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Preface

This Symposium Volume reports on the latest information related to shear in
structural Concrete. The volume contains 14 papers that were presented at the

ACI Convention held in Salt Lake City on March 27, 2018. The symposium was
sponsored by ACI/ASCE Committee 445 “Shear and Torsion”. This event honored
Professor Michael P. Collins (University of Toronto) whose enormous contributions
in the development of rational behavioral models for shear and torsion of structural
concrete have been paramount.

The papers cover different aspects related to shear in
structural concrete including: the size effect in shear for both
structural concrete and reinforced masonry; developments
of the Modified Compression Field Theory; aspects of shear
strengthening using FRP strips; the role of experimental
measurements in understanding shear behavior; accounting
for shear deformations; sustained loading effects on shear
in members without transverse reinforcement; crack-based
assessment of shear; key aspects in the design of concrete .
offshore structures, behavioral models for coupling beams; Professor Michael P.
finite element modeling of punching shear in slabs; and Collins

seismic design for shear.

Sincere acknowledgements are extended to all authors, speakers and reviewers
as well as to ACI staff for making this symposium a success.

Editors:
Denis Mitchell (ACI 445)
Abdeldjelil Belarbi (Chair of ACI 445)
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The MODIFIED COMPRESSION FIELD THEORY: THEN AND NOW

Vahid Sadeghian and Frank Vecchio

Abstract: The Modified Compression Field Theory (MCFT) was introduced almost 40 years ago as a simple and
effective model for calculating the response of reinforced concrete elements under general loading conditions with
particular focus on shear. The model was based on a smeared rotating crack concept, and treated cracked reinforced
concrete as a new orthotropic material with unique constitutive relationships. An extension of MCFT, known as the
Disturbed Stress Field Model (DSFM), was later developed which removed some restrictions and increased the
accuracy of the method. The MCFT has been adapted to various types of finite element analysis programs as well as
structural design codes. In recent years, the application of the method has been extended to more advanced research
areas including extreme loading conditions, stochastic analysis, fiber-reinforced concrete, repaired structures, multi-
scale analysis, and hybrid simulation. This paper presents a brief overview of the original formulation and its
evolvement over the last three decades. In addition, the adaptation of the method to advanced research areas are
discussed. It is concluded that the MCFT remains a viable and effective model, whose value lies in its simple yet
versatile formulation which enables it to serve as a foundation for accurately solving many diverse and complex
problems pertaining to reinforced concrete structures.

Keywords: nonlinear analysis; reinforced concrete; shear behavior

3.1



Vahid Sadeghian and Frank Vecchio

Biography:

Vahid Sadeghian is a PhD graduate at the Department of Civil Engineering at the University of Toronto. His research
interests include hybrid (experimental-numerical) simulation, multi-platform analysis of reinforced concrete
structures, and performance assessment of repaired structures.

Frank J. Vecchio, FACI, is a Professor at the Department of Civil Engineering at the University of Toronto. He is a
member of Joint ACI-ASCE Committees 441, Reinforced Concrete Columns, and 447, Finite Element Analysis of
Reinforced Concrete Structures. His research interests include nonlinear analysis and design of reinforced concrete
structures, constitutive modeling, performance assessment and forensic investigation, and repair and rehabilitation of
structures.

INTRODUCTION

Lessons Learned from Shear Failures

Predicting the shear behavior of reinforced concrete (RC) structures is a crucial and challenging task which has not
been fully solved yet. Over the last few decades, underestimating the complexity of the problem and relying on limited
knowledge of shear behavior have led to several catastrophic failures. Some of the more recognized shear failures,
and the resulting experimental investigations that greatly improved our understanding of the behavior of concrete in
shear, are summarized in the following.

The basis for shear design provisions of most current codes is a truss model developed by Mérsch (1909) more than
a century ago. In this model, the compression component of the shear load is carried by concrete struts, while the
tension component is carried by longitudinal and transverse reinforcement. In 1955, the shear failure of a US Air Force
warehouse raised questions about the accuracy of such shear design provisions. The experimental investigations that
followed demonstrated the detrimental effect of axial tensile force on the shear strength of lightly reinforced members
(Elstner and Hognestad, 1957). Later, Bhide and Collins (1989) tested 24 panel elements under combined shear and
tension and concluded that the reduction in shear capacity was influenced by the amount and distribution of the
longitudinal reinforcement. For members containing sufficient longitudinal reinforcement, this reduction was much
less than in members with no tension reinforcement. Based on a review of previous experimental studies, Collins and
Kuchma (1999) demonstrated that the failure of the US Air Force warehouse was mainly due to the size effect in
shear, rather than the influence of axial tensile force. One of the most well-known test programs to investigate shear
behavior was conducted by Kani et al. (1979) which included examining the response of more than 300 specimens.
The experimental findings resulted in development of new shear design equations that were included in the ACI code
(1971) and mostly remain unchanged to date. In 1991, the collapse of the Sleipner A offshore platform, the most
expensive shear failure in history with a total economic loss of about $700 million, and the resulting experimental
investigation conducted by Gupta (2001) indicated that the beneficial effects of the axial compression force on the
shear strength had been seriously overestimated and was among the factors contributing to the failure. It was concluded
that the shear design provisions of ACI code for structures with high axial load or prestressed structures can be unsafe.
While the problem of shear behavior was assumed to be nearly solved in recent years, the collapse of the Laval bridge
in 2006, caused by shear failure of a 1.25 m (49.21 in.) thick reinforced concrete slab, showed that it is still too early
to draw such a conclusion. The experimental tests conducted by Sherwood et al. (2007) on shear-critical slab-strip
specimens indicated the importance of accurately considering the size effect and aggregate interlock in predicting
shear behavior. Collins et al. (2008) compared the observed failure loads of these specimens against the failure loads
calculated using Canadian, American, European, and British design codes. There were considerable inconsistencies
between predictions of the four design codes particularly with variation in the specimen depth or addition of stirrups.
Collins et al. (2015) further investigated the size effect by testing a very deep slab specimen under an off-center point
load. To assess the ability of existing analysis and design procedures, prior to the test, 66 engineers were invited to
predict the failure loads of the two shear spans. It was concluded that the failure load of the shear span with no shear
reinforcement was dangerously overestimated by many engineers. The ‘size effect’, and the divergent behavior
between narrow deep elements (beams) versus wide shallow elements (slabs), remain contentious issues.

Analytical Models for Shear Behavior

The aforementioned catastrophic shear failures, and many others, have inspired engineers to develop progressively
more refined analytical models over the years. The Morsch truss model assumed that the inclination of the concrete
compression struts was constant and equal to 45 degrees, a simplification that was later found to be incorrect. Hence,
modified truss models were proposed with variable angle of inclinations. These models were further improved by
considering the contributions of the concrete to the shear strength in the form of residual tensile strength and aggregate
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interlock at the crack surface. The application of truss models was extended to non-yielding domains by using the
theory of plasticity. In addition, for beams with large span-to-depth ratio where the direct transfer of force by the
compression strut is not fully valid, a “tooth model” originally proposed by Kani (1964) was found to be a better
representation of the shear behavior. The aforementioned improvements are discussed in detail by the ACI-ASCE
Committee 445 (1999). In recent years, more advanced truss models have been developed capable of analyzing other
types of shear-critical RC members including walls under cyclic loads (Panagiotou, et al., 2012) and columns with the
arch action (Pan and Li, 2013).

The brittle nature of the typical shear failure encouraged many researchers to apply fracture mechanics principles in
modeling the shear strength of RC members. Hillerborg et al. (1976) proposed the well-recognized fictitious crack
model which represented cracks in a discrete manner and was based on a concrete tensile strength versus crack width
relationship. However, the discrete representation of the cracks could not capture the influence of micro-cracking on
the shear behavior. Bazant and Gambarova (1984) proposed the crack band model in which the fracture surface
consisted of a zone of micro-cracks and the size effect was considered in the energy equation. Van Mier (1996) showed
that residual tensile stresses exist within the crack band as a result of a phenomena known as “crack bridging”. In
recent years, the application of methods based on fracture mechanics has been extended to other types of loading
conditions (e.g., seismic and impact) and other concrete materials (e.g., fiber-reinforced concrete). These
advancements are summarized by IA-FraMCoS (2016). However, most fracture mechanics models require
assumptions for the crack path and the governing failure mechanism prior to analysis.

In an alternative approach to calculating shear strength, several empirical equations were derived by curve fitting to a
series of experimental data. Empirical methods are the basis for the shear design provisions of the American and most
European design codes. However, as discussed in detail by Collins et al. (2008), because of the complexity of the
shear behavior and the narrow range of test parameters, the application range of an empirical method is typically
limited. For a comprehensive representation of situations encountered in practice, models with a more rigorous
theoretical basis are required.

One effective rational approach which has attracted considerable interest in recent decades is the Modified
Compression Field Theory (MCFT) (Vecchio and Collins, 1986). The MCFT is the refined version of the Compression
Field Theory (CFT) (Mitchell and Collins, 1974), a smeared rotating crack model originally developed for analysis of
beams in shear and torsion. In both models, the compatibility and equilibrium conditions as well as the stress-strain
relationships are formulated in terms of average values of stresses and strains. The CFT assumes that the cracked
concrete cannot resist any tension and the shear force is carried by a field of diagonal compression. The inclination of
the compression field is determined using an approach similar to that used in the Tension Field Theory (Wagner, 1929)
developed for the post-buckling shear resistance of thin metal girders. The MCFT improved the original model by
accounting for compressive strength reduction in concrete due transverse cracking, concrete tensile strength after the
cracking, and local stress conditions at the crack surface. The MCFT is the basis for the shear design provisions of the
Canadian design code (2014) and the AASHTO LRFD Bridge Design Specifications (2014). Vecchio (2000) extended
the MCFT and proposed the Disturbed Stress Field Model (DSFM) which removed some of the restrictions and
improved the accuracy of the model. Fig. 1 compares the equilibrium, compatibility and constitutive relationships in
the CFT, MCFT, and DSFM models. Bentz et al. (2006) proposed a simplified version of the MCFT that can predict
the shear strength of RC elements in a form suitable for inclusion in code applications. In recent years, the application
of the MCFT has been extended to more advanced research areas including extreme loading conditions, stochastic
analysis, fiber-reinforced concrete, repaired structures, multi-scale analysis, and hybrid simulation.

This paper presents a summary of the MCFT formulation and the adaptation of the model to sectional and finite
element analysis methods. The extension of the model to the DSFM and the resulting improvements, as well as the
findings of three comprehensive verification studies performed on the MCFT and DSFM models are reviewed. In
addition, a comprehensive discussion regarding the application of the model to advanced research areas and related
references is provided.
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Figure 1 — Comparison between CFT, MCFT, and DSFM models
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THE SHEAR TESTING RIG

The MCFT was calibrated based on the behavior of a large number of reinforced concrete panels tested under well-
defined loading conditions using the Panel Element Tester (a.k.a “The Shear Rig”) at the University of Toronto. This
testing facility was the first of its kind in the world, developed in 1979, and has since been emulated by various
research laboratories. It enabled the testing of reinforced concrete panel specimens with dimensions of 890 X 890
X70 mm (35 X 35 X 2.75 in.) under various combinations of in-plane stresses in a monotonic or reversed cyclic
manner. The facility is still in use today. Each specimen has 20 shear keys located around its perimeter through which
load is applied. As shown in Fig. 2, a test specimen is mounted in the Rig with its edges inclined at a 45 degree angle.
The loading apparatus consists of 37 hydraulic jacks and 3 rigid links which are oriented in the horizontal and vertical
directions. Two of the three rigid links connect at one key creating a pin connection, while the other rigid link acts as
a virtual roller. To prevent the specimen from moving in the out-of-plane direction, a lateral support frame is attached
to the back of the test setup.

The original test program that contributed to the development of the MCFT included 30 panel specimens. The test
variables were the loading conditions, percentage of the transverse and longitudinal reinforcement, and the concrete
compressive strength. Details of the test program were provided by Vecchio and Collins (1982). In 1985, an
international competition was held to predict the load-deflection responses of four of the panel specimens (Collins et
al., 1985). Twenty-seven researchers from 13 different countries participated in the competition. In general, the
analytical models overestimated both the ultimate strength and ductility of the test panels. These deficiencies were
mainly attributed to neglecting the compressive strength reduction in concrete due transverse cracking (i.e.,
compression softening) and underestimating the tensile strength of concrete after cracking (i.e., tension softening).
Based on the panel test results, new stress-strain relationships for concrete were developed which later were used in
the MCFT formulation. Since then, the formulations have been verified by more than 200 tests of RC panel elements.
In more recent years, the Shear Rig has been employed to investigate the behavior of fiber-reinforced concrete (FRC)
elements. Based on the test results, new FRC material models were developed and incorporated in the MCFT
formulation.

Figure 2 — RC panel specimen mounted in Shear Rig

MODIFIED COMPRESSION FIELD THEORY (MCFT)

The MCFT, originally developed by Vecchio and Collins (1986), is a generalized approach for modeling the behavior
of reinforced concrete elements. It considers cracked concrete as a unique orthotropic material with its own
constitutive relationships. The theory is based on a rotating smeared crack model that treats stresses and strains in an
average sense, and allows the crack direction to gradually reorient depending on the material response and loading
condition. Special consideration is given to the local stress conditions at the crack surface. A key assumption in the
model is that the directions of principal stress and principal strain in the concrete remain coincident. The model is
formulated using three sets of equations: equilibrium, compatibility, and constitutive relationships. A brief overview
of each set of equations is provided below.
Equilibrium Relations

Average stress conditions — consider a reinforced concrete element containing reinforcement in the X and Y
directions. As shown in Fig. 3, the equilibrium conditions require that the applied stresses (ox, oy, Txy) be resisted by
average stresses in the concrete (fcx, fey, Vexy) and average stresses in the reinforcement (fs, fsy). Using a Mohr’s circle
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of average stresses and assuming no dowel action from the reinforcement, the equilibrium equations can be written as
follows:

Oy = Py X fox +feq — Vexy COt O €Y)
oy = py X fgy + fo1 — Veyy tan O (2)
ft:l - fcz
= = - 3
By = Vey = ian O, + cot O, ®

where py and py are the smeared reinforcement ratios in the X and Y directions, fc1 and fc, are the principal tensile and
principal compressive stresses in concrete, and ©c is the crack inclination. Fig. 1(a) and Fig. 1(c) show the free body
diagrams for the equilibrium equations.

Figure 3 — Concrete element reinforced in X and Y directions

Local stress conditions — in cracked reinforced concrete, the tension stiffening mechanism allows the concrete
to carry tensile stresses after cracking resulting from bond with the reinforcement. Since the tensile strength of concrete
is zero at crack locations, the average tensile stress must be carried across the cracks by local increases in the
reinforcement stresses. From equilibrium equations, as shown in Fig. 1(d), the local stresses in the reinforcement (fsxcr,
fsyer) at the crack locations can be determined as:

1
foxer = — (fer + o + Vi cot B¢ + peyfex) < fyx €))

SX
1

foyer = p_ (fC1 +f — v tan O, + psyfsy) < fyy (5)
sy

where v and f; are the shear and compressive stresses on the crack surface (see Fig. 1(i)). The shear stress is

transferred across the crack surface based on the friction mechanism, also known as aggregate interlock. The interface

shear stress is calculated from the following equation based on an experimental study conducted by Walraven (1981):
2

fa
Vei = 0'18vcimax + 164fc1 —0.82 v .CI S Vcimax (6)
cimax
where
[—f!
Veimax = c24w (7)
03143316

where a and w are the maximum aggregate size and the average crack width in millimeters (1.0 mm = 25.4 in.) and
f¢ is the concrete cylinder compressive strength in MPa (1.0 MPa = 145.0 psi). The average crack width (w) is
estimated as the product of the principal tensile strain (e1) and the average crack spacing (So):

W = €;5¢ ®
The average crack spacing (Se) is determined from the nominal crack spacings in the X and Y directions (Sx, Sy) as
follows:

1
56 = Tsin 0.l + |cos 6] ©)
Sy Sy

In addition, the concrete average tensile stress (fc1) should be limited by the reserve capacity of the reinforcement. In
the solution procedure of the MCFT, this limit is checked using a relationship between vcimax and fc; derived by
substituting Eq. (7) into the local equilibrium equations (Eq. (4) and Eqg. (5)). For instance, assuming the reinforcement
in the Y direction is the weaker reinforcement, then the following condition should be satisfied:
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for < Veimax[0.18 + 0.3(1.64 — cot ©,)?] tan O + pgy(fyy — fsy) (10)
Compatibility Relations
Since perfect bond is assumed between the concrete and reinforcement, compatibility conditions require that the
deformation of the concrete and reinforcement be identical. Therefore, the average strain in the reinforcement should
be equal to that in the concrete in the corresponding direction:

€& = E€x T &x €y = Ecy = &gy 11
where & and &, are the element total strains, & and & are the concrete total strains, and &s and &gy are the
reinforcement total strains in the X and Y directions. If the total strains in the X and Y directions are known, with the
aid of a Mohr’s circle, the total strains in the principal directions (ec1, &c2) and the crack inclination (©.) can be found:

(Eex tEcy) 1
€c1)€c2 = % T E\/(Scx - Scy)2 + Y(z:xy (12)
1
6. = -tan™? [ﬂ] (13)
2 €cy — €cx

It must be remembered that the inclinations of the principal strains and principal stresses are assumed equal in the
MCFT formulation.
Constitutive Relations

Stress-strain_relations for concrete — the compressive response of concrete is shown in Fig. 1(0). The
compression softening effect is taken into account by representing the principal compressive stress (fc2) as a function
of both the principal compressive strain (ec2) and the principal tensile strain (gc1):

€ €c2\2
fc2 = fc2max [2 ( ;,2) - (;,2) ] (14)
c c

f
foomax = ———=— < f! (15)
T 0s-o034(%) T
¢ - - - -
where f/ and g are the concrete cylinder compressive strength and the corresponding strain.

The tensile response of concrete is shown in Fig. 1(n). Prior to cracking, the response is assumed to be linear:

for =Ec X €1 (€ < &cr) (16)
where E. is the concrete elastic modulus and e is the concrete cracking strain.
After cracking, experimental results showed that even at large tensile strain values, significant levels of tensile stress
were carried by the concrete between the crack locations. This observation led to the development of a preliminary
tension stiffening relationship:

cr

fcl 1+ ,—ZOOSH (Scl = 8cr) (17)
where f;, is the concrete cracking stress. Collins et al. (1996) suggested that for larger elements using “500” instead
of the “200” in the denominator is more suitable.

Stress-strain_relations for reinforcement — the reinforcement response in compression and tension is

represented by a bilinear relationship (see Fig. 1(q)):

fox = By X ¢ < fyx (18)

foy = Eqy X &5y < fyy (19)
where Es and Ey are the elastic modulus of the reinforcement in the reference directions.

APPLICATION TO BEAMS
Vecchio and Collins (1988) developed an iterative procedure based on the MCFT for analysis of reinforced concrete
beams. In this procedure, the cross section is divided into a number of concrete layers and longitudinal reinforcing bar
layers. Each layer is defined based on its geometry and material properties. The procedure assumes “plane sections
remain plane” which allows the calculation of the longitudinal strain throughout the cross section as follows:
_ (&p + &)
i = &~ Vi (20)

where & is the longitudinal strain of the it" layer, & and ey are the strains of the top and bottom layers, y; is the distance
from top of the section to the it layer, and h is the section height.

Two types of methods were proposed to determine the shear stress distribution: 1) a rigorous method in which the
shear stresses are calculated from the analysis of two sections of the beam located close to each other, and 2)
approximate methods based on a uniform shear stress distribution or a parabolic shear strain distribution assumption.
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Fig. 4 shows the layered beam model with the linear longitudinal strain distribution and the parabolic shear strain
distribution.

= T ;1 T ””””” e &
3 =l Vs ey Vei
E R £ Ag fexi
e LB Py — Y
i : Asj fsxj
Member Concrete Reinforcement  Longitudinal ~ Shear Strain
Cross Section Layers Layers Strain Distribution Distribution

Figure 4 — Longitudinal and shear strain distributions in layered beam model

Knowing the longitudinal strain and shear stress distributions, and with the aid of the MCFT formulation, the
longitudinal stresses for the concrete layers (fe) and the reinforcement layers (fsx) can be determined. To satisfy
equilibrium requirements, the resultant forces from the internal stresses must equal to the applied sectional forces.
Therefore:

N = fexiAci + Z fSX]AS] (21)

M= fcx1 c1(YC1 Y) + Z fSX]AS] (YS] Y) (22)

j=1

V= zvm u (23)

where N, M, and V are the applied axial, moment, and shear loads, respectively, A.i and y.; are the area and distance
of the i concrete layer from the top of the section, A and ys; are the area and distance of the j™ reinforcement layer
with respect to the top of the section, and ¥ is the distance of the neutral axis from the top of the section. The
equilibrium equations assume zero clamping stresses (fy = 0) and no dowel action from the reinforcement. The
procedure is formulated in an iterative manner in which the longitudinal strain distribution is adjusted so that the
equilibrium conditions are satisfied. Vecchio and Collins (1988) verified the method through analysis of different
series of beam specimens reported in the literature. Bentz (2000) improved the procedure by introducing a rigorous
longitudinal stiffness method to more accurately calculate the nonlinear shear stress distribution through the cross
section. The procedure was implemented into Response-2000 (Bentz, 2000), a nonlinear sectional analysis program
for reinforced concrete members. In recent years, Guner and Vecchio (2010; 2012) extended the application of the
method to the analysis of reinforced concrete frames under static and dynamic loads, and developed the VecTor5
program, a nonlinear sectional analysis software for two-dimensional frame structures based on the MCFT and DSFM.

BEMBEME

ADAPTATION TO FINITE ELEMENT ANALYSIS
Generalized Formulation
The MCFT formulation can be generalized to include any number of reinforcement components in arbitrary directions.
With this type of formulation, the local stress in the reinforcement can be determined from the equilibrium equation
in the direction normal to the crack surface:
n

foa = > 1 X (Fers — i) €057(8 = ct) 24

i=1
where pj, i, fsi, and o; are the reinforcement ratio, the local reinforcement stress, the average reinforcement stress,
and the inclination of the i reinforcement component, respectively, and © is the inclination of the principal tensile
stress. It should be noted that the original MCFT formulation was defined based on the crack orientation (©¢), while
the generalized MCFT and the DSFM model formulations are represented based on the inclination of the principal
tensile stress (©) which is perpendicular to ©¢ (see Fig. 5).
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From the compatibility conditions at the crack surface, the local strain of the it reinforcement component (eseri) can
be determined using the average reinforcement strain (esi) and the local incremental strain (Aégcri).
Escri = Esi + Agqry X cos?(0 — ;) (25)
The local incremental strains are computed such that the resultant local reinforcement stresses satisfy the equilibrium
equation expressed in Eq. (24). Also, the requirement for the principal tensile stress can be written as:
n

fq < Z pi X (fyi — fs) cos?(0 — o) (26)

i=1
where fy; is the yield strength of the i reinforcement component. Using the equilibrium equation in the direction
perpendicular to the crack surface, the interface shear stress can be determined:
n

Vei = Z p; X (fscri - fsi) COS(e - ai) Sin(e - O(i) (27)
i=1

i=
Matrix Formulation

Vecchio (1989) presented the MCFT in a matrix form to facilitate implementation of the model into the finite element
analysis programs. For this type of formulation, the 2D stress-strain relationship of an RC element can be written as:

Ox Di; Dy Di3 Ex 0y’
{GY} =|D21 Dzz D3| x { €y } —40y° (28)
Txy D3; D3, Ds3 Yxy Txy”

where {c} and {e} are the total stress and strain vectors, [D] is the composite material stiffness matrix, and {c°} is the
pseudo-stress vector which was later introduced by Vecchio (1992) to account for elastic and plastic strain offsets.
The composite material stiffness matrix, [D], can be constructed by superposition of the material stiffness matrices of
the concrete and all reinforcement components, with respect to an arbitrary X,Y reference system, as follows:

n

[D] = [T [T + ) [T D1 [Ty 29)
i=1

The concrete material stiffness mat_rix, [D.]’, is calculated using the effective secant moduli of concrete (E.q, E¢p, Gc)
defined with respect to the principal directions as follows:
Eq4 0 O

(o}
D] =10 E, O (30)
0 0 G
_ f _ f _  E4XxE
c1=L1 ; Ec2=L2 ; C=M (€29
€c1 €c2 Eo +Eg

The material stiffness matrix of the i" reinforcement component, [D.]’, is determined using the effective secant
modulus of steel (Eg;) defined in the direction of the reinforcing bar as follows:

psiEsi 0 0

[Ds]’i=| 0 o0 0] (32)

0 0 0

By = 33)
E.

S1
In Eq. (29), [T¢] and [Ts]; are the transformation matrices for the concrete and i reinforcement component to convert
the material stiffness matrices to the reference X and Y directions.
In a finite element analysis program, the element stiffness matrix, [k], can be determined from the matrix [D]:
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K] = f [BIDI[E]AV (34)
Vo

where [B] is the strain function matrix derived from the element shape functions. Assembling the stiffness matrix of
all the elements results in the structure stiffness matrix, [K], which can be used to calculate the nodal displacement
vector, {u}, as follows:

{u} = [K]"*{p} (35)
where {p} is the nodal force vector. From the nodal displacement vector, new sets of strains and stresses in each
element can be calculated. This procedure is repeated until the calculated values are converged and final results are
obtained.
VecTor Suite of Programs
The MCFT has served as the material modeling basis for several finite element and sectional analysis software. One
of the most comprehensive analytical tools developed based on the model is the VVecTor suite of programs, a set of six
nonlinear finite element analysis software each specialized for a particular type of structure. These programs are
VecTor2 (applicable to two-dimensional RC membrane structures) (Wong and Vecchio, 2002; Wong et al., 2013),
VecTor3 (applicable to three-dimensional RC solid structures) (Vecchio and Selby, 1991; EIMohandes and Vecchio,
2013), VecTor4 (applicable to three-dimensional RC shell and plates) (Polak and Vecchio, 1993; Hrynyk and Vecchio,
2010), VecTor5 (applicable to two-dimensional RC frames) (Guner and Vecchio, 2010), and VecTor6 (applicable to
three-dimensional axisymmetrical solid structures) (Montoya, 2003; Lulec, 2017). Over the last three decades, the
improvements in the MCFT and extension of its formulation to more advanced research areas have been implemented
in VecTor, greatly increasing the programs’ capabilities.

DISTURBED STRESS FIELD MODEL (DSFM)

In most verification tests, the MCFT has been able to capture the experimental responses with high accuracy (Vecchio
et al., 2001); however, some deficiencies regarding specific situations have been noted (Vecchio, 2000). For panels
with high amounts of reinforcement or panels subjected to shear and biaxial compression, where there was little or no
rotation in the crack direction, the MCFT typically underestimated the shear strength and stiffness. For panels with
low amounts of reinforcement that exhibited significant rotation in the crack direction and slippage along the crack
surface, the MCFT had a tendency to overestimate the shear strength and stiffness. Examination of the test data
revealed that the reduced accuracy in these situations was mainly due to two simplifying assumptions used in the
model: 1) the orientations of the average principal stresses and the average principal strains remain coincident
throughout the test, and 2) neglecting the shear slip deformations along the crack surface. The Disturbed Stress Field
Model (DSFM) (Vecchio, 2000) is an extension of the MCFT that takes into account the crack slip deformations in
the compatibility relations, allowing for the deviation of the principal stress field from the principal strain field. The
refinements of the DSFM compared to the original formulation are summarized in the following subsections.
Equilibrium Relations
The DSFM equilibrium relations are similar to the generalized MCFT formulation, as presented in Eq. (24) to Eq.
(27), applicable to elements with any number of reinforcement components. Unlike the MCFT, the DSFM does not
require the shear stress check on the crack surface (Eq. (6)) since the shear slip deformations are taken into account in
the compatibility relations. Fig. 6 shows the stress conditions at the crack locations and between the cracks according
to the DSFM model.
Compatibility Relations
Results from panel element tests showed that, in general, the change in the orientation of the average concrete principal
stresses is less than that observed for the average concrete principal strains. The principal strain orientation is affected
by both the continuum strains (i.e., net strains) caused by applied stresses and the discontinuous slip deformations
along the crack surface, while the principal stresses orientation is only influenced by the continuum strains. The DSFM
decouples the total strains (ex, &y, Yxy) in the element into the concrete net strains (gcx, £y, Ycxy) and the concrete crack
slip strains (&, &, Yy):

Ex = E€x T & €y = €y T+ 8; 5 Yxy = Yexy T Y)S(y (36)
Using a Mohr’s circle for each set of strains, the corresponding principal strains and their orientation can be
determined. It can be seen that the orientation of the concrete net principal strains (©) is similar to the orientation of
the concrete principal stresses (©,) and is different than the orientation of the total principal strains (©).
To compute the concrete crack slip strains, an average shear slip strain (y;) is defined as the following:

O 37
. (37)

Ys =
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where s is the average crack spacing as defined in the MCFT and 95 is the slip along the crack surface determined
based on a slip model. The default slip model currently used is the one proposed by Walraven (1981) as follows:
Vei

O = Tgwos + (0.234w=0707 — 0,20)f. (38)
where fc is the concrete compressive cube strength, vg; is the shear stress along the crack surface determined from Eq.
(27), and w is the average crack width estimated from Eq. (8).
Constructing a Mohr’s circle for the average shear slip strain (ys), yields the following relations for the strain
components relative to the X and Y directions:

s§(=—%sin26 ; € =-sin20 ; Yl =Yscos20 (39)

Fig. 7 shows the average deformations, local deformations due to slip along the crack surface, and total deformations
of an RC element.
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Figure 7 — DSFM compatibility conditions

Because of the assumption of perfect bond between the concrete and reinforcement, the average strain in the
reinforcement should be computed from the total strains. At the crack surface, the local stresses and strains in the
reinforcement are calculated using a similar procedure to that described for the MCFT in Eq. (24) and Eq. (25).
Constitutive Relations

Stress-strain relations for concrete — to consider the compression softening response of concrete, a reduction
factor (Bq) was introduced as the following:

=—x<1.0 40
Ba 1+CCq ™ (40)

The Cq factor is a function of the principal compressive strain (ec2) and the coexisting principal tensile strain (ec1).
Further analysis of the data obtained from panel element tests revealed that considering the crack slip deformations in
the compatibility relations results in a more softened element response, but less softened concrete response, relative
to the MCFT,; therefore, the rate of the strength degradation due to the transverse cracking must be reduced. This
reduction is taken into account by the C; factor. Using Cs = 0.55 produced the best fit to the test data when applying
the DSFM; Cs = 1.0 is implied when using the MCFT.
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The Bq factor is used to reduce both the peak strength (f,) and the corresponding strain (gp) in the concrete compressive
stress-strain relationship as follows (see Fig. 1(t)):

fp =Bafd 5 & =Batc (41)
Similar to the MCFT, the tensile response of concrete before cracking is considered using a linear relation presented
in Eq. (16). After cracking, the DSFM considers two independent mechanisms (tension softening and tension
stiffening) to determine the residual concrete tensile stress. The post-cracking tensile stress resulting from the tension
softening mechanism (f.1?) is determined using a fracture mechanics relation as follows:

(Ecl - E:cr)]
fg = -
& = fer]l (€ts — €cr)
where & is the terminal strain calculated from the concrete fracture energy. The tension softening mechanism is
particularly significant in lightly reinforced concrete members.
The post-cracking tensile stress produced from the tension stiffening mechanism (f.:?) is calculated based on a model
proposed by Bentz (2000) which was later modified by Vecchio (2000) to account for reinforcement with arbitrary
directions:

(42)

f?l — L
1+, /c€cr
The MCFT uses a constant number for the c; factor (200 for small elements and 500 for large elements). Bentz (2000)
showed that the tension stiffening is also a function of the reinforcement ratio (p) and the reinforcing bar diameter
(dv), and defined the c; factor accordingly.
Fig. 1(r) and Fig. 1(s) show the tension softening and the tension stiffening mechanisms in the DSFM, respectively.
The average principal tensile stress (fc1) is defined as the larger of the two mechanisms:
f, = max(f3, %) (44)
Stress-strain relations for reinforcement — the DSFM uses a stress-strain relationship for the reinforcement
similar to that of the MCFT except it considers strain hardening effects. Prior to strain hardening, the response can be
expressed using the relationship in Eq. (18). After the strain hardening, the following equation is used to determine
the response of the i reinforcement component in both tension and compression:
foi = fyi + Esni(€si — &sni)  (Eshi < & < €41) (45)
where Egi is the strain hardening modulus, esni is the strain hardening strain, and e, is the ultimate strain. The
reinforcement response is shown in Fig. 1(u).

(43)

VERIFICATION STUDIES
Over the last several years, the accuracy of the MCFT and DSFM models have been examined through the analyses
of various types of test specimens (e.g., Vecchio et al., 2001; Palermo and Vecchio, 2007; Hunter 2016) as well as
real-world structures (e.g., Vecchio, 2002; Vecchio et al., 2004). In this section, summaries of three comprehensive
verification studies that were performed on panel element, shear wall, and beam specimens using the VecTor2 program
are presented as examples.
Verification against Panel Element Tests
Vecchio et al. (2001) modeled three series of panel element specimens, a total of 40 specimens, using both the MCFT
and DSFM models and compared the analytical results against the experimental behavior. The specimens varied in
terms of the concrete compressive strength, the longitudinal and transverse reinforcement ratios, and the loading
condition. In general, the analytical and experimental load-deflection responses agreed reasonably well. With the
MCFT maodel, the computed shear strength had a mean analytical to experimental value of 1.05 with a coefficient of
variation (COV) of 10.3%. With the DSFM maodel, the load-deflection responses were estimated more accurately than
the MCFT, and resulted in a mean analytical to experimental value of 1.02 with a COV of 9.6% for the shear strength.
The study also concluded that the analytical responses for uniaxially reinforced panels were highly sensitive to the
concrete cracking strength. Since this is an extremely variable parameter, regardless of the analysis procedure,
modeling of such members with a high level of accuracy may not be consistently achieved.
Verification against Shear Wall Tests
Palermo and Vecchio (2007) examined the accuracy of the DSFM model by performing a parametric study on 21
large-scale shear walls ranging from slender to squat with various types of cross sections tested under reversed cyclic
loading conditions. The analytical procedure fairly accurately captured the experimental behavior in terms of the peak
load capacity, ductility, energy dissipation, and failure mode. The ratio of the computed-to-observed shear strength
obtained using VecTor2 had a mean of 1.01 and a COV of 6.1%; for the lateral displacement at ultimate strength, the
corresponding numbers were 1.09 and 36.4%. Clearly, accurately calculating deformation capacity consistently
remains a challenge. Vecchio et al. (2001) conducted a similar analytical study on two series of large-scale shear walls,
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a total of 13 specimens, tested under monotonic loading conditions. The specimens varied in terms of the level of axial
load, height-to-width ratio, and amount of reinforcement. The results computed by the MCFT and DSFM models were
almost identical. The ratio of the calculated-to-measured strength for all the shear walls had a mean of 1.01 with a
COV of 5.3%. The computed failure mode consisted of concrete crushing in the toe region combined with a sliding
shear failure along the base, agreeing well with the experimentally observed behavior. Overall, the ductility of the
shear walls was computed with reasonable accuracy as well.

Verification against Beam Tests

Hunter (2016) assessed the professional factor (a random variable that captures the uncertainty of a numerical model)
of the VecTor2 program for analysis of shear-critical beams with no transverse reinforcement. The study included
modeling a total of 376 shear-critical beams, which had sufficient testing information, selected from a database
reported by Reineck et al. (2013). The beams had a rectangular cross section with span-to-depth ratios greater than
2.41, and were subjected to a one-point or two-point bending test. Based on the analysis results, the professional factor,
defined as the ratio of the calculated-to-measured peak load, had a mean of 0.94 and a COV of 18.7%. Similar analyses
were performed with the CSA A23.3 and ACI-318 design codes. The CSA A23.3 code whose shear design provisions
are based on a simplified version of the MCFT resulted in acceptable and safe predications for the shear strength of
the majority of the beams. However, the results obtained from the ACI-318 code were highly conservative for beams
with effective depths less than 500 mm and, more importantly, were unconservative for beams with effective depths
greater than 750 mm. This was mainly attributed to neglecting the size effect in the shear design provisions of the
ACI-318 code. Another parametric study on the behavior of shear-critical beams was undertaken by Vecchio (2001).
In this study, three series of beams with little or no transverse reinforcement (a total of 54 specimens) were modeled
with the MCFT and DSFM. The ratio of the calculated-to-observed shear capacity obtained from the MCFT had a
mean of 1.00 with a COV 20.3%. The DSFM resulted in improved analytical responses with the mean of 1.07 and
COV of 16.9%. For shear-critical beams containing no shear reinforcement, these should be considered good results.
Fig. 8 shows the calculated-to-measured load capacity for all the specimens of the aforementioned verification studies.
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Figure 8 — Calculated-to-measured load capacity for MCFT and DSFM

RECENT ADVANCES

In recent years, the application of the MCFT has been extended to more advanced research areas. In addition, pre- and
post-processors have been developed for the VecTor suite of software contributing to the programs’ utility. A summary
of these advancements and the related references are presented in the following.

Pre- and Post-Processors

A generalized user-friendly pre-processor, FormWorks-Plus (Sadeghian and Vecchio, 2015), has been developed to
facilitate the process of creating finite element models for the VecTor suite of programs. FormWorks-Plus is an
extended version of FormWorks (Wong and Vecchio, 2002) which was a graphical user-interface specialized for the
VecTor2 program. The pre-processors provide easy-to-use features for the user to create the finite element mesh and
define materials, loads, and support conditions. They also perform a series of checks to ensure the finite element model
is defined properly and in accordance with the format required for the VecTor programs inputs. FormWorks is
enhanced with a two-dimensional auto-meshing feature, facilitating the mesh generation process. FormWorks-Plus,
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which is compatible with all the VecTor programs, provides a wide range of viewing options, enabling modeling
structures with complex geometries.

Most academic analysis software, including the VecTor programs, store the analysis results in a series of text files.
However due to the substantial volume of output data, accessing the relevant analysis information is often a time-
consuming and error-prone process. A graphical post-processor, named Janus (Chak, 2013), has been developed that
allows the user to comprehensively recall and manipulate structural analysis results both at the system-level and
element-level. Janus is capable of displaying different response characteristics of the structure including deformed
shape, stress and strain variations in the concrete and reinforcing bar elements, and various types of graphs. The
program has been recently improved to display the crack propagation and the element sectional view for frame
structures (Loya et al., 2017). Janus is compatible with all the VVecTor programs. For VecTor2, the post-processor
program Augustus (Bentz, 2000) is the preeminent tool for visualization of the analysis results.

Application to Advanced Loading Conditions

Dynamic analysis — in recent years, with elevated terror threats around the world, the need for accurate analysis
of RC structures subjected to blast and impact loads has been significantly increased. Test results have shown that RC
structures typically experience a shear-dominant behavior under impact loads. The MCFT, which was successfully
employed for the analysis of shear-critical members under static loads, was further extended to consider dynamic
loads (Saatci and Vecchio, 2009). For this purpose, the original tangent-stiffness-based formulation of Newmark’s
method (Newmark, 1959) was presented in the form of total-load secant-stiffness formulation similar to that used in
the MCFT. The procedure was implemented in VecTor2 and verified through the analysis of a series of beam
specimens subjected to impact loads. The analytical and experimental results agreed well in terms of the failure modes,
displacements, and damage levels. The minor discrepancies were attributed to deficiencies regarding modeling the
strain rate effects. Guner and Vecchio (2012) derived a simplified version of the method for sectional analysis of RC
frames under dynamic loads. They incorporated proper concrete and reinforcement strain rate models into the dynamic
formulation of the MCFT, improving the accuracy of the method. Trommels (2013) performed a numerical study to
assess the analysis capabilities of VecTor2 and VecTor3 for impact and impulse loading conditions. The study
demonstrated the importance of proper modeling of the support conditions and the shape of the pressure-time profile.
Hrynyk (2013) extended the method to three-dimensional analysis of reinforced concrete and fiber-reinforced concrete
shells subjected to high-mass low-velocity impact loads. Lulec (2017) further developed the method for analysis of
three-dimensional and axisymmetric RC solid structures under blast and hard missile impact loading conditions.
Missile perforation velocities were estimated using a semi-analytical relationship based on the MCFT. A series of
verification tests was performed to examine the accuracy of the analytical procedure. Overall, the analytical and
experimental results were in good agreement in terms of the time-displacement response and damage mode.

Fire analysis — advanced modeling of RC structures subjected to fire has been the focus of researchers for many
decades. However, current analytical tools typically have major deficiencies in considering simultaneously both
thermal- and structural-related mechanisms. More importantly, they are typically unable to accurately compute the
shear behavior of RC structures under elevated temperatures. EIMohandes and Vecchio (2016) proposed a time
stepping procedure, developed based on the MCFT, which considers the thermal- and structural-related mechanisms
in a coupled manner. The procedure consists of two levels of analysis. At the first level, a nonlinear heat transfer
analysis is performed at certain time steps to determine the thermal expansion strains and reduction factors for the
temperature-dependent mechanical properties of the concrete and reinforcement. The heat transfer analysis can be
paired with a moisture transfer analysis that enables calculating the additional tensile stresses resulted from the vapor
pressure developed in the concrete pores. At the second level, a nonlinear structural analysis is performed taking into
account the first level analysis results as well as the externally applied loads. The proposed procedure was
implemented in VecTor3 and was successfully verified through coupled thermal and structural analysis of a series of
RC column specimens reported in the literature.

Fatigue analysis — recently, Isojeh et al. (2017a; 2017b; and 2017c) experimentally investigated the behavior of
reinforced concrete and steel-fiber concrete elements subjected to fatigue loading and proposed a set of damage and
constitutive models for the concrete composites (including steel fibers) and a crack-growth model for the
reinforcement. These models were incorporated into the DSFM formulation enabling analysis of concrete structures
under a fatigue loading condition. With this analysis procedure, first a set of material damage values for a certain
number of fatigue loading cycles is evaluated. Then, the structure is analyzed under the externally applied loads taking
into account the fatigue damage effects. The analytical procedure was corroborated by examining the behavior of a
series of small-scale reinforced concrete and steel-fiber concrete deep beams tested under fatigue loads. In general,
the analytical load-deflection responses agreed well with the experimentally observed behavior.
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Application to Other Materials

Steel fiber-reinforced concrete (SFRC) — the addition of steel fibers to concrete has been shown to considerably
improve the post-cracking tensile strength, shear resistance, and crack control characteristics of the material. Susetyo
et al. (2013) assessed the performance of then current concrete constitutive models in computing the behavior of SFRC
panel specimens subjected to pure shear, and found that the analysis results overestimated the strength and deformation
capacity of the SFRC panels. It was concluded that the accuracy of the analysis was greatly dependent on the tension
stiffening and softening models, the consideration of shear slip on the crack surface, and the crack spacing parameter.
Lee et al. (2016) modified the MCFT and DSFM formulations and proposed a new method for analysis of SFRC
members. To accurately consider second-order material effects, the method uses constitutive relationships specifically
derived for the SFRC material. The contribution of steel fibers to the post-cracking tensile strength is considered with
the Diverse Embedment Model (DEM) (Lee et al., 2011) or the simpler SDEM (Lee et al., 2013a). The more rigorous
DEM uses a double numerical integration scheme to evaluate the fiber tensile stress at the crack location. The SDEM,
which is a simplified version of the DEM, evaluates the influence of the pullout mechanism and the end anchorage on
the bond behavior separately using simple equations. For SFRC members containing conventional reinforcement, the
tension stiffening model used in the DSFM was modified to include the influence of steel fibers (Lee et al., 2013b).
The shear stress at the crack surface and the upper limit of the concrete post-cracking tensile stress are calculated
similar to the MCFT with the addition of a new term representing the contribution of steel fibers bridging the crack
surface. In the analytical procedure, both the shear slip and the fiber tensile stress relationships are presented as a
function of the crack width which can be determined using a SFRC crack spacing model developed by Deluce et al.
(2014). Lee et al. (2016) successfully verified the procedure through analysis of a series of SFRC panels tested under
shear.

Steel-concrete composite — steel-concrete (SC) composite elements generally consist of a thick concrete core
attached to two thin steel faceplates with regularly spaced stud anchors. Common micro-modeling methods for
analysis of such elements require detailed three-dimensional modeling of every component including the individual
anchor studs, making their applications to large structures questionable. VVecchio and McQuade (2011) adopted the
DSFM formulation and proposed a macro-modeling approach which facilitates analysis of SC elements. With this
method, similar to the concrete and reinforcement formulations, the total strains in the steel plates are expressed as a
summation of the offset and net strains. The material stiffness matrix for the steel plates is defined as a diagonal matrix
using appropriate secant moduli. The von Mises criterion is used to take into account the yielding of the steel plates
under biaxial stress conditions. A number of simplifying assumptions have been made with respect to the interaction
effects between the concrete and the steel plates; namely, the contribution from the steel plates to the concrete tension
stiffening is neglected, maximum crack spacing is approximated as equal to the thickness of the SC element, and the
interfacial slip between the concrete and the steel plates is neglected. In addition, the basic Euler buckling equation is
used as an approximate method to consider the buckling of the steel plates. The performance of the method was
assessed through analysis of SC panel elements and SC wall elements tested under monotonic and reversed cyclic
loading conditions. In general, the analytical procedure was able to accurately compute the load-deflection responses
and failure modes. There were some minor deficiencies which were attributed to the simplifying assumptions used in
the procedure. Hrynyk and Vecchio (2016) extended the procedure to analysis of SC shell and plate structures and
implemented the formulation into VecTor4. The performance of the method was successfully verified through the
modeling of two series of SC specimens subjected to in-plane and out-of-plane loads reported in the literature.

Alkali-silica reaction-affected concrete — the deleterious effects of the alkali-silica reactive (ASR) aggregates
on concrete behavior have been reported by several experimental studies and field observations. Ferche et al. (2017)
modified the DSFM formulation and proposed a two-phase analysis approach to model the effects of ASR on
reinforced concrete structures. In the first phase, the ASR expansion is evaluated in an iterative manner based on
average long-term stress conditions using appropriate ASR models from the literature. Depending on the selected
model, the ASR strains can be distributed uniformly in all directions or can have an anisotropic expansion along the
principal directions. The ASR strains are incorporated into the DSFM formulation as elastic offset strains (for
calculation of offset strains in the MCFT and DSFM refer to Vecchio (1992)). The ASR strains and their orientations
remain constant through the remainder of the analysis. In addition, the degradation of concrete mechanical properties
due to the ASR expansion can be either input manually, based on test results from sample specimens, or evaluated
internally using the free expansion parameter. In the second phase, a nonlinear structural analysis is performed
considering the results of the first phase and short-term loading conditions. The accuracy of the analytical procedure
was evaluated through the modeling of three types of ASR-affected test specimens: cylinders, prisms, and RC beams.
For all cases, the computed load-deflection responses agreed reasonably well with those obtained from the
experiments. Recommendations were provided to further improve the results.
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Unreinforced masonry — masonry is a composite orthotropic material comprised of blocks connected by mortar
joints oriented in two perpendicular directions (i.e., head and bed joints). Facconi et al. (2014) developed a unique
macro-modeling approach based on the DSFM for the analysis of unreinforced masonry structures. Unlike
conventional smeared crack models, the proposed method is capable of considering the global behavior of the
composite material in an average sense as well as the local shear slip response of the mortar joints. The equilibrium
and compatibility relations are formulated similar to the DSFM. For the equilibrium equations, unlike with reinforced
concrete, the shear stresses along the crack surface are assumed to be zero. For the compatibility equations, the total
slip strain is calculated from the summation of the slip strains of the head and bed joints defined with respect to the X
and Y directions. Also, the average crack spacing is defined as a function of the head and bed joint spacings. The
compressive stress-strain relationship is represented with a concrete model modified according to the masonry
characteristics. A failure criterion for masonry in compression, which takes into account the failures of the components
and the composite material, is adopted. The masonry tensile response is assumed to be linear elastic prior to cracking
and decay gradually after cracking (i.e., tension softening mechanism). The shear slip behavior of the masonry joints
is represent with an elastic-plastic model based on the Mohr-Coulomb yield criterion. Details of the aforementioned
models are provided by Facconi et al. (2014). The analytical procedure was verified against a full-scale masonry wall
and building fagade tests reported in the literature. The procedure was able to capture the experimental behavior for
both ductile and brittle failure modes reasonably well.

Application to RC Structures Repaired with FRP Sheets

Fiber-reinforced polymer (FRP) composites have been shown to be an effective repair method to improve the
performance of damaged RC structures. Various types of analytical models have been proposed to predict the behavior
of RC structures repaired with FRP sheets. However, most of the studies have focused on the flexure-critical structures
and the shear behavior of such structures has not been fully understood. Montoya et al. (2004) adopted the MCFT
formulation and developed a constitutive relationship for concrete under the triaxial compression. The model was
corroborated by analysis of several steel- and FRP-confined concrete column specimens. Sato and Vecchio (2003)
developed a set of analytical models to represent the bond characteristics between the concrete and FRP sheets, and
incorporated them into the DSFM formulation. The contributions of the FRP sheets to the crack formation and tension
stiffening effects were formulated according to the equilibrium and compatibility conditions. A parametric study was
performed to reduce the formulations into simplified models, enabling their implementation into the DSFM. The
models were validated through analyses of a series of RC beam specimens containing externally bonded FRP sheets.
Kim and Vecchio (2008) successfully employed the analytical procedure proposed by Sato and Vecchio (2003) for
modeling a shear-critical RC frame repaired with FRP wrap. The bond between the concrete and the FRP wrap was
modeled with two-noded non-dimensional link elements. The damage effects prior to repair were taken into account
by recording the stress and strain history of the elements. Sadeghian and Vecchio (2016) extended the application of
the method to multi-scale modeling, enabling analysis of large repaired RC structures. Details of the proposed multi-
scale modeling approach is presented in the following sections.

Application to Stochastic Analysis

Stochastic simulation is often used to evaluate reliability indices for structural design codes. A reliability index defines
the probability of structural failure in the limit state design method. Hunter (2016) implemented stochastic simulation
techniques into VecTor2 for reliability analysis of shear-critical RC structures. Various types of statistic models for
the concrete and reinforcement were adopted from the literature. The program was extended to perform Monte Carlo
(MC) simulation, Latin Hypercube simulation (LHS), random field generation (both MC and LHS), and correlated
sampling (both MC and LHS). Based on the selected stochastic simulation method, random samples are generated for
the concrete and reinforcement material properties. The random sampled values are then used to modify the user
defined material properties and generate random inputs for the analysis. By repeating the analysis with randomly
generated inputs, the stochastic simulation derives probabilistic information regarding the structure. The application
of the implemented stochastic simulation techniques was demonstrated by reliability analysis of shear-critical RC
beams without transverse reinforcement for the CSA A23.3 (2014) and ACI-318 (2014) design codes. Habibi (2017)
employed the stochastic tools of VecTor2 to investigate the sensitivity of the analysis results to the input parameters
for corroded RC beam specimens. It was concluded that for RC beams damaged by uniform corrosion, modeling the
rate of corrosion as a single variable rather than a random field results in more accurate statistical responses.
Application to Multi-Platform Analysis and Hybrid Simulation

Due to the complex behavior of cracked reinforced concrete, modeling an entire structure in fine detail using a
nonlinear finite element analysis program may not be practical. In addition, situations often arises where a multi-
disciplinary analysis may be warranted (e.g., soil-structure interaction analysis). Sadeghian (2017) developed a
simulation framework, named Cyrus, for multi-platform analysis of RC structures. In this approach, based on the
mechanical characteristics of the members and the anticipated locations of critical regions, the structural system is

3.16



The Modified Compression Field Theory: Then and Now

divided into several substructures. Each substructure can be modeled using a wide range of analysis programs that are
compatible with Cyrus including the VecTor suite of software. Cyrus coordinates the analysis and takes into account
the interaction between the substructures. This allows a user to integrate different types of MCFT and DSFM
formulations with each other (e.g., sectional analysis and finite element analysis) or with other types of analysis
procedures available in structural software. The application of the proposed simulation framework was demonstrated
through multi-platform analysis of several RC structures. In addition, a new interface element, named F2M element
(Sadeghian et al., 2017a), was developed to connect layered beam elements to membrane elements in RC frames. The
F2M element, which is based on the DSFM formulation, computes realistic stress distributions and allows for
transverse expansion at the connection section between the two elements.

The simulation framework was further extended to combine numerical modules with experimental modules to
accommodate hybrid testing (Sadeghian et al., 2017b). The physical modules are incorporated into the framework
using a generalized controller interface program compatible with a wide range of laboratory equipment and testing
configurations. The hybrid simulation capabilities of the framework were verified by conducting a small-scale
experimental program using a six degrees-of-freedom hydraulic testing facility. The hybrid simulations included
integration of the VecTor2 and VecTor5 programs with a small-scale test specimen.

CONCLUSIONS
The MCFT, developed almost 40 years ago, remains an effective general model for analysis of reinforced concrete
structures with detailed consideration of shear-related mechanisms. The MCFT shares the same principles as its
predecessor model, CFT, as well as with its refined version, the DSFM. All three models are based on the smeared
rotating crack concept, treat stresses and strains in an average sense, satisfy equilibrium and compatibility conditions,
and represent cracked reinforced concrete as an orthotropic material with unique constitutive relationships. The
models can be distinguished primarily in two aspects: 1) advancements in the constitutive relationships and 2)
improvements in local considerations at the crack surface. Relative to the CFT, the MCFT takes into account the
compression softening and tension stiffening mechanisms in the concrete constitutive relationships, and introduces
the need to examine local stress conditions at crack locations. The DSFM incorporates further refinements in the
constitutive models also takes into account shear slip along crack surfaces within the element compatibility
formulations, thus allowing for the divergence of principal stress and principal strain directions.
Over the last three decades, the MCFT has been adapted to various types of sectional and finite element analysis
programs as well as structural design codes. In addition, the formulations have been extended to several state-of-the-
art research topics including extreme loading conditions, advanced material types, stochastic analysis, repaired
structures, multi-scale analysis, and hybrid simulation. Many advancements were incorporated into the MCFT over
the years; however, the fundamentals of the model remain unchanged.
The factors that make the MCFT a versatile and enduring model, which can be successfully applied to many diverse
and complex structural problems with a high level of accuracy, can be summarized as follows:
1) The MCFT incorporates a rational and transparent approach based on simple and well-defined equations derived
from fundamental principles of structural analysis and solid mechanics.
2) The nature of its formulation makes it easily adaptable to finite element analysis algorithms and other simple or
advanced analysis procedures.
3) The MCFT provides a framework whereby a diverse range of constitutive models, behavior mechanisms, and
material types can be included, enabling the consideration of a broad range of structures and loading conditions.
4) The MCFT does not rely on assumptions, material characterizations, or analysis calibrations that may vary from
one type of structural element or load condition to another.
5) The smeared crack concept enables a macro-modeling approach, reducing modeling and computational effort.
6) Over the past four decades, the MCFT and its related analysis tools has benefitted from constant evolution and
continuous verification using results from comprehensive well-defined testing programs.
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