility enhancement of concrete subject to biaxial or triaxial
compressive stress states.

Dilation

Select the model for computing the post-cracking Poisson’s effect for expansion in the direction
transverse to compressive stresses..

Cracking Criterion

Select the model for determining the concrete cracking strength based on the stress or strain state
of an assumed failure condition.

Crack Stress Calc

Select the model for calculating the shear stress at a crack.

Crack Width Check

Select the crack width beyond width the average concrete compressive stress is reduced to effect
the inability of the concrete to transmit compressive stresses across large crack widths.

Crack Slip Calc

Select the model for determining the crack slip strains as a component of the total strains. If Not

Considered is selected, VecTor2 conducts the analysis based on Modified Compression Field
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Theory. If any other option is selected, VecTor2 conducts the analysis based on the Disturbed

Stress Field Model.

Creep and Relaxation (currently not available)

Hysteretic Response

Select the model for the average stress-strain response of concrete when subjected to unloading

and unloading, and the resulting plastic strain offsets.

Reinforcement Models

Hysteretic Response

Select the model for the average stress-strain response of reinforcement when subjected to
unloading and unloading, and the resulting plastic strain offsets.

Dowel Action

Select the model for determining the contribution to shear resistance of reinforcing bars crossing
cracks.

Buckling

Select the model for determining the failure of the failure of truss bar elements in compression
due to buckling and associated splitting of the concrete cover. (Note that the truss bar elements

must be connected to the concrete with bond elements to use the Asatsu model.)

Bond Models

Concrete Bond

Select the bond stress-slip relationship of between concrete and embedded reinforcing bars.

Analysis Models

Strain History:
The previous loading should be considered for analyses involving cyclic and reversed cyclic

loading to include the hysteretic response models.
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Strain Rate Effects:

Strain rate effects may be considered when performing dynamic analyses. Strain rate effects
increase the dynamic strength of materials, and are discussed in the VecTor2 section of this
manual.

Structural Damping

Damping is used for dynamic analyses; VecTor2 offers two types of damping, Rayleigh and
Alternative.

Geometric Nonlinearity

Crack Process

Two different crack allocation models are available. Uniform crack allocation is suitable for most
modeling purposes; the variable crack allocation model may be used where members are

reinforced with FRP sheets.



9.3 The Auxiliary Input Page

1. Select the Auxiliary input page as shown in Figure 91.

Define Job

Job Cortrol | Models  Audiary |

Tension Softening Pt 1: Strain (me) : ID—
Tension Softening Pt 1: Stress (MPa) : ID—
Tension Softening Pt 2 Strain (me) : IF
Tension Softening Pt 2; Stress (MFPa) : Ig—
Tension Softening Pt 3: Strain (me) : |1—
Tension Softening Pt 3: Stress (MPa) : |1_
Tension Softening Pt 4: Strain (me) : |2—
Tension Softening Pt 4: Stress (MPa) : Ir

Principal Direction wrt x-2xis (deg) :II]
Masonry Joint 1: Thickness {mm) : I'H]
Masonny Joint 2: Thickness {mm) : I‘H]_
Joint Shear Strength Ratio : W
Masonny Strength Ratio froy.froc IDE—
Blastic Modulus Ratio Ermy./Emo - Iu5_

Friction Angle (deg) : IE'.'."
Brick Strength Ratio : ID_‘]
Strength Reduction Factor - I‘]

~General — Dynamic: Analysis
Stiffness Matrix Solver: ISoIver‘l ;I Newmark Beta Factar: W
Quadrilateral Element Type : IIsopalame‘tric ;l T Iﬂﬁ—
Concrete Aggregate Type : ICarbonate LI Reference Mode #1: |1—
Concrete Conductivity (W./mkK) : IT Reference Mode #2: |2—
Concrete Fracture Energy (kMN/m) : I[H— Damping Factor #1: ID—
Prestressing Friction Coefficient (/1) : 0.3 Damping Factor H2: Iﬂ—
Prestressting Wobble Coefficient (/m) : 0.0025 Ground Acceleration in x-direction: INnt Considered LI
Themal Time Stepping Factor : 0.6666667 Ground Acceleration in y-direction: INot Considered ;I

— Tension Softening — Masonny Structures — Material Resistance / Creep Factors

Concrete Resistance Factor:
Rebar Steel Resistance Factor:
P/5 Steel Resistance Factor:
Structural Steel Resistance Factor:
Masonny/Mortar Resistance Factaor:
Wood/Ortho Resistance Factor:
Concrete Creep Coefficient:

P/5 Relzeation Coefficient:

nm

Reset Default |

Figure 91: The Auxiliary Input Page

2. Enter applicable analysis parameters.

3. When done, click Ok to store changes to the Job Data.

For the majority of analyses, it is advisable to select the VecTor 2 default models. Ultimately,

however, it remains the responsibility of the analyst to exercise his or her discretion regarding the

appropriateness of the models and the reliability of the results.



9.3.1

General

Stiffness Matrix Solver

Select the solver to use, Solver 1 or Solver 2.

Default value: Solver 1

Quadrilateral Element Type
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Select which type of quadrilateral element to use in the mesh. The two options for quadrilateral

element type are isoparametric and degenerate. Degenerate elements allow for a mixture of both

quadrilateral and triangular elements and are convenient for structures with complex geometries.

Default value: Isoparametric

Concrete Aggregate Type

Select the concrete aggregate type. The two options are carbonate and siliceous; the difference

between the two aggregate types is their response to thermal loading,.

Default value: Carbonate
Concrete Conductivity

Enter the concrete conductivity.
Default value: 2.19 W/mK.
Concrete Fracture Energy

Enter the concrete fracture energy.
Default value: 0.75 kN/m.

Pre-stressing Friction Coefficient

Enter the pre-stressing friction coefficient.

Default value: 0.30

Pre-stressing Wobble Coefficient

Enter the pre-stressing wobble coefficient.

Default value: 0.0025/m.

Thermal Time Stepping Factor
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Enter the thermal time stepping factor. This factor determines the time step used in the Crank-
Nicolson Method. In general, the accuracy of the result will decrease with increasing time step
size.

Default value: 2/3 or 0.666667.

Dynamic Analysis Options

Newmark Beta Factor

Enter the Newmark Beta Factor to be used in the analysis. As described before, the default value
in VecTor2 of B = 0.25 defines the constant acceleration method for Newmark’s method of
direct integration. For the linear acceleration method, § = 1/6 can be used, and caution is
advised when using any other value for (3.

Default value: 0.25

Newmark Gamma Factor

Enter the Newmark Gamma Factor.

Default value: y = 0.5.

Reference Mode #1

Enter reference mode #1, to be used in Rayleigh damping.

Default value: 1

Reference Mode #2

Enter reference mode #2, for Rayleigh damping.

Default value: 2

Damping Factor #1

Enter the damping factor assigned to Reference Mode #1.

Default value: 0 (no damping)

Damping Factor #2

Enter the damping factor assigned to Reference Mode#2.

Default value: 0 (no damping)
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Ground Acceleration in x-direction

Choose to Consider or Not Consider the ground acceleration in the x-direction. The Considered
option is to be chosen when the Analysis Mode on the Job Control page is set to Dynamic
Nonlinear—General.

Ground Acceleration in y-direction

Choose to Consider or Not Consider the ground acceleration in the y-direction. The Considered
option is to be chosen when the Analysis Mode on the Job Control page is set to Dynamic

Nonlinear—General.

Tension Softening Options

By specifying tension softening points, a custom tension softening curve can be developed.

Tension Softening Pt 1: Strain

Enter the strain, expressed in units of millistrain, for the first tension softening point
Default value: 0

Tension Softening Pt 1: Stress

Enter the stress, expressed in MPa, for the first tension softening point.
Default value: 0

Tension Softening Pt 2: Strain

Enter the strain for the second point on the tension softening curve.
Default value: 0.5

Tension Softening Pt2: Stress

Enter the stress for the second point on the tension softening curve.
Default value: 2 MPa.

Tension Softening Pt 3: Strain

Enter the strain for the third point on the tension softening curve.
Default value: 1

Tension Softening Pt 3: Stress
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Joint 2

Head Joint
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Enter the stress for the third point on the tension softening curve.
Default value: 1 MPa

Tension Softening Pt 4: Strain

Enter the strain for the fourth point on the tension softening curve.
Default value: 2

Tension Softening Pt 4: Stress

Enter the stress for the fourth point on the tension softening curve.

Default value: 0.1 MPa

Masonry Structures Data

Principal direction wrt x-axis

In degrees, enter the direction of Joint 1, as shown on the figure below. Once the direction of
Joint 1 is set, Joint 2 is considered to be perpendicular to it. The default value of the principal
direction in VecTor2 is 0 degrees, meaning that it is assumed to be aligned with the x-axis.

Default value: 0 degrees

Wk 2

ook

o

Unit
Joint 1

Bed Joint

X-y = global axes

x'-y' = orthotropy axes

1-2 = principal stress axes

p = angle between the axes x' and 1

0 = angle between the axes x and 1

oo = direction of the bed joints with respect to x

Figure 92: Masonry joints
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Masonry Joint 1: Thickness

Enter the thickness of Joint 1, th1, in millimeters.

Default value: 10 mm.

Masonry Joint 2: Thickness

Enter the thickness of Joint 2, th2, in millimeters.

Default value: 10 mm.

Joint Shear Strength Ratio

Enter the Joint Shear Strength Ratio, ¢/fy,y, for the masonry. This is the ratio between the shear
strength of the joints,c, and the maximum compressive strength, fp,.

Default value: 0.01

+‘[£Yl
Q

Figure 93: Masonry joint shear strength ratio

Masonry Strength Ratio

Enter the masonry strength ratio, fy,x/fmy. This defines the ratio between the minimum
compressive strength of masonry, f,y, and the maximum compressive strength of masonry, f,y.
Default value: 0.5

Elastic Modulus Ratio
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Enter the elastic modulus ratio, Ep,y/Epy. This defines the ratio between maximum initial elastic
modulus, Ep,y, and the minimum initial elastic modulus, Ep,y in each direction of orthotropy. As
Default value: 0.5

Friction Angle

Enter the friction angle, ¢, of the joints in degrees. The friction angle is illustrated in the Joint
Shear Strength Ratio subsection.

Default value: 37 degrees

Brick Strength Ratio

Enter the brick strength ratio. This defines the ratio between the tensile strength of masonry in
the x-direction, evaluated when a = 0, and the compressive strength, fp, .

Default value: 0.1

Strength Reduction Factor

Enter the shear strength reduction factor, p. This is the reduction factor for the f;,,, strength,
applicable in cases of uniaxial compression. The reduction factor, u, accounts for the decrease in
stress parallel to the bed joints under uniaxial compression.

Default value: 1

Material Resistance/Creep Factors

Concrete Resistance Factor

Enter the concrete resistance factor.

Default value: 1

Rebar Steel Resistance Factor

Enter the rebar steel resistance factor.
Default value: 1

P/S Steel Resistance Factor

Enter the pre-stressing steel resistance factor.

Default value: 1



Structural Steel Resistance Factor
Enter the structural steel resistance factor.
Default value: 1

Masonry/Mortar Resistance Factor

Enter the masonry/mortar resistance factor.

Default value: 1

Wood/Ortho Resistance Factor
Enter the wood resistance factor.
Default value: 1

Concrete Creep Coefficient

Enter the creep coefficient of concrete.
Default value: 0 (no creep)

P/S Relaxation Coefficient

Enter the relaxation coefficient for the pre-stressing steel.

Default value: 0 (no relaxation)
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10 The Structure Data

The second step in creating the input is to define the Structure Data, which describes the finite
element model itself. The following sections describe how to define material properties, create nodes and

elements, restraint the structure and assign material types.

10.1 Preliminary considerations

At this stage, a sketch is useful to map out the proposed finite element mesh. Often, a practical
mesh requires some simplification of the actual structure. Nonetheless, the sketch should delineate
geometric features, changes in concrete thickness and mechanical properties, changes in distributed
reinforcement amounts and properties, the locations of concentrated reinforcement, and essential
boundary conditions.

An appropriate mesh topology depends on several factors including the required degree of
accuracy, anticipated stress gradients, selected element types, changes in material types, placement of
loads, and computational limits. Considering the low-power of elements and the formulation of the
Modified Compression Field Theory, elements should be sized so that assumptions of uniform stress and
crack distributions are passable within elements. Analysis results indicating abrupt stress variations in
adjacent elements may suggest the need for mesh refinement.

FormWorks provides two methods for defining the nodes and elements of the finite element
mesh: the Manual Method and the Automatic Method. In the Manual Method, the recommended
sequence of steps for creating the mesh is to specify material properties, specify the numbering and
location of nodes, specify elements, assign nodal restraints, and assign material types to elements. This
method offers complete control over the mesh topology and its computational characteristics, but may be
more time consuming for complicated geometries. In the Automatic Method, the structure is described by
a series of mesh boundaries and reinforcement locations. A mesh generation facility automatically creates
and numbers the nodes, elements, and restraints and assigns material types. This method allows easier

redefinition or refinement of the mesh, but sacrifices some control over the mesh topology.
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When utilizing the Manual Method, the nodes should be systematically numbered to minimize the
bandwidth of the structure stiffness matrix [K]. The computation time required by VecTor2 is
approximately proportional to the square of the bandwidth. The bandwidth may be approximated as:

Bandwidth ~ max{2[2(i — j)— R]-1} (9.1.1.1)
where, i is largest node number of an element, j is the smallest node number of the same element, R is the
number restrained degrees of freedom for nodes with numbers between i and j inclusive. Therefore,
smaller bandwidths result when the nodes of the elements have numbers that are as similar as possible.
For simply connected meshes, this can typically be achieved by consecutive node numbering along the
shortest dimension of the structure. FormWorks includes a bandwidth reduction algorithm. While it is no
substitute for well planned node numbering, this feature is useful for geometrically complicated meshes
where an efficient node numbering is either non-obvious or impractical to input. It is also useful if the

structure is subsequently altered.

10.2 Structure Limits Structure Limits L-I?_E-J

o ) bl asirnurn Mumber of katerial Types:
VecTor2 limits the number of material types, nodes,
Fieinforced Concrete; 50

elements and a maximum bandwidth permitted for any finite Reirforcement Components: 4

Reinforcement: &0

Bond: 50

element mesh. These limits vary with the version of VecTor2.

To view these limits, select the Structure/Structure Limits

b awimurn Mumber of Modes: 5200

menu item. The Structure Limits dialog box appears as shown _
M axirnumn Mumber of Elements: 6000

in Figure 94. Maximum B andwidth: 3199

Rectangular Element  0.071
[nzidence Tolerance:

Link Element  0.07
Inzidence Tolerance:

Contact Element  0.01
|nzidence Tolerance:

] | Cancel

————————————————

Figure 94: Structure Limits dialog box
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10.3 Structure Information

Select the Structure/Structure Information menu item or click the Structure m

Information toolbar button to determine the number of defined materials types, nodes and elements
currently defined in the model. The Structure Information dialog appears as shown in Figure 95. These

values are updated as the model is constructed.

-

Structure Information

Structure title: RC Beam Caolurmi Jaoint

Structure file name: RCBC

i~ Mumber of material types

R einforced Concrete: ]
R einforcement; 1]
Bond: ]

i~ Mumber of elementz and nodes

R ectangular Elements:
[uadilateral Elements:
Triangular Elements;
Truszz Elements:
Linkange Elements:
Contact Elements:
Modes:

Rezstrained Modes:

0k, | Cancel

(i et e [ v e e S e e s R e B e

Figure 95: Structure Information dialog box

10.4 Specifying Material Types

VecTor2 includes three types of materials: reinforced concrete, reinforcement, and bond

materials. Their uses and description are described in the following sections.
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10.4.1 Reinforced Concrete Material Types
In VecTor2 and FormWorks, reinforced concrete materials encompass reinforced concrete, as
well as other materials that are modeled with or without smeared reinforcement components or laminate
components. Reinforced concrete materials are applied to rectangular, quadrilateral, or triangular
elements.
Although referred to as Reinforced Concrete, a wide variety of materials can be analyzed in

VecTor2 and modeled in FormWorks. The Reinforced Concrete materials are:

Reinforced concrete

Structural steel

- Masonry

Wood (fixed orthotropic)
With those four reinforced concrete materials, by choosing the appropriate type of smeared reinforcement,

the user is able to model the following composite materials:

Concrete-Steel Laminate

Concrete-SFRC Laminate

Masonry-SFRC Laminate

Concrete-Ortho Laminate

The reinforcement components that are available to be used with the reinforced concrete materials are:

Ductile steel reinforcement

- Prestressing steel

- Tension only reinforcement

- Compression only reinforcement
- External bonded FRP Fabric

- Steel-fibre—hooked

- Steel-fibre—straight

- Steel skin plate

- SFRC laminate—hooked fibre



211
- SFRC laminate—straight fibre

- Orthotropic laminate
- Shape Memory Alloy Type 1 and Type 2
Brief descriptions of how to model the above concrete materials and reinforcement components in

FormWorks are included in the sections 10.4.1.1-10.4.1.5.

10.4.1.1 Reinforced Concrete

To add, modify or delete concrete material types, click the Structure/Define
Reinforced Concrete Materials menu item or click the Define Reinforced Concrete E

Materials toolbar button. The Define Reinforced Concrete Materials dialog box appears as shown in

Figure 96.
¢ !
Define Reinforced Concrete Properties Ié]
Concrete Tupes Concrete Properties Reinforcement Component Properties
Type: Reference Type: Reinforced Concrete ﬂ
3 Reference Type: [ Dyctile Steel Reinforcement ﬂ
Add )
Vleless, U: 0 L Out of Plane Reinforcement: I
Update . . \
g Cylinder Compressive Strength, fo: ] MPa Reinforcement Direction from -tz ’D— =
Delete ; e w
4 Tensile Strength, 1 MPa Reinforcement B atio, Az i 4
Initial Tangent Elastic Modulus, Ec: 0 MPa Reinforcement Diameter, Db ’D— o
Cylinder Strain at f'c, eo: =10 me
4 Yield Strength, Fiy: il IMFa
Paisson's R atio, ku: *
Ultimate Strength, Fu: il MPa
Thermal Expansion Coefficient, Co: * HC
. Elastic Modulus, Ex i} MPa
Reinforcement Components Masimum Aggregate Sizs, & & l— o
Camponent: Strain Hardening Strain, exh: i} me
#dd Density: * kadm3
ot Thermal Diffusivity, Ke: «[o mm2se Uimetts BT, Gr u me
pdate
Average Crack Spacing... Thermal Expanzsion Coefficient, Ca: * £C
Delete : e —_—
perpendicular to s-reinforcement, S i Prestrain, Dep: ’D— -
perpendicular to p-reinforcement, Sy |0 i
Unsupported Length B atia, b/t 0
Reinforced concrete material types to be used for rectangular, quadiilateral and tiangular elements only. — * Enter ‘D' for WT2 default value. Ok | Cancel |

Figure 96: Reinforced Concrete Materials Properties Dialog Box



To Add Concrete Material Types, complete the following steps:

1.

Enter the following properties in the Concrete Properties group. Properties marked by * are
assigned default values when ‘0’ are entered in their fields.
=  Thickness, T
Enter the out of plane thickness of the concrete in millimeters.
= Cylinder Compressive Strength, f’c:
Enter the peak compressive stress of a standard concrete test cylinder, in MPa.
= Tensile Strength, t:

Enter the uniaxial cracking strength of concrete in MPa.
Default value: f, =0.33,//". MPa.

= Initial Tangent Modulus, Ec:

Enter the tangent stiffness of the concrete stress-strain response at zero-strain, in MPa.
Default value: E, = 5500\/f_'c MPa.

= Cylinder Strain at fc, eo:
Enter the compressive strain, g,, corresponding to /., as a positive value in millistrain.

Default value: €, =1.8 +0.0075 ", millistrain.

= Poisson’s Ratio, Mu:
Enter the initial Poisson’s ratio, v,, of the concrete as a positive value.
Default value: 0.15.

= Thermal Expansion Coefficient, Cc:
Enter the concrete strain increase per temperature increase of 1°C.
Default value: 10x10° /°C.

= Maximum Aggregate Size, a:
Enter the maximum aggregate size, in millimeters.
Default value: 10 mm.

=  Density:

Enter the mass density of the concrete in kg/m’.

212
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Default value: 2400 kg/m’.

= Thermal Diffusivity, Kc:
Default value: 1.20 s/mm’.

= Average Crack Spacing:
Enter the crack control parameter indicating the spacing of cracks parallel to the y-axis for
Sx, and parallel to the x-axis for Sy, in millimeters. If “0” is specified, the maximum crack
spacing is taken as 1000 mm. If the evaluated crack spacing is larger than 1000 mm, 1000
mm is used to calculate the crack width. This value can be reduced by specifying a negative
number for crack spacing “-NUM”; in this case, the maximum crack spacing is NUM.
Default value: computed by the CEB-FIP model, unless the Tension Chord (Kauffmann)
model is selected for tension stiffening.

= Color:
Select the display color of the concrete material type in the FormWorks Workspace.

2. Click Add in the Concrete Types group. The newly added concrete type appears in the Concrete

Types list box and the reinforcement component properties fields are enabled.

To Modify Concrete Material Types, complete the following steps:
1. In the Concrete Types list box, select the concrete type to be modified.
2. Re-enter the properties in the Concrete Properties group as desired.

3. Click Update in the Concrete Types group to store the modified concrete properties.

To Delete Concrete Material Types, complete the following steps:
1. In the Concrete Types list box, select the concrete type to be deleted.
2. Click Delete in the Concrete Types group. The concrete material type is deleted from the list box

and the remaining concrete types are renumbered.

To Add Reinforcement Components to a concrete material type, complete the following steps.
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In the Concrete Types list box, select the concrete type to which the reinforcement component
will belong. The selected concrete type appears highlighted in the list box.
Enter the following properties in the Reinforcement Component Properties group.
= Reference Type
Refer to Section 5.1 for the stress-strain response of different reinforcement types.
=  Qut of Plane Reinforcement
Check this box to orient the reinforcement perpendicularly to the x,y plane.
= Direction from X-Axis
For in plane reinforcement, enter the inclination of the reinforcement axis, measured
counterclockwise from the positive x-axis in degrees. Enter a value between 0° and 360°.
= Reinforcement Ratio, As
Enter the ratio of cross-sectional area of the reinforcement to the area of concrete over which
it is smeared, expressed as a percentage.
= Reinforcement Diameter, Db
Enter the size of the reinforcing bar, in millimeters.
= Yield Strength, Fy
Enter the stress of the yield plateau.
= Ultimate Strength, Fu
Enter the maximum stress the reinforcement can attain before rupturing, in MPa. The ultimate
strength must be greater than or equal to the yield strength.
= Elastic Modulus, Es
Enter the stiffness of the initial linear-elastic branch of the stress-strain response, in MPa.
= Strain Hardening Modulus, Esh
Enter the stiffness of the hardening branch of the stress-strain response, in MPa.

= Strain Hardening Strain, esh
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Enter the strain at which the reinforcement stress-strain response begins to ascend from the
yield plateau to the ultimate strength, in millistrain. The value must be greater than or equal to
the yield strain, F,/E,.

= Thermal Expansion Coefficient, Cs
Enter the reinforcement strain increase per temperature increase of 1°C.
Default value: 10x10° /°C.

= Prestrain, Ag,
Enter the elastic strain offset of the reinforcement relative to the unstrained concrete, in
millistrain.

3. Click Add in the Reinforcement Components group. The newly added reinforcement

component type appears in the Reinforcement Component Types list box.

To Modify Reinforcement Components of a concrete material type, complete the following steps:
1. In the Concrete Types list box, select the concrete type to which the reinforcement component
belongs. The selected concrete type appears highlighted.
2. In the Reinforcement Components list box, select the component to be modified. The selected
reinforcement component appears highlighted.
3. Re-enter the properties in the Reinforcement Component Properties group as desired.
4. Click Update in the Reinforcement Components group to store the modified reinforcement

component properties.

To Delete Reinforcement Components of a concrete material type, complete the following steps:
1. Inthe Concrete Types list box, select the concrete type to which the reinforcement component
belongs. The selected concrete type appears highlighted.
2. Inthe Reinforcement Components list box, select the component to be deleted. The selected

reinforcement component appears highlighted.
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3. Click Delete in the Reinforcement Components group. The reinforcement component is deleted

from the list box and the remaining reinforcement components are renumbered.

When modeling SFRC in FormWorks the selections that options that need to be selected in the Define
Reinforced Concrete Properties tab are Reinforced Concrete as the reference type in the Concrete
Properties section, and either Steel Fibre-Hooked or Steel Fibre-Straight as the reference type in the
Reinforcement Component Properties section. In FormWorks, the required inputs in the Reinforcement
Component Properties section of the Define Reinforced Concrete Properties tab are the same for both the

straight and hooked fibres.

10.4.1.2 Structural Steel

The Define Reinforced Concrete Properties dialog box appears as shown in Figure 97 when structural

steel is selected as the main material type.

”
Define Reinforced Concrete Properties @
Concrete Types Concrete Properties
Type: Reference Type: Structural Steel ﬂ
Add Ductile Steel R einforcemernt J
Thickness, T: 0 i —
YYield Strength, Fy: ] MPa ’D—
Ultimate Strength, Fu: 0 MPa ,—
1]
Elastic Modulus, Es: 1] MPa ’D—
Strain-Hardening Strain, esh: 0 me
a
Ultirnate Strain, eu: u]
a
Thermal Expansion Coefficient, Cs: 0 FC
a
Poizzon's Ratio, Mu: 0
Companert:
a
Denzity: = |0 ka/m3
Thermal Diffugivity, ks 0 mmass L
a
Unsupported Length R atio, bAt: 0 ,—
a
a
a
Reinforced concrete material twpes to be used for rectangular, quadiilateral and triangular elements only.  * Enter '0° for WT2 default value. 0K | Cancel |

Figure 97: Define Reinforced Concrete Properties Dialog Box: Structural Steel
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Enter the following properties in the Concrete Properties group. Any default values that are assigned
when a “0” is entered in FormWorks are noted.
=  Thickness, T
Enter the out of plane thickness of the steel in millimetres.
* Yield Strength, F,
Enter the stress of the yield plateau in MPa.
= Ultimate Strength, F,
Enter the maximum stress the steel can attain before rupturing, in MPa. The ultimate strength
must be greater than or equal to the yield strength.

Default value: F, = 1.5F;, MPa

= Elastic Modulus, Eg
Enter the stiffness of the initial linear-elastic branch of the stress-strain response, in MPa.
Default value: E¢ = 200 000 MPa
= Strain Hardening Strain, &g,
Enter the strain at which the steel stress-strain response begins to ascend from the yield
plateau to the ultimate strength, in millistrain. The value must be greater than or equal to the
yield strain, Fy/Es.
Default value: eg, = 5 me
= Ultimate Strain, €,
Enter the strain at which the steel ruptures in millistrain.
Default value: e, = 150 me
= Thermal Expansion Coefficient, C.
Enter the steel strain increase per temperature increase of 1 °C.
Default value: C. = 10x107¢ /°C
= Poisson’s Ratio, v
Enter the initial Poisson’s ratio, v,, of the steel as a positive value.

Default value: v = 0.30



= Density

Enter the mass density of the steel in kg/m3.

Default value: p = 7850 kg/m3

= Thermal Diffusivity, K

Enter the thermal diffusivity of the steel in mm?s.

= Unsupported Length Ratio, b/t

Enter the unsupported length ratio of the steel.

10.4.1.3 Masonry
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The Define Reinforced Concrete Properties dialog box appears as shown in Figure 98 when masonry is

selected as the main material type.

g

Define Reinforced Concrete Properties @
Concrete Types Concrete Properties
Type: Reference Type: Mazonmy ﬂ
Cluctile Steel Reinforcement J
Thickness, T: 0 i —
4 Cylinder Compressive Strength, f'c: 1] MPa ’D—
Tenzile Strength, F't; * MPa ,—
a
Initial Tangent Elastic Modulus, Ec: =0 MPa ’U—
Cylinder Strain at fe, eo: # me
a
Poiszon's R atio, Mu: *
a
Thermal Expansion Coefficient, Co: = |0 ST
a
b awimum Aggregate Size, a ® mm
Compaonent; ’—D
Dienszity: * kas/m3
Thermal Diffugivity, Ko |0 mmads L
Jaint Spacing. . 0
perpendicular to « direction, 5% = |0 mim ’D—
perpendicular to y direction, Sy i (1] T
a
Feinforced concrete matenial types to be used for rectangular, quadrilateral and triangular elements only. Enter '0° for WT 2 default value. Ok | Cancel |

Figure 98: Define Reinforced Concrete Properties: Masonry

Enter the following properties in the Concrete Properties group. Properties marked by * are assigned

default values when ‘0’ are entered in their fields.



219
Thickness, T

Enter the out of plane thickness of the masonry in millimetres.

Cylinder Compressive Strength, f_

Enter the peak compressive stress in MPa. As explained in section 5.2.2, the maximum
compressive masonry strength, f.,,, is entered as the cylinder compressive strength, f¢.
Tensile Strength, f;

Enter the uniaxial cracking strength of the masonry in MPa.

Default value: f; = 0.33\/f_c’ MPa

Initial Tangent Elastic Modulus, E,

Enter the tangent stiffness of the masonry stress-strain response at zero-strain in MPa.

2000f;
€o

Default value: E. = MPa (if g, > 0); E. = 3320,/f% + 6900 MPa

Cylinder Strain at f/, €,
Enter the compressive strain, €, corresponding to f¢, as a positive value in millistrain.

2000f%

Default value: gy = if E. > 0; gy = 1.8 4+ 0.0075f; me

C

Poisson’s Ratio, v

Enter the initial Poisson’s ratio, v, of the masonry as a positive value.
Default value: v = 0.15

Thermal Expansion Coefficient, C.

Enter the masonry strain increase per temperature increase of 1 °C.
Default value: C. =10 x 1076 /°C

Maximum Aggregate Size, a

Enter the maximum aggregate size in millimetres.

Default value: a =20 mm

Density

Enter the mass density of the masonry in kg/m3.

Default value: p = 2400 kg/m3



= Thermal Diffusivity, K.

Enter the thermal diffusivity of the masonry in mm2/s.

Default value: K, = 1.20 mm2/s

= Joint Spacing
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Enter the joint spacing parallel to the y-axis for Sy and parallel to the x-axis for Sy. Sy and S,

are defined as the spacings between the head joints and bed joints. See section 5.2.1 for a

description and diagram.

10.4.1.4 Wood-Orthotropic

The Define Reinforced Concrete Properties dialog box appears as shown in Figure 99 when wood is

selected as the main material type.

]

7
Define Reinforced Concrete Properties
Concrete Types Concrete Properties
Type: Reference Type: |W00d [Fixed Qrthatropic) j
Add
Thickness, T: 0 Thm
4 Longitudinal Direction from X-Aeis: 1] ®
Comprezsive Strength-Long, fo-l: ] MPa
Compressive Strength-Trans, fo-t: 0 MPa
Tenzile Strength-Long. ft: 0 MPa
Tenzile Strength-Trans, f't-t: u] MPa
Shear Strength, Yu-lt: 0 MPa
Density: i] ka/m3
Component:
Elastic Modulus-Long. El: 0 MPa
Elastic Modulus-Trans, Et: 1] MPa
Poizzon's Ratio...
Laong-Stress Trans-Strain, Ml 0
Tranz-Strezz Long-Strain, Mu-tl: 0
Reinforced concrete material types to be used for rectangular, guadrilateral and triangular elements anly. — * Enter ‘0" for VT2 default value.

Ciuctile Steel Reinforcement

Ld

e

| Cancel |

Figure 99: Define Reinforced Concrete Properties: Wood-Orthotropic
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Enter the following properties in the Concrete Properties group. There are no VecTor2 default

properties for this material type.

Thickness, T

Enter the thickness of the wood in the out of plane direction in millimetres.

Longitudinal Direction from x-axis

Enter the longitudinal direction of the wood from the x-axis in degrees. In wood material
models, the longitudinal direction is the direction of the grain of the wood.

Compressive Strength—Longitudinal, f;_;

Enter the compressive strength in the longitudinal direction in MPa.

Compressive Strength—Transverse, f/_;

Enter the compressive strength in the transverse direction, perpendicular to the direction of
the grain, in MPa.

Tensile Strength—Longitudinal, f;_,

Enter the tensile strength in the longitudinal direction in MPa.

Tensile Strength—Transverse, f{_;

Enter the tensile strength in the transverse direction, perpendicular to the direction of the
grain, in MPa.

Shear Strength

Enter the shear strength, vy, in MPa. This is the wood shear strength parallel to the grain, the
longitudinal shear strength of the wood. Shear strength, v;; V'i:, varies depending on the type
of wood, and the water content of the wood.

Density

Enter the density of the wood in kg/m3.

Elastic Modulus—Longitudinal, E,

Enter the elastic modulus for the longitudinal direction in MPa.

Elastic Modulus—Transverse, E;

Enter the elastic modulus for the transverse direction in MPa.
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= Poisson’s Ratio—Longitudinal stress-transverse strain, vy,
Specify the initial Poisson’s ratio for longitudinal stress-transverse strain.
= Poisson’s Ratio—Transverse stress-longitudinal strain, vy

Specify the initial Poisson’s ratio for transverse stress-longitudinal strain.

10.4.1.5 Modeling Composite Materials

As mentioned previously, composite materials can be modeled in VecTor2 using the four main reinforced
concrete materials and the appropriate type of smeared reinforcement. This section outlines how to model
each type of composite. The four composites that can be modeled are: concrete-steel laminate, concrete-

SFRC laminate, masonry-SFRC laminate, and concrete-ortho laminate.

10.4.1.5.1 Concrete-Steel Laminate

To model concrete-steel laminate the material type selected must be reinforced concrete. The Define

Reinforced Concrete Properties dialog box appears as shown in Figure 100.

atenial Types taterial Froperties Smeared Reinforcement Properties
Reference Type: | Reinforced Concrete j i
T Rieference Type: | 5iecl Skin Plate |
Thickness, T: 0 mm r
M Cylinder Comprassive Strength, f'c: ] MPa ,D—
Delete : W *
Tensile Stienath, - u MPa Laminate Thickness, Ts ,u— mm
Initial Tangent Elastic Moduluz, Ec: a MPa Poisson's Ratio, Mu ’D—
Cylinder Strain at f'c, eo: =0 me
4 “ield Strength, Fy: il MPa
Poisson's Ratio, Mu: =0
Ultimate Strength, Fu: il MPa
Thermal E xpanzion Coefficient, Ce: =0 FC
. ) . Elzstic Moduluz, Es: il MPa
Ficemforcemn:nt Components Masimum Aggregate Size, & & ID— i
OmMpOnent: _ Strain Hardening Strain, esh: i} e
Fieinfarcement 1 Add Density: =0 ka/m3
o Thermal Diftusivity, Ke: “Io mm2/s SUEDSTET CF o e
pdate
Average Crack Spacing... Thermal Exrpanzion Coefficient, Cs: * FC
Delete : e . ox
perpendicular to s-reinforcement, Sx: 1] mm Prestrain, Dep: ’U— me
perpendicular to y-reinforcement, Sy ¢ |0 mnm
Unzupported Length Riatio, b/t 0
Matenial types to be used for rectangular, quadrilateral and tiangular elements only. — * Enter '0' for YT 2 default value. Ok | Cancel |

Figure 100: Define Reinforced Concrete Properties: Concrete-Steel Laminate
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After the two materials, the concrete and reinforcement, are defined in FormWorks, VecTor2 creates a
combined material stiffness which is used for the analysis, as discussed previously in section 5.4. Regular
ductile steel reinforcement can also be specified as a reinforcement component for the concrete in the
concrete-steel laminate, although this is not required. If specified, the ductile steel reinforcing bars will

also be incorporated into the combined material stiffness matrix.

Concrete Properties

See section 10.4.1.1 for the required concrete inputs. Note that that the thickness entered in the Concrete
Properties section is the thickness of the concrete core only and does not include the steel skin plate, the

thickness of which is specified in the Reinforcement Component Properties section.

Reinforcement (Steel Skin Plate) Properties

For the most part, the input properties required for the steel skin plate are similar to the input requirements
for the other steel reinforcement types. The input parameters unique to the steel skin plate reinforcement
are:
= Laminate Thickness, Tg
Enter the sum of the thicknesses of the steel plates in millimetres.
= Poisson’s Ratio, v

Enter the initial Poisson’s ratio, v, for the steel plate.

The other parameters that must be entered are:

Yield Strength, F,

- Ultimate Strengh, F,

- Elastic Modulus, E;

- Strain Hardening Strain, &g,
- Ultimate Strain, &,

- Thermal Expansion Coefficient, C, (default value assigned if left as “0”)
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- Prestrain (if applicable)

- Unsupported Length Ratio, b/t

For further instruction on how to enter these parameters, see section 10.4.1.1.

10.4.1.5.2 Concrete-SFRC Laminate

Defining the concrete-SFRC laminate properly in FormWorks is important. In the Define Reinforced
Concrete Properties tab, in the Concrete Properties subgroup, the reference type must be set to
Reinforced Concrete. In the Reinforcement Component Properties subgroup, the reference type must be
set to either SFRC Laminate-Hooked Fibre or SFRC Laminate-Straight Fibre. The difference
between the two fibre types is discussed briefly in the reinforcement materials section of this user manual.
The user can also choose to include normal ductile reinforcing steel in the concrete, although this is not

required.

The Define Reinforced Concrete Properties dialog box appears as shown in Figure 101.

A N N =

Define Matenal Properties

I aterial Types I aterial Froperties Smeared Reinforcement Properties
Type: Reference Type: | Reinforced Concrete j
Reference Type: |Steel Fibre - Hooked ﬂ
|
Thicknessz, T: 0 mm r
Updat ] .
ﬂ Cylinder Compressive Strenath, f'c: 0 MPa Fibre Volume Fraction, YF: I—D 5
Delete Tengile Strength, ft: |0 MPa Fitre Length, LF: ,u— -
Iritial Tangent Elastic Modulus, Ec: MPa Fibre Diameter, Df: ,D— o
Cylinder Strain at f'c, ea: * me
¥ Fibre Tenzile Strength, Fu: il MPa
Poiszon's Fatio, kMu: ®
Fibre Bond Strength, Tu: o MPa
Thermal Expanzion Coefficient, Ce: * M
8 1]
Reinforcement Components Marimum Agaregate Size, B I— -
Component:
. 1]
Add Density: * kg/m3
Undat Thermal Diffuszivity, K ® mm2is a
pdate
Average Crack Spacing... 0
Delete : e ]
perpendicular to wreinforcement, St mm Residual Flezural Strength, Frik: = 0 MPa
perpendicular to y-reinforcement, Sy * |0 mnm
Fesidual Flesural Strength, Frak: = 0 MPa
Color l:l = Required for MC 2010 option only
b aterial types ta be uzed for rectangular, quadilateral and triangular elements only. = Enter '0° for YT 2 default value. Ok | Cancel |

Figure 101: Define Reinforced Concrete Properties: Concrete-SFRC Laminate
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Concrete Properties

See section 10.4.1.1 for the required concrete inputs.

SFRC Laminate Reinforcement Properties

Enter the following properties in the Reinforcement Component Properties group. Properties marked
by * are assigned default values when ‘0’ are entered in their fields. The same properties must be entered
regardless of whether the hooked fibre or straight fibre laminate is used.
= Fibre Volume Fraction, V¢
Enter the fibre volume fraction in %.
= Fibre Length, L
Enter the fibre length used in the SFRC in millimetres.
= Fibre Diameter, D¢
Enter the fibre diameter in millimetres.
= Fibre Tensile Strength, F,
Enter the fibre tensile strength in MPa.
Default value: F, = 1100 MPa
= Fibre Bond Strength, T,
Enter the fibre bond strength in MPa.
= Cylinder Compressive Strength, f
Enter the peak compressive stress in MPa.
= Tensile Strength, f{

Enter the uniaxial cracking strength of the SFRC in MPa.
Default value: f{ = 0.33\/f_c' MPa

= Initial Tangent Elastic Modulus, E

Enter the tangent stiffness of the SFRC stress-strain response at zero-strain in MPa.

Default value: E. = 3320,/f! + 6900 MPa

= Cylinder Strain at f_, €,
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Enter the compressive strain, €, corresponding to f¢, as a positive value in millistrain.
Default value: gy = 1.8 + 0.0075f;, me
= Maximum Aggregate Size, a
Enter the maximum aggregate size in millimetres.
Default value: a = 20 mm
= Laminate Thickness, T

Enter the SFRC laminate total thickness in millimetres.

10.4.1.5.3 Masonry-SFRC Laminate

The masonry-SFRC laminate is defined in FormWorks in basically the same way as the concrete-SFRC
laminate. In the Define Reinforced Concrete Properties tab, in the Concrete Properties subgroup, the
reference type must be set to Reinforced Concrete. In the Reinforcement Component Properties
subgroup, the reference type must be set to either SFRC Laminate-Hooked Fibre or SFRC Laminate-

Straight Fibre.

The Define Reinforced Concrete Properties dialog box appears as shown in Figure 102.

Define Material Properties

A N B N >

Material Types Matenial Properties Smeared Reinforcement Properties
Reference Type: |F|einf0rced Cancrete j i
Reference Tupe:  [SFRC Laminate - Hooked Fibe |
_—
Thickness, T: i} Thm —
Update . . \
P Cylinder Compressive Strength, o 1] MPa Fibre Yolume Fraction, ,g— %
Delate : 1 «
Tenszile Strength, f't i] MPa Fibre Length, LF ’D— o
Initial Tangent Elastic Modulus, Ec: =0 MPa Fibre Diameter. DF ’d— i
Cylinder Strain at f'c. eo: =0 me
4 Fibre Tensile Strength, Fu: il MPa
Paisson's Ratio, Mu: =0
Fibre Bond Strenath, Tu: “ ln MPa
Thermal Expansion Coefficient, Co: = |0 FC
R Cop s Makimum Aogregate Size, & e . Concrete Compressive Strength, f'o: il MPa
Component: Concrete Tensile Strength, ft: * o MPa
Add Diensity: 1] kag/m3
e Thermal Diffusivity, Ke: . ’D— s Initial Tangent Elastic Modulus, Ec: il MPa
pdate
Awerage Crack Spacing... Concrete Strain at f'c, eo: # me
Delete : - .« o
perpendicular to s-reinfarcement, Sx: mm e A e, & . ’D— .
perpendicular to wreinforcement, Sy |0 i
Laminate Thickness, T: 0 T
M aterial types to be uzed for rectangular, quadiilateral and tiangular elements only.  * Enter '0' for VT2 default value. Ok | Cancel |

Figure 102: Define Reinforced Concrete Properties: Masonry-SFRC Laminate
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Masonry Properties

The same masonry properties must be entered as are required to define regular reinforced or unreinforced

masonry. See section 10.4.1.3 for the required concrete inputs.

SFRC Laminate Reinforcement Properties

The SFRC laminate properties are entered as they are entered for concrete-SFRC laminate. See section

10.4.1.5.2 for details on the required inputs.

10.4.1.5.4 Concrete-Ortho Laminate

The Concrete-Ortho Laminate is a combination of a concrete core and wood (orthotropic) faceplates. In
the Define Reinforced Concrete Properties tab, in the Concrete Properties subgroup, the reference type
must be set to Concrete-Ortho Laminate. In the Reinforcement Component Properties subgroup, the
reference type must be set to Orthotropic Laminate.

The Define Reinforced Concrete Properties dialog box appears as shown in Figure 103.

A W N L

Define Material Properties

M aterial Types Material Froperties Smeared Reinforcement Properties
Tope: Reference Type: |F|einforced Concrete ﬂ
Reference Type: |Drth0tr0pic Laminate ﬂ
Add
Thicknessz, T: 0 M —
Update ) . ,
M Cylinder Compressive Strength, fo: 0 MPa Longitudinal Direction from ez ID— B
Delete : " x
4 Tensile Strenath, f': MPa Compressive Shength-Long, f'c-l: i MPa
Initial Tangent Elastic Modulus, Ec: MPa e Sira T (o ID— MPa
Cylinder Strain at fc, eo: # me
8 Tenzile Strength-Laong, Ft-: i MPa
Poizson's Ratio, Mu: #
Tenzile Strength-Trans, -t il MPa
Thermal E xpangion Coefficient, Co: * HC
. Shear Strength, Wt i MPa
Feinforcement Components Masimum Agaregate Size, & I— -
Component: Elastic Modulus-Long, EL i} MPa
Add Drenaity: " kgém3
Lo Thermal Diffusivity, Ke: S0 mmans Elastic Moduls Trans, Et d MPa
pdate
Avwerage Crack Spacing... Poizzon's RatioLT, Mult: 0
Delete : rai . o
perpendicular to wreinfarcement, Sx: mm Poisson's Ratio-TL, Mutl: 'D—
perpendicular to y-reinforcement, Sy < |0 i
Thickness, T: 0 i
Maternial types to be used for rectangular, guadiilateral and triangular elements only.  * Enter '0' for YT 2 default value. Ok | Cancel |

Figure 103: Define Reinforced Concrete Properties: Concrete-Ortho Laminate



228

Concrete Properties

The same concrete properties must be entered as are required to define regular reinforced concrete. See

section 10.4.1.1 for the required concrete inputs.

Orthotropic Laminate Properties

The inputs required are the same as for the wood (fixed orthotropic) material type, with the exception of
density. The wood density is not a required input for orthotropic laminate. The required inputs are

specified in section 10.4.1.4.
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10.4.2 Reinforcement Material Types
Reinforcement materials types describe steel or FRP reinforcement materials for truss bar
elements. To add, modify or delete reinforcement material types, click the Structure/Define E
Reinforcement Materials menu item or click the Define Reinforcement Materials toolbar -

button. The Define Reinforcement Materials dialog box appears as shown in Figure 104.

iy ~
Define Reinforcement Properties lﬁ
Reinforcement Type Renforcement Properties
Tupe: : - -
* Reference Twpe: | Ductile Steel Reinforcement j
Add

Crozs-Sectional Area: 0 M2

Reinforcement Diameter, Db 0 i

ield Strength, Fy: 0 FPa

ltimate Strength, Fu: lgi bPa
Elastic Modulus, E=: lgi tPa
Strain Hardening Strain, esh: IEIi e
Ultimate Strain, eu; lgi e
Thermal Expangion Coefficient, Cs: * IEIi P
Frestrain, Dep: lﬂi e
IJnzupported Length Fatio, b/t IEIi

Color -

Reinforcement material bypes to be used for tuss elements anly. Ok | Cancel |

Hi

Figure 104: Reinforcement Materials Properties Dialog Box

The procedures for adding, modifying and deleting reinforcement material types are similar to those for
reinforced concrete materials. The properties for reinforcement materials are similar to those for
reinforcement components. Only the unique values are described below.
= Cross-Sectional Area
Enter the cross-sectional area of reinforcement assigned to truss elements, in mm?’.

= Color
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Enter the display color of the reinforcement material type in the FormWorks Workspace.
10.4.2.1 Bond Types

Bond types describe bond stress-slip relationships between concrete and discrete

reinforcement, and are applied to link and contact elements. To add, modify or delete bond i .I-_-'

types, click the Structure/Define Bond Properties menu item or click the Define Bond Properties

toolbar button. The Define Bond Properties dialog box appears as shown in Figure 105.

=

=

Define Bond Properties

~Bond Type-
Type:

Reference Type: | Emebedded Deformed Rebars LJ

Add

-Bond Froperties for Embedded Bars -

Confinement Prezsure Factor: ]EI.E
Min [Bar Clear Cover, Spacing)]. Chin: 75 711

Muo. of Reinfarcement Lavers thru Depth: |1
Hooked Bar: [

Bond material types to be used far interiar or exterior bonded elements. OFK. ‘ Cancel ]

Figure 105: Bond Properties Dialog Box

The procedures for adding, modifying and deleting bond types are similar to those for reinforced concrete

materials. The properties for bond materials are described below.
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= Reference Type

As described in Chapter 7, VecTor2 determines bond stress-slip relationships for Embedded
Deformed Bars and Embedded Smooth Bars based on the selected concrete bond model.
For Externally Bonded Plates and Sheets, the bond stress-slip relationship is explicitly
specified by a series of reference bond stress and corresponding slips.

= Color

Select the display color of the bond type in the FormWorks Workspace.

If Embedded Deformed Bars or Embedded Deformed Bars is selected:

= Confinement Pressure Factor
The confinement pressure factor is used to interpolate the bond stress-slip relationship
between unconfined splitting failure and confined pull-out failure. Compute the confinement

pressure factor, [3, as follows:

B=——., (inMPa) 0<B<l, (10.4.2.1.1)

o}

75
where G is the anticipated confining pressure on the embedded bar in MPa.

=  Min (Bar Clear Cover, Spacing), Cmin
Enter the lesser of the clear cover of the embedded bar and half of the spacing between the
embedded bars, in millimeters.

= No. of Reinforcement Layers thru Depth

Enter the number of layers of reinforcing bars represented by truss elements to be attached to

the bond element.

If Externally Bonded Plates or Sheets is selected:
= Bonded Surface Area, Ao
Enter the area of the external plate or sheet that is adherent to the concrete, in mm®, per

element.
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= Bond Stress-Slip Curve Reference Points
Enter three reference bond stresses, U, and corresponding slips, S;, to define a multilinear
bond stress-slip relationship. Enter bond stresses, U;, in MPa and corresponding slips, S;, in

millimeters.

10.4.3 Defining Nodes

The following section describes how to add and delete nodes by the Manual Method.

The rules for defining nodes in VecTor2 are as follows:

= A finite element mesh having ‘n’ nodes must contain all nodes numbered consecutively from

1to ‘n.

=  All nodes must be attached to at least one element.

FormWorks, circumvents the first rule and allows nodes to be arbitrarily numbered. If the rule is
violated or if the bandwidth reduction algorithm is used, FormWorks renumbers the nodes when
generating the input files. This feature may be useful when it is more convenient to edit a mesh in
progress or modify an existing mesh than to define a new one. Still, it is advisable to number nodes

according to the rule as the renumbering may appear disorderly.

To Create Nodes, complete the following steps.

*
1. Select the Structure/Create Nodes menu item or click the Create Nodes toolbar P
button. The Create Nodes dialog box appears as shown in Figure 106.
Create Modes
node F y finodez dnode d= duy finodes dnode  d= duy Total

(13 [0 [20 [ & | 1 [ [ o [ 5 | & | o [1o0 [ad] g
| L]:.E.ii Done

Figure 106: Create Nodes Dialog Box

2. Complete the fields to create a lattice of nodes separated by constant spacing and node number.

Refer to Figure 107 as an example corresponding to the values shown in Figure 106.
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o o o o o o
5 nodes spaced from node 13 31 32 33 34 35 36
@ 0 mm in the x-direction
@ 100 mm in the y-direction <

increasing in node number by 6

[ ] [ ] [ ] [ ] [ ] [ ]
25 26 27 28 29 30

[ ] [ ] [ ] [ ] [ ] [ ]
19 20 21 22 23 24

- ° ° ° ° °
1 14 15 16 17 18
\— /
—~
6 nodes spaced from node 13
Node 13 located @ @ 125 mm in the x-direction
(100,200) mm. @ 0 mm in the y-direction

Increasing in node number by 1

Enter: Node X Y #nodes dnode dx dy #nodes dnode dx dy
13 100. 200. 6 1 125. 0. 5 6 0. 100.

Figure 107: Example of node creation entry

3. Click Add or type Enter. The generated nodes are drawn in the Workspace, the total number of

nodes is updated, and the last node entry is added to the drop list in the dialog box.

To Delete Nodes complete the following steps.
1. In the drop list, select the nodes to be deleted. The selected node entry appears highlighted. Note
that only nodes that are unattached to elements may be deleted.
2. Click Delete. The deleted nodes disappear from the Workspace, the total number of nodes is
updated, and the node entry is deleted from the drop list in the dialog box. Also any nodal loads

or support displacements assigned to these nodes are also deleted.

10.4.4 Defining Elements

The following section describes how to create and delete elements by the Manual Method.
Element types may be categorized by their function in the finite element model. Rectangular,
Quadrilateral and Triangular elements are used in conjunction with Reinforced Concrete material types

to model reinforced concrete regions. Truss Bar elements are used in conjunction with Reinforcement
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material types to model reinforcement in a discrete manner. Link and Contact elements are used to
model the interface between rectangular, quadrilateral or triangular elements and truss bar elements.

In VecTor2, the following rules exist for defining elements:

= A finite element mesh having ‘n’ elements must contain all elements numbered from 1 to ‘n.’

= Elements numbers must be ordered by element type from lowest to highest: rectangular,

quadrilateral, triangular, truss, link and contact.

FormWorks circumvents these two rules and allows elements to be arbitrarily numbered. If either
rule is violated, FormWorks automatically renumbers the elements when generating input files. This
feature may be useful when it is more convenient to edit a mesh in progress or modify an existing mesh
than to define a new one. Nevertheless, it is advisable to obey the rules, as renumbering may be disorderly

and make result interpretation difficult.

The procedure for creating and deleting elements is similar for all six element types. A generic
procedure follows, with necessary rules for each element type.
To Create Elements, complete the following procedure.
1. Select the Structure/Create [Type] Elements...
menu item or click the Create [Type] Elements T J
toolbar button for the desired element type. As an example the Create Rectangular Elements

dialog box is shown in Figure 108.

[ T

Create Rectangular Elements

elmt node 1 2 3 4 felmtz delmt dnode felmtz d elmt d node Tatal
| 1 EED S ES EE S E | 4 | 5|8 Add 0

] j Delete ] Dione

Figure 108: Create Rectangular Elements Dialog Box
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2. Complete the fields to create a lattice of elements with constant change in element numbering and
defining nodes. Refer to Figure 109 as an example for creating rectangular elements. The rules for

different element types are subsequently discussed.

e ® ® ® ® ® ®
37 38 39 40 41 42
16 17 18 19 20
® @ @ @ @ ®
31 32 33 34 35 36
4 elements from element 1 11 12 13 14 15
Increasing in element number by 5 < e ® ® ® ® ®
Increasing in defining node number by 6 25 26 27 28 29 30
6 7 8 9 10
9 @ @ ' '
19 20 21 22 23 24
1 2 3 4 S
- [ L L L @ L
13 14 15 16 17 18
— _/
—~

Element 1

S5el ts fi 1 t1
Defined by nodes 13, 14 20, 19 elements from elemen

Increasing in element number by 1
Increasing in defining node number by 1

Enter: Elmt node 1 2 3 4 #elmts delmt dnode #elmts delmt dnode
1 13 14 20 19 5 1 1 4 5 6

Figure 109: Example of rectangular element creation entry

For Rectangular elements, enter four node numbers that define the corner nodes of the source
element. The four nodes must be predefined and form the corners of an isothetic rectangle in

cyclic counter-clockwise order.

For Quadrilateral clements, enter the four node numbers that define the vertex nodes of the
source element. The four nodes must be predefined and form the corners of a quadrilateral in
cyclic counter-clockwise order. Note that quadrilateral elements that are rectangular in shape are

not analytically equivalent to rectangular elements.
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For Triangular elements, enter the three node numbers that define the vertex nodes of the source
element. The three nodes must be predefined and may be in either cyclic clockwise or cyclic

counterclockwise order.

For Truss elements, enter the two node numbers that define the end nodes of the source element.

The two nodes must be predefined.

For Link elements, enter the two node numbers that define the nodes of the source element. The
two nodes must be predefined with the same coordinates so that the link is non-dimensional. As
shown in the example of Figure 110, defining link elements requires creating layers of nodes. One
node must be an incident node of a rectangular, quadrilateral or triangular element. The other
node must be an incident node of a truss bar element. Further, if two or more truss bars intersect
at a common node and each truss bar is connected to the concrete by a link element, it is

necessary to define separate nodes and link elements for each truss bar at the intersection

location.
33 46 34 47 35 48 36 49 37 50 38

Node Pairs with same coordinates:

Elements: 13 & 33

Rectangular: 12 to 15 14 & 34

Truss: 46 to 40 15 & 35
17 & 37
18 & 38

Enter: ElImt node 1 2 #elmts delmt dnode #elmts delmt dnode
90 13 33 6 1 1 1 1 1

Figure 110: Example of link element creation entry
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For Contact clements, enter the four node numbers that define the nodes of the source element.
As shown in the example of Figure 111, nodes 1 and 2 must have the same coordinate, and nodes
3 and 4 must have the same coordinate. Of each node pair, one node must be an incident node of
a rectangular, quadrilateral or triangular elements, while the other node must be an incident node
of a truss bar element. Further, if two or more truss bars intersect at a common node and each
truss bar is connected to the concrete by a contact element, it is necessary to define separate nodes

and contact elements for each truss bar at the intersection location.

19 20 21 22 23 24

P90 491 92 b 93 1 94

33 %34 ﬂ35 ﬁ36 £37 @38

Node Pairs with same coordinates:

Elements: 13 & 33
Rectangular: 12 to 15 14 & 34
Truss: 46 to 40 15 & 35
Contact: 90 to 94 16 & 36

17 & 37

18 & 38

Enter: Elmt node 1 2 3 4 #elmts delmt dnode #elmts delmt dnode
90 13 33 14 34 5 1 1 1 1 1

Figure 111: Example of contact element creation entry

3. Click Add or type Enter. The generated elements are drawn in the Workspace, the total number
of elements is updated, and the last element entry is added to the drop list in the dialog box. At
this stage, the elements have no material types assigned to them, and are assigned the following
default colors:

= Rectangular, Quadrilateral and Triangular: White
= Truss Bar: Magenta
= Link: Blue

= Contact: Cyan



To Delete Elements, complete the following steps.
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1. In the drop list, select the elements to be deleted. The selected element entry appears highlighted.

2. Click Delete. The deleted elements disappear from the Workspace, the total number of elements

is updated and the element entry is deleted from the drop list in the dialog box. Any associated

material type assignments and loads for these elements are also deleted.

10.4.4.1 Viewing Elements Attributes

To view a summary of the attributes of an element, position the mouse cross-hairs within the

boundaries of the desired element and click the left mouse button. The selected element appears

highlighted in green and the Element Attributes dialog box appears as shown in Figure 112. The element

number, element type, incident nodes and their coordinates, material types and assigned loads are shown.

=

Element Attributes

=

X

ELEMEMNT 1

Rectangular

Mode = 0y

1 0oo0  0ooo
2 100,000 0.000

a3 100,000 75.000
3 0000 75000

b atenal

<Mones

Loads

Gravity Load: <Miones
Temperature; Monex
Concrete Prestrain: <Monex
Ingress Pressurne; <Mone:

Surface Thermal Load: kMones

Figure 112: Element attributes dialog
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10.4.4.2 Viewing Multiple Element Layers

Occasionally, it is necessary to create layers of elements that occupy the same space. In the

Workspace, only the top layer is visible and conceals the elements beneath it. To view concealed element

layers, it is necessary to send the topmost layer backwards.

To send one element backwards:

1.

2.

Position the mouse cross-hairs within the boundary of the element.
Click the right mouse button. The context menu appears below the mouse cross-hairs.
Select Send This Element Back. The element beneath the mouse cross-hairs is sent to the back,

revealing the element beneath it.

To send multiple elements backwards:

1.

2.

10.4.5

Position the mouse cross-hairs within the boundary of any element.

Click the right mouse button. The context menu appears below the mouse cross-hairs.
Select Send Multiple Elements Back. The Send Elements Back dialog box appears.

Click the Send button. The mouse cross-hair becomes a pick arrow.

Click the left mouse button and drag pick arrow over the elements to be sent backwards. The
selected elements appear highlighted in bright green.

Click Send. The selected elements are sent to the back, revealing the elements beneath them.

Click Done.

Assigning Material Types

Having defined elements and material types, the following section describes how to assign the

material types to the elements.

In VecTor2, the following rules exist for assigning material types:
All Rectangular, Quadrilateral and Triangular elements must be assigned a Reinforced Concrete

material type.
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= All Truss Bar elements must be assigned a Reinforcement material type.

= All Link and Contact elements must be assigned a Bond type.

To Assign Material Types, complete the following procedure.
1. Select the Structure/Assign Material Type menu item or click the Assign Material

Types toolbar button. The Assign Material Types dialog box appears as shown in

Figure 113.
Assign Material Types .
et rnaterial act Helmtz delmt #elmtz  delmt
| 1 ]Eu:unu:rete1 Li v | 1 | 1 | 1 ] 1 | Azzign ] Select |
| & o

Figure 113: Assign Material types dialog box

2. Specify the material types and select elements by one of the following two methods.
To Select Elements by Element Number
Complete the entry fields to select the desired elements. The element selection method is similar
to the specification of element numbers. Select a compatible material type from the drop list.
Check the Active box if the selected elements are engaged, so that they contribute to the stiffness
and strength of the structure. Uncheck the box if the selected elements are disengaged, so that
they do not contribute to the strength and stiffness of the structure. In the latter case, all element
strains are computed as plastic strain offsets. Use this feature to disengage and engage elements

for repair applications.

Alternatively, to Select Elements with the Mouse:

Select the material type from the drop list. Click Select. The mouse cross-hairs become a pick
arrow. Click the left mouse button and the drag pick arrow over the elements to be selected. The
selected elements appear highlighted in bright green, as shown in Figure 114. Only elements

compatible with material type may be selected.
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Figure 114: Selecting elements for material type assignment with the mouse

Click Assign or type Enter. The assigned material types are drawn in the Workspace, and the
material type assignments are added to the drop list in the dialog box. Active concrete elements
are filled with solid colors, while inactive concrete elements are filled with hatched colors. Active

truss, link and contact elements are drawn as thicker lines than inactive elements.

Material type assignments can be modified by repeating the above procedure. Previous material

assignments will be overwritten.

10.4.6 Restraining the Structure

Having defined the nodes, the following section describes how to add support restraints.

To Add Support Restraints, complete the following procedure. .l'-l..-l'l-

1.

Select the Structure/Create Support Restraints menu item or click the Create
Support Restraints toolbar button. The Create Support Restraints dialog box appears, as

shown in Figure 115.

= =

Create Support Restraints

node  Restraindof # node:  dnode Total

[1 xp x| 1 [ 1 Add | Select| O
| ﬂ E’eia'rrsl Dnnel

Figure 115: Create Support Restraints Dialog Box
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2. Specify the restraints and select nodes by one of the following two methods.
To Select Nodes by Node Number
Complete the entry fields to select the desired nodes. The node selection method is similar to the
specification of node numbers. Check the X and/or Y box to restrain the selected nodes against

displacements in the x and Y directions, respectively.

Alternatively, to Select Nodes with the Mouse:

Click Select. The mouse cross-hairs become a pick arrow. Position the pick arrow over desired
nodes to restrain and click the left mouse button. The selected nodes appear highlighted in bright
green, as shown in Figure 116. Check the X and/or Y box to restrain the selected nodes against

displacements in the x and Y directions, respectively.

Figure 116: Selecting nodes for restraints with the mouse

3. Click Add or type Enter. The restraints are drawn in the Workspace and the restraint entries are

added to the drop list in the dialog box.

Restraints may be removed by selecting the restraint entry in the drop list and clicking Remove, or

selecting nodes with the mouse and clicking Remove.
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10.4.7 Automatic Method

The Automatic Method provides a method to define nodes, elements, restraints, and assign
material types without having to manually create and number the nodes and elements. Instead, concrete
regions are defined by one or more polygonal regions. These regions may contain voids, and linear and
point constraints for the mesh. Truss bars elements are defined by linear paths. Link and contact elements
can be created for segments of the discrete reinforcement. Several automatic discretization and meshing
options are provided to accommodate different structure geometries, meshing needs, element types and
the extent of manual control. Material types should be defined before proceeding to the subsequent

sections.

10.4.7.1 Reinforced Concrete Regions

The first step is to define one or more Reinforced Concrete Regions. Each region is defined as a
polygon that will be meshed with rectangular, quadrilateral, and/or triangular elements. Each region can
have different meshing parameters, concrete material type assignments, and numbers of layers. The
guidelines for defining reinforced concrete regions are as follows:

= The region is defined by a nontrivial closed polygon.

= The vertices defining the region are entered in cyclic counter-clockwise order.

= The edges of a region must be simple and not self-intersecting.

= Regions can be attached along common edges, but cannot overlap. Care should be taken to define

the common vertices of regions with exactly the same coordinates.
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Legal and illegal polygon regions are shown in Figure 117.

~

—

\>

Legal Legal Perfect Edge Intersection of Regions

-«

A

Illegal Imperfect Edge
Illegal Clockwise Definition  Illegal Self-Intersection Intersection of Regions

Figure 117: Examples of legal and illegal region definitions and intersections

To Define a Concrete Region, complete the following steps.

1. Select the Structure / Define and Mesh Structure menu item or select the Define '

and Mesh Structure toolbar button. The Define and Mesh Structure property sheet

appears as shown in Figure 115, with the RC regions property page as the active page.
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Figure 118: RC Regions Property Page

Click Create New Region to start a new region. To abort the region at any time, click the same

button, which is now labeled as Cancel New Region.

In the Vertices and Restraints group, complete the following procedure to define the region. An

example is shown in Figure 119 to create a rectangle with one restrained edge.

i) Enter the following fields to define a vertice of the region. It is necessary to define only the
vertices at the ends of edges of the region. If desired, one can also define intermediate

vertices to enforce the location of boundary nodes. By doing so, and selecting the Do Not
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Discretize Boundary manual override option, it is possible to designate the location of all

boundary nodes.

X

Enter the x-coordinate of a vertice, in millimeters.

Y

Enter the y-coordinate of a vertice, in millimeters.

Reps

Enter the number of vertices to create along a line.

Dx

Enter the spacing of vertices in the x-direction from X, in millimeters.
Dy

Enter the spacing of vertices in the y-direction from Y, in millimeters.
Restrain Edge X,Y
Check the appropriate degree of freedom to restrain all nodes on the edge defined by the

current vertice and the next vertice against displacements in the x and/or y directions.

Click + after each vertice entry, except the last vertice. After the last vertice, click Close. The

region is drawn in the Workspace as vertices are added.

(0,1000) (1000, 1000) (2000, 1000) (3000, 1000)

@ L2
- -~ ~ L Nodes to be
Enforced intermediate L created by
nodal locations % FormWorks

restrained in the
x direction

(0,0) (3000,0)
Entry: X Y Reps Dx Dy Restrain Edge
0. 0. 1 0. 0. X Y +
3000. 0. 1 0. 0. XVY +
3000. 1000. 3 -1000. 0. X Y +
0. 1000. 1 0. 0. X Y Close

Figure 119: Example of reinforced concrete region creation
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In the Material Layers group, complete the following procedure to add a layer of concrete

elements. In general, only one layer of elements is necessary. More than one layer may be added

to double-meshed a region. Each layer of the region may be assigned different reinforced concrete

material types. If None is selected, FormWorks creates a layer of elements without any material

type assignments. If no layers are added, FormWorks creates no elements, whatsoever.

1) In the drop list, select the reinforced concrete material type to assign the elements of the
region.

ii) Check or uncheck Active if the layer of elements is to be engaged or disengaged,
respectively.

iii) Click + to add the layer of elements with the selected material type. (Click — to delete defined
layers from the drop list).

iv) Repeat steps i) to iii) to add additional layers of elements, if desired.

In the Discretization and Mesh Type group, select from the following options.

(Note that each region can have different discretization and mesh types.)

The following options determine the manner in which the FormWorks discretizes the region.
= Hybrid

This option is recommended for structures comprised primarily by one or more rectangular

regions, as is encountered in the elevation of P

v

common reinforced concrete beams, columns and

walls. The discretization is shown for a simple

region in Figure 120. Like the Grid Superposition

algorithm, FormWorks attempts to discretize the

Figure 120: Hybrid Discretization
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region with a highly regular grid of nodes. Like the Point Insertion Algorithm, it

accommodates nonlinearity of the region boundary and interfering features with local

variations in node spacing. A constrained Delaunay algorithm triangulates the inserted nodes.

Grid Superposition
This option is recommended for polygons of arbitrary shape, having relatively coarse
boundary features. The discretization for a simple region is shown in Figure 121. FormWorks

superimposes the region with a regular grid of rectangular elements, and then removes

elements that are too close to the boundary or other

interfering features within the polygon. The

]

boundary nodes of the rectangular grid are then ¥

triangulated with a constrained Delaunay

algorithm. This meshing procedure was

liberally adapted from the concepts described by Vi
/

Petersen, Rodrigues and Martins (2000). N

Figure 121: Grid Superposition Discretization

Division Point Insertion
This option is recommended for polygons of arbitrary shape, having several nonlinear edges.

The discretization for a simple region is shown in Figure 122. FormWorks discretizes the

region by inserting nodes at approximately equal

intervals in the x and y direction. Nonlinearity of the

region boundary and interfering features within the

polygon are accommodated by local variations the
node spacing. A constrained Delaunay algorithm

triangulates the inserted nodes.

Figure 122: Division Point Insertion Discretization
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The following options determine how FormWorks treats the triangular elements created by
the Delaunay triangulation.

Rectangles

If checked, FormWorks merges adjacent pairs of

triangles to create as many rectangular elements of

suitable quality. If the Quadrilaterals option is also i

selected, rectangular elements are formed

preferentially over quadrilateral elements. Figure

123 shows the Hybrid discretization of Figure 120

with the rectangle option
Figure 123: Hybrid Discretization with Rectangle Option

Quadrilaterals

If checked, FormWorks merges adjacent pairs of triangular elements to form quadrilateral

elements. FormWorks selects the best quality quadrilaterals based upon the resulting aspect

ratio and internal angles. As many quadrilateral

EREEEEE
elements as possible are created to minimize the i i { { { { { 1.{
I i
number of residual triangular elements. If the EREREEE)
p g FEEEE S JRE
Rectangles option is also selected, rectangular ! i { { { { { {{
ol O i O
elements are created preferentially over RREERETN
i b okt
quadrilateral elements. Figure 124 shows the :| :| } } } } }jff /
EEEEEEEN
Division point insertion discretization of Figure i i { { { { { i

122 with the quadrilateral option.

Figure 124: Division Point Insertion Discretization with Quadrilateral Option
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Smoothed Triangles

If checked, the shape of the triangular elements are Vi

optimized by adjusting the position of free nodes

by iterative Lagrangian averaging, such that final
position of each node is approximately an average
of the position of its contiguous nodes. Figure 125

shows the Division point insertion discretization of

Figure 122 with the smoothed triangles option.

Figure 125: Division Point Insertion Discretization with Smoothed Triangles Option

In the Mesh Parameters group, specify the parameters.

Elmt Size X and Elmt Size Y

For grid superposition and hybrid discretization types, enter the average length of elements in
the x and y directions, respectively, in millimeters.

Tri Elmt. Size

For the division point insertion discretization type, enter the average side length of triangular
elements, in millimeters.

Max. Aspect Ratio

For grid superposition and hybrid discretization types, enter the maximum permitted ratio of
the rectangular element height to width, or vice versa. If the maximum aspect ratio is
exceeded, Elmt Size X and Elmt Size Y are automatically adjusted to the largest possible
dimensions that satisfy the maximum aspect ratio.

Complexity Factor

Enter the decimal fraction of the element size used for the minimum permissible distance
between nodes created by the FormWorks discretization. As the complexity factor decreases,
nodes may be created close the boundary region and other interfering features within the

region. A smaller value may result in higher mesh quality for regions having fine boundary
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features, such as tight re-entrant corners or small internal angles, or for regions having a
layout of reinforcement lines that is congested relative to the element size.
7. In the Manual Overrides group, specify the following overrides.

= Do Not Discretize Boundary
Check this option to prevent FormWorks from creating additional nodes on the region
boundary, other than those specified as intermediate vertices. Use this option to control the
boundary discretization.

= Do Not Discretize Interior
Check this option to prevent FormWorks from discretizing the interior of the region with
additional nodes, other than those specified by reinforcement lines, voids, and line and point
constraints. Use this option to control the interior discretization.

= Do Not Adjust Elmt Size
Check this option to prevent FormWorks from adjusting the Elmt Size X and Y, regardless of
the maximum aspect ratio specified. When using the grid superposition discretization type,
utilize this option with the Superposition Corner Origin override to control the placement of
the grid.

= Do Not Refine Near Truss
For the grid superposition discretization type, check this option to prevent FormWorks from
creating nodes offset from vertical and horizontal segments of reinforcement lines. The
purpose of the offsetting is to create more regularly spaced rectangular elements near truss
elements.

=  Superposition Corner Origin
For the grid superposition discretization type, specify the corner of the bounding rectangle of
the region from which the superposition grid originates. This option has no effect unless the
Do Not Adjust Elmt Size option is checked.

8. Click Add Region to store the region. The region is added to the list.
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To Modify a Region, complete the following steps.
1. Select the region in the list box. The selected region appears highlighted and its current attributes
are displayed in the entry fields.
2. Modify the attributes of the region. Note that the vertices of the region cannot be changed.

3. Click Update Region to store the changes.

To Delete a Region, complete the following steps.
1. Select the region in the list box. The selected region appears highlighted and its current attributes
are displayed in the entry fields.
2. Click Delete Region. The selected region is removed from the list box and disappears from the
Workspace. The remaining regions are renumbered. Alternatively, click Delete All to remove all

defined regions.

10.4.7.2 Reinforcement

The second step is to define Reinforcement Paths, if any. Each reinforcement path is defined by

a series of line segments, which will be meshed with truss bar elements. If desired, segments of the path
can be attached with link or bond elements to the concrete elements. Each reinforcement path can have
several layers of truss bar and bond elements, with different material type assignments. The reinforcement
path assumes the meshing parameters of the surrounding concrete and the mesh will be constrained to the
reinforcement path. The guidelines for defining reinforcement paths are as follows:

= The reinforcement path cannot intersect itself.

Ll The reinforcement path may traverse boundaries of regions and voids. Reinforcement paths

may intersect each other. It is not necessary to define the points of intersection.
. Only segments of paths that are contained inside or on a reinforced concrete region are meshed.

To create a bare bar, it is necessary to surround the bar with a region having no material layers.



To Define a Reinforcement Path, complete the following steps.

1.

Select the Reinforcement property page of the Define and Mesh Structure property sheet, as

shown in Figure 126.
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Figure 126: Reinforcement Page
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Click Create New Truss to start a new reinforcement path. To abort the path at any time, click

the same button, which is now labeled as Cancel New Truss.

In the Bond Information group, specify the following options.

Truss Reinforcement Is Perfectly Bonded Over Entire Length
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Check this option if the truss bar elements created over the whole reinforcement path are to
be connected directly to the nodes of the concrete elements. Uncheck this option if any
segment of the path is to be connected with bond elements.

= Attach Imperfectly Bonded Truss Segments to Concrete with...

If the above selection is unchecked, select either Link or Contact elements as the type of
bond element for this reinforcement path.

In the Vertices group, complete the following procedure to define the reinforcement path. An

example is shown in Figure 127 to create a rectangle with one restrained edge.

i) Enter the following fields to define a vertice of the reinforcement path. It is necessary to
define only the vertices at the ends of the path segments. If desired, one can also define
intermediate vertices to enforce the location of nodes defining the truss bar elements. Indeed
by doing so, and selecting the Do Not Discretize Truss manual override option, it is possible
to designate the discretization of all truss bar elements on the path.
= The X, Y, Reps, Dx and Dy fields have the same meaning as for defining regions.
= Imperfect Bond

If checked, all truss elements between the current vertice and the next vertice will be
connected with bond elements. Only segments between two successive perfectly bonded
vertices are attached directly to the concrete elements.

ii) Click + after each entry. The reinforcement path is drawn in the Workspace.
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Truss elements created in this path
segment to be connected with

bond elements Existing reinforced
/\ concrete region
(50,65) (450,65) (3000,65)
@ L g

Entry: X Y Reps Dx Dy Imperfect Bond

50.  6S. 1 0. o0 . +
450.  65. 1 0. o0 +
3000. 6S. 1 0. o0 +

Figure 127: Example of reinforcement path creation

In the Material Layers group complete the following procedure to add layers of truss bars

elements and contact elements (if imperfectly bonded). More than one layer may be added to

double mesh the path. Each layer of the reinforcement path may be assigned different

reinforcement and bond material types. If None is selected, FormWorks creates a layer of

elements without any material type assignments. If no layers are added, FormWorks creates no

elements, whatsoever.

1) In the Truss Material drop list, select the reinforcement material type to assign to the truss
elements.

ii) In the Bond Material drop list, select the bond material type to assign to the link or contact
elements, if the reinforcement path is not perfectly bonded along its entire length.

iii) Click + to add a layer of elements to the reinforcement path with the currently selected
material type. (Click — to delete the defined layers from the drop list.)

iv) Repeat steps 1) to iii) to add additional layers of elements (e.g. double-meshing).

In the Manual Overrides group, specify the following overrides.

= Do Not Discretize Truss
Check this option to prevent FormWorks from creating additional nodes on the reinforcement

path, other than those specified as vertices. Use this option to control the path discretization.
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7. Near the top of the page, complete the following entry fields to create multiple reinforcement

paths, offset by constant displacements. This is a convenient way to define repetitive
reinforcement details, such as beam stirrups and column ties, without having to separately enter
the vertices of each reinforcement path.
= Reps

Enter the number of repetitions of the reinforcement path.
= Dx

Enter the translation in the x direction between successive paths, from the defined vertices.
= Dy

Enter the translation in the y direction between successive paths, from the defined vertices.
Click Add Truss to store the reinforcement path(s). The reinforcement path(s) are added to the

list and appear in the Workspace as red lines.

To Modify a Reinforcement Path, complete the following steps.

1.

Select the reinforcement path in the list box. The selected path appears highlighted and its current
attributes are displayed in the entry fields.
Modify the attributes of the region. With regard to the path itself, vertices can only be added.

Click Update Truss to store the changes.

To Delete a Reinforcement Path, complete the following steps.

1.

Select the reinforcement path in the list box. The selected reinforcement path appears highlighted
and its current attributes are displayed in the entry fields.

Click Delete Truss. The selected reinforcement path is removed from the list box and disappears
from the Workspace. The remaining reinforcement paths are renumbered. Alternatively, click

Delete All Truss to remove all defined reinforcement paths.
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10.4.7.3 Voids

The third step is to define Voids, if any, in the reinforced concrete regions, if any. As examples,

voids may represent an opening such as a window, the space between framing members, or the cavities of

cellular structures. Like Concrete Regions, each void is defined as a polygon. No elements of any type are

created within the void. The void boundary assumes the meshing parameters of the surrounding concrete.

The guidelines for defining voids are as follows:

The void is defined by a nontrivial closed polygon.

The vertices defining the voids are defined in cyclic clockwise order.

The edges of the void must be simple and not self-intersecting.

Voids can transverse reinforced concrete regions and reinforcement paths. It is not necessary to

define intersection points.

To Define a Void, complete the following steps.

1.

Select the Voids & Constraints property page of the Define and Mesh Structure property sheet,

as shown in Figure 128.

In the Voids group, click Create New Void to start a new void. To abort the void at any time,

click the same button, which is now labeled as Cancel New Void.

Complete the following procedure to define the void.

i) Enter the fields defining the location of the void vertices, in clockwise order. It is necessary to
define only the vertices at the ends of the void segments. If desired, one can also define
intermediate vertices to enforce the location of nodes on the void boundary. Indeed, by doing
so, and selecting the Do Not Discretize manual override option, it is possible to designate the
location of all nodes on the void boundary.

= The X, Y, Reps, Dx and Dy fieclds have the same meaning as for defining regions.

ii) Click + after each vertice entry, except the last. After the last vertice, click Close.
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Figure 128: Voids and Constraints
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4. Click the Do Not Discretize option to prevent FormWorks from creating additional nodes on the

void boundary other that those specified as vertices. Use this option to control the void boundary

discretization.

5. Near the top of the Void group, complete the following entry fields to create multiple voids,

offset by constant displacements. This is a convenient way to define repetitive voids, such as
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evenly spaced equal-sized openings in frame structures, without having to separately enter the
vertices of each void.
= Reps
Enter the number of repetitions of the void.
= Dx
Enter the translation in the x direction between successive voids, from the defined vertices.
= Dy
Enter the translation in the x direction between successive voids, from the defined vertices.
6. Click Add Void to store the void(s). The void(s) are added to the list and appear in the
Workspace as polygons composed of dashed blue lines.
To Delete a Void, complete the following steps.
1. Select the void in the list box. The selected void appears highlighted and its current attributes are
displayed in the entry fields.
2. Click Delete Void. The selected void is removed from the list and disappears from the
Workspace. The remaining voids are renumbered. Alternatively, click Delete All Voids to

remove all defined voids.

10.4.7.4 Line Constraints

The fourth step is to define Line Constraints, if any, in the reinforced concrete regions. Line
constraints are used to create material type boundaries or any other type of conformal edge inside within
the reinforced concrete region. FormWorks constrains element edges to line-up with line constraints. As
such, it is not necessary to define reinforced concrete regions for every localized change in material type.
Instead, larger regions containing several regions can be defined and different material types can be
assigned within the region after the mesh is created. Line constraints assume the meshing parameters of
the surrounding concrete. The guidelines for creating line constraints are the same as those for

reinforcement paths.
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To Define a Line Constraint, complete the following steps.

1.

Select the Voids & Constraints property page of the Define and Mesh Structure property sheet,
as shown in Figure 128.

In the Line Constraints group, click Create New Line to start a new line constraint. To abort the
constraint at any time, click the same button, which is now labeled as Cancel New Line.

Define a line constraint in the same manner that reinforcement paths are created, by entering the
location of vertices and clicking +.

Click the Do Not Discretize box to prevent FormWorks from creating nodes along the line
constraint, other than those specified as vertices. Use this option to control the line constraint
discretization.

Near the top of the Line Constraints group, complete the Reps, Dx, and Dy entry fields to create
multiple line constraints, offset by constant displacements. This is a convenient way to define
repetitive line constraints, without having to separately enter the vertice of each line constraint.
Click Add Line to store the line constraint(s). The line constraint(s) are added to the list and

appear in the Workspace as dashed green lines.

To Delete a Line Constraint, complete the following steps.

1.

Select the line in the list box. The selected line appears highlighted and its current attributes are
displayed in the entry fields.

Click Delete Line. The selected line is removed from the list and disappears from the Workspace.
The remaining lines are renumbered. Alternatively, click Delete All Lines to remove all defined

line constraints.

10.4.7.5 Point Constraints

The fifth step is to define Point Constraints, if any, in the reinforced concrete regions. A node is

always created at the location of a point constraint. Point constraints have three possible uses. First, point

constraints can be used to specify the exact locations of restraints, nodal loads or support displacements



261

acting on the structure. Second, point constraints can be used to locally refine a mesh by placing nodes at
a finer resolution than the specified element sizes for enclosing reinforced concrete region. Finally, it is
possible to fully control the mesh discretization by specifying the location of all nodes with point
constraints and selecting the Do Not Discretize override options in the preceding sections. This technique
would resemble the Manual Method for creating nodes and elements, except that neither the nodes nor
elements need to be manually numbered. The guidelines for creating point constraints are as follows:

= Point Constraints may be placed anywhere, including a reinforced concrete region, on region

boundaries, on reinforcement paths, on void boundaries, or on line constraints.

= Point constraints that are not inside a reinforced concrete region are ignored.

To Define Point Constraints, complete the following steps.
1. Inthe Point Constraints group, complete the following fields. Figure 129 shows an example.
= X
Enter the x coordinate of the point constraint, in millimeters.
=Y
Enter the y coordinate of the point constraint, in millimeters.
= Reps
Enter the number of points in the row/column.
= Dx
Enter the spacing of successive points of a row/column in the x direction, in millimeters.
= Dy
Enter the spacing of successive points of a row/column, in the y direction, in millimeters.
= Restrain X
Check this option to create a support restraint in the x direction for the point constraint(s).
= Restrain Y
Check this option to create a support restraint in the y direction for the point constraint(s).

2. Click + to store the point constraint(s). Point constraints appear in the Workspace as green dots.
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Figure 129: Example of point constraint creation

To Delete a Point Constraint, complete the following steps.
1. Select the point constraint in the drop list. The selected point constraint appears highlighted.
2. Click —. The selected point is removed from the list and disappears from the Workspace. Clicking
— will remove point constraints one at a time. Alternatively, click —All, to remove all the point

constraints at once.

10.4.7.6 Generating the Mesh

Once the concrete regions, reinforcement paths, voids, line constraints and point constraints have

been defined, the mesh can be generated.

To Generate the Mesh, complete the following steps.
1. Select the Create Mesh property page of the Define and Mesh Structure property sheet, as

shown in Figure 130.
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Figure 130: Mesh Creation Page
Check the Bypass Edge Constraint Check to speed-up the meshing process by not explicitly

checking the conformity of element edges with the various boundaries and constraints. Generally,
this option should not be checked, especially for regions that are not strictly convex.

Click Create Mesh. The meshing generation proceeds until complete as indicated by the status
bar. In the Mesh Information group, the Mesh column indicates the number of nodes, elements

and restraints required by the meshed region. The Total column indicates these values plus the
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number of nodes, elements and restraints already defined in the Structure Data. The Limit Check
indicates whether the Structure Limits have been exceeded.

Inspect the resulting mesh in the Workspace view. If the Structure Limits have been exceeded or
elements are misshapen, modify the meshing parameters or redefine the regions, reinforcement
paths, voids, and constraints as necessary. Then, repeat Steps 1 to 3. When using the Grid
Superposition method or Division Point Insertion discretization types, judiciously adding point
constraints often provides a simple correction.

If the mesh is acceptable, click Add Mesh to Structure and close the Define and Mesh
Structure property sheet. The nodes, elements and restraints are then stored in the Structure Data.
The regions, reinforcement paths, voids and constraints are stored for future revision whenever
the Define and Mesh Structure property sheet is reopened.

If necessary, refine material type assignments and add support restraints to the new mesh using

the Manual Method to complete the Structure Data.
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11 The Load Case Data

The third step in creating the input is to define the data for one or more load cases. As previously
described, all the loads belonging to a load case are multiplied by the load factors defined for that load

case in the Job Data.

11.1 Load Limits

VecTor2 limits the number of loads acting on nodes and elements in each load case. These limits
vary with the version of VecTor2. To view these limits, select the Load/Load Limits menu item. The

Load Limits dialog box appears as shown in Figure 131.

-~

Load Limits

Maxirumn nurber of nodal loads and — 2qp
support dizplacements [combined]:

b asirnumn number of gravity, 20
temperature, concrete prestraing and
ingress pressures loads [combined]:

| k. | Cancel

Figure 131: Load Limits Dialog Box

11.2 Selecting the Load Case % ﬁ % %

Before assigning any loads, select the Load/Select
Load Case [n] menu item or click the Load Case [n] tool bar button to choose the load case to which the

loads will be added. Only the load cases that are active in the Job Data may be selected.

11.3 Load Information

Select the Load/Load Information menu item or click the Load Information toolbar “

button to view the number of defined loads of each type for the current load case. The Load
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Information dialog appears as shown in Figure 132.

Load Information I&

Load Caze Title: Enter load case title
Load Caze Number: 1
Load Caze File Mame: Cazel
Structure Title: Enter Structure Title
Loadings
Mo, of Modal Loads: 0

Mo, of Support Displacements: 0

Mo, of Elements with
Gravity Loads:
Element Temperature:;
Concrete Prestraing:

Ingress Pressures:

o0 o o O O

Mo, af Element Surfaces with
Themmal Load:

Mao. of Modes with

Lumped Mazz 1506

Impulze Forces: 0

Ground Acceleration Recard: Mone

k. | Cancel

Figure 132: Load Information Dialog Box

+
11.4 Nodal Loads = !‘

These loads are concentrated forces acting in either the x or y directions, on individual nodes.
To Add Nodal Loads, complete the following procedure.
1. Select the Load/Apply Nodal Loads menu item or click the Nodal Loads toolbar button. The

Apply Nodal Loads dialog box appears as shown in Figure 133.



267

Apply Modal Loads

Caze node  Fx Fu HBhnodes drnode dFx  dFyp Total

1 [T [o [o [T [1 [0 [0 [Aoob] Select|O
| =] ette | Done |

Figure 133: Apply Nodal Loads Dialog Box

Specify the nodes and nodal loads by one of the following two methods.

To Select Nodes by Node Number

Complete the Node, #nodes and dnode entry fields to select the desired nodes. The node
selection method is similar to specifying node numbers when creating nodes. Specify the loads.

= Fx

Enter the force acting on Node in the x direction, in kN. Positive values act in the direction of the
positive x axis, while negative values act towards the negative x axis.

* Fy

Enter the force acting on Node in the y direction, in kN. Positive values act in the direction of the
positive y axis, while negative values act towards the negative y axis.

= dFx

Enter the increment of the force Fx, acting on successively selected nodes, in kN.

= dFy

Enter the increment of the force Fy, acting on successively selected nodes, in kN.

Alternatively, to Select Nodes with the Mouse:

Click Select. The mouse cross-hairs become a pick arrow. Position the pick arrow over nodes to
be selected and click the left mouse button. The selected nodes are highlighted in bright green.
Enter the values for Fx and Fy, as described above. The same force is applied to all selected
nodes.

Click Apply or type Enter. The applied nodal loads are drawn in the Workspace and added to the

drop list in the dialog box.
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Nodal loads can be modified by repeating the above procedure. Previously applied nodal loads
will be overwritten. Nodal loads can be deleted by selecting them either from the drop list or by using

the mouse, then clicking Delete.

11.5 Support Displacements

These loads are imposed displacements of nodes of the structure.
Select the Load/Apply Support Displacements menu item or click the Support Displacements

toolbar button. The Apply Support Displacements dialog box appears as shown in Figure 134.

-

Apply Support Displacements

Case hode d.of. dizplacement # node: d node Tatal

T [0 weyc | 0 EB E bpply | Seleet | 0
1 j 1 Daone

Figure 134: Apply Support Displacements Dialog Box

The procedure for adding support displacements is similar to that for adding nodal loads. The unique
entry fields are described as follows.
= D.OF. X)Y
Select either the X or Y direction for the nodal displacement. Separate entries must be made to
displace the node is both degrees of freedom.
= Displacement
Enter the imposed displacement of the nodes, in millimeters. Enter positive values for
displacements in the direction of the positive X or Y axis, and negative values for displacements

in the direction of the negative X or Y axis.



269

11.6 Gravity Loads C

Gravity loads are applied to rectangular, quadrilateral and triangular elements to include the
weight, W, of the element, as follows.
W.=+GX -9.81-p-V (11.6.1a)

W,=-GY-9.81-p-V (11.6.1b)

where, W, and W, are the components of the weight acting in the X and Y directions, respectively, GX
and GY are the G-forces acting in the X and Y directions, respectively, p is the mass density of the
reinforced concrete, and V is the volume of the element. The weight components are then evenly

distributed as nodal loads among the nodes of the element.

To Apply Gravity Loads, complete the following procedure.
1. Select the Load/Apply Gravity Loads menu item or click the Gravity Loads toolbar button.

The Apply Gravity Loads dialog box appears as shown in Figure 135.

Apply Gravity Loads

Case elmt DEMS [ka/m3] G &Y # elmtz d elmt # elmtz d elmt Total

1 Ll | o [ o |1 I1|1]1]1Select|:|
| L] [Delet Done

Figure 135: Apply Gravity Loads Dialog Box

2. Specify the elements and gravity loads by one of the following methods:
To Select Elements by Element Number
Complete Elmt, #elmts and delmt entry fields to select the desired concrete elements. The
element selection method is similar to specifying element numbers when creating elements.
Specify the loads.
= Dens

Enter the mass density of the reinforced concrete element, in kg/m’.
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= Gx

Enter the G-force acting in the x direction. Enter positive values for gravity forces acting in
the direction of the positive x-axis. (If the x-axis of the Workspace is parallel to the ground,
this value is typically zero. Otherwise, if the coordinate axis has been rotated so that the x-
axis is not parallel to the ground, a nonzero value can be used to specify a component of the
gravitational force.)

= Gy
Enter the G-force acting in the y direction. Enter positive values for gravity forces in the
direction of the negative Y-axis. (If the y-axis is perpendicular to the ground, this value is
typically positive one. Otherwise, if the coordinate axis has been rotated so that the y-axis is
not perpendicular to the ground, a nonzero value can be used to specify a component of the

gravitational force.)

Alternatively, to Select Elements with the Mouse:
Click Select. The mouse cross-hairs become a pick arrow. Click the left mouse button and drag
the pick arrow over the elements to be selected. The selected elements are highlighted in bright
green. Enter the values for Gx, Gy and Dens as described above.

3. Click Apply or type Enter. The applied gravity loads are drawn in the Workspace and added to

the drop list in the dialog box.

Gravity loads can be modified by repeating the above procedure. Previously defined gravity loads
will be overwritten. Gravity loads are deleted by selecting them either from the drop list or by using the

mouse, then clicking Delete.
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11.7 Temperature Loads I

Temperature loads are applied to rectangular, quadrilateral, and triangular elements and truss bar
elements. The applied temperature loads model only expansion and contraction effects of temperature

gradients. VecTor2 incorporates temperature loads by converting them to elastic strain offsets, as follows:

o, &0, vo [+ =[a.-AT a -AT 0] (11.7.1)
el =, - AT (11.7.2)

where €2 and € are elastic strain offsets for the concrete and reinforcement, respectively, o, and o are

the coefficients of thermal expansion for concrete and reinforcement (defined as material properties) and

AT is the temperature load acting on the element.

Select the Load/Apply Temperature Loads menu item or click the Element Temperature toolbar

button. The Apply Temperature Loads dialog box appears as shown in Figure 136.

-

Apply Elerment Temperature

Caze elmt temp # elmtz d elmt dtemp # elmtz d elmt d temp Tatal

1 [ [ o [r [0 EEREE [ Apply | Select | 0
| j Dane

S ——————————————————

Figure 136: Apply Temperature Loads Dialog

The procedure for adding temperature loads is similar to that for adding gravity loads. The unique
entry fields are described as follows.
= Temp
Enter the temperature, AT, of the source element with respect to the temperature of unloaded
elements, in °C.

= dtemp
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Enter the increment in temperature, in °C, between successive elements in the row/column.

Temperature loads can be modified by repeating the above procedure. Previously defined
temperature loads will be overwritten. Temperature loads are deleted by selecting them either from the

drop list or by using the mouse, then clicking Delete.

11.8 Concrete Prestrains

2k

Concrete prestrain loads are applied to rectangular, quadrilateral and triangular
elements. Example applications of concrete prestrains include negative shrinkage strains or positive
expansive strains due to alkali-aggregate reactivity. VecTor2 directly incorporates the prestrain load as an

elastic strain offset as follows:
o o o T
o2, €0, vcxy] +=le, e, o] (11.8.1)
where €? is elastic strain offsets of the concrete, and ¢, is the applied prestrain load. As such, the load

translates the concrete stress-strain response by a strain amount equal to the specified prestrain.

Select the Load/Apply Concrete Prestrains menu item or click the apply Concrete Prestrains

toolbar button. The Apply Concrete Prestrains dialog box appears as shown in Figure 137.

~ o

Apply Concrete Prestrains

Caze elmt  zhain Helmtz delmt dztrain # elmtz d elmt d strain Total

1 [ o [1 1o El EN E [ Apply | 5elect |0

Figure 137: Apply Concrete Prestrains Dialog Box

The procedure for applying, modifying and deleting concrete prestrain loads is similar to that for
applying temperature loads. The unique entry fields are described as follows:
= Strain

Enter the prestrain value, in millistrain. For instance, enter a negative value for shrinkage strains.
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= d strain

Enter the increment in prestrain between successive elements in a row/column.

=+
11.9 Ingress Pressures .,:-_':'::"

Ingress pressure loads are applied to rectangular, quadrilateral and triangular elements.
When the element is cracked, the pressure acts on the out-of-plane dimension in a hydrostatic state.
VecTor2 multiplies the specified pressure by the out-of-plane area of each edge of the membrane element

to determine equivalent nodal loads in the x and y directions.

Select the Load/Apply Ingress Pressures menu item or click the Ingress Pressures toolbar

button. The Apply Ingress Pressures dialog box appears as shown in Figure 138.

=

Apply Ingress Pressures

Caze elmt prezsure # elmtz d elmt d prezsure # elmtz d elmt d pressune Total

= I EE R EN El EN E [ Apply | Select | g

Figure 138: Apply Ingress Pressures Dialog Box

The procedure for applying, modifying and deleting ingress pressures is similar to that for
applying temperature loads. The unique entry fields are described as follows:

=  Pressure

Enter the ingress pressure acting on the element, in MPa.

=  dPressure

Enter the increment in ingress pressure between successive elements selected in a row/column.

11.10 Nodal Thermal Loads

ke

Nodal thermal loads are time varying temperature loads applied to the surface of rectangular,



quadrilateral, and triangular elements. These loads are to be used with the time step analysis mode.

Types of Thermal Loads
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In VecTor2, there are 5 types of thermal loads, specified in FormWorks by entering type number 1-5 in

the Apply Nodal Thermal Loads dialog box. The different thermal profiles are outlined in Figure 139.

Load Entry Fields in Load File Load
Type
P Mode | Type | Tml | Tpl | Tm2 | Tp2 | Tm3 | Tp3 Plots
& T Steadv-State
1 - 1 + Constant Tpl
T
T
2 n 2 i + + i n 1 [T!Lf_?*-_TEJ}_ Constant
(Tml, Tpl—"" I
i (Tm3 Tp3)
A7
Comparanent Simplified Fire Modal
[]
Horizontal  ——— Symmerrical
Wik decay
£ T IS N U U o Tl
. /‘\:;31:1-35433
/ Jull development "\
#(Tm, Tpl) \
! =(305,255C) it
‘ ks e
'y ___f_-__
3 STM-F119 Firs Mods
4 + 4 _
/ raa0s1s00- o ENY L0 17
+ Ls _
£ --’(d_.-—__ :
B 150-E34 Fire Modal
5 + 5
T =20+ 345log; (480 + 1)
1. “+7 indicates the field that iz used in load definition;
2. Load types 2-3 are transient analyses wlule type 1 1s steady-state one.
Notes: 3. Full development curve in load type 3 1s based on ASTM-E119 during the range of
B 253C-1064C; and the decay curve 1s symmetrical with development one about the peak
point.
4. Standard fire curves in load types 4 and 3 have no ends.

Figure 139: Thermal profiles in VecTor2 (Zhou, 2004)
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To apply Nodal Thermal Loads, complete the following steps.

1. Click the Nodal Thermal Loads toolbar button. The Apply Nodal Thermal Loads dialog box
appears as shown in Figure 140.

2. Specify the nodal thermal loads by one of the following methods.

. il

Apply Nodal Thermal Loads

Caze node twpe  Tml Tpl Tm@ Tp2 Tm3 Tp3 # nodes d node # nodez d node Tatal
1 o o o o o o [T T [ Aoy | Selest
| ﬂ Done

Figure 140: Apply Nodal Thermal Loads Dialog Box

To Select Surfaces by Node Number
Complete the Node, #Nodes, and dNode inputs to select the desired concrete elements. Specify the Type

of thermal load, and the applicable Tmi and Tpi.

Alternatively, to Select Surfaces with the Mouse:
Click Select. The mouse cross-hairs become a pick arrow. Position the pick arrow over the free surfaces
of the structure to be selected and click the left mouse button. The selected free-surfaces are highlighted

in bright green. Enter the Type of thermal load, and required Tmi and Tpi.

Note that for thermal load types 4 and 5, the standard fire models, require no user input of time-

temperature data.

3. Click Apply or type Enter. The applied nodal thermal loads are drawn in the Workspace and

added to the drop list in the dialog box.
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Nodal thermal loads can be modified by repeating the above procedure. Previously defined nodal thermal
loads will be overwritten. Nodal thermal loads are deleted by selecting them either from the drop list or

by using the mouse, then clicking Delete.

11.11 Lumped Masses

Impact loads can be modeled with lumped masses when the structural mass is known; this is
typically the case where dropped weights are used. When modeling lumped masses, the structural mass
is lumped at the nodes, and is specified using the Apply Lumped Masses option in FormWorks. The most
general way to calculate the nodal masses is to calculate the mass of an element and divide it by the
number of nodes; more than one element can contribute to an individual nodal mass. Currently in
VecTor2, the density entered in the Concrete Material Properties section is not converted to nodal mass
automatically, but is included as static self-weight loads. If a non-zero GF-X or GF-Y is specified for the
lumped mass, and the default concrete density is assumed, the self-weight will have been double counted.
It is recommended that when using non-zero static load multipliers with lumped masses, that a very small
positive density be used to avoid double counting.

To Apply Lumped Masses, complete the following procedure.

1. Select the Load/Apply Lumped Masses menu item or click the Lumped Masses toolbar

button. The Apply Lumped Masses dialog box appears as shown in Figure 141.

Apply Lumped Masses

Caze  node DaF b azz (ko] GF# GFY  Wow Vot Brnode: dnode Tatal
1 g77 ®MYM Jom o0 |4 |0 |0 L1 Apply | Select | 2358

- Delete Done

0560 0000 -1.000 0000 0000

il 1 1
g8/82 » ¥ 0BE0 0000 -1.000 0000 0000 1 1
873 x ¥ 058E0 0000 -1.000 0000 0000 1 1
880 x ¥ 0BE0 0000 -1.000 0000 0000 1 1 i
97 W Y NRRO nnnn a0 nnon o nnnn 1 1

Figure 141: Apply Lumped Masses Dialog Box

2. Specify the nodes and lumped masses by one of the following methods:

To select nodes by node number
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Complete Node, #Nodes, and dNodes entry fields to select the desired nodes. Specify the

loads.

DOF-X

If the mass is activated in the x-direction, check this box. Otherwise, leave it unchecked.
DOF-Y

If the mass is activated in the y-direction, check this box. Otherwise, leave it unchecked.
Mass (kg)

Enter the nodal mass in kg.

GF-X

Enter the multiplier for the static load in the x-direction. This converts the nodal mass to a
force and applies it as a static load in the x-direction. Typically, values of +1 or -1 are used to
consider self-weight. For the conversion into a force, g=9.81 m/s” is used.

GF-Y

Enter the multiplier for the static load in the y-direction. In order to specify a gravity load
downward, the direction must be specified as -1.

Vo-X

Enter the contact velocity (the initial velocity) of the lumped mass in the x-direction.
Vo-Y

Enter the contact velocity of the lumped mass in the y-direction. A downward velocity is

specified with a negative.

Alternatively, to Select Nodes with the Mouse:

Click Select. The mouse cross-hairs become a pick arrow. Click the left mouse button and
drag the pick arrow over the elements to be selected. The selected elements are highlighted
in bright green. Enter the values for DOF-X, DOF-Y, Mass (kg), GF-X, GF-Y, Vo-X, and

Vo-Y as described above.
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Lumped masses can be modified by repeating the above procedure. Previously defined
lumped masses will be overwritten. Lumped masses can be deleted by selecting tem from the

drop list or by using the mouse, then clicking Delete.

11.12 Impulse Forces [i?t

Impulse loads are time varying nodal forces. In VecTor2, up to 20 impulse forces can be input
for a given node, and VecTor2 does not make any assumptions about the force returning to zero.
VecTor2 does assume that the impulse starts at t=0 at F=0 kN, and will connect the origin to the first
point with a straight line. After defining the impulse in FormWorks, there is the option to display the

impulse force for a given node, as shown below.

Impulse Force Graph —
Force[kN]

5 Mode: 1
DOF: %

3]

1]

0 , : : , ¢ Time(s]

1 2 3 4 b
1

Figure 142: Impulse forces in VecTor2

When modeling the impulse from a blast, if the impact load-time history is not previously known,

VecTorBlast can be used to determine the impulse forces at different locations of the structure.

Note that for impulse loads, nodal/lumped masses must be specified in order for a dynamic
analysis to occur. The lumped masses do not need to be assigned any initial speed or acceleration,

however, masses only need to be assigned to the required nodes.
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Select the Load/Apply Impulse Loads menu item or click the Impulse Loads toolbar button.
The Apply Impulse Loads dialog box appears as shown in Figure 143. The figure shows the points that
must be input to produce the graph shown in Figure 142.

Apply Impulse Forces

Caze node #nodes dnode d.af. T F Tatal

1 11 | sy oo 0 4 Apply | Select
1 1 1 % 0.00000,0.00000 Graph | Delete | Dane |
1 1 1 ¥ 2000 5000
1 1 1 ¥ £.000,1.000
1 1 1 ¥ £.000,0.00000

Figure 143: Apply Impulse Forces Dialog Box

The procedure for applying impulse loads is similar to that for applying nodal loads and support
displacements. The unique entry fields are described as follows.
= dof
Select either the x or y direction in which the impulse force acts.
= Ti
Enter the time, in seconds, corresponding Fi.
= Fi
Enter the force, in kN, corresponding Ti. Positive forces act in the direction of the positive

axes.

Impulse loads can be modified by repeating the above procedure. Previously defined impulse
loads will be overwritten. Impulse loads are deleted by selecting them either from the drop list or by using

the mouse, then clicking Delete.

Note: A total of 20 points can be defined for each node.
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11.13 Ground Acceleration Loads i -I

Ground acceleration loads may be specified to subject the structure to seismic-type loads. As
mentioned previously, there are two methods for specifying the ground acceleration in VecTor2. Ground
acceleration in terms of time and x- and y-accelerations can be input through FormWorks using the Apply
Ground Acceleration Load window. Alternatively, ground acceleration can be input using a
VECTOR.EQR file.

To specify user-defined Ground Acceleration Loads, complete the following steps.

1. Select the Load/Apply Ground Acceleration menu item or click the Ground Acceleration

toolbar button. The Apply Ground Acceleration dialog box appears as shown in Figure 144.

-,

Apply Ground Acceleration Load

Caze Time [z] BAoo s mds2] oo mds)

L I T
| Li Dione

Figure 144: Apply Ground Acceleration Load Dialog

2. Specify the ground acceleration record by completing the following fields.
= Time
Enter the time, in seconds.
= AccX,Y
Enter the ground acceleration in the x and y directions, in m/s*, occurring at the above time.
3. Click Add or type Enter.
4. Repeat Steps 2 to 4 to enter the remainder of the ground acceleration record. The acceleration
record should conclude with a final entry with a time of 99 999 seconds.
Ground accelerations can also be specified using the VECTOR.EQR file.
The earthquake record should be available online as a text file. Online earthquake record databases

include:
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Pacific Earthquake Engineering Research Center-Ground Motion Database

http://peer.berkeley.edu/smcat/

Pacific Earthquake Engineering Research Center: NGA Database

http://peer.berkeley.edu/nga/

Incorporated Research Institutions for Seismology

http://www.iris.edu/

Cosmos Virtual Data Center

http://db.cosmos-eq.org

After downloading the earthquake record, it must be renamed as VECTOR.EQR and put in the same
folder as the other input files. The VECTOR.EQR file must be of the following format (Saatci and

Vecchio, 2007):

P VECTOR.EQR - Notepad

Flz Edit Format WView Help

{ — |4

= "MORTHRIDGE EARTHOUAKE = SANTA MOMICA, CITY HALL GROUNDS"
®_ "JANUARY 17, 1994, 04:31 PST"

"CORRECTED ACCELEROGRAM, CHAMMEL 1, 90 DEGREES, CDMG QNO4AS3E"

_|"SOURCE: WISEE, U.Z. BERKELEY, CALIFORNIA™
-@—_ 2000 0.02 B CM
. 3000 0.02 B CM
\JD— 3000 0.02 B CM
3000 POIHNTS OF ACCEL DATA EQUALLY SPACED AT 020 SEC. (UNITS: CM/SEC/SEC]

@}I 2321 1.847 N:17] -.188  -1.492 - 155 1.5% 1,445
1.468 . 234 -1.725 -. 507 331 .0l14 1.031 1.911

Figure 145: input file format of VECTOR.EQR file

1. Number of lines to be skipped containing supplementary information.
2. Lines containing supplementary information.
3. Information: total number of data points, time increment, number of data points/row, data

unit
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4, Three lines to be skipped. (contain supplementary info)

5. Acceleration data for earthquake event in row-wise order.

Note that when the ground acceleration is entered using the VECTOR.EQR file, the Ground Acceleration
option in the Auxiliary tab of the Define Job window must be set to “Considered”. Further, no Ground

Acceleration Record should be specified in FormWorks when using a VECTOR.EQR file.
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12 Running VecTor2

Once the Job, Structure and Load Case Data have been properly defined, it is possible to start the

VecTor2 analysis. Complete the following steps to proceed with the VecTor2 analysis.

12.1 Starting the Analysis

1. As described in Section 8.4.3, save the FormWorks Workspace file by selecting the File/Save
menu item or clicking the Save toolbar item. It is recommended that .FWK file be saved in the
directory containing the FormWorks application.

2. Select the Analysis/Run VecTor2 Processor menu item or click the Run VecTor2
Processor toolbar button.

3. FormWorks presents the option to attempt to reduce the bandwidth. A reduced bandwidth
decreases the computation time by renumbering the nodes in a more computationally efficient

manner. If No is selected, proceed to Step 4. If Yes is selected the Bandwidth Reduction dialog

appears as shown in Figure 146. Complete the following procedure.

-~

Bandwidth Reduction

Target kasimurn B andwidth: 100

M axiriumn Mo. of [terations: 1

Progress:

Select start to begin bandwidth reduction...

Start

Save files with revizsed node numbering?

Mo

Figure 146: Bandwidth Reduction Dialog Box
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vi)
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Click Start. FormWorks determines the bandwidth of the mesh and displays it as Original

Bandwidth.

Enter a value for the Target Maximum Bandwidth. Choose a trial value less than the
original bandwidth.

Enter a value for the Maximum No. of Iterations. This controls how many iterations
FormWorks attempts before pausing the bandwidth reduction algorithm. Begin with a value
approximately equal to one tenth of the number of nodes in the structure.

Click Resume. The bandwidth reduction proceeds and stops when either the bandwidth is
less than the Target Maximum Bandwidth, or the Maximum Number of Iterations is reached.
Inspect the Current Bandwidth of the structure. The iterative bandwidth reduction algorithm
used by FormWorks may converge slowly for some numbering schemes, resulting in an
initial increase of bandwidth followed by substantial reductions. In this case, additional
iteration is required. For some numbering schemes, it may actually increase the bandwidth. In
this case, click No and proceed to Step 4.

Repeat steps ii to v, and until an acceptable bandwidth is achieved or further iterations do not

reduce the bandwidth.

vii) If the bandwidth reduction is acceptable, click Yes. Otherwise, click No to proceed with the

original node numbering.

The Save Job File dialog appears. The job file must be saved as Vector.job for analysis. Select

the directory corresponding to that containing the FormWorks and VecTor2 program and click

Save.

The Save Structure File dialog appears. Accept the structure file name, as assigned in the Job

Data. Click Save.

For each load case, the Save Load Case File dialog appears. Accept the load case file name, as

assigned in the Job Data. Click Save.
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The VecTor2 analysis proceeds as shown in Figure 147. Providing there are no errors in the input, the
analysis proceeds until all specified load steps are performed, or until the stiffness matrix is no longer

invertible.

B3 C:\PROGRA~1WecTor2WT2.EXE

LOAD STAGE Mo.: i
Load case Factor
EMiB8 B.888

S M B B M M M M M M M M M M M M M M M M M M M M M M M

Iteration Convergence
i.600668
2 1. 8086608

STORING LOAD STAGE RESULTS IW ASCII FILE: BM_B1.AZE

. M B M M M M M M M M M M M M M M M M M M M M M M M M

=
LOAD STAGE Mo.: 2 *

Load case Factowr *
BEM188 A.188 *
=

M B M M M M M M M M M M M M M M M M M M M M M M M M

Iteration Convergence
1.6846236

Figure 147: VecTor2 Analysis Proceeding

12.2 Example 1: Simply Supported Beam

A simple example is presented in this section for the FormWorks modeling procedure. This example
is not intended to rigorously analyze and interpret the results, but rather to illustrate a possible means of
discretization and model selection.

It is proposed to determine the ultimate load and corresponding deflection of the reinforced concrete
beam shown in Figure 148 subject to center point loading, as tested by Shim (2002). VecTor2 input files,
which are equivalent to those used in this example, are provided in Appendix A.

The Hognestad model was selected for both the pre and post-peak compression response, with the
Vecchio 1992-A compression softening model. The Bentz 2003 model was selected for tension stiffening.
A crack width limit of 2 mm was imposed and element slip-distortions were included with the Hybrid II

Vecchio-Lai model.
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v 2-No. 10, As =200 mmz, db =11.3 mm, fy = 315 MPa, fu = 460 MPa
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361 d
/ 2-No. 25. As= 1000 mm* db = 25..2 mm. fy = 445 MPa. fu = 680 MPa
63 v i / 2 -No. 30, As = 1500 mm?, db =29.9 mm, fy =436 MPa, fu =700 MPa
63 5
|<—>| Concrete: f'c =32.6 MPa, f't = 1.819 MPa, eo = 1.902 me

All dimensions in mm

Figure 148: Reinforced Concrete Beam

It is decided to model the beam with rectangular elements for the concrete, and truss bar elements for
the longitudinal reinforcing bars. Two reinforced concrete material types are utilized. One type represents
the plain concrete cover. The other type models the web region of the beam with one smeared
reinforcement component, which represents the stirrup reinforcement. Three ductile steel reinforcement
material types are utilized; one each for the pair of No. 10 bars, the pair of No. 25 bars, and the pair of
No. 30 bars.

As both the beam and the loading conditions are symmetrical about the midspan, only half of the
beam needs to be modeled. The automatic mesh generation facility with the hybrid discretization type was
used to create the mesh shown in Figure 149. Each pair of longitudinal reinforcing bars was entered as a
separate reinforcement path with its corresponding material type. Nodes at the midspan of the beam are
restrained from displacements in the longitudinal direction. The node at the support is restrained from

displacements in the transverse direction.
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Figure 149: FormWorks Model

One load case was utilized to impose a support displacement of 1 mm at the midspan. The load
factor was increased monotonically from zero to failure in increments of 0.25 mm. The self-weight of the
beam is not included.

VecTor2 determines the load vs. midspan deflection response as shown in Figure 150.
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Figure 150: Load versus midpsan deflection of reinforced concrete beam
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At the ultimate load corresponding deflection of 450 kN and 17 mm, respectively, VecTor2

determines the cracking pattern as shown in Figure 151.
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Figure 151: Crack pattern of reinforced concrete beam at ultimate load
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12.3 Example 2: SW22

This second example shows the FormWorks modeling and VecTor2 calculation of load-deflection
response for a shear wall. The shear wall, SW22, in this example was one of 13 shear walls tested under
axial load and monotonically increasing lateral load by Lefas et al in 1990 and modeled in Vecchio

(1992). The shear wall dimensions and reinforcement properties are illustrated in Figure 152.
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Figure 152: SW22

The vertical reinforcement consists of two layers of 8 mm-diameter bars at 62 mm spacing; horizontal
reinforcement consists of 6.25 mm-diameter bars at 115 mm spacing. A 140 mm wide internal column
was formed at the end of each wall. The yield strengths for the 8 mm and 6.25 mm bars were taken as

470 MPa and 520 MPa, respectively. The modulus of elasticity for the reinforcement was 210,000 MPa,
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with a strain hardening modulus of approximately 10,000 MPa, The concrete cylinder compressive
strength used in the model was 36.6 MPa; the tensile strength used was 2.16 MPa, with an initial tangent
elastic modulus of 32800 MPa. Poisson’s ratio was assumed to be 0.15. An axial load of 182 kN was

applied to the wall.

All reinforcement for SW22 was modeled as smeared reinforcement in VecTor2; there are no discrete

reinforcing bars in the model. The mesh for SW22 is shown in Figure 153.

Figure 153: FormWorks Model for SW22

As shown in the mesh, there are three concrete types. Type 1 is used in the centre of the shear wall, type
2 is used for the exterior columns, Type 3 is used for the base and top. The specific properties used for
each concrete material type can be found in the excerpt from the SW22 structure file.

The models used in the analysis of SW22 are summarized in Figure 154:
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r %
Define Job (]
Job Control  Models | Ausdfiary |
—Concrete Models
Compression Pre-Peat: [[EENEaEe ) ~]  Confined Strength: [Kupfer / Richart =~
Compression Post-Peak: II‘u'Iod'rﬁed Park-Kent j Dilation: IVariabIe - Kupfer j
Compression Softening: |Vecchio 1992-A (e1/e2-Form) v | Cracking Crterion: | Mohr-Coulomb {Stress) ~|
Crack Stress Calc: |Basic (DSFM/MCFT) j
Crack Width Check: | Aga/5.0 Max Crack Width |
Tension Stfening: [Modiied Bentz 2003 | Crack Slip Calo: [Walraven (Monctoric) |
Tension Softening: |Linear ~| Creep and Relaxation: |Not Available ~|
FRC Tension: | Nt Considered j Hysteretic Response: |Linsar w/ Plastic Offsets j
— Reinforcement Models Bond Models
Hysterstic Response: |Bauschinger Effect (Seckin) j
Dowel Action: | Tassios (Crack Slip) j Concrete Bond: | Eligehausen j
Buckling: | Dhakal-Maekawa 2002 |
Analysis Models
Strain History: IF'revious Loading Considered ;I
Strain Rate Effects: INot Considered j
Structural Damping: INot Considered ;I Reset Options
Geometric Nonlinearty: [-onsidersd j Basic |
Crack Process: ||,
nrem ;I Advanced |
QK I Cancel Apply

Figure 154: Models used for SW22

The load-deflection response for SW22 as calculated by VecTor2 is shown in Figure 155.
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Figure 155: Load-displacement response for SW22
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At the ultimate load condition of 20mm and 154kN, the crack pattern and deflected shape of SW22 are

shown in Figure 156.
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Figure 156: Deflected Shape and Final Crack Pattern for SW22
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13 Summary & Recommendations

13.1 Summary

User facilities have been presented for the two-dimensional nonlinear finite element analysis
program, VecTor2. These user facilities consist of program documentation for VecTor2 and a newly
developed preprocessor program called FormWorks. With the purpose of providing a basis for rational
usage, the program documentation has addressed the formulation and implementation of the VecTor2
program, its element library and its numerous constitutive models. The FormWorks program has been
developed to expedite the modeling process by providing a graphical interface for data visualization and
input, data checking procedures, a two-dimensional automatic mesh generator, and a bandwidth reduction
algorithm. In order to provide a high degree of user control, the automatic mesh generator is capable of
producing mixed element meshes and accommodating arbitrary material delineations, constraints, and

local variations in element size.

13.2 Recommendations

It is apparent that one of the fundamental challenges facing a user of a nonlinear finite element
program such as VecTor2 is the modeling process itself. Unless a generalized NLFEARC program exists,
it remains necessary to extract a portion of the structure to analyze, determine appropriate boundary and
loading conditions, and select appropriate analysis models. In this regard, the automatic mesh generator
provides convenience utility, but does not provide context to the analysis. This may be achieved by
implementing a catalog of common structural members in a preprocessor program with familiar boundary
conditions and recommended analysis models. Alternatively, it may be beneficial to implement
procedures that harmonize or automatically prescribe material models. Possibly, different material models

could be applied to different mesh regions depending on the predicted stress state.
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With regards to NLFEARC as a design tool, it would be beneficial to integrate NLFEARC into the

iterative design process. In this regard, the importance of graphical preprocessor facilities to efficiency
should not be discounted, particularly for NLFEARC programs that conduct three-dimensional analyses
or utilize more geometrically complex elements. Conceivably, the input interface could be CAD-based
and include mesh generators dedicated for finite element analysis. Other analysis procedures could also be
integrated to provide a means of verifying results against more conventional analysis methods or accepted

design standards.
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Appendix A — VecTor2 Input Files for Sample Problem 1
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VecTor.JOB
VER 3.5
* xk xk k Kk Kk Kk Kk * * * *x
* VECTOR *
* JOB DATA *
* x x *x *x * Kk * * * *x *x
Job Title (30 char. max.) : Enter Job Title
Job File Name ( 8 char. max.) : VecTor
Date (30 char. max.) : Enter Date
STRUCTURE DATA
Structure Type : 2
File Name ( 8 char. max.) : Struct
LOADING DATA
No. of Load Stages : 201
Starting Load Stage No. HE
Load Series ID ( 5 char. max.) : ID
Load File Name Factors
Case (8 char. max.) Initial Final LS-Inc Type Reps C-Inc
1 Casel 0.0000 50.0000 0.2500 1 1 0.0000
2 NULL 0.0000 0.0000 0.0000 1 1 0.0000
3 NULL 0.0000 0.0000 0.0000 1 1 0.0000
4 NULL 0.0000 0.0000 0.0000 1 1 0.0000
5 NULL 0.0000 0.0000 0.0000 1 1 0.0000
ANALYSTS PARAMETERS
Analysis Mode (1-2) : 1
Seed File Name (8 char. max.) : NULL
Convergence Limit (>1.0) : 1.000010
Averaging Factor (<1.0) : 0.600
Maximum No. of Iterations : 60
Convergence Criteria (1-5) : 2
Results Files (1-4) : 2
Output Format (1-3) : 1
MATERIAL BEHAVIOUR MODELS
Concrete Compression Base Curve (0-3) 1
Concrete Compression Post-Peak (0-3) 1
Concrete Compression Softening (0-8) 1
Concrete Tension Stiffening (0-6) 1
Concrete Tension Softening (0-3) 1
Concrete Tension Splitting (0-1) 0
Concrete Confined Strength (0-2) 1
Concrete Dilation (0-1) 1
Concrete Cracking Criterion (0-4) 1
Concrete Crack Stress Calculation (0-2) 1
Concrete Crack Width Check (0-2) 1
Concrete Bond or Adhesion (0-3) 1
Concrete Creep and Relaxation (0-1) 1
Concrete Hysteresis (0-2) 1
Reinforcement Hysteresis (0-2) 1
Reinforcement Dowel Action (0-1) 1
Reinforcement Buckling (0-1) 1
Element Strain Histories (0-1) 1
Element Slip Distortions (0-4) 1
Strain Rate Effects (0-1) 1
Structural Damping (0-1) 1
Geometric Nonlinearity (0-1) 1
Crack Allocation Process (0-1) 1

<<< JOB FILE NOTES>>>
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Struct.S2R
* kK kK kK kxk Kx *x K*x K*x K*x *x *x *x *x *x *x * * %
* VecTor?2 *
* STRUCTURE DATA *
* kK kK kK kxk k* k* * * K * * * * * * * * *
STRUCTURAL PARAMETERS
R R R R R R
Structure Title (30 char. max.) : Enter Structure Title
Structure File Name ( 8 char. max.) : Struct
No. of R.C. Material Types H
No. of Steel Material Types : 3
No. of Bond Material Types : 0
No. of Rectangular Elements : 418
No. of Quadrilateral Elements : 0
No. of Triangular Elements : 0
No. of Truss Bar Elements : 114
No. of Linkage Elements : 0
No. of Contact Elements : 0
No. of Joints : 468
No. of Restraints 0 13

MATERIAL SPECIFICATIONS

R R R R R R R R

(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE
MAT REF Ns T f'c [ £'t Ec el Mu Cc Agg Dens Kc ] [Sx Syl
TYP TYP # mm MPa MPa MPa me /C mm kg/m3 mm2/s mm mm

1 1 0 305.000 22.600 1.819 23770.000 1.902 0.150 0.000 20.000 2400.000

0.000 0.000 0.000

2 1 1 305.000 22.600 1.819 23770.000 1.902 0.150 0.000 20.000 2400.000
0.000 0.000 0.000
/
REINFORCEMENT COMPONENTS
MAT REF DIR As Db Fy Fu Es esh eu Cs Dep b/t
TYP TYP deg % mm MPa MPa MPa me me /C me

2 1 90.000 0.101 6.400 600.000 649.000 200000.000 4900.000 0.000 0.000

0.000 0.000
/

<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY

MAT REF AREA Db Fy Fu Es esh eu Cs Dep b/t
TYP TYP mm2 mm MPa MPa MPa me me /C me

1 1 200.600 11.300 315.000 460.000 200000.000 10.000 0.000 0.000 0.000
0.000

2 1 997.600 25.200 445.000 680.000 200000.000 10.000 0.000 0.000 0.000
0.000

3 1 1404.400 29.900 436.000 700.000 200000.000 10.000 0.000 0.000 0.000
0.000
/

<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS

MAT REF { Ao Ul U2 U3 S1 S2 S3 }/{ CPF Cmin No. HOOK }
TYP TYP mm~2 MPa MPa MPa mm mm mm 0-1 mm LYR 0/1
/

ELEMENT INCIDENCES

R R R R S

(A) RECTANGULAR ELEMENTS
<KLL' FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC)]/
1 38 39 27 26 1 1 1 1 1 1 /
2 14 26 27 15 1 1 1 1 1 1 /



(B) QUADRILATERAL ELEMENTS

<<<<K< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC)]/
/

(C) TRIANGULAR ELEMENTS

<<<<K< FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC)] /
/

(D) TRUSS ELEMENTS

<<<<LK< FORMAT >>>>>

ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC) ]/
419 2 14 1 1 1 1 1 1 /
420 14 26 1 1 1 1 1 1 /
421 26 38 1 1 1 1 1 1 /

(E) LINKAGE ELEMENTS
<<<<L< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC)
/
(F) CONTACT ELEMENTS
<< FORMAT >>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC)
/
MATERIAL TYPE ASSIGNMENT
khkhkkhkhkkhkhkkhkhkhkhkhkkhkhkkhkhkkhkhkkkhxkk*k
<<<<< FORMAT >>>>>
ELMT MAT ACT [ #ELMT d(ELMT)] [ #ELMT d(ELMT) ] /
1 2 1 1 1 1 1 /
2 1 1 1 1 1 /
1

2
3 2 1 1 1 1 /
/
COORDINATES
* ok ok ok ok ok ok ok ok ok ok
<NOTE:> UNITS: in OR mm
<<<<< FORMAT >>>>>
NODE X Y [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(X) d(Y) ] /
1 0.000 0.000 1 1 0.000 0.000 1 1 0.000 0.000
2 0.000 63.000 1 1 0.000 0.000 1 1 0.000 0.000
3 0.000 126.000 1 1 0.000 0.000 1 1 0.000 0.000
/

SUPPORT RESTRAINTS

R R R R e

<NOTE:> CODE: '0' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES
<KLL' FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) ] /

49 0 1 1 1 /
457 1 0 1 1 /
458 1 0 1 1 /
/

<<< STRUCTURE FILE NOTES >>>

NN N
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Casel.L2R
* *X x *x Kk Kk *k * * *x *x * *
* Vec or 2 *
* LOAD DATA *
* x x *x Kk Kk *k * * *x *x * *
LOAD CASE PARAMETERS
Khhkhkhkhkkhhkkhkhhkhkkhkkhhkkh*xk
Structure Title (30 char. max.) : Enter Structure Title
Load Case Title (30 char. max.) : Enter load case title
Load Case File Name (8 char. max.) : Casel
No. of Loaded Joints : 0

No. of Prescribed Support Displacements 1
No. of Elements with Gravity Loads : 0
No. of Elements with Temperature Loads : 0
No. of Elements with Concrete Prestrain 0
No. of Elements with Ingress Pressure 0
No. of Nodes with Thermal Load : 0

No. of Nodes with Lumped Masses 0
No. of Nodes with Impulse Forces 0
Ground Acceleration Record (0-1) : 0
JOINT LOADS
Kk Kk kK kK k kKK
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) 1 /

/
SUPPORT DISPLACEMENTS
hhkkhkhk kA hkhkhkhhkhkhkhhkhkhxkh*k
<NOTE:> UNITS: MM OR IN
<< FORMAT >>>>>
JNT DOF DISPL [ #JINT d(JNT) ] /
468 2 -1.000 1 1/
/
GRAVITY LOADS
Khkhkkhkkkkkhkkkkkk
<NOTE:> UNITS: KG/M3
<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
/
ELEMENT TEMPERATURE
Kdhkhkkhkhkkhkhkhkhkhkkhkkhkhkkkkx
<NOTE:> UNITS: F OR C
<< FORMAT >>>>>
ELMT TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
dAhkhkhkhrkkhkhkhkhkhhhrkhkhkkkxk*

<NOTE:> UNITS: me

<L FORMAT >>>>>

ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
Kok ok ok ok ok ok kK kK Kk Kk ok ok
<NOTE:> UNITS: MPa
<KLL' FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/
NODAL THERMAL LOADS

R R R R S

<NOTE:>

<< FORMAT >>>>>

NODE TYPE Tml Tpl Tm2 Tp2 Tm3 Tp3 [ #NODE d(NODE) ] [ #NODE d (NODE)
/

LUMPED MASSES
Kk Kk kkkk kK kK kK
<NOTE:> UNITS: kg, m/s
<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /
/
IMPULSE FORCES
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Kk kK Kk Kk kKK Kk Kk
<NOTE:> UNITS: Sec, kN
<< FORMAT >>>>>
NODE DOF T1 Fl T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) 1 /
/
GROUND ACCELERATION
kK K Kk Kk kK ok K ok ko kK Kk
<NOTE:> UNITS: Sec, G
<< FORMAT >>>>>
TIME ACC-X ACC-Y
/

<<< LOAD FILE NOTES >>>
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Appendix B — VecTor2 Input Files for Sample Problem 2



VecTor.JOB

VER 3.5
* X X XxX *x * X * * * * *x
* VECTOR *
* JOB DATA *
* kK kK kK kxk k*k * *x * * * *
Job Title (30 char. max.) : Shear Wall SW22
Job File Name ( 8 char. max.) . SW22
Date (30 char. max.) : May 2011
STRUCTURE DATA
Structure Type : 2
File Name ( 8 char. max.) : SW22
LOADING DATA
No. of Load Stages 201
Starting Load Stage No. HE
Load Series ID ( 5 char. max.) : SW22
Load File Name Factors
Case (8 char. max.) Initial Final LS-Inc Type Reps C-Inc
1 SW22DL 0.0000 100.0000 0.5000 1 1 0.0000
2 SW22VL 1.8200 1.8200 0.0000 1 1 0.0000
3 NULL 0.0000 0.0000 0.0000 1 1 0.0000
4 NULL 0.0000 0.0000 0.0000 1 1 0.0000
5 NULL 0.0000 0.0000 0.0000 1 1 0.0000
ANALYSTS PARAMETERS
Analysis Mode (1-2) 1
Seed File Name (8 char. max.) NULL
Convergence Limit (>1.0) 1.000010
Averaging Factor (<1.0) 0.500
Maximum No. of Iterations 100
Convergence Criteria (1-5) 2
Results Files (1-4) 2
Output Format (1-3) 1
MATERIAL BEHAVIOUR MODELS
Concrete Compression Base Curve (0-3) : 1
Concrete Compression Post-Peak (0-3) : 1
Concrete Compression Softening (0-8) : 1
Concrete Tension Stiffening (0-6) : 1
Concrete Tension Softening (0-3) : 1
Concrete Tension Splitting (0-1) : 1
Concrete Confined Strength (0-2) : 1
Concrete Dilation (0-1) : 1
Concrete Cracking Criterion (0-4) : 1
Concrete Crack Stress Calculation (0-2) : 1
Concrete Crack Width Check (0-2) : 2
Concrete Bond or Adhesion (0-3) : 1
Concrete Creep and Relaxation (0-1) : 1
Concrete Hysteresis (0-2) : 1
Reinforcement Hysteresis (0-2) : 1
Reinforcement Dowel Action (0-1) : 1
Reinforcement Buckling (0-1) : 1
Element Strain Histories (0-1) : 1
Element Slip Distortions (0-4) : 1
Strain Rate Effects (0-1) : 1
Structural Damping (0-1) : 1
Geometric Nonlinearity (0-1) : 1
Crack Allocation Process (0-1) : 1

<<< JOB FILE NOTES>>>



SW22.82R

* kX xk x * * kK kX xX *x * %

r 2

L

*
\Y
C
*

L

*
(e]
E
*

* H D %
* G Qo+
* 0 %

S TRU DATA
* Kk kK K * * ok x K

* *

STRUCTURAL PARAMETERS

R R R R R

Structure Title (30 char. max.) Shear Wall SW22
Structure File Name ( 8 char. max.) SW22
No. of R.C. Material Types 3

No. of Steel Material Types 0

No. of Bond Material Types 0

No. of Rectangular Elements 496
No. of Quadrilateral Elements 0

No. of Triangular Elements 0

No. of Truss Bar Elements 0

No. of Linkage Elements 0

No. of Contact Elements 0

No. of Joints 559
No. of Restraints 46

MATERIAL SPECIFICATIONS

R R R R R R R R

(A) REINFORCED CONCRETE

<NOTE:> TO BE USED IN RECTANGULAR AND TRIANGULAR ELEMENTS ONLY

CONCRETE
MAT REF Ns T f'c [ £'t Ec el Mu Cc Agg Dens Kc ] [Sx
TYP TYP # mm MPa MPa MPa me /C mm kg/m3 mm2/s mm
1 1 2 65.000 36.600 2.160 32800.000 2.000 0.150 0.000 10.000
0.000 0.000 0.000
2 1 4 65.000 36.600 2.160 32800.000 2.000 0.150 0.000 10.000
0.000 0.000 0.000
3 1 3 200.000 36.600 2.160 32800.000 2.000 0.150 0.000 10.000
0.000 0.000 0.000
/
REINFORCEMENT COMPONENTS
MAT REF DIR As Db Fy Fu Es esh eu Cs Dep b/t
TYP TYP deg % mm MPa MPa MPa me me /C me
1 1 0.000 0.820 6.000 520.000 650.000 200000.000 10.000 150.000
0.000 0.000
1 1 90.000 2.090 6.000 470.000 650.000 200000.000 10.000 150.000
0.000 0.000
2 1 0.000 0.820 6.000 520.000 650.000 200000.000 10.000 150.000
0.000 0.000
2 1 0.000 0.336 6.000 420.000 650.000 200000.000 10.000 150.000
0.000 0.000
2 1 90.000 3.312 8.000 470.000 650.000 200000.000 10.000 150.000
0.000 0.000
2 1 361.000 0.900 6.000 420.000 650.000 200000.000 10.000 150.000
0.000 0.000
3 1 0.000 2.500 6.000 420.000 650.000 200000.000 10.000 150.000
0.000 0.000
3 1 90.000 2.500 6.000 420.000 650.000 200000.000 10.000 150.000
0.000 0.000
3 1 361.000 2.500 6.000 420.000 650.000 200000.000 10.000 150.000
0.000 0.000
/
(B) STEEL
<NOTE:> TO BE USED FOR TRUSS ELEMENTS ONLY
MAT REF AREA Db Fy Fu Es esh eu Cs Dep b/t
TYP TYP mm2 mm MPa MPa MPa me me /C me
/
(C) BOND

<NOTE:> TO BE USED FOR EXTERIOR/INTERIOR BONDED ELEMENTS
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mm
2400.000
2400.000

2400.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000



MAT REF { Ao Ul U2 U3 S1 sS2 S3 }/{ CPF Cmin No. HOOK }
TYP TYP mm”~2 MPa MPa MPa mm mm mm 0-1 mm LYR 0/1
/

ELEMENT INCIDENCES

R R R R e

(A) RECTANGULAR ELEMENTS

<<<<LK< FORMAT >>>>>

ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC)]/
1 9 10 33 32 1 1 1 1 1 1 /

2 11 12 35 34 1 1 1 1 1 1 /

3 10 11 34 33 1 1 1 1 1 1 /

4 35 12 13 36 1 1 1 1 1 1 /

/

(B) QUADRILATERAL ELEMENTS
<< FORMAT >>>>>
ELMT INC1 INC2 INC3 INC4 [#ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC)]1/
/
(C) TRIANGULAR ELEMENTS
<KLL' FORMAT >>>>>
ELMT INC1 INC2 INC3 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC)] /
/
(D) TRUSS ELEMENTS
<KLL' FORMAT >>>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC)] [#ELMT d(ELMT) d(INC) ]/
/
(E) LINKAGE ELEMENTS
<< FORMAT >>>>
ELMT INC1 INC2 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
/
(F) CONTACT ELEMENTS
<< FORMAT >>>>
ELMT INC1 INC2 INC3 INC4 [ #ELMT d(ELMT) d(INC) ] [ #ELMT d(ELMT) d(INC) ]
/
MATERIAL TYPE ASSIGNMENT
R R
<< FORMAT >>>>>
ELMT MAT ACT [ #ELMT d(ELMT)] [ #ELMT d(ELMT) ] /
1 3 1 1 1 1 1 /
3 1 1 1 1 1 /
1

2
3 3 1 1 1 1 /
/
COORDINATES
Kk k ok ok kokk ok kK
<NOTE:> UNITS: in OR mm
<< FORMAT >>>>>
NODE X Y [ #NODES d(NODES) d(X) d(Y) ] [ #NODES d(NODES) d(X) d(Y) ] /
1 -200.000 0.000 1 1 0.000 0.000 1 1 0.000 O
2 -150.000 0.000 1 1 0.000 0.000 1 1 0.000 0.
3 -100.000 0.000 1 1 0.000 0.000 1 1 0.000 O
4 -50.000 0.000 1 1 0.000 0.000 1 1 0.000 O
/
SUPPORT RESTRAINTS
Kk hkkhkkkhkhkkhkkhkkkkkkkk
<NOTE:> CODE: '0' FOR NOT RESTRAINED NODES AND 'l' FOR RESTRAINED ONES

<<<<< FORMAT >>>>>
NODE X-RST Y-RST [ #NODE d(NODE) ] /
1 1 1 /

[
N

2 1 1 /
3 1 1 /
4 1 1 /

<<< STRUCTURE FILE NOTES >>>

.000

000

.000
.000

NN NN
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SW22VL.L2R
* *x x *x Kk Kk *k * * *x *x * *
* VecTor?2 *
* LOAD DATA *
* *X x *x *x Kk *k * * *x *x * *
LOAD CASE PARAMETERS
Khhkhkhkhkkhhkkhkhhkhkkhhkhhkkh*xk
Structure Title (30 char. max.) : Shear Wall SW22
Load Case Title (30 char. max.) : Axial Ld (100 kN)
Load Case File Name (8 char. max.) : SW22VL
No. of Loaded Joints 0 13

No. of Prescribed Support Displacements : 0
No. of Elements with Gravity Loads :
No. of Elements with Temperature Loads
No. of Elements with Concrete Prestrain
No. of Elements with Ingress Pressure
No. of Nodes with Thermal Load : 0

o O oo

No. of Nodes with Lumped Masses 0
No. of Nodes with Impulse Forces 0
Ground Acceleration Record (0-1) : 0

JOINT LOADS
hkkhkkkk kKKK
<NOTE:> UNITS: KIPS OR KN
<KLL' FORMAT >>>>>

NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) ] /
519 0.000 -7.692 1 1 0.000 0.000/
520 0.000 -7.692 1 1 0.000 0.000/
521 0.000 -7.692 1 1 0.000 0.000/
522 0.000 -7.692 1 1 0.000 0.000/
523 0.000 -7.692 1 1 0.000 0.000/
524 0.000 -7.692 1 1 0.000 0.000/
525 0.000 -7.692 1 1 0.000 0.000/
526 0.000 -7.692 1 1 0.000 0.000/
527 0.000 -7.692 1 1 0.000 0.000/
528 0.000 -7.692 1 1 0.000 0.000/
529 0.000 -7.692 1 1 0.000 0.000/
530 0.000 -7.692 1 1 0.000 0.000/
531 0.000 -7.692 1 1 0.000 0.000/

/

SUPPORT DISPLACEMENTS
hAhk Ak Kk hkkhhkhkhkhkhhkhhkhkhkkhxkx
<NOTE:> UNITS: MM OR IN
<< FORMAT >>>>>
JNT DOF DISPL [ #JINT d(JINT) ] /
/
GRAVITY LOADS
K’ hkkhkkkhkkkhkkkkk
<NOTE:> UNITS: KG/M3
<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
/
ELEMENT TEMPERATURE
Khhkhkhkhkkhkhkkhkhhkkhkhkhkkhkxkx
<NOTE:> UNITS: F OR C
<< FORMAT >>>>>
ELMT TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
Kok ok ok ok k kK kKKK KKKk kK
<NOTE:> UNITS: me
<< FORMAT >>>>>
ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
Kok kk ok ok ok kKKK KKk ko
<NOTE:> UNITS: MPa
<< FORMAT >>>>>
ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/
NODAL THERMAL LOADS

R R R B S



<NOTE:

<<LLLL
NODE

<NOTE:

<<LLLL
NODE

<NOTE:

<<LLLL
NODE

<NOTE:

<<<<<
TIME
/

>

FORMAT >>>>>

TYPE Tml Tpl
> UNITS: kg, m/s
FORMAT >>>>>

DOF-X DOF-Y MASS
> UNITS: Sec, kN

FORMAT >>>>>
DOF T1 Fl T2

> UNITS: Sec, G
FORMAT >>>>>
ACC-X ACC-Y

<<< LOAD FILE NOTES >>>

Tm2 Tp2 Tm3
LUMPED MASSES
R R

GF-X GF-Y Vo-X

IMPULSE FORCES

R R R R

F2 T3 F3 T4

GROUND ACCELERATION

R R R R R R R R R R R

Tp3

Vo-Y

[

[

[

#NODE d (NODE)

#NODE d (NODE)

#NODE d (NODE)

]

]

]

/

/

[

#NODE d (NODE)

]

/
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SW22DL.L2R
* kK kK xk kxk k* kx * * * * * *
* Vec or 2 *
* LOAD DATA *
* kK kK kX kxk kx k* * * * * * *
LOAD CASE PARAMETERS
R R R R R R R
Structure Title (30 char. max.) : Shear Wall SW22
Load Case Title (30 char. max.) : Horiz Disp (1 mm)
Load Case File Name (8 char. max.) : SW22DL
No. of Loaded Joints : 0
No. of Prescribed Support Displacements 1
No. of Elements with Gravity Loads 0
No. of Elements with Temperature Loads 0
No. of Elements with Concrete Prestrain 0
No. of Elements with Ingress Pressure 0
No. of Nodes with Thermal Load 0
No. of Nodes with Lumped Masses 0
No. of Nodes with Impulse Forces 0
Ground Acceleration Record (0-1) : 0
JOINT LOADS
* kK kK kK kK kK
<NOTE:> UNITS: KIPS OR KN
<<<<< FORMAT >>>>>
NODE Fx Fy [ #NODE d(NODE) d(Fx) d(Fy) 1 /

/
SUPPORT DISPLACEMENTS
Kk hkkhkhkhkhkhkhkhkhkhkhkhkhkhkhh*xkhk
<NOTE:> UNITS: MM OR IN
<< FORMAT >>>>>
JNT DOF DISPL [ #JINT d(JNT) ] /
525 1 1.000 1 1/
/
GRAVITY LOADS
Kk khkkhkkkkkhkkkkkk
<NOTE:> UNITS: KG/M3
<< FORMAT >>>>>
ELMT DENS GX GY [#ELMT d(ELMT)] [ #ELMT d(ELMT)] /
/
ELEMENT TEMPERATURE
dhkhkkhkhkhkhkhkhkhkkhhrkhkhkkkxkx
<NOTE:> UNITS: F OR C
<< FORMAT >>>>>
ELMT TEMP [ #ELMT d(ELMT) d(TEMP) ] [ #ELMT d(ELMT) d(TEMP) ] /

CONCRETE PRESTRAINS
dAhkhkhkhkkhkhkhkhkhkhhkhkhkkxkx

<NOTE:> UNITS: me

<L FORMAT >>>>>

ELMT STRAIN [ #ELMT d(ELMT) d(STRAIN) ] [ #ELMT d(ELMT) d(STRAIN) ] /

INGRESS PRESSURES
Kk Kk kK kKK KK Kk Kk kK
<NOTE:> UNITS: MPa
<KLL' FORMAT >>>>>

ELMT PRESSURE [ #ELMT d(ELMT) d(PRS) ] [ #ELMT d(ELMT) d(PRS) ] /
/
NODAL THERMAL LOADS
Kok ok ok ok ok k kK kKKK KKKk kK
<NOTE:>
<< FORMAT >>>>>
NODE TYPE Tml Tpl Tm2 Tp2 Tm3 Tp3 [ #NODE d(NODE) ] [ #NODE d (NODE)
/

LUMPED MASSES
Kk Kk kkkk kK kK kK
<NOTE:> UNITS: kg, m/s
<< FORMAT >>>>>
NODE DOF-X DOF-Y MASS GF-X GF-Y Vo-X Vo-Y [ #NODE d(NODE) ] /
/
IMPULSE FORCES
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Kk kK Kk Kk kKK Kk Kk
<NOTE:> UNITS: Sec, kN
<< FORMAT >>>>>
NODE DOF T1 Fl T2 F2 T3 F3 T4 F4 [ #NODE d(NODE) 1 /
/
GROUND ACCELERATION
kK K Kk Kk kK ok K ok ko kK Kk
<NOTE:> UNITS: Sec, G
<< FORMAT >>>>>
TIME ACC-X ACC-Y
/

<<< LOAD FILE NOTES >>>
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