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Abstract—Program FANADA is a calculation program oriented on nonlinear analysis of reinforced concrete frame structures. Program is developed by authors. Analytical procedure
for nonlinear analysis adopted in this program is based on a
procedure developed by Vecchio and Guner on University of
Toronto. Procedure is capable of predicting nonlinear response
of reinforced concrete beams, columns and shear walls under
monotonic loading. It is capable of considering shear-related
mechanisms coupled with flexural and axial effects. Procedure
itself consists of two processes, linear elastic global frame analysis
and nonlinear sectional analysis. Both are working iteratively. It is
based on unbalanced forces approach. The contribution describes
implementation of this procedure in the program FANADA. In
the second part it reveals limitation of proposed procedure in
some special cases and presents solution to this limitation.

I.

I NTRODUCTION

Many procedures incorporated in modern design codes,
such as CSA [1], IBC [2], or FEMA 356 [3], are typically
based on linear elastic principles. Development of computer
technologies in past decades allowed to simplify and speed
up the usage of these procedures. Even though, that they are
not capable of to describe accurately every aspect of structural
behavior, they are widely used in modern programs because
of their simplicity and conservatism.

which are capable of nonlinear analysis considering shear
mechanisms. One of these programs is VecTor5 [8], based on
the program TEMPEST [9] and it was developed by Vecchio
and Collins.
Intention of authors is to develop their own computational
program for this kind of analysis.
II.

P ROGRAM FANADA

Program FANADA was first introduced in [10] and it
is developed by authors. It is oriented to nonlinear analysis
of reinforced concrete frame structures. FANADA is an autonomous calculation program, i.e. it do not use any thirdparty functions or libraries. It combines computational core
(nonlinear analysis procedure) at one side and graphic user
interface (GUI) on the other. Great emphasis was put also
on GUI. Nowadays, GUI is a very important part of modern
programs, which allows to user work with structural model
much quicker and easier. It is also important for user to have
at his disposal graphic presentation of results from different
types of analysis. Main window of the program is shown on
Figure 1.

In some situations, there is need to describe structural
behavior more precisely. Such situations can occur, when
damaged structure is analyzed; structure was built according
to obsolete design codes; forensic analysis after collapse of
structure is needed; prediction of behavior of structure exposed
to special loading conditions such as earthquake is needed.
Nonlinear analysis can be performed by specialized computer programs, e.g. SAP2000 [4] and RUAUMOKO [5],
DRAIN/2DX [6]. Many of these programs ignore shear mechanisms during the analysis. Programs with nonlinear analytical
procedures can usually predict response of flexural-critical
structures with very good accuracy. If they are analyzing shearcritical structures, there are often large differences between
observed results from different programs as it was shown in
[7]. Responses from such analytical procedures are often not
corresponding with real response from experiment.
In case of shear-critical structures, it is important to analyze
such structures with consideration of shear behavior, because
these structures usually fails in brittle manner with little or no
forewarning. There is lack of specialized computer programs

Fig. 1.

Program FANADA
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End

Diagram of overall global fiber nonlinear analysis algorithm

Name of the program was derived from first letters of these
three phrases: fiber analysis, nonlinear analysis and dynamic
analysis. As a programming language was used Object Pascal.

of the main steps in this procedure are described in following
sections.

For the nonlinear analysis, analytical procedure presented
by Vecchio and Guner in [7] was adopted. Principles of the
algorithm are briefly described in following sections.

A. Unbalanced forces approach

III.

OVERVIEW OF THE ANALYTICAL PROCEDURE

Global fiber nonlinear analysis algorithm (GFNAA) is
based on total load, iteration and secant stiffness formulation.
It is capable of analyzing structure under mechanical and
temperature loading. It also considers few second order mechanisms, such as geometric nonlinearity and dowel effect. This
procedure consists of two interrelated analyses. First, linear
elastic global frame analysis, which uses a classical stiffness
finite element formulation, is used to obtain deformations on
all structure members. These deformations are input values
for nonlinear sectional analysis, which is performed to obtain
sectional member forces. Sectional analysis is based on the
distributed nonlinearity fiber approach and is performed for
each structure member.
Main algorithm is based on the “unbalanced forces” approach. Unbalanced forces are the differences between global
and sectional forces. At the beginning of each iteration they are
added to compatibility restoring forces, which represent virtual
static loads on the structure. They are used to match deformations in the global frame analysis to those in the nonlinear
sectional analysis. Compatibility restoring forces are applied
to the ends of each member in self-equilibrating manner. This
double-iterative procedure is performed until all unbalanced
forces converge to zero. Figure 2 shows the overall procedure
diagram of GFNAA implemented in program FANADA. Few

GFNAA is based on the unbalanced forces, which represent
the differences between global and sectional member forces.
Basic analysis steps of the iteration of one load step are:
1)

2)

3)
4)

5)

Algorithm begins with updating compatibility restoring forces. It is done by addition of unbalanced forces
from previous iteration step. If it is first iteration step,
unbalanced forces and compatibility restoring forces
are zero. Compatibility restoring forces are added to
fixed-end forces on each member as virtual static
loading.
Linear elastic global frame analysis is performed to
obtain nodal displacements, reactions and end forces
for each member. Using averaging end factors are
calculated average axial forces N , shear forces V ,
and bending moments M on members.
For each member is calculated axial strain and shear
strain in the center of gravity of cross section.
Nonlinear sectional analysis is performed for each
member to calculate sectional forces Nsec , Vsec ,
and Msec . This step is a complex calculation of
stress-strain field in each fiber of each member cross
section. For these calculations are adopted Modified
stress field theory (MCFT) [11] or Disturbed stress
field model (DSFM) [12].
Unbalanced forces are determined as the differences
between global forces N , V , M and sectional forces
Nsec , Vsec and Msec . These forces are added to
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Principle of unbalanced forces approach

Fig. 4.

-N R

compatibility restoring forces at the beginning of each
iteration step.
Steps 1 to 5 are repeated until all unbalanced forces
in all members are ideally zero or maximum number
of iterations is reached.
At the end of the iteration of one load step is updated
structure geometry to consider geometric nonlinearity.

For the illustration of the unbalanced forces approach, first
two iterations are shown on Figure 3. It shows the relation
between forces and deformations. Straight line represents
linear elastic global analysis and curve represents nonlinear
sectional analysis. At the beginning of the iteration, response
of the member to an applied moment Ma and corresponding curvature χL1 are obtained from linear global analysis.
According to deformations of a member, which are input
values for nonlinear sectional analysis, is calculated nonlinear
member response MN 1 . The difference between Ma and
MN 1 is unbalanced bending moment MU 1 , which is added
to compatibility restoring force MR1 in the next iteration step
(MR1 = 0 + MU 1 ). In the second iteration will be the acting
load on the structure ML2 = Ma + MR1 . Using linear global
analysis is obtained new corresponding curvature χL2 , which
is input value for the sectional analysis. Nonlinear response
MN 2 is determined from the sectional analysis. New value of
unbalanced bending moment MU 2 = Ma − MN 2 is smaller
than in the previous step, while compatibility restoring force
MR2 = MR1 + MU 2 has increased. This procedure repeats,
until all unbalanced forces on all members become zero, i.e.
MN i = Ma .
B. Shear compatibility strain
Shear compatibility strain γltc is defined by
Nunbal
pre
× DAV G3 ,
(1)
γltc = γltc
+ 1.15 ×
Gc × A
where γltc is shear compatibility strain used in the current
pre
global frame analysis iteration, γltc
is shear compatibility
strain from previous iteration, Nunbal is unbalanced shear
force, Gc is shear modulus of elasticity of concrete, A is
cross sectional area, and DAV G3 is dynamic averaging factor
for unbalanced shear force [13]. Shear compatibility strain is
calculated for each member of the structure.

Beam element used for frame analysis in the program FANADA
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Fig. 5.

Implementation of compatibility restoring forces on a member

C. Compatibility restoring forces
Compatibility restoring forces apply as virtual static loads.
They are used to match deformations on members from the
global analysis to deformations from the sectional analysis.
These forces are updated at the beginning of each iteration step
by addition of unbalanced forces from the previous iteration.
They are applied at the end of members in self-equilibrating
manner, i.e. they do not affect reactions.
Compatibility restoring axial force NR , shear force VR and
bending moment MR are defined as
NR = NRpre + Nunbal × DAV G1 ,
MRpre

+ Munbal × DAV G2 ,

12Ec I
pre
pre
VR = VR + γltc
− VR
DAV G3 ,
L2x
MR =

(2)
(3)



(4)

where NRpre , VRpre and MRpre are compatibility restoring axial
force, shear force, and bending moment from the previous
iteration step, Nunbal and Munbal are unbalanced axial force
and bending moment, DAV Gi are dynamic averaging factors,
I is moment of inertia of a member cross section, and Lx is
the length of a member.
Implementation of compatibility restoring forces on a
member (Figure 4) in the program FANADA is shown on
Figure 5. Their objective is to change deformations of the
member, but do not affect reactions on the member. Note
that to satisfy equilibrium, the influence of compatibility shear
forces VR × Lx /2 is added to the bending moment.
Load vector of compatibility restoring forces in selfequilibrating manner with respect to the positive direction of
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Sectional analysis: (a) Cross section discretization into concrete fibers and reinforcement layers; (b) Axial and shear strain diagram across the section
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F. Nonlinear sectional analysis

(5)

D. Unbalanced forces
Unbalanced forces are the differences between member
forces from global and sectional analysis. They are defined
as
Nunbal = N − Nsec ,

(6)

Vunbal = V − Vsec ,

(7)

Munbal = M − Msec .

(8)

E. Convergence factor
Convergence factor is required at the end of each iteration
step of the global analysis. Convergence criterion in GFNAA
are unbalanced forces. The convergence factor is defined by
v
u
n h
i
u 1 X
2
2
2
(9)
CF = t
(Nc,i ) + (Vc,i ) + (Mc,i ) ,
3n i=1
Nc,i =
Vc,i =
Mc,i

Nunbal,i
,
Nsec,i
Vunbal,i
,
Vsec,i

Munbal,i
=
,
Msec,i

The objective of the sectional analysis is to determine
nonlinear response of each member based on deformations
observed in global analysis. Cross section of each member
is discretized onto finite number of concrete fibers and finite number of reinforcement layers (Figure 6a). All fibers
and layers are defined only by basic material and geometric
characteristics.
Global analysis provides curvature χ, axial strain εx and
shear strain γyx at the center of gravity of cross section of
a member as input data for sectional analysis. Main sectional
compatibility condition is that “plane section remains plane”,
which permits the calculation of axial and shear strain in each
fiber or layer as a function. The analysis assumes uniform
strains across the depth of a fiber or layer and they are equal
to the strains in the center of the fiber or layer as it is shown on
Figure 6b. Sectional equilibrium condition includes balancing
the axial force, shear force and bending moment, that are
calculated in global analysis.
Each fiber is then analyzed separately using MCFT [11] or
DSFM [12], but the compatibility and equilibrium conditions
are satisfied for the section as a whole. The objective of the
analysis of fibers is to determine normal and shear stress on
each fiber. These stresses are then integrated over the cross
section to determine the resulting sectional member forces.
1) Resulting sectional member forces: After determining
the responses of concrete fibers and reinforcement layers on
the cross section, the resultant sectional member forces can be
calculated using superposition as it is shown in (13), (14), and
(15), where ncl is the total number of concrete fibers and nsl
is the total number of reinforcement layers.

(10)
Nsec =
(11)
(12)

where n is number of members in structure.
When the convergence is achieved or if the maximum
number of iterations is reached, GFNAA continue to the next
load step.

ncl
X

σxi × bi × hi +

i=1

Msec =

ncl
X

nsl
X

fsxj × Asj

(13)

j=1

σxi × bi × hi × yci +

i=1

nsl
X

fsxj × Asj ysj (14)

j=1

Vsec =

ncl
X

τyxi × bi × hi

(15)

i=1

Calculated forces are checked with member forces obtained
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from global analysis to determine unbalanced forces. This
process is performed for each member until all unbalanced
forces become zero.
IV.

T ESTING GFNAA ALGORITHM

Previous sections briefly described the original formulation
of main principles of GFNAA proposed by Vecchio and Guner
[7]. After the implementation in the program FANADA was
the algorithm tested. For the verification of the implementation
was used one of the Vecchio-Shim beams [14].

Convergence factor

Vecchio-Shim beam: (a) Setup of experiment and cross section; (b) Computational model
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Convergence factor of the beam A1 using original GFNAA
formulation

A. Vecchio-Shim beams
Series of beams tested by Bresler and Scordelis [15] are
very often used for the verification purposes of various analytical procedures. These beams were prepared and designed in
shear-critical manner, i.e. they contained high amount of longitudinal reinforcement and low amount of shear reinforcement.
In 2004 Vecchio and Shim [14] repeated these experiments to
verify obtained results from experiments in 1963.
For verification purposes was selected beam A1. It is
simple supported beam, where both ends of the beam are
supported with joint. Cross section of this beam and simple
setup of this experiment is shown on Figure 7a. Beam was
exposed to monotonically increasing force in the midspan of
the beam. Basic geometrical and material characteristics of the
beam can be found in [13]. Using the symmetry of the beam,
the computational model was created from the half of the beam
as it is shown on Figure 7b.

Unbalanced forces [kN], [kNm]

Fig. 7.

(b)

400
Nunbal
Vunbal
Munbal
200

0
−50

1

5

10

15

20

Load step
Fig. 9. Unbalanced forces on 6th element of the beam A1 using original
GFNAA formulation

B. Limitation of original GFNAA formulation
During the verification of the original GFNAA formulation
on the beam A1 it was observed, that the solution did not
converged. Convergence factor during all load steps are shown
on Figure 8. After more detailed analysis it was observed, that
the source of this problem is based on unbalanced axial forces.
On Figure 9 can be seen, that unbalanced axial forces are not
zero. This is caused by boundary conditions of computational
model of the beam A1. Since both ends of the beam cannot
displace in the direction of global axis x (because of supports),
it occurs in the analysis, that in some point of the iteration
axial compatibility restoring forces becomes equal on all
members. This causes, that these axial compatibility restoring
forces eliminate each other on all members and there will be
no change in axial strain from global analysis in the every
following iteration. If there is no change of axial strain for
a member, sectional axial force will remain same also. Since

there is no change in the sectional axial force, the unbalanced
axial force is identical in the every following iteration step of
the load step, and the solution cannot converge.
Figure 10 shows simplified flowchart of original formulation of GFNAA [13]. It shows the iteration of one load
step. Principle of this algorithm was described in previous
sections. To eliminate observed limitation of the algorithm are
proposed two solutions in this paper. Solution by changing the
computational model, and solution by the modification of the
original algorithm.
C. Changing the computational model
Very simple solution is to change the computational model,
if it is possible. In the case of the beam A1, it is possible. If
the horizontal movement at one end of the beam is allowed,
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it will permit the change of deformation on members between
iteration steps and the solution can simply converge. It is very
simple solution, but it requires responsible user with experience and professional knowledge with modeling structures.
On the other hand, there can be different structures, where this
solution will not be applicable. That is the reason why another
arbitrary solution is proposed.

Vunbal , Munbal

Simplified flowchart of modified formulation of GFNAA
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Condition is implemented directly in the sectional analysis
and it is checked after every iteration. If the condition is not
satisfied, algorithm estimates new value of axial strain εx , and
continue at the beginning of the sectional analysis. Simplified
flowchart of modified GFNAA is shown on Figure 11. This
process repeats until (16) is satisfied. After that, GFNAA continues with calculation of unbalanced forces and convergence
factor. It should be noted, that the unbalanced axial force is
not calculated, because the condition of zero unbalanced axial
force is directly fulfilled in the sectional analysis. Also the
calculation of the convergence factor will now looks as
v
"
u
2 
2 #
n
u 1 X
Vunbal,i
Munbal,i
t
+
. (17)
CF =
2n i=1
Vsec,i
Msec,i
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Fig. 12.
Convergence factor of the beam A1 using modified GFNAA
formulation
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The second possible solution of how to eliminate observed
limitation of GFNAA is to use of the basic principle of the
equilibrium state in the cross section based on [16]. This
principle says, that the sum of internal axial forces on the
fibers and layers of the cross section is in the equilibrium with
the axial force caused by external loading. This condition is
defined as

CF
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Fig. 13. Unbalanced forces on 6th element of the beam A1 using modified
GFNAA formulation

Convergence factor from analysis using modified GFNAA is
shown on Figure 12, and unbalanced forces using modified
GFNAA are shown on Figure 13.
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V.

R EFERENCES

C ONCLUSION

Presented GFNAA with cooperation of DSFM has proved
to be stable algorithm for nonlinear analysis of shear-critical
frame structures. It was successfully implemented in the program FANADA. Although, during the testing of GFNAA was
observed a small limitation of this algorithm.
Paper proposes two possible solutions for this limitation.
First, is to change computational model. Even if it is a very
simple and effective solution, it requires experienced user,
and it is not always possible to change the model of the
structure. Another proposed solution is the modification of
original GFNAA.
Even though, that the modified GFNAA adds new iteration cycle into the sectional analysis against the original
formulation, time needed for computation is approximately the
same or slightly higher. This is due to the reason, that while
original formulation needs 80 iteration steps of global analysis
to converge, modified GFNAA needs 25 iteration steps of
global analysis, but each iteration is longer because of the new
iteration cycle in the sectional analysis. However, time needed
for computation using modified GFNAA can be increased in
later phases of calculations, when there are developed plastic
deformations across the structure, or if the maximum number
of iterations was reached (e.g. when shear protection algorithm
is applied [13]).
Whilst the original algorithm has the little limitation in use
on the structures with special boundary conditions, proposed
algorithm allows to compute arbitrary frame structures. However, original formulation is still usable for almost every kind
of frame structure. That is why, in the program FANADA are
implemented both algorithms, original and modified GFNAA.
The user have the possibility to choose any of them for the
calculation.
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