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Pushover analysis of GfrP Pultruded frames

C. Casalegno1* and s. russo2
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Results of a pushover analysis of GFRP pultruded frames aimed at the evaluation of their overall ductility are 
presented. It is assumed that the dissipation capacity of the frame structures is concentrated in joints due to 
their nonlinear behavior induced by progressive damage, while a brittle-elastic behavior is assumed for frame 
members. A two-storey one-bay GFRP pultruded frame is considered for a case study in which the column-base 
and beam-column joints are modeled with nonlinear rotational springs with different moment-rotation laws 
derived from experimental results available in the literature. For comparison, frames with hinged connections 
and moment-resisting frames are also analyzed. Finally, the results obtained are compared with those for a 
similar steel frame. The final results bear witness, in particular, to the absence of a significant ductility of 
pultruded frames and the relevant influence of the characteristics of bracings on their structural response. 

1. introduction

There is currently a great interest in the use of glass-fiber-reinforced polymer (GFRP) composites in civil engineer-
ing applications. This is due to their various advantages over traditional construction materials, such as, first of all, the high 
strength-to-weight ratio and durability [1]. 

In recent years, several large pultruded frame structures made of open-section GFRP profiles have been realized in 
the USA, the Southeast Asia, and Europe [2, 3]. A conscientious overall design of pultruded frame structures requires the 
definition of dynamic parameters to be used in seismic zones. The key feature of force-based seismic designs is the response 
modification factor (q or R), which is very widely employed to reduce the seismic accelerations to which the structures are 
subjected in consideration of their inelastic behavior [4]. This factor depends on the structural system, in which the type of 
material, the structural configuration, connections, the self weight, and boundary conditions simultaneously play an important 

Mechanics of Composite Materials, Vol. 51, No. 5, November, 2015 (Russian Original Vol. 51, No. 5, September-October, 2015)

1Ph.D., IUAV University of Venice, Dorsoduro 2206, 30123 Venice, Italy 
2Associate Professor, IUAV University of Venice, Dorsoduro 2206, 30123 Venice, Italy 
*Corresponding author; e-mail: carlo.casalegno@polito.it

0191-5665/15/5105-0593 © 2015 Springer Science+Business Media New York

Russian translation published in Mekhanika Kompozitnykh Materialov, Vol. 51, No. 5, pp. 839-860 , September-
October, 2015. Original article submitted September 24, 2014.

DOI 10.1007/s11029-015-9530-7

mailto:carlo.casalegno@polito.it


594

role [5-10]. The need for evaluating the overall ductility capacity of FRP structures, even if the material is brittle-elastic, is 
anyhow strategic. 

A well-known method for evaluating the inelastic response of a structure to seismic actions, and then its ductility, 
is the pushover analysis, which consists in the application of increasing horizontal forces to the structure up to failure. The 
overall ductility is then evaluated on the base of the dissipation capacity induced by the nonlinear behavior of the struc-
tural system. Although many exploration have been carried out into the pushover analyses of steel and reinforced concrete 
structures (see [5-7, 9, 11-18] among others), the structural response of pultruded frames under horizontal actions has not 
been yet studied. In fact, although the study of the static behavior is now in-depth [2, 19-27] and some investigations have 
been already carried out on the evaluation of the elastic damping of pultruded members and structures [3, 28-30], a more 
in-depth study on the inelastic dynamic response is needed in order to define parameters for a seismic design. Indeed, even 
though the pultruded material is characterized by an elastic-brittle behavior, nonlinear and “pseudo-ductility” phenomena 
can be evidenced if attention is shifted from the material to the structure and its configuration through, first of all, the way 
of its assembly. In particular, the moment–rotation curves of bolted pultruded connections presented in this research points 
to a nonlinear behavior of the joints, as the load is increased up to failure, due to the progressive damage of the elements 
that form the connection.

The present work is part of a more wide research program, still in progress, addressed to the evaluation of the dis-
sipation capacity of pultruded structures based on the analysis of both the local nonlinear behavior of joints [31] and the 
global behavior of pultruded frames under seismic actions. In particular, in the work described herein, an attempt is made to 
evaluate the overall ductility of FRP pultruded frame structures by carrying out the pushover analyses of pultruded frames 
and assuming that the dissipation capacity of the structure is concentrated in its joints (as in timber structures), due to their 
nonlinear behavior induced by the progressive damage. That is to say, the dissipation capacity is devolved on the progres-
sive damage mechanisms of the elements that form the connection and not to yielding of the material, since the pultruded 
material behaves linearly elastically up to failure. Results relative to experimental or numerical investigations into the 
inelastic response of pultruded structures subjected to horizontal actions have not been reported in the literature, to the best 
of knowledge of present authors. Only tests on pultruded frames subjected to short- and long-term vertical loads have been 
carried out [32, 33]. In our work, a two-storey one-bay GFRP pultruded frame is analyzed in detail. The column-base and 
beam-column joints are modeled by nonlinear rotational springs, while a brittle-elastic behavior is assumed for structural 
elements. For comparison, frames with hinged connections and moment-resisting frames are also analyzed. The final results 
are compared with those for a similar steel frame.
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Fig. 1. Pultruded frames with (a) and without (b) bracings.
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2. analysis of Pultruded frames

The two-storey one-bay GFRP plane frame shown in Fig. 1 has been analyzed numerically. The frame is 6 m high, 
and its span is 5 m. 

The frame is subjected to a distributed vertical load q = 0.3 N/m acting on its beams and to the self weight (1880 kg/m3).
The analysis is carried out on a two-dimensional model. Anyway, if the frame considered is supposed to have a 

regular shape in plan and elevation, this simplifying assumption does not have a significant influence on the modeling of its 
structural behavior. In fact, Eurocode 8 provisions [4] allow one to carry out a two-dimensional analysis of structures that 
satisfy the criteria of regularity.

The columns and beams are modeled by beam elements (L6BEN), taking into account the shear strain. Bracings 
are modeled by truss elements (L4TRU). Rotational springs (SP1RO) with nonlinear moment–rotation relations are used to 
model the column-base and beam-column joints [34].

The beams and columns have wide-flange sections of dimensions 203 × 203 × 9.5 mm (Fig. 2). Different areas for 
the cross section of bracings are considered, and, with the aim of comparison, a frame without bracings is also analyzed 
(Fig. 1b). 

A linear-elastic behavior is assumed for the beams and columns [35, 36]. The different behavior of bracings in ten-
sion and compression, induced by their buckling, is taken into account postulating a nonlinear behavior for their material, 
characterized by a negligible stiffness in compression. Two values for the ultimate tensile strength s u  of bracings, 240 and 
400 MPa, are considered in the analyses. The characteristics of the structural elements that form the pultruded frames con-
sidered in the analysis are reported in Table 1 together with their material properties.

The nonlinear moment–rotation relations for the pultruded joints are taken from the experimental results available 
in the literature. In regard to beam–column joints, the results of several experimental campaigns have been reported. A wide 
review work of tests on beam-column joints have been carried out in [37-38]. Pertaining column-base joints, on the contrary, 
the only tests reported in the literature, to our knowledge, are those carried out in [39].

In the present work, two different moment-rotation relations for column-base joints are considered, which were ob-
tained from the experimental results and analytical formulations reported in [39]. In particular, the moment–rotation relations 
used in the FE model were found through the use of the formula
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Fig. 2. Cross section of beams and columns employed in the pultruded frame (dimensions in mm).
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reported in the paper cited, where Q is the rotation angle of joint, M is the applied bending moment, kini  is the initial stiffness 
of joint, Mu  is the ultimate bending moment of joint, and n is assumed equal to 1 (as suggested in the paper mentioned). 
The values of kini  and Mu  used in Eq. (1) to trace the moment–rotation diagram were obtained from the experimental tests 
reported in the paper cited.

The moment–rotation relation used for the modeling of beam-column joints is given in [37] as values of the rotational 
stiffness for increasing values of the bending moment applied.

The characteristics of joints are reported in Table 2, and the moment–rotation relations for three joints are represented 
in Fig. 3. The Turvey & Cooper CBL1 column-base joint (TC1 in what follows) is a web- and flange-cleated connection, 
which is characterized by the highest values of initial stiffness and ultimate bending moment and by the lowest value of the 
ultimate rotation angle. The Turvey & Cooper CBL3 base-column joint (TC2 in what follows) is only web-cleated and has 
an initial stiffness and a bearing capacity that are approximately 70% lower, but an ultimate rotation capability twice that 
of the former joint. The Mottram 1 beam-column joint (M1 what follows) is a web-cleated connection with characteristics 
close to those of joint TC2. 

Looking at Table 2, it can be noticed that the initial stiffness and the ultimate bending moment of column-base 
joints computed by Eq. (1) (columns 3 and 5 of the table) are slightly underestimated relative to the experimental values 
(columns 4 and 6 of the table) reported in [39].

TABLE 1. Characteristics of Structural Elements

Structural element Cross section Material behavior Elastic constants, GPa Ultimate strengt su, МPa
E G

Beams and columns 203×203×9.5 mm Linear elastic 25 3 240

Bracings 0/5/10/20/40 cm2 Nonlinear with a low 
stiffness in compression 25 — 240/400

TABLE 2. Characteristics of Joints [1-2]

Joint Joint type
kini, kN · m/rad Mu, N · m

Θu, rad
Eq. (1) Experiment Eq. (1) Experiment

TC1 Column-base 1190 1330 4854 5720 0.024
TC2 Column-base 323 360 1515 1660 0.048
M1 Beam-column - 94 - 1720 0.039

M, .N m
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3
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Fig. 3. Moment–rotation relations M–Q for the TC1 (1), TC2 (2), and M1 (3) joints.
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3. Pushover analysis

The pushover analysis is a well-known approach to evaluating the overall ductility of structural systems [5, 9, 12, 
13, 15, 17, 18]. It consists in a nonlinear analysis of a structure subjected to horizontal forces, usually linearly increasing with 
height or having magnitudes scaled with respect to the first vibration mode, as shown in Fig. 4a, where F represents the total 
applied horizontal force (i.e., the seismic base shear force). The horizontal forces are increased up to failure, and the overall 
ductility is evaluated idealizing the actual response curve. This curve represents the displacement d  of a control point (usually 
the top of the roof) in relation to the applied horizontal force F, as a curve relative to an elastoplastic oscillator with a single 
degree of freedom equalizing the areas subtended to the actual and idealized curves (Fig. 4b).   

The overall ductility m is computed as the ratio between the ultimate displacement du  at which failure of the structure 
occurs and the displacement dy  at which the yield point is reached in the idealized curve (i.e., in the curve relative to the 
elastoplastic oscillator):
 µ δ δ= u y .   (2)

The pultruded frames shown in Fig. 1 were subjected to horizontal forces linearly increasing with height (see Fig. 4a). 
The forces were increased up to failure. The geometric nonlinearities were also taken into account in the analyses. Failure of 

Fig. 4. Pushover analysis setup (a) and the idealized (1) and actual (2) response curves for evaluating 
the overall ductility (b).
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Fig. 5. Brittle failure of timber bracings (a) and ductile collapse of steel bracings (b).
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a frame can occur by buckling instability, by reaching the ultimate rotation of joints, or by attainment of the ultimate strength 
of structural members. 

It is assumed that the dissipative zones in the analyzed pultruded frames are located in joints, which is confirmed by 
many experimental results available in the literature (see [39-42] among others), while the beams and columns are regarded as 
behaving elastically up to failure. This condition is also assumed following the provision given by Eurocode 8 [4] for timber 
structures. In fact, the behavior of a GFRP frame can be regarded as similar to that of a timber frame, in which a brittle-elastic 
behavior is assumed for the structural members themselves, and the dissipation capacity is devolved to the nonlinear behavior 
of connections (as distinct from steel frames, in which the tensile bracing members are ductile elements and are expected to 
develop gross section yielding in a ductile manner). In Fig. 5, examples of the brittle failure of a timber bracing (Fig. 5a) and 
of the ductile collapse of a steel bracing (Fig. 5b) are illustrated. 

4. analysis results 

4.1. frames with a nonlinear behavior of connections 

The first frame analyzed is supposed to be realized through connection TC1 at the base of columns and connection 
M1 between beams and columns. The ultimate tensile strength of the structural members is 240 MPa.

For the frame without bracings and for frames with bracings of different dimensions, results of the analyses are 
reported in Table 3, and the pushover curves are shown in Fig. 6. As expected, the stiffness and the ultimate load-carrying 

TABLE 3. Analysis Results Relative to Those for the First Frame

S, см2 kini, 
kN/cm

Fu, 
kN

d1,u, 
cm

d2,u, 
cm

d3,u, 
cm

d4,u, 
cm Collapse mechanism μ

Frame without 
bracings (F1) 0.2 2 14.6 14.6 6.0 6.0 Ultimate rotation of beam-column joint 2.36

5 (F2) 9 110 12.3 12.1 7.0 6.6 Ultimate tensile strength of bracings —
10 (F3) 16 192 11.6 11.4 6.7 6.1

Ultimate rotation of beam-column joint
—

20 (F4) 27 270 9.3 9.0 5.4 4.6 —
40 (F5) 43 314 6.7 6.3 3.9 2.9 —
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Fig. 6. Pushover curves F– d of the first frame without bracings (F1) and with 5- (F2), 10- (F3), 
20- (F4), and 40-cm2 (F5) bracings.
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capacity of the frames, with respect to the horizontal forces, grow significantly as the cross section of bracings is increased, 
but the corresponding ultimate horizontal displacement decreases. So, with more stiff bracings, the hierarchy of different types 
of collapses moves from them to the failure of connections, which fail when the ultimate rotation in the beam-column joint is 
reached. Only the frame with 5-cm2 (curve F2) bracings fails because of achievement of their ultimate tensile strength, namely 
when the lateral displacement at the roof level reaches 12 cm.

From the diagrams of Fig. 6, it can be seen that the behavior of the frames is linearly elastic up to failure. A slightly 
nonlinear behavior can be seen only for the frame without bracings (curve F1) if the diagram of the curve is enlarged (Fig. 7). 
In this case, the overall ductility m = 2.36. Nevertheless, the ultimate load-carrying capacity and stiffness of this frame with 
respect to horizontal forces are extremely low. As a consequence, bracings are required to guarantee the necessary stiffness 
and resistance, at least in the case of seismic actions. 

A higher tensile strength, equal to 400 MPa, for the bracings was also considered in the analysis of the frames. 
Anyway, due to the failure by achievement of the ultimate rotation of joints, the results were exactly the same for the frames 
with 10-, 20- and 40-cm2 bracings. In Fig. 8, the pushover curve for the frame with 5-cm2 bracings, with an ultimate tensile 
strength of 400 MPa, is represented. In this case, failure occurs by reaching the ultimate rotation of beam-column joint. The 
ultimate load-carrying capacity and the ultimate displacement of the frame are slightly higher than those of the frame with 
less resistant bracings, while the behavior of the frame is still linearly elastic up to failure.

The second frame analyzed is supposed to be realized through the less stiff connection TC2 at the base of the columns 
and still with joint M1 between beams and columns. The ultimate tensile strength of structural members is again 240 MPa.
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Fig. 7. Actual (1) and idealized (2) pushover curves of the first frame without bracings.
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Fig. 8. Pushover curve of the first frame with 5-cm2 bracings and an ultimate tensile strength of 
400 MPa.



600

For the frame without bracings and for frames with different dimensions of bracings, results of the analyses are reported 
in Table 4, and the pushover curves are shown in Fig 9. In this case too, increasing the cross section of bracings, higher values 
of the stiffness and ultimate bearing capacity with respect to the horizontal forces are obtained, while the ultimate horizontal 
displacement is lower. The stiffness and resistance are lower than those of the first frame due to the lower stiffness of column-
base connection. The behavior of the frames is linearly elastic up to failure, except for the frame without bracings (curve F1b). 
The actual and idealized pushover curves of this frame are represented in Fig. 10 together with its deformed shape at the last 
load step. The frame shows a nonlinear behavior and an overall ductility m = 4.03. Failure of the frame is due to the P–Δ in-
stability. In fact, as indicated in Fig. 10, the rotation angle Q of the joints at the last load step is smaller than the ultimate one.

TABLE 4. Analysis Results Relative to Those for the Second Frame

S, cm2 kini, 
kN/cm

Fu, 
kN

d1,u, 
cm

d2,u, 
cm

d3,u, , 
cm

d4,u, 
cm Collapse mechanism μ

Frame without 
bracings (F1) 0.1 0.3 8.9 8.9 4.1 4.1 P–Δ instability 4.03

5 (F2b) 8 106 12.1 11.9 7.0 6.7 Ultimate tensile strength of bracings —
10 (F3b) 16 200 12.2 11.9 7.2 6.5 Ultimate rotation of beam-column joint —
20 (F4b) 27 281 9.7 9.4 5.7 4.8 ”   ” —

40 см2 (F5b) 43 324 7.0 6.6 4.1 3.0 ”   ” —
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Fig. 9. Pushover curves F–d of the second frame without bracings (F1b) and with 5-cm2 (F2b), 
10-cm2 (F3b), 20-cm2 (F4b), and 40-cm2 (F5b) bracings. 
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Fig. 10. Actual (1) and idealized (2) pushover curves of the second frame without bracings.
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In Fig. 11, the pushover curves of two pultruded frames without bracings (curves F1 and F1b) are compared. A great 
difference between the stiffnesses and bearing capacities of the frames with respect to the horizontal actions, due to different 
characteristics of the column-base joints TC1 and TC2, is seen to exist.
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Fig. 11. Comparison of the actual (––––) and idealized (– – –) pushover curves of the first and second 
frame without bracings.
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Fig. 12. Pushover curve of the second frame with 5-cm2 bracings and an ultimate tensile strength 
of 400 MPa.
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Fig. 13. Comparison of the pushover curves of the first (F6) and second (F6b) frames with 5-cm2 
bracings and an ultimate tensile strength of 400 MPa.
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For this frame, an ultimate tensile strength of 400 MPa for bracings was also considered. As for the first frame, 
the results are exactly the same as for the frames with 10-, 20-, and 40-cm2 bracings, because the ultimate strength of the 
bracings is not reached. In Fig. 12, the pushover curve for the frame with 5-cm2 bracings having an ultimate tensile strength 
of 400 MPa is represented. In this case, as for the first frame, the failure is caused by the ultimate rotation of beam-column 
joint. The ultimate load-carrying capacity and the ultimate displacement of the frame are slightly higher than those of the 
frame with less resistant bracings. The behavior of the frame is still linearly elastic up to failure.

In Fig. 13, the pushover curves for the first and the second frame with 5-cm2 bracings and an ultimate tensile strength 
of 400 MPa (curves F6 and F6b) are compared. The behavior of the frames is very similar. The second frame is slightly less 
stiff with respect to the horizontal forces due to the lower stiffness of the column-base joint.

4.2. hinged and moment-resisting frames

Analysis results for two frames having bracings with different cross-sectional dimensions were compared with those for 
a frame with the same characteristics, but with hinges instead of the nonlinear springs (Fig. 14a). Also, two moment-resisting 
frames were analyzed — one with hinges in the beam-column joints and fully restrained at the base (Fig. 14b) and the other 
with fully restrained joints (continuous frame, Fig. 14c). 
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Fig. 14. Frame with hinges (a), frame fully restrained at the base (b), a continuous frame (c).
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Fig. 15. Comparison between the pushover curves of frames with the nonlinear TC1 (□) and TC2 (Δ) 
connections of a hinged frame (x) with different dimensions of bracings, of a frame fully restrained 
at the base (I), and a continuous frame (II).
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The correspondent pushover curves are shown in Fig. 15. As seen, the stiffness of the frames with a nonlinear 
behavior of connections with respect to the horizontal actions is the same as of a similar frame with hinges in the corre-
sponding joints, i.e., without any rotational stiffness of the joints. Besides, disregarding the rotational capacity of joints in 
the hinged frame, the failure occurs due to achievement of the ultimate tensile strength of bracings in the case of the frames 
with 5-, 10-, and 20-cm2 bracings, while the frame with 40-cm2 bracings fails due to achievement of the ultimate bending 
moment of the corresponding first-floor beam. The ultimate displacements d of the hinged frames are greater than those 
of the frames with nonlinear springs in the corresponding joints. The final nonlinear branch observed for the hinged frame 
with 40-cm2 bracings (and, to a lesser extent, for the frame with 20-cm2 bracings) is due to the initiating of buckling of the 
fist-floor beam. In Fig. 16a, where the deformed shape of the frame with 40-cm2 bracings at the last load step is illustrated, 
a significant flexural deformation of the first-floor beam is seen, which means buckling. The 40-cm2 bracings, due to their 
high stiffness, act as restraints to the lateral displacement of the right side of the frame, and the beams are compressed, as 
evidenced by the difference between the lateral displacements of the left and right sides of the frame corresponding to the 
first-floor beam. In Fig. 16b-c, the deformed shapes of the frame fully restrained at the base (Fig. 16b) and of the continu-
ous frame (Fig. 16c) are also represented. For the moment-resisting frames, it is assumed that a brittle-elastic failure occurs 
when the ultimate bending moment is reached in the corresponding base of the columns (the point of the maximum bend-
ing moment). The stiffness of those frames is much lower than of the other ones, while the ultimate displacement is much 
greater. Their behavior is linearly elastic up to failure.

а b c

Fig. 16. Deformed shapes at the last loading step of a hinged frame with 40-cm2 bracings (a), of a  
frame fully restrained at the base (b) and the continuous frame (c).
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Fig. 17. Qualitative stress–strain diagram s–e of an elastic-ideally plastic material (1) and a GFRP 
pultruded material (2).
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4.3. Comparison with a steel frame  

A pushover analysis for a similar steel frame was also carried out. The steel frame was dimensioned for the same 
distributed vertical loads as for the pultruded frames. The same three static schemes (Fig. 14) were considered. The beams 
and columns had HE120A profiles. The cross-sectional areas of bracings were varied from 2 to 20 cm2. An elastic-ideally 
plastic material behavior with the von Mises yield criterion was assigned to all structural elements (Fig. 17). For bracings, 
the absence of stiffness in compression, induced by the buckling phenomenon, was taken into account. The characteristics of 
structural elements are given in Table 5.

Results of the pushover analyses are reported in Table 6, and the pushover curves are represented in Fig. 18. As 
expected, with increasing cross-sectional dimensions of bracings, the stiffness and ultimate bearing capacity of the frames 
grew. The steel frames, except those with 20-cm2 bracings, exhibited a high overall ductility, as expected. 

In Figs. 19 and 20, the pushover curves for GFRP and steel braced and moment-resisting frames are compared. As seen 
in Fig. 19, at the same cross-sectional area of bracings, the steel frame is much stiffer than the pultruded one with respect to the 

TABLE 5. Material Characteristics of Structural Elements

Structural element Cross section Material behavior Е, GPa sy, MPa

Beams and columns HE120A Elastic-ideally plastic 210 240

Bracings 2/5/10/20 cm2 Elastic-ideally plastic with a low stiffness in 
compression 210 240

TABLE 6. Analysis Results Relative to Those for Steel Frames

Frame kini , kN/cm Fu, kN d1,u, cm d2,u, cm d3,u, cm d4,u, cm μ

With bracings S = 2 сm2 24 48 8.1 8.1 7.3 7.2 5.21
5 сm2 65 116 15.7 15.6 14.8 14.6 9.15
10 сm2 93 215 16.5 16.4 15.6 15.4 8.84
20 сm2 122 244 1.4 1.3 0.8 0.6 —

Fully restrained at the base 0.4 10 27.0 27.0 8.9 8.8 —
Continuous frame 3 31 35.2 35.2 19.5 19.4 3.02
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Fig. 18. Actual (––––) and idealized (– – –) pushover curves of a steel frame with the different cross 
sections of bracings (cm2, number at the curves) and of the continuous (I) frame and the frame fully 
restrained at the base (II).
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horizontal actions. For the moment-resisting frames (Fig. 20), the initial stiffness of the GFRP and steel ones is approximately 
the same, while the ultimate displacement and bearing capacity of the GFRP frames are significantly greater.

5. Concluding remarks  

With the aim of evaluating the available overall ductility of FRP pultruded frames, their pushover analyses were 
carried out based on the hypothesis of the dissipation capacity of the structure concentrated in its joints due to their nonlinear 
behavior induced by progressive damage. 

Proceeding from results of the analyses, the following conclusions can be drawn.
• The braced pultruded frames did not exhibit significant ductility despite the dissipation capacity induced by the non-

linear behavior of its joints. A nonlinear behavior and a related dissipation capacity, although quiet constrained, was observed 
only in the pultruded frames without bracings. But these frames showed too low values of stiffness and bearing capacity with 
respect to horizontal actions to be considered as a valid structural solution, at least for seismic designs.

• The behavior of the frames modeled with the actual properties of joints derived from experimental results available 
in the literature was very close to that of hinged frames. The behavior of braced frames with respect to horizontal actions was 
determined mainly by the presence of bracings, but the behavior of joints did not play a significant role.
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Fig. 19. Comparison between the pushover curves of GFRP (1) and of steel (2, +) frames with TC1 (□) 
and TC2 (Δ) joints at different cross sections of bracings (cm2, numbers at the curves).
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Fig. 20. Comparison between the pushover curves of moment resisting GFRP (1) and steel (1) frames 
fully restrained at the base and of continuous GFRP (1′) and steel (2′) frames.
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• The braced pultruded frames considered in the analysis exhibited an elevated resistance to seismic actions. Due to 
the absence of relevant dissipation capacity, a response modification factor (q or R) equal to 1 should be used in seismic 
designs. As a consequence, higher values of the design seismic accelerations compared with those of structures possessing 
a significant dissipation capacity, such as steel ones, can be obtained.

• The stiffness and the bearing capacity of the braced frames with respect to horizontal actions were significantly higher 
than those of moment-resisting frames.

• All pultruded frames with bracings failed either by the ultimate rotation of beam-column joints or by reaching the 
ultimate tensile strength of bracings, showing a linearly elastic behavior up to failure. The moment-resisting frames collapsed 
by achieving the ultimate bending moment at the base of columns.

• A comparison similar steel frames as expected, pointed to a higher overall ductility of the latter. 
• The braced steel frames exhibited a higher stiffness than the GFRP ones with respect to horizontal actions. As pertains 

the moment-resisting frames, the stiffness of steel structures was very similar to that of GFRP ones, but the ultimate bearing 
capacity of pultruded frames was significantly higher than that of steel frames. 

• The pushover analysis, even if carried out for different frames in their plane, could also be considered helpful in the 
three-dimensional case if a regular shape of the frames in plant and elevation is supposed.  
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