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Preface 

The use of FRP (Fibre Reinforced Polymer) material in the structural engineering field is by now 

current practice and supported by theoretical studies as well as many applications and constructions. 

FRP material is widely accepted in the strengthening of existing structures (made by reinforced 

concrete, steel, wood and masonry) but not yet commonly used for new buildings even if some 

recent all-FRP constructions, in particular built with FRP members made by pultrusion process, are 

very promising.  

The study of the structural behaviour of pultruded FRP members, especially in the case of static 

loads, has been widely developed. Instead, for what concerns the dynamic response, very few 

experimental and analytical research projects have been proposed. The issue is particularly 

interesting because of the mechanical characteristics of pultruded FRP material. The elastic-brittle 

constitutive law with anisotropic mechanical behaviour imposes some specific precautions, while 

the high durability, the low density of 1700-1900 kg/m
3
 and the relatively high values of strength 

suggest its potential and promising application also in seismic zones.  

The dynamic properties of pultruded FRP material are characterized by high periods of vibration, 

low frequency and a spontaneous dissipative capacity of the dynamic actions due to its low density. 

Currently there are no available guidances for the seismic design for structures with pultruded FRP 

members. 

The aim of this manual is to address the issues related to the design of pultruded FRP structures 

subjected to static and dynamic loading.  

After a thorough introduction the manual gives a practical guidance on how to address the structural 

design of pultruded FRP structures. The final part ï chapter 5 - is dedicated to a new software, 

named FRP-Design Software (FRP-DS), with which is possible set up to structural verifications in 

supporting the common commercial numerical code. 

For the use of this present manual it is considered fundamental that the reader is in possession of the 

information already available in the following documents: 

CNR-DT205/2007. Guide for the design and constructions of structures made of FRP pultruded 

elements, National Research Council of Italy, Advisory Board on Technical Recommendations. 

http://www.cnr.it/sitocnr/IlCNR/Attivita/NormazioneeCertificazione/DT205_2007.html. 

CEN TC250 WG4L, Ascione, J-F. Caron, P. Godonou, K. van IJselmuijden, J. Knippers, T. 

Mottram, M. Oppe, M. Gantriis Sorensen, J. Taby, L. Tromp.  Editors: L.Ascione, E. Gutierrez, S. 

Dimova, A. Pinto, S. Denton. óProspect for New Guidance in the Design of FRP,ô Support to the 

http://www.cnr.it/sitocnr/IlCNR/Attivita/NormazioneeCertificazione/DT205_2007.html
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implementation and further development of the Eurocodes, JRC Science and Policy Report 

JRC99714, EUR 27666 EN, European Union, Luxembourg, (2016), p 171.  ISBN 978-92-79-

54225-1 doi:10.2788/22306 

NTC08. Norme Tecniche per le Costruzioni (last update of the Italian Building Code), Decree of 

the Ministry of Infrastructures of 14th January 2008. (in Italian). 

Eurocode 8 Design of structures for earthquake resistance. Part 1: General rules, seismic actions and 

rules for buildings. EN1998-1:2004 (E): Formal Vote Version (Stage 49), 2004. 

The development of the manual is the following: 

Chapter 1 (pp. 6 - 20), INTRODUCTION, provides a general background on FRP pultruded 

profiles, for what concerns the material, the structural behavior, the availability of standards, 

guidance documents and manuals; a part is dedicated to notable applications.  

In Chapter 2 (pp. 21 - 35), BASIC PRINCIPLES FOR THE SEISMIC ANALYSIS, the synthesis 

of the key-aspects related to the seismic design, such as the definition of period of vibration, 

damping coefficient, behaviour factor and the dissipation capacity are discussed.  

Chapter 3 (pp. 36 - 87), EXAMPLE OF CALCULATION, provides a calculation example of a FRP 

spatial truss structure taking into account the different load combinations in static and seismic fields 

and the analysis at ultimate and serviceability limit state. 

In Chapter 4 (pp. 88 - 94), FINAL EVALUATION FOR DEISGN OF FRP STRUCTURES IN 

SEISMIC ZONE, some final considerations for the design of FRP structures in seismic zone are 

presented. 

Chapter 5 (pp. 95 - 116), FRP DESIGN SOFTWARE (FRP-DS), illustrates the features of the FRP-

Design Software. 
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a symmetric or asymmetric open cross-section, a single closed cross-section or a multicellular 

cross-section. In the pultrusion process the reinforcing material impregnated with the resin is guided 

into a heated die, where it is cured to form the desired part as illustrated in Figure 1.2. The FRP is 

cured as the material is pulled through the die by a pulling apparatus. After exiting the die and 

extending past the pullers, the part is cut to length. In profiles produced through the pultrusion 

process the internal core constituted by continuous longitudinal fibres, called roving, is covered by 

an external thin layer of short fibres with random orientation, called mat, whose function is to 

increase the transversal stiffness.  

 
Figure 1.2 Pultrusion process (courtesy of TopGlass) 

Hand lay-up is a manual method of constructing an FRP composite part by laying up successive 

layers of fibres into a mold and impregnating them with a liquid polymer resin, which than cures to 

form a solid FRP composite element. Typical products realized through the hand lay-up technique 

are boat hulls, tanks and ducts. The filament winding method is used to create tubular and big 

hollow products such as stay-in-place column forms, pipes, poles and pressure tanks. The process 

consists in wounding continuously a resin-saturated fibre roving around a cylindrical mandrel at a 

variety of wind angles. Finally, different variations of open and closed molding can be used to 

create panels for FRP bridge deck, sandwich, fender piles, and plates for connections. In this 

process, the dry fibres forms are arranged in molds and are saturated with resin and cured. 

Indicatively the ranges of physical and mechanical characteristics of pultruded FRP material are 

shown in Table 1.3. 

Reinforcing fibre Tensile strength (MPa) Elastic modulus (GPa) Ultimate strain (ă) 

Carbon 2400-5700 230-400 3-18 
Aramid 2400-3150 62-142 15-44 
Glass 3300-4500 72-87 48-50 
PVA 870-1350 8-28 90-170 

Table 1.1. Mechanical properties of fibres 
 

Reinforcing fibre Tensile strength (MPa) Elastic modulus (GPa) 

Unsaturated polyester 34-104 2.0-4.4 
Epoxy resin 55-130 2.7-4.0 

Phenolic resin 50-55 3 

Table 1.2. Mechanical properties of resins 
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Mechanical properties Notations Range values 

Tensile strength (L) ůZ 200-500 MPa 

Tensile strength (T) ůX = ůY 50-70 MPa 

Elastic modulus (L) EZ= EL 20-30 GPa 

Elastic modulus (T) EX = EY=ET 8-8.5 GPa 

Shear modulus (L) GXY=GL 3.4 GPa 

In-plane shear modulus of elasticity (T) GZX=GZY=GT 3 GPa 

Poissonôs ratio (L) ɜZX = ɜZY= ɜL 0.23-0.28 

Poissonôs ratio (T) ɜXY= ɜYX= ɜT 0.09-0.12 

Density ɔ 1600-2100 kg/m
3
 

Fibres percentage in volume Vf 40%-45% 

L=longitudinal, T=transversal 

Table 1.3. Range of values of pultruded FRP material 

In a conventional manner the FRP pultruded standard profile refers to the coordinate system defined 

by the XY plane of cross-section and Z axis orthogonal to it, see again Figure 1.1. Fibres run along 

the global Z axis of each element defining the anisotropic behaviour in the Z direction and isotropic 

in the X and Y directions. The condition of transversal isotropy is defined by the relationships 

EX=EY=ET,  ɜXY= ɜYX= ɜT, and GXY=GT. The local co-ordinate system for the wall segments forming 

the cross-section and webs and flanges is also defined, with the z-direction in the longitudinal 

direction of pultrusion, x in the transverse direction and y for the through-thickness direction.  

In detail, for the characterization of pultruded FRP material it must be distinguished between two 

different products in function of the layering ways. A greater amount of mat increases the 

transversal stiffness classifying the FRP with grade 23 (EN 13706), see Table 1.4; while a minor 

percentage of mat (i.e. TopGlass standard profiles) favors the increment of longitudinal stiffness 

(Table 1.5). 

Properties Notation Value 

Longitudinal tensile modulus of elasticity Ez = EL 28.5 (GPa) 

Transverse tensile modulus of elasticity Ey = Ex = ET 8.5 (GPa) 

Transverse shear modulus of elasticity Gyx= GL 3.5 (GPa) 

In-plane shear modulus of elasticity Gxz = Gyz = GT 2.5 (MPa) 

Longitudinal Poissonôs ratio  ɜzx = ɜzy= ɜL 0.25 

Transversal Poissonôs ratio ɜxy= ɜyx= ɜT 0.12 

Bulk weight density  ɔ 1850 (kg/m
3
) 

Longitudinal tensile strength ůzt = ůLt 350 (MPa) 

Transverse tensile strength ůxt = ůyt = ůTt 70 (MPa) 

Longitudinal compressive strength ůzc = ůLc 413 (MPa) 

Transverse compressive strength ůxc = ůyc= ůTc 80 (MPa) 

Shear strength Űxy= Űxz = Űyz 40 (MPa) 

L=longitudinal, T=transversal 

Table 1.4. Mechanical properties of pultruded FRP profiles (Grade E23) 
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Properties Test method Notation Value 

Flexural Modulus (L) EN 13706 - 2 (full scale) EL 28 (GPa) 

Shear Modulus (L) EN 13706 - 2 (full scale) GL 3 (GPa) 

Tensile strength (L) ASTM D638 ůtL 400 (MPa) 

Tensile strength (T) ASTM D638 ůtT 30 (MPa) 

Compressive strength (T) ASTM D695 ůcL 300 (MPa) 

Compressive strength (L) ASTM D695 ůcT 70 (MPa) 

Flexural strength (L)  ASTM D790 ůfL 420 (MPa) 

Flexural strength (T) ASTM D790 ůfT 70 (MPa) 

In plane shear strength  ASTM D2344 Ű 28 (MPa) 

Bearing strength (L) ASTM D953  170 (MPa) 

Bearing strength (T) ASTM D953  70 (MPa) 

Tensile modulus (L) ASTM D638 EtL 29 (GPa) 

Tensile modulus (T) ASTM D638 EtT 8 (GPa) 

Compressive modulus (L) ASTM D695 EcL 20 (GPa) 

Compressive modulus (T) ASTM D695 EcT 7 (GPa) 

Poisson's ratio (L) ASTM D638  0.28 

Poisson's ratio (T) ASTM D638  0.12 

Bulk weight density ASTM D792 ɔ 1820 (Kg/m
3
) 

Glass content by weight ASTM D2584  60% 

Glass content by volume ASTM D2584  42.5% 

Thermal conductivity EN 12667/EN 12664  0.3 (W/mK) 

Surface resistivity  EN 61340  10
12

(ɋ) 

L=longitudinal, T=transversal 

Table 1.5. Mechanical properties of pultruded FRP standard profiles (TopGlass)  

1.3. Normative, design guidelines and technical references 

The static behavior of the FRP material and of FRP structural systems is nowadays studied quiet in-

depth, as demonstrated by the availability of several manuals, handbooks and scientific 

publications. Nevertheless, to date a normative reference for the structural design with FRP 

materials is not yet available, unless the recent CEN TC250 WG4 which gives finally a depth and 

support in this so strategic design field. For what concerns the seismic response of pultruded FRP 

elements/structures the researches are still growing. In the following the main normative references, 

concerning the material properties, and the main available guidelines and literature references for 

the design of FRP structures are listed.  

Normative references: 

 EN 13706-1:2002 Reinforced plastic composites ï Specification for pultruded profiles ï Part 1: 

Designation 

 EN 13706-2:2002 Reinforced plastic composites ï Specification for pultruded profiles ï Part 2: 

Methods of test and general requirements 

 EN 13706-3:2002 Reinforced plastic composites ï Specification for pultruded profiles ï Part 3: 

Specification requirements 

 EN 13121-1:2003 GRP tanks and vessels for use above ground ï Part 1: Raw materials ï 

Specification conditions and acceptance conditions 
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 EN 13121-2:2003 GRP tanks and vessels for use above ground ï Part 2: Composite materials ï 

Chemical resistance 

 EN 13121-3:2008 GRP tanks and vessels for use above ground ï Part 3: Design and 

workmanship 

 EN 13121-4:2005 GRP tanks and vessels for use above ground ï Part 4: Delivery, installation 

and maintenance 

 EN-ISO 14125:1998 Fibre-reinforced plastic composites. Determination of flexural properties 

 EN-ISO 14126:1999 Fibre-reinforced plastic composites. Determination of compressive 

properties in the in-plane direction 

 EN-ISO 14129:1997 Fibre-reinforced plastic composites. Determination of the in-plane shear 

stress/shear strain response, including the in-plane shear modulus and strength, by the ±45° 

tension test method 

 EN-ISO 14130:1997 Fibre-reinforced plastic composites. Determination of apparent interlaminar 

shear strength by short-beam method 

 EN 16245:2013 Fibre-reinforced plastic composites ï Part 1-5: Declaration of raw material 

characteristics 

 ASTM D 790:2010 Standard test method for flexural properties of unreinforced and reinforced 

plastics and electrical insulating materials 

 ASTM D 2344:2006 Standard test method for short beam strength of polymer matrix composite 

materials and laminates 

 ASTM D 3039:2008 Standard test method for tensile properties of polymer matrix composite 

materials 

 ASTM D 3410:2008 Standard test method for compressive properties of polymer matrix 

composite materials with unsupported gage section by shear loading 

 ASTM D 3518:2007 Standard test method for in-plane shear response of polymer matrix 

composite materials by tensile test of a ±45° laminate 

 ASTM D 4255:2007 Standard test method for in-plane shear properties of polymer matrix 

composite materials by the rail shear method 

Guidelines: 

 CEN TC250 WG4L, Ascione, J-F. Caron, P. Godonou, K. van IJselmuijden, J. Knippers, T. 

Mottram, M. Oppe, M. Gantriis Sorensen, J. Taby, L. Tromp.  Editors: L.Ascione, E. Gutierrez, 

S. Dimova, A. Pinto, S. Denton. óProspect for New Guidance in the Design of FRP,ô Support to 

the implementation and further development of the Eurocodes, JRC Science and Policy Report 

JRC99714, EUR 27666 EN, European Union, Luxembourg, (2016), p 171.  ISBN 978-92-79-

54225-1 doi:10.2788/22306 

 CUR 96 Fibre reinforced polymers in civil load bearing structures (Dutch recommendation, 

1996) 



http://cedb.asce.org/cgi/WWWdisplay.cgi?42891
http://www.multi-science.co.uk/advstruc.htm
http://www.springer.com/materials/characterization+%26+evaluation/journal/10443
http://www.elsevier.com/wps/find/journaldescription.cws_home/405928/description#description
http://www.elsevier.com/wps/find/journaldescription.cws_home/984/description#description
http://www.elsevier.com/wps/find/journaldescription.cws_home/405929/description#description
http://www.elsevier.com/wps/find/journaldescription.cws_home/30430/description#description
http://scitation.aip.org/cco/
http://jrp.sagepub.com/
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FRP auxiliary floor in Verona (Italy) 

The auxiliary floor, shown in Figure 1.4, made of pultruded FRP profile, has been built in Verona 

(Italy) and is constituted by: 

- a double frame that with four and two vertical ñIò (200x100x10 mm) FRP profiles supports, 

through the steel cables, the auxiliary deck;  

- the deck that is realized by coupled ñIò FRP profiles that together with individual ñIò profiles form 

a structural grid; for all joints steel bolts and flanges have been used and the deck is realized by self 

bearing panels with a capacity equal to 250 kg/ m
2
;  

- the backstays that are steel cables of 6 mm of diameter. 

 

 

Figure 1.4 Auxiliary floor, Verona, Italy, 2006 (measures in metres) 
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Structural rehabilitation of an historic pedestrian bridge 

The pedestrian ñPaludoò bridge is a typical venetian bridge built at the end of XIX century, with 

arch static scheme ï 12.7 meters for the length and 3.25 meters for the width - built entirely with 

iron and wood materials. 

The flexural stiffness has been increased substituting the existing longitudinal wood beams with 

double "I" shape pultruded FRP profiles (120x60x8 mm) assembled by bolted FRP plates (Figure 

1.5). The details of Figure 1.5 show the workers operating facility to execute the cut (a), the holes 

(b) and the final assemblage (c), the mechanical connection with the bridge abutments through the 

galvanic steel gussets (d), the two ñIò FRP profiles and the beam-beam joint realized through the 

FRP pultruded plates and stainless bolts (e) and the final positioning in the thickness of the deck (f).  

 

 

Figure 1.5 Rehabilitation of historic pedestrian bridge, Paludo bridge, Venice, Italy (2007). 
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Figure 1.8 All-FRP sub-structures; LôAquila (2010) 

 

The frame joints use conventional steel bolts and gusset plates of FRP material made by the bag 

molding process, see Figure 1.9. Detail (a) shows the built-up memberôs cross-section comprising 

four channel (C) profiles having same cross-section dimensions 152x46x9.5mm; while detail (b) 

shows the connection between the built-up memberôs cross-section of four channel (C) profiles 

having same cross-section dimensions 300x100x15mm and bracings. 

 
Figure 1.9 Details of joints of structure 1 (a) and structure 2 (b); LôAquila (2010) 
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2. SYNTHESIS OF BASIC PRINCIPLES FOR THE SEISMIC ANALYSIS 

To facilitate the reading of this manual, in the following a short introduction in the form of sheets to 

some aspects and based concepts of seismic design is presented.  

1. Single Degree of Freedom (SDoF)    

2. Multiple Degrees of Freedom (MDoF)   

3. Natural period of vibration      

4. Damping coefficient  

5. Response spectra    

6. Spectral analysis 

7. Pushover analysis  

8. Dissipative capacity 

It is noted that the insights discussed in these short presentations are specific of the analyzes and 

studies carried out in this manual. For more clarification, the specific texts present in the literature 

and cited in every sheet are the following: 

Chopra AK. Dynamics of structures, 3rd Ed., Pearson Prentice Hall, 2007. 

Eurocode 8 Design of structures for earthquake resistance. Part 1: General rules, seismic actions 

and rules for buildings. EN1998-1:2004 (E),: Formal Vote Version (Stage 49), 2004. 

NTC08. Norme Tecniche per le Costruzioni (last update of the Italian Building Code), Decree of the 

Ministry of Infrastructures of 14th January 2008. (in Italian). 
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2c - Multiple Degree of Freedom (MDoF) 

Idealized mode shapes for a 3-story building 

The modal shapes depend by boundary conditions; 

noteworthy is the relationship between modal 

shapes and nodes. The displaced shapes are obtained 

by the following linear combination:  

    

 

Where modal shape; while 
1y modal 

coordinate, amplitude of modal shape 

 

The orthogonality condition 
321
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full uncoupling of the equations of motion: MDoF equation  
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MDoF system subjected to earthquake force 

The inertial force = sum of two vectors through the 
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produces an inertial force triggered by horizontal 

acceleration. 
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3 - Natural period of vibration 

The natural period of a structure T is the time needed by the structure to perform a whole oscillation, triggered by an 

initial perturbation. The natural period of vibration depends by mass (m) and stiffness (k) of structure. 

 

A pendulum (SDoF) with a short period of vibration (i.e. stiffer or less mass) tends to move with the support (i.e. soil) 

and then not records any earthquake, a pendulum with a greater period of vibration tends to remain stationary while the 

support varies. 

The natural period of vibration depends by mass (m) and 

stiffness (k) of structure. 

 
 

The natural period of vibration T affects the response of 

structure to seismic action both for the acceleration and 

displacement. Buildings with different T subjected to same 

seismic action record different acceleration values. 

Resonance phenomenon: 

the soil is also characterized by a natural period of vibration. When the natural period of vibration of the ground is very 

close to that of the building, the stress of building increases. 

 

m

k
(rad/sec)  

Natural circular frequency 

(Hz) 

Natural frequency 

For every structure the natural modes of vibration correspond to the number of degree of freedom and represent the free 

periodic oscillations of undamped elastic system. 

When the system oscillates according to one of the natural modes, all the masses oscillate with the same pulse 

(corresponding to the mode) and the same phase, by keeping unchanged the relationships between the amplitudes. 

For each oscillation the masses reach the point of maximum displacement in the same instant. 

 
Adapted from Chopra (2007) 
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8b - Dissipative capacity 

The displacement response spectrum, SDe(T), is obtained 

from the acceleration response spectrum (Se(T)). 

This is valid for a vibration period T< 4.5s (4.5 s is time 

parameter TE for a type A ground). The acceleration 

response spectra and the displacement response spectra 

have three time zones that are proportional to the imposed 

ground acceleration. Between times TB and TC there is a 

zone of constant spectral acceleration. This is followed to 

time TD by the zone of constant spectral velocity and for 

higher times to TE there is the zone of constant 

displacement response too.   
Horizontal displacement response spectra based on 

Eurocode 8 and NTC08 for SLS and ULS design. 

The dashed lines show the displacements calculated with NTC08 and EC8 considering q=1. In the same the elastic 

displacement response spectra is calculated considering q=1.5. Figure shows that the structure responds to design 

seismic action resisting to a maximum displacement of 116mm for EC8 and 124mm for NTC8. The effect of the 

behaviour factor is shown through the reduction of the displacements induced by design seismic action. 

For the seismic spectral analysis the response-spectrum analysis (RSA) has been carried out. It is a linear-dynamic 

statistical analysis method which measures the contribution from each natural mode of vibration to indicate the likely 

maximum seismic response of an essentially elastic structure. Response-spectrum analysis provides insight into 

dynamic behavior by measuring pseudo-spectral acceleration, velocity, or displacement as a function of structural 

period for a given time history and level of damping. It is practical to envelope response spectra such that a smooth 

curve represents the peak response for each realization of structural period. Response-spectrum analysis is useful for 

design decision-making because it relates structural type-selection to dynamic performance. Structures of shorter period 

experience greater acceleration, whereas those of longer period experience greater displacement.  
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