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Abstract

The paper discusses timber frame reinforcement with the application of fiber composites and analyzes the results of the
conducted studies. The notion of composite materials and their impact on the frame’s load bearing capacity and rigidity
have been defined. The following issues have been discussed: the techniques of reinforcing timber beams, measuring the
size of deflection for different load levels, destructive load, timber and tape deformation.
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1. Introduction

The reinforcement is aimed at increasing the beam’s
load bearing capacity and rigidity in relation to the
original parameters. One can distinguish the following
methods of reinforcing timber beams: structural
protection and reinforcement by incorporating
additional  members  (independent  structural
reinforcement, suspended reinforcing structural system
and the reinforcement co-operating with the existing
structural system) and structural treatment solutions
(increasing engineering and operational parameters of
the damaged parts).

In the 1970s the methods of reinforcing timber
structures became more widely applied due to the
advances in the field of epoxy adhesives, used for
fastening reinforcing members. At present the method
of strengthening timber, reinforced concrete, masonry
and steel structures with fiber composites is extremely
popular. Self-hardening, epoxy resin-based composites
that cause a considerable improvement of the load
bearing capacities are available in the market. Tapes and
mats made from fiber-reinforced plastics are increasingly
replacing steel profiles bolted or adhered to the structure
to strengthen the structural elements. The reason for
replacing steel members with composite material was
the need to eliminate frequent problem of steel corrosion
caused by the impact of weather conditions and the
adverse effect of de-icing salts, as well as the need to
extend the life of reinforced structures subjected to
cyclic loads. The beneficial effect of the application of
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composites from fiber reinforced plastics resulted from
their low bulk density (thin and lightweight composite
materials hardly alter the dead load or dimensions of
reinforced structures), corrosion resistance and high
fatigue strength, and also high tensile strength, simplicity
of installation (adhering tapes or mats to beams, slabs or
columns does not require underpinning or interrupting
the operation of the facility, which are necessary in the
case of installing steel reinforcing elements), resistance
to heat transfer and the formation of leakage currents.
Composite materials were first applied in construction
industry in 1984 to strengthen the viaduct supports with
mats in Japan, whereas the tape was used in 1991 to
reinforce a bridge in Ibach near Lucerne in Switzerland.
In Poland the bridge over the Bystry Canal in Augustéw
was the first structure reinforced with mats (in 1998),
whereas tapes were first applied in Przemysl in 1997
(a bridge over the Wiar river).

2. Reinforcement of timber beams with fiber composites

In the case when traditional reinforcement is not
possible and it is necessary to repair a structure in
a pre-breakdown state promptly and effectively,
the application of fiber composites is an effective
solution. Since they are lightweight and easy to
conceal in the cross section, they can be used for
the rehabilitation and repair of frames in historical
buildings. Strengthening bent timber beams with
fiber composite is reduced to the reinforcement of the
tension zone, shear (support) zone, or both zones at
the same time. Tapes and mats adhered to the bottom
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or lateral planes of the beam or inside the section most
commonly provide the reinforcement of the tension
zone. The loadbearing capacity of the tapes is used
within 20 + 30% of the breaking strength. Favorable
stress distribution in the tension zone is achieved
using deep subsurface reinforcement, but due to
technological reasons it is advisable to produce this
kind of reinforcement in manufacturing plants. The
increase in the load bearing capacity due to lateral
forces is achieved with the strengthening of the
sheared beam supporting zones. It can be made when
tapes or mats arranged perpendicularly or obliquely to
the fibers are adhered to the lateral planes. When tapes
or mats are arranged perpendicularly to fibers, the
increase in the bearing capacity is relatively low — in
the order of 8+20%, whereas when they are arranged
obliquely in the direction of main tensile stresses the
strengthening effect can be higher. Strengthening the
support and span parts of the laminated glued beams
consists in gluing composite tapes or discs between
lateral surfaces of two parallel beams in order to
increase the fire resistance of the reinforcement and
to decrease the sensitivity to the changes in ambient
humidity. Another solution as for strengthening the
cracked support zones of beams and their weakened
span areas involves the use of two strands of carbon
or glass mats which wrap the beam on both sides
crossing in the middle of the span.

2.1. Analysis of timber structures reinforcements

Tensioning the reinforcement gives better load
bearing capacity and rigidity of the strengthened
wooden parts and a better use of the tensile strength
of fibrous composites. The first attempts at tensioning
involved the use of glass composite tapes glued
between the last two lamellas; a beam tensioned with
several aramid tapes glued crosswise into the last
lamella was built in order to increase the tensioning
effect (Fig. 1).

Solid wood was originally used to build different
timber structures and it was only minimally treated.
However, the limitations which emerged concerned
maximum cross-sectional dimensions of members and
the capacity to build elements with considerable spans.
The development of wood adhesion technology made
it possible to produce wooden elements with large
cross-sections and lengths e.g. roofings with wooden
frames and large spans. Further advances in adhesion
technology and the development of fiber composites
permitted more effective use of wood. The method
invented and patented in the US by DA Tingley

of Wood Science & Technology Institute, LLC,
Corvallis, Oregon USA was one of the first solutions
that allowed the use of wooden beams reinforced with
fiber composites on a large scale. It involves gluing a
tape with aramid fibers (as well as aramid-carbon or
glass-carbon) under the last layer of glue-laminated
timber or as an outer layer, especially in the zone of
fiber tension, but also in the area of fiber compression.
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Fig. 1. Laminated glued beam reinforced with
tensioned aramid tapes [1]

In Poland, the examination of this type of beams was
conducted by the Department of Civil Engineering,
Silesian University of Technology, in cooperation with
an Austrian company Buchacher. The test involved
15 beams with a cross section of 140 x 320 mm made
from glue-laminated timber with a length of 6200 mm
and a support span of 5760 mm reinforced with
glass-aramid tapes (GARP — glass aramid reinforced
polymers), placed between the last two lamellas and
underneath the bottom of the beam (Fig. 2).
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Fig. 2. Cross sections of the following beams:
a) non-reinforced, b) reinforced internally,
c) reinforced externally [2]

During the examination the deflection was measured
for different load levels and destructive force. In
addition two models in particular groups were
tested using a tensionmetric measurement of timber
deformation in the central zone of the beams, in order to
determine the effect of the reinforcement on the neutral
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axis position. In two models with the reinforcement
adhered underneath, the tape deformation was also
measured. Figure 3 presents the model testing diagram.
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Fig. 3. Scheme of the load used in Brol’s testing [2]

Figure 4 shows the dependence of the deflection
on the load. Measuring the size of deflection was not
conducted until the full destruction. The sensors were
removed when the first signs of destruction appeared,
since the components were tested in full scale and there
was a danger of their damage.

As a result of the study the load bearing capacity
increased by 54% for the reinforcement attached
to the underside of the beam and by 68% for the
reinforcement glued between the lamellas. Stiffness
increased by 15%.
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Fig. 4. A plot of the deflection against the loading force
for all the Brol’s models, 1.11-1.15 — non-reinforced
beams, 1.21-1.25 - beams reinforced externally
1.31-1.35 — beams reinforced internally [2]

The destruction of non-reinforced glued-wood beams
always occurred due to the wood fibers breaking within
the tensioned fiber zone. The nature of destruction is
changing after the application of the reinforcement
in the form of the GARP tape glued into the cross
section. At the beginning the destruction occurs in the
fiber compression zone (plastification of wood) with
a height of approx. 40 mm to 80 mm, followed by the
detachment of the tape from the timber and the beam
failure. Beams with the reinforcement glued underside
fail primarily as a result of the compression zone
becoming plasticized, but in two cases the destruction
occurred due to the detachment of the tape from the
timber. Examples of the failure of beams reinforced
with the GARP tape are presented in Figure 5.
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Fig. 5. Examples of failure of reinforced beams during

Brol’s tests [2]
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Fig. 6. New arrangement of the timber beam reinforced
with aramid cords: 1 — timber beam, 2 — front plate,

3, 4 — nail plates, 5 — cavity sockets, 6 — holes in the
wooden beam, 7 — metal bushings, 8 — fastening screws,
9 — perforations to increase microventilation, 10 — nail
plate fastener, 11 — aramid cords, 12 — epoxy adhesive [4]
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This method became the basis for further
considerations on adhesive fastenings between FRP
materials and wood and the analysis of the costs of
this type of structure, which are still relatively high.
A new solution of strengthening wooden structures
with fiber composites was proposed in the work of
Rajczyk M., Jonczyk D. [3]. Aramid cords glued
between the lamellas of the laminated glued wood
beam were applied (Fig. 6). After initial numerical
studies, a positive effect of this type of reinforcement
on the static work was observed.

Fiber composites were also applied to strengthen
solid wood beams. Extensive research using CFRP
composite tape were conducted by Nowak T. [5].
The study was conducted in the laboratory of Civil
Engineering Institute of Wroctaw University. 18
approximately hundred-year-old pine beams (series
A B, C, D, E, F) and 3 pine beams from new wood
(series G) — Figure 7 were examined. The beams from
A and G series were not reinforced and they provided
reference level for the evaluation of changes in relation
to the reinforced beams.
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Fig. 7. Cross-sections of beams examined by Nowak [6]

It was proposed to use carbon tapes to strengthen the
beams and to restore their bearing capacity in the case
of the defects such as biological corrosion, fiber twist,
wood cracks etc. Technical scale beams with the length
of 4 m and the cross section of 12 x 22 were supported
freely at both ends. The beam span in the support
axis was 3.80 m. In two points the axes were loaded
symmetrically, which resulted in the pure bending in
the central part. At the supports the engineers used fork
support preventing the loss of flexural stability (lateral
torsional buckling) — Figure 8.
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Fig. 8. Load diagram [6]

The examination involved the use of S & P Lamelle
CFRP tapes glued with an epoxy resin-based adhesive
S & P Resin 55, intended for composite mats (because
of the texture). During the test the following elements
were recorded: the value of the loading force, the
displacement of the beam in the center and at the
supports, the deformation of wood, the deformation
of the CFRP tape, the destructive force, the manner of
destruction. The increase in the load bearing capacity
of the tested beams reinforced with CFRP tapes ranged
from 21% for the Series F beams to slightly over 79%
for the Series D beams.
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Fig. 9. Destructive loads of the beams tested by Nowak [5]

Composite rods were used in a similar manner as
steel bars and mixed methods, both rods and composite
tapes (Fig. 10), used for beams with heavy loads were
also applied.

Transverse Int.
point (layer)

FRP bar

Adhesive
layer

FRP sheet

Fig. 10. Glued laminated timber beam reinforced
with composite rods and tapes [7]
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3. Conclusions

As can be concluded, the application of fiber
composites provides an interesting and effective
alternative solution to increase the bearing capacity and
rigidity of the frame. Huge interest in composites results
from two basic facts: the first is their good strength
parameters, the second — their lightweightness. The
conducted tests have revealed an excellent usefulness
of composite materials for reinforcing timber frames.
The values of beam deflection and stresses in the timber
have been severely reduced and the beams’ load bearing
capacity has largely increased.
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Analiza wzmocnien zginanych belek drewnianych
z zastosowaniem materiatow kompozytowych

1. Wprowadzenie

W latach 70. nastgpil wzrost metod wzmacnia-
nia konstrukcji drewnianych z powodu rozwoju
w dziedzinie klejow epoksydowych, stosowanych do
mocowania elementow wzmacniajacych. Obecnie
ogromnym zainteresowaniem cieszy si¢ wzmacnia-
nie zarowno konstrukcji drewnianych, zelbetowych,
murowych, jak i stalowych za pomoca kompozytow
wloknistych. Na rynku oferowane sa kompozyty sa-
moutwardzajace na bazie zywic epoksydowych, dzig-
ki ktorym osiaga si¢ znaczy wzrost no$nosci. Coraz
czesciej taSmy 1 maty z tworzyw sztucznych zbrojo-
nych wioknami zastepujg stalowe ksztattowniki przy-
krecane lub przyklejane do konstrukcji, stosowane
do wzmocnienia elementéw konstrukcyjnych. Przy-
czyng zastapienia stalowych elementéw materiatlem
kompozytowym byta czesta korozja stali wywotana
oddziatywaniem warunkow atmosferycznych oraz
niekorzystnym wptywem soli odladzajacych, a tak-
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ze potrzeba zwiekszenia zywotno$ci wzmacnianych
konstrukcji poddanych obcigzeniom cyklicznym. Ko-
rzystne zastosowanie kompozytéw z tworzyw sztucz-
nych zbrojonych witdéknami wynikalo z jej niewiel-
kiej gestosci objetosciowej (lekkie i cienkie materiaty
kompozytowe niemal nie zmieniajg cigzaru wtasnego
ani wymiaréw wzmacnianej konstrukcji), odpornosci
korozyjnej i wysokiej wytrzymatos$ci zmeczeniowe;j,
ale takze ze wzgledu na wysoka wytrzymatos¢ na
rozciaganie, tatwo$¢ montazu (naklejenie tasm lub
mat na belki, ptyty lub slupy nie wymaga podstem-
plowywania czy przerywania eksploatacji obiektu,
koniecznych w przypadku montowania stalowych
elementéw wzmacniajacych), odpornos$ci na prze-
ptyw ciepta oraz powstawanie pradow btadzacych.

2. Zbrojenie belek drewnianych kompozytami widknistymi

W przypadku gdy wykonanie wzmocnienia
W sposob tradycyjny nie jest mozliwe oraz potrzebna
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jest szybka i efektywna naprawa konstrukcji bedace;j
w stanie przedawaryjnym, skutecznym sposobem jest
zastosowanie kompozytow widknistych. Ze wzgledu
na ich niewielki ci¢zar i fatwo$¢ ukrycia w przekroju,
moga by¢ takze stosowane do rehabilitacji i napra-
wy konstrukcji w budynkach zabytkowych. Wzmoc-
nienia zginanych belek drewnianych z uzyciem
kompozytu witoknistego sprowadza si¢ do zbrojenia
strefy rozcigganej, $cinanej (przypodporowej) lub
jednoczesnie obu tych stref. Tasmy i1 maty przykle-
jane do powierzchni dolnej lub bocznych belki badz
w glab przekroju stanowia najczesciej zbrojenie stre-
fy rozcigganej. Nosnos¢ tasm jest wykorzystywana
w granicach 20+30% wytrzymatosci na rozerwanie.
Korzystny rozktad naprgzen w strefie rozcigganej
uzyskuje si¢ przy zastosowaniu zbrojenia wglebne-
g0, lecz ze wzgledoéw technologicznych zaleca si¢ go
wykonywaé¢ w zaktadach produkcyjnych. Zwieksze-
nia no$nosci ze wzgledu na sily poprzeczne osiggnie
si¢ przy wzmocnieniu $cinanych stref przypodporo-
wych belek. Mozna je wykona¢ poprzez przyklejenie
do bocznych powierzchni elementéw tasm lub mat,
usytuowanych prostopadle lub ukosnie do wiokien.
Wzmocnienie czesci przypodporowych i przestowych
belek klejonych warstwowo polega na wklejeniu
tasm lub tarcz kompozytowych miedzy powierzchnie
boczne dwdch rownolegtych belek, by zwiekszy¢ od-
pornos¢ ogniowa zbrojenia i zmniejszy¢ wrazliwosé
na zmian¢ wilgotnosci otoczenia.

2.1. Analiza wzmocniei konstrukcji drewnianych

Drewno lite stosowano pierwotnie do budowy r6z-
nych obiektow drewnianych obrabiane jest czesto
w sposOb minimalny. Jednak pojawialy si¢ ograni-
czenia co do maksymalnych wymiaréw przekroju
elementoéw oraz mozliwosci wykonywania elemen-
tow o znacznych rozpigtosciach. Rozwdj technologii
klejenia drewna umozliwit wykonywanie elementow
z drewna o znacznych przekrojach i dlugosciach,
np. przekry¢ o konstrukcji drewnianej o duzych
rozpigtosciach. Dalszy rozwdj technologii klejenia
oraz rozw0j kompozytow witoknistych spowodowat
mozliwos¢ bardziej efektywnego wykorzystywania
drewna. Metoda wynaleziona i opatentowana w USA
przez D.A. Tingley’a z Wood Science & Technology
Institute, LLC, Corvallis, Oregon USA. byta jedna
z pierwszych, ktora umozliwiata zastosowanie na
szeroka skale belek drewnianych zbrojonych kompo-
zytami wloknistymi. Polega ona na wklejeniu tasmy
z wtoknami aramidowymi (ale takze aramidowo-we-
glowych lub szklano-weglowych) pod ostatnig war-

stwe drewna klejonego lub jako warstwy zewnetrz-
nej, gtownie w strefie wldkien rozcigganych, ale
takze w strefie wtokien Sciskanych. W Polsce nato-
miast badania tego typu belek zostaty przeprowadzo-
ne przez Katedre Inzynierii Budowlanej Politechniki
Slaskiej w Gliwicach we wspolpracy z austriacka fir-
ma Buchacher. Badaniu zostato poddanych 15 belek
0 wymiarach przekroju 140 x 320 mm, z drewna Kle-
jonego o diugosci 6200 mm oraz rozstawie podpor
5760 mm wzmocnionych tasmami szklano-aramido-
wymi (GARP), umieszczonymi pomig¢dzy ostatnig
a przedostatnig lamela oraz od spodu belki (rys. 2).
W trakcie badania dokonywano pomiaru wielko-
sci ugiec¢ dla poszczegolnych poziomdw obcigzenia
oraz wielkosci sity niszczacej. Dodatkowo po dwa
modele w poszczegblnych grupach badano z tenso-
metrycznym pomiarem odksztalcen drewna w strefie
srodkowej belek w celu okreslenia wplywu wzmoc-
nienia na polozenie osi obojetnej. W dwoch mode-
lach ze wzmocnieniem doklejonym od dotu dokona-
no rowniez pomiaru odksztatcen tasmy. Na rysunku
3 pokazano schemat badania modeli. Na rysunku 4
przedstawiono zaleznos¢ ugie¢ od sity obcigzajace;.
Pomiaru wielkosci ugie¢ nie prowadzono do pelnego
zniszczenia. Czujniki zdemontowano po pojawieniu
si¢ pierwszych oznak zniszczenia ze wzgledu na ba-
dania elementow w skali naturalnej i niebezpieczen-
stwo ich uszkodzenia. W wyniku przeprowadzonych
badan no$nos¢ wzrosta odpowiednio o 54% dla zbro-
jenia przymocowanego do spodu belki oraz 68%
dla zbrojenia wklejonego pomiedzy lamele. Wzrost
sztywnosci wyniost 15%. Nowe rozwigzanie wzmac-
niania konstrukcji drewnianych z uzyciem kompozy-
tow wildknistych zaproponowano w pracy Rajczyk
M., Jonczyk D. [3]. Zastosowano sznury aramidowe
wklejone pomiedzy lamele belki z drewna klejonego
warstwowo (rys. 6). Kompozyty widkniste zastoso-
wano takze do wzmacniania belek z drewna litego.
Obszerne badania z wykorzystaniem tasmy kompo-
zytowej CFRP przeprowadzit Nowak T. [5]. Zbadano
18 starych okoto stuletnich belek sosnowych (serie
A, B, C, D, E, F) oraz 3 belki sosnowe z drewna no-
wego (seria G) — rysunek 7. Belki serii A i G nie byty
wzmacnianie, stanowity one poziom odniesienia dla
oceny zmian w stosunku do belek wzmacnianych.
Podczas badania rejestrowano wartos$¢ sity obcigza-
jacej, przemieszczenie belki w $rodku oraz na pod-
porach, odksztatcenia w drewnie, odksztatcenia w ta-
smie CFRP, wartos$¢ sily niszczacej, sposob zniszcze-
nia. Wzrost no$nosci badanych belek wzmocnionych
tasmami CFRP wyniost od 21% dla belek serii F do
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nieco ponad 79% dla belek serii D. Rowniez wykorzy-
stano prety kompozytowe stosowane w podobny sposdb
jak prety stalowe oraz metody mieszane, zardwno prety,
jak 1 tasmy kompozytowe (rys. 10) stosowane dla belek
o0 znacznych obcigzeniach.

3. Wnioski

Jak wida¢, ciekawg i efektywna alternatywa uzy-
skania wzrostu nos$nosci i sztywnosci konstrukcji jest
zastosowanie kompozytow wioknistych. Ogromne
zainteresowanie kompozytami wynika z dwdch pod-
stawowych przestanek: pierwsza to ich dobre pa-
rametry wytrzymatosciowe, druga to maly cigzar.
Przeprowadzone badania wykazuja doskonala przy-
datno$¢ materiatow kompozytowych do wzmacnia-
nia konstrukcji drewnianych. Wartosci ugiecia belek
i naprezen w drewnie zostaty powaznie zredukowane,
za$ ich no$nos¢ ulegta bardzo wysokiemu zwigkszeniu.
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