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Abstract. This work presents a new version of Ftool, a program for structural analysis of two-dimensional frame 
models, widely used by Civil Engineers and students. The new features of this version are: second-order geometric 
non-linear analysis using the two-cycle method, stability and natural vibration analyses through an eigenvalue 
problem, semi-rigid connections with moment-rotation linear-elastic behavior, and consideration of structural 
deformation constraints, such as inextensible and rigid members, using Lagrange multipliers. This latest version, 
like the previous ones, has no incremental-iterative step-by-step analysis, i.e., it has only direct solving methods 
without specification of increment parameters, such as load ratio, maximum number of steps, or tolerance values.  

Keywords: two-cycle analysis, stability analysis, natural vibration analysis, semi-rigid connections, structural 
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1  Introduction 

Ftool (Two-dimensional Frame Analysis Tool) is an interactive graphical program for the structural analysis 
of planar frames. Its primary objective is the simple and efficient prototyping of structures. Its creation began in 
the 1990s at the Tecgraf Institute of Technical-Scientific Software Development of PUC-Rio (Tecgraf/PUC-Rio 
– https://www.tecgraf.puc-rio.br). The program was initially developed for classroom use at PUC-Rio, but has 
evolved into a tool widely used in professional structural projects across the world. The program is available on 
its website – www.ftool.com.br – and the technical manual is available at https://www.tecgraf.puc-rio.br/ftool. 

In the 2022 edition of CILAMCE, Martha and Rangel [1] presented an article on the history of the 
development of Ftool. The reader is directed to that article to understand how the development of Ftool took place 
and how it continues to evolve. That article highlights the improvements achieved in each version over the years 
and demonstrates the reach of the program's user community. 

The program uses the C programming language with an object-oriented programming discipline. Ftool's 
internal data representation is based on the Half-Edge Data (HED), a topological data structure originally 
developed to represent polyhedral surfaces [2]. At Tecgraf, it has been implemented in a general-purpose function 
library for handling planar subdivisions [3]. This data structure is a crucial feature of Ftool, providing robust and 
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efficient modeling capabilities. 
Ftool's basic edition allows users to define models efficiently and directly. It analyzes the structural model 

and provides various results, such as internal force diagrams, deformed configuration, influence lines at any point 
along the members, and result envelopes for live loads. Cross sections can be defined parametrically according to 
various models (rectangular, T-, L-, and I-shaped profiles, etc.) by selecting from a wide variety of standard shapes 
(AISC, Gerdau, etc.), or generically by defining the section's geometric properties such as area and moment of 
inertia. Structural members can be analyzed using Euler-Bernoulli or Timoshenko theory. Supports can be rigid 
or elastic, inclined, and subject to imposed displacements. Ftool's robust and user-friendly modeling capabilities 
enable the creation of various types of structures, from the simplest to the most complex, in just minutes. 

The current version of the Ftool Advanced Edition adds several features to facilitate its educational and 
professional use. A key feature of the Advanced Version is the ability to support multiple load cases. This feature 
is crucial in structural design, as a real structure must often withstand numerous loads, such as accidental loads, 
winds from various directions, etc. The Ftool Advanced Edition can analyze all these cases directly. It is also 
possible to create weighted load combinations and view the result envelopes for all load cases and load 
combinations, presenting simple and worst-case scenarios for each element in a given structure. 

This paper presents a new version of Ftool (version 5.00). The new features of this version, available in the 
advanced edition, are: second-order geometric non-linear analysis using the two-cycle method, eigenvalue 
buckling analysis, natural vibration mode eigenvalue analysis, semi-rigid connections with moment-rotation 
linear-elastic behavior, and consideration of structural member deformation constraints, such as inextensible and 
rigid members, using Lagrange multipliers. For theory details on these developments, see [4–12]. 

2  New features of Ftool version 5.00 

Fig. 1 shows the graphical interface of version 5.00 of Ftool’s advanced edition. The following sections 
briefly present the improvements in this new version, indicating related articles. 

 

Figure 1. Graphical interface of version 5.00 of Ftool’s advanced edition 
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2.1 Second-order geometric non-linear analysis using the two-cycle method 

The two-cycle iterative method [13] uses the equilibrium equation of the structural problem in two stages. 
The equilibrium equation matrix uses the elastic stiffness matrix in the first cycle. This matrix is calculated without 
considering any second-order effects. In the second cycle, to include the effects of geometric nonlinearity, the 
stiffness matrices of each frame member must be updated by adding a geometric stiffness matrix, which depends 
on the element internal forces. These forces are determined based on the nodal displacements and rotations 
calculated in the first cycle. 

Ftool was adapted to perform two-cycle analyses, with Fig. 2 showing the selection of this solution method 
in the graphical interface. To solve the structural model, the program employs frame elements based on solutions 
of the differential equations obtained from the deformed configuration [4, 5]. The results of displacements and 
rotations for the examples studied in the cited articles are identical to the analytical solutions, showing that 
combining the two-cycle method with the exact element formulation is promising and can diminish the need for 
discretization and the use of complicated nonlinear solution algorithms. An example is shown in Fig. 1, where the 
members of the left frame are not discretized, while the members of the right frame are subdivided into six 
segments. It can be seen that the bending moment diagrams of the two frames are practically identical.  

 

Figure 2. Drop-down list for selection of analysis type, indicating the selection of the two-cycle iterative analysis 

2.2 Stability analysis 

The stability analysis provides the structure’s critical loads and corresponding buckling modes [14, 15]. Fig. 
3 shows Ftool’s graphical interface with the first buckling mode of a simple frame [6]. 

 

Figure 3. An example of stability analysis in Ftool showing a frame buckling mode and all critical load ratios 
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In Fig.3, the “Analysis” drop-down list shows the selection of Buckling Modes analysis. The “AnlOpts” 
button displays the “Analysis for Buckling Modes” menu on the right side. The user may select the desired 
buckling mode to be displayed on the main canvas. In addition, the value of the critical load ratio for each buckling 
mode is provided in table format in the right-side menu. 

2.3 Natural vibration analysis 

The natural vibration analysis provides the structure’s natural frequencies, vibration modes, mode 
participation factors, and mode effective masses [15–17]. In version 5.00 of Ftool, two mass attributes were 
created: concentrated nodal masses and uniformly distributed member masses. The button for selecting the 
concentrated nodal mass attribute and its menu are indicated in Fig. 4. Translational and rotational masses may be 
applied to the nodes of the structural model. Fig. 5 shows the selection of the distributed member mass button and 
its attribute menu. It is possible to activate self-weight mass and apply additional distributed mass on a member. 

 

Figure 4. Concentrated nodal mass (translational and rotational) attribute used in vibration mode analysis 

 

Figure 5. Distributed member mass attribute used in vibration mode analysis 
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Fig. 6 shows the first vibration mode of the frame model depicted in Figs. 4 and 5, along with a list of the 
computed frequency and period of each vibration mode [6]. The right-side menu of “Analysis for Vibration 
Modes” also provides an option to select the type of mass matrix: consistent or lumped nodal mass [18–21]. 

 

Figure 6. Natural vibration analysis showing the first vibration mode of the frame from Figs. 4 and 5 

2.4 Semi-rigid connections 

A semi-rigid connection is modeled in Ftool using a finite element with two nodes, considering a stiffness 
matrix that relates the relative rotation between the two nodes and the moment in the connection [7–10]. As shown 
in Fig. 7, a rotational spring element is created with a fictitious node at each semi-rigid connection of a beam 
element. This fictitious node has an additional rotational degree of freedom, and its translational degrees of 
freedom are shared with the structure node. The fictitious node connects the beam element to the spring element. 

 

Figure 7. Semi-rigid connection modeled as an isolated rotational spring element 

Incorporating semi-rigid connections in Ftool guarantees a high potential for advanced analysis of two-
dimensional frames. As an independent finite element, the rotational spring model presents a simple 
implementation, ensuring satisfactory results in representing semi-rigid connections. Furthermore, the numerical 
model adopted allows for the direct insertion of the non-linear behavior of the connection, which is already under 
development, in addition to opening space for future works that consider the coupling of axial and shear rigidities. 

Fig. 8 shows Ftool’s graphical interface with the deformed configuration of a frame with two semi-rigid 
connections at the beam ends, as well as the menu for creating and applying linear-elastic semi-rigid connections. 

 

Structure 
node 

Fictitious 
node 

Semi-rigid element: 
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Figure 8. Deformed configuration of a frame with two semi-rigid connections, and Semi-rigid Connections menu 

2.5 Member deformation constraints 

Rigid and inextensible members are useful in educational software, as they capture the essence of the 
structural behavior with fewer variables. In addition, they allow a comparison with results obtained by hand 
calculation using classical structural analysis methods. Therefore, Ftool, as an educational software, considers the 
analysis of frame structures with inextensible and rigid members, i.e., members without axial and bending strains. 

There are three main approaches to handling constraints: transformation, penalty function, and Lagrange 
multiplier methods [22–24]. The transformation methods, also known as master-slave elimination, use each 
constraint to eliminate one equilibrium equation, reducing the number of degrees of freedom. However, this 
approach does not allow the determination of axial forces in inextensible members or bending moments in rigid 
members. Implementing the penalty function method is trivial, since, physically, it corresponds to assigning a very 
large value to the axial stiffness (EA) of inextensible members and a considerably large value to the bending 
stiffness (EI) of rigid members. The previous versions of Ftool used the penalty function method. However, as the 
penalty factor increases, the stiffness matrix becomes increasingly ill-conditioned, leading to significant solution 
errors. In fact, some users have reported spurious responses of frames with deformation constraints in Ftool. 

The methodology adopted in the new version of Ftool for considering member deformation constraints uses 
Lagrange multipliers [11, 12], which eliminates the aforementioned problem. It adds strain constraints to the total 
potential energy minimization, leading to a quadratic programming problem. In addition, this approach is very 
suitable for computational implementation because it does not affect the generic characteristic of a matrix structural 
analysis. The solution gives rise to one Lagrange multiplier per constraint, essential for computing member internal 
forces. However, there are situations in which inextensible and rigid member constraints may be redundant, which 
prevents the determination of dependent Lagrange multipliers. In these cases, it is impossible to determine the 
members' internal forces with redundant constraints. The solution adopted in Ftool to this problem is to find an 
optimal solution for member internal forces by minimizing the difference between the constrained and the 
unconstrained model. 

Fig. 9 shows Ftool’s graphical interface with the model of a building with rigid beams (shear building), and 
the menu for applying member deformation constraints. Flexible members may be extensible or inextensible, with 
the latter presenting no axial deformation. In addition, shear deformation may be constrained (Bernoulli beam – 
default case) or unconstrained (Timoshenko beam). A rigid member has no deformation. A new feature in Ftool 
is to specify a rigid member as a rigid link. The difference between a rigid member and a rigid link is that no 
diagram of internal forces is displayed for rigid link members. 
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Figure 9. Deformed configuration of a frame with rigid beams, and Deformation Constraints menu 

3  Conclusions and Future Developments 

Ftool is an interactive graphical system designed to provide engineering students with an academic tool. It 
does not focus on advanced numerical simulations. Instead, it integrates a user-friendly interface for efficient 
creation and manipulation of planar frame models (pre-processing), fast solution process, and rapid and effective 
visualization of results (post-processing) in a platform for teaching structural behavior. 

We believe that none of the available commercial finite element programs, such as SAP2000, ABAQUS, or 
ROBOT, offer the same level of integration between pre- and post-processing, ease of use, modeling capabilities, 
and versatility in visualizing results for plane frames as Ftool does. None of these programs was designed as an 
academic tool. Their data structures were primarily designed to implement the numerical analysis tasks of a finite 
element program. Designing a fully integrated educational interactive graphical software requires a well-structured 
data representation scheme that supports modeling, the numerical analysis aspects, and result visualization, all 
within a single user interface. Ftool has demonstrated all of these features, as frequently reported to its creator by 
civil engineering professors from various universities in Brazil and abroad. Furthermore, its user-friendliness and 
rapid and simple prototyping of structural behavior explain why many engineering companies also use Ftool. 

The improvements introduced in the new version, as presented in this article, are expected to have a 
significant impact both on teaching structural analysis and on professional activities in Structural Engineering, 
benefiting the entire Ftool user community. 

Future versions of Ftool are already under development [25–28]. They focus on incremental-iterative solution 
methods to enable the discovery of the structure’s equilibrium paths in post-critical geometric nonlinear analyses 
and when considering semi-rigid connections with nonlinear behavior. 
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