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1. Introduction 

The use of carbon fiber reinforced polymer materi-
als (CFRP) is more and more common in strengthening 
building structures, in particular timber ones. This is a rela-
tively new material that is gradually replacing steel elements, 
which were traditionally used to strengthen bent timber 
elements. In most cases, CFRP strengthening of timber struc-
tures takes place during the reconstruction of buildings-ar-
chitectural monuments, where the complete replacement of 
elements is impossible due to the preservation of historical 
heritage [1]. However, the increase in the price of wood in Eu-
rope in 2016–2022 makes the use of composite materials even 
more economically justified [2], specifically when designing 
new reinforced timber structures in construction.

The advantages of using CFRP materials include lightness, 
high strength, corrosion resistance, ease of installation, aes-
thetics, seismic resistance, and the possibility of reinforcement 
in hard-to-reach places. On the other hand, the influence of 
such factors as the variability of wood characteristics, the pres-
ence of damage, the reliability of the adhesive bond, and the 
accuracy of calculation models are not yet sufficiently studied.

That is why an experimental study into the work of tim-
ber beams reinforced with CFRP plates and rods is relevant 

and will allow obtaining new data on the actual effect of 
reinforcement and compliance with calculation models. The 
results could also be useful in the selection of reinforcement 
procedure and materials.

2. Literature review and problem statement 

Research on CFRP in the strengthening of timber 
elements began in earnest [3] in the 1990s, following an 
increase in research on the performance of glass fiber rein-
forced polymers (GFRP) materials earlier in the 1980s [4, 5]. 
In more than 30 years of research, there have been quite a lot 
of studies on the joint performance of CFRP and wood bent 
elements. In their works, scientists pay attention to increas-
ing the bending capacity and stiffness of reinforced beams 
and refine the calculation models of structures taking into 
account the presence of damage, the length of anchoring, and 
the technique of reinforcement.

External reinforcement by gluing to the faces of 
beams (EBR) is the most popular and convenient reinforce-
ment technique from the point of view of installation.

Work [6] describes the results of research on small-sized 
models of 25×50×500 mm, which indicate an increase in the 
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stiffness of beams by (20–30) % after reinforcement with a 
carbon plate 1.5 mm thick on the lower and upper faces of 
the beams. Also, tests on small samples of 20×20×360 mm 
reinforced with a carbon lamella with a thickness of 0.16 mm 
in article [7] confirmed an increase in bending strength 
by 34 %. The results were confirmed by analytical calcula-
tions with good convergence of results. The authors of [6, 7] 
studied small-sized models, which may impose certain lim-
itations in applying the results to full-sized elements.

In [8], the authors confirm an increase in stiffness by 
13 % to 30 % for timber beams (45×45×1000 mm) reinforced 
with fabric-type carbon fibers on the lower face of the beam 
with a percentage of reinforcement of 0.268 % and 0.307 %, 
respectively. The increase in bearing capacity was recorded at 
the level of 27 %. Numerical modeling using the finite element 
method was also carried out. Paper [9] describes the influence 
of the number of layers of carbon fiber fabric reinforcement for 
beams (750×80×38 mm). Research results showed an increase 
in the bearing capacity of reinforced beams from 28 % to 41 %. 
Works [8, 9] focused on the research of fabric-type CFRP, 
which is rarely used in beams with a significant cross-section.

A comprehensive study [10] of beams the size of 
3000×120×60 mm reinforced with fabric-type carbon tape 
with 0.4 % percent reinforcement showed an increase in stiff-
ness by 1.15–1.3 times compared to non-reinforced beams. 
The purpose of the study was to compare the effectiveness 
of reinforcement with carbon and glass fiber materials. De-
spite the interesting experimental results for medium-sized 
beams, the stress distribution over the entire height of the 
beam section was not covered.

In study [11], 221 beams of different sizes (20×20×380 mm, 
100×100×1950 m, and 200×200×4000 mm) were tested for 
hard (oak) and soft (fir) wood species. Reinforcement with 
fabric-type carbon fibers on the lower face with a reinforcement 
percentage of 0.165 % for fir samples increased the bending 
strength by 65.6 % and the stiffness of the beams by 11.2 %. 
Load-deflection diagrams with mostly linear dependence were 
also built. The authors note that the strength of CFRP plates is 
not even half used, which prompts a more careful selection of re-
inforcing elements. The advantage of these studies is the testing 
of a large number of beams of different sizes and types of wood, 
but reinforcement with laminations and bars was unfortunately 
not part of the research program.

There are also a number of studies on timber beam struc-
tures that have already had a certain service life. In work [12], 
such beams with a cross-section (150..190)×(150..200) were 
tested. One series was reinforced with a carbon lamel-
la (1.4×50 mm) along the lower stretched face of the beam. 
The other series was reinforced with two such lamellas by 
gluing on the side faces. The strengthening effect according 
to the stiffness criterion was 1.12 times. A comparative study 
of reinforcement techniques is the closest to the discussed 
topic, but it did not include reinforcement with rods.

Article [13] reports a study of beams from a historical 
building that were reinforced with CFRP plates with an in-
crease in bearing capacity of ~60 %. The paper describes the 
comparative results of reinforcement with carbon, aramid, ba-
salt, and glass fiber materials. But the theoretical calculation 
remained unexplained, which may be related to the variability 
of the wood characteristics of the historical building.

Studies [14] also confirm the increase in strength and stiff-
ness of full-scale specimens reinforced with lamellas, however, 
it is noted that CFRP delamination occurred when only 27.2 % 

of lamella strength was reached. The work did not use addi-
tional anchoring means, which are used in many cases with this 
technique of reinforcement and affect the work of the beams.

In addition to the externally bonded reinforce-
ment (EBR), the near-surface mounted methods (NSM) in 
the cross section of the beam is widely used.

Research [15] included studies of beams 
(200×200×4000 mm) reinforced with CFRP rods with a 
diameter of 7.5 mm, which were glued into the grooves of 
the lower face. Beams reinforced with CFRP sheets glued in 
3 layers on the bottom of the beam were also studied. Rein-
forcement with sheets showed an increase in bending capac-
ity by 60.3 %. The effect of rod reinforcement was somewhat 
lower. The research program did not include reinforcement 
with rods on the side, and this issue remained unexamined.

Studies [16] were conducted on glued-laminated beams 
(3000×90×225 mm) to compare options for CFRP rein-
forcement with lamellas and rods. At the same time, variants 
with different locations of reinforcement were tested: along 
the lower face and at some distance from the lower face. Ac-
cording to the results of the experiments, an improvement in 
the bending strength of the beams was obtained in the range 
of (44–63) % and stiffness by 10 %. The analysis was carried 
out only for glued-laminated structures, and the strength-
ening features of solid timber beams were not investigated.

In [17], the influence of the technique and amount 
of reinforcement was investigated. The 1800×150×80 mm 
samples were reinforced with glued CFRP rods inside the 
lower face, textile material outside, and their combination 
in different proportions. Bending tests were performed for 
21 beams. The results showed an increase of 25 % to 35 % in 
flexural strength, depending on the type of reinforcement. 
At the same time, the authors indicate the delamination of 
the reinforcing material and the need for additional research 
on its adhesion to wood. The studied reinforcement combi-
nations did not include reinforcement with rods on the side 
and lamellas from below.

Another recent study [18] confirms the effectiveness of 
lateral gluing of rods in the stretched zone of the beam. Sam-
ples (3650×162×82 mm) with CFRP reinforcement with 
rods only and samples with combined reinforcement (rods 
and lamellae) were tested. The experiments showed an in-
crease in the ultimate load by 30.51 % and 39.36 %, respec-
tively. However, the experimental program did not include 
samples of solid wood beams.

Studies [6–18] show that the reinforcement with CFRP 
materials, in general, increases the strength and stiffness of 
timber beams. However, in the above studies, the strength-
ening of medium-sized timber elements made of solid wood 
reinforced with plates and rods is not fully disclosed, so 
conducting such a study is expedient.

3. The aim and objectives of the study

The purpose of this study is to experimentally deter-
mine the effect of strengthening timber beams that were 
reinforced with CFRP materials using the NSM (rods) and 
EBR (lamellas) techniques. The results will help in making 
rational project decisions and improving calculation models.

To achieve the goal, the following tasks should be solved:
– to determine the “deflection-load” dependences for the 

studied samples;
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– to investigate the stress distribution along the height 
of the cross-section of the beams and the failure patterns of 
the samples;

– to investigate the elastic-plastic behavior of wood in 
terms of ultimate bending moments and evaluate the conver-
gence with numerical calculation.

4. The study materials and methods

4. 1. Materials 
The object of our study is the effect of strengthening 

timber beams reinforced with CFRP materials. The main 
hypothesis of the research assumes that the reinforcement 
of timber beams leads to an increase in their rigidity and 
bearing capacity for bending. It is assumed that the charac-
teristics of wood within one series are close in value.

For the manufacture of beams, soft wood was used – fir 
from the region of the Carpathian forests, which is often used 
as a structural material in Ukraine. The test samples were 
taken with dimensions of 2000×150×75 mm. A total of 2 series 
were studied. 3 samples for one series were made from one solid 
beam 6 m long. Thus, comparing the results of beams within 
the same series with different strengthening methods is more 
relevant. It also makes it possible to reduce deviations in the 
strength of the wood of the samples within one series. Wood 
moisture was measured using an electronic moisture meter  
Testo® 606-1 (PRC). Physical and mechanical characteristics 
of wood were determined in accordance with EN 408:2003 [19]. 
Experimentally obtained average values are given in Table 1.

Beams were reinforced with TM Mapei® materials (Ita-
ly). The characteristics of CFRP elements were taken accord-
ing to the manufacturer’s technical maps.

CFRP plate Carboplate® E170 was used to reinforce 
samples with EBR method. Lamel Carboplate® [20] is a 
plate made of longitudinal carbon fiber pre-impregnated 
with epoxy resin, with a double protective polyethylene film. 
Characteristics: modulus of elasticity Ef=160,000 MPa; ul-
timate tensile strength ff,uk=2700 MPa; ultimate elongation 
εf,uk=1.6 %; plate width lfrp=50 m; plate thickness tfrp=1.4 m; 
density tfrp=1.61 g/cm3. The percentage of sample reinforce-
ment is 0.62 %.

Maperod C® CFRP rods were used to strengthen the 
samples with NSM method. Maperod C® rods [21] are pul-
trusion rods made of carbon fiber and epoxy resin for repair-
ing and strengthening damaged elements. Characteristics: 
modulus of elasticity Ef=155,000 MPa; ultimate tensile 
strength ff,uk=2000 MPa; ultimate elongation εf,uk=1.5 %; 
diameter of rods tfrp=10 mm. The percentage of sample rein-
forcement is 1.39 %.

Table	1

Properties	of	experimental	timber	beams

Label
Timber 

class
fm,k, 
MPa

ft,u, 
MPa

fс,u, 
MPa

ρk,  
g/cm3 

E, MPa
Reinforce-
ment type

1-Сn

C22 23.5 30 37 380 10,860

None 

1-Rd CFRP rods

1-Pl CFRP plate 

2-Cn

C22 22.1 27 35 350 9,520

None

2-Rd CFRP rods

2-Pl CFRP plate 

4. 2. Sample preparation 
4. 2. 1. Reinforcement of prototypes with carbon 

lamellae
The procedure for strengthening the beam with a carbon 

plate is shown in Fig. 1, 2. Before installing the reinforce-
ment, the base of the samples was prepared. The lower face 
of the beam was polished to a clean and smooth surface. In 
the places where the anchoring strips were glued, the sharp 
faces of the beams were rounded off. A layer of MapeWrap® 
Primer1 priming solution was applied to the prepared surface 
of the lower face of the beams (Fig. 1, a). The impregnated 
surface was dry, clean, and flat. While the solution was still 
“fresh”, an even layer of MapeWrap® 11 adhesive solution was 
applied (Fig. 1, b). The solution was applied in one layer with 
a thickness of 1–1.5 mm. After that, the protective film was 
removed from the carbon lamella Carboplate® E170 prepared 
in advance (according to the size of the beam) and a layer of 
the same solution was applied. Immediately, the lamella was 
pressed against the face of the beam (glue to glue) and the 
remaining air was removed by pressing with a roller (Fig. 1, c).

After the installation of the carbon lamella, anchor 
strips made of MapeWrap®CUNI-AX 300/10 fabric were 
mounted on the support sections of the beam in a regulated 
sequence (Fig. 2). After strengthening, the beams were kept 
for at least 7 days before testing for reliable adhesion of the 
adhesive materials.

Fig.	1.	Installation	of	CFRP	lamella:	a	–	application	of	
MapeWrap	Primer	1	primer;	b	–	applying	MapeWrap	11	glue;	

a b c

Fig.	2.	Installation	of	anchoring	strips	for	the	carbon	laminate	
Carboplate:	a	–	application	of	MapeWrapPrimer	1	primer;	
b	–	applying	MapeWrap	11	glue;	c	–	inserting	a	strip	of	

MapeWrap®CUNI-AX	fabric;	d	–	fixation	of	the	fabric	strip;	
e	–	impregnation	of	the	glued	strip		

with	MapeWrap®	31	solution

a b b

d e
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4. 2. 2. Reinforcement of prototypes with carbon rods 
The procedure for strengthening the beam with a 

carbon plate is shown in Fig. 3, a–d. Before installing the 
reinforcement in the beam, side slits measuring 15×15 mm 
were made along the entire length on both sides of the 
beam for the entire length of the beam. The distance from 
the slot axis to the lower face of the beam is 35 mm. As in 
the previous case, the faces of the beams were cleaned to a 
smooth state.

A layer of two-component priming solution Mape-
Wood®Primer 100 was applied to the inner surface of the 
slot (Fig. 3, a). After that, the two-component thixotropic 

glue MapeWood® PASTE 140 was placed inside the slot 
with a spatula in such a way as to fill the entire volume of the 
slot (Fig. 3, b). A Maperod C® carbon rod with a diameter of 
10 mm and a length of 2000 mm was sunk into the slot filled 
with glue (Fig. 3, c). Residues of glue were removed from 
the surface using a spatula (Fig. 3, d). This operation was 
performed on both sides of the beam.

4. 3. Research methods
Testing of test samples was carried out at Lviv Polytech-

nic National University according to the four-point bending 
scheme (Fig. 4, a, 5). The experiments were carried out in 
continuation of the research program on the strengthening 
of building structures with FRP materials [22, 23].

The tests were performed on a bench using a hydraulic 
jack (PRC) with a maximum possible load of 15 tons. De-
formations on the surface of the beam of the experimental 
sample were measured using indicators (Ukraine). The 
scheme of their location along the cross-section of the sample 
is shown in Fig. 4, b.

The sample was loaded in steps of 3 kN with a duration of 
10–15 minutes at each step. The design scheme of the beam 
was assumed to be freely supported on two supports. The 
span of the beam is 1800 mm, the load was applied by two 
concentrated forces at a distance of 600 mm in thirds of the 
span. The amount of load was monitored by a dynamometer 
using the divisions of the built-in indicator.

The indicators themselves were placed in the zone of 
pure bending between the applied forces in the middle of the 
beam. The deflection of the beam was measured in the mid-
dle of the span using a protractor. Indicators were installed 
on the supports to measure the settlement of the supports. 
During the tests, photo-video recording and visual observa-
tion were carried out.

Fig.	3.	Installation	of	Maperod	C®	CFRP	rods:	a	–	application	
of	MapeWood®Primer	100	solution;	b	–	application	of	

MapeWood®	glue;	c	–	installation	of	Maperod	C®	carbon	rod;	
d	–	removal	of	glue	residues

a b

c d

Fig.	4.	Experimental	scheme:	a	–	bench	for	testing	timber	beams;	b	–	placement	of	indicators	along	the	cross-section	of	the	sample

a b

Fig.	5.	General	view	of	the	timber	beam	test	bench
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5. Results of experimental studies of timber beams for 
bending

5. 1. Deflection-load dependences
According to our data on the deformations of the beams 

during the test, plots of the dependence of the beam deflec-
tions on the applied load were constructed for both studied 
series (Fig. 6).

The dotted line on the plots shows the ultimate de-
flection (1/250 of the beam span) according to [24]. The 
“deflection-load” plots (Fig. 6, a, b) have a linear charac-
ter in the initial stages, later the plot becomes distorted 
during the development of plastic deformations in the 
compressed zone.

5. 2. Stress distribution along the cross-section height 
of the beams and patterns of failure of the samples

The stress distribution along the cross-sectional height 
of the samples is shown in Fig. 7. Unreinforced struc-
tures (1-Сn, 2-Сn) collapsed suddenly with a characteristic 
loud sound, splitting of wood, and the formation of signifi-
cant peeling and cracks in the stretched zone (Fig. 8).

The destruction of samples rein-
forced with rods (1-Rd, 2-Rd) began in 
the stretched zone. This was preceded 
by the achievement of minor plastic 
deformations in the compressed zone 
of the beam. After reaching the limit of 
the tensile stresses of the wood, cracks 
appeared on the lower face, which 
spread higher into the area where the 
rods are located and led to a violation 
of their adhesion to the wood (Fig. 9).

The technique of failure of beams (1-
Pl, 2-Pl) reinforced with plates (Fig. 10) 
differed from the type of failure of sam-
ples (1-Rd, 2-Rd).

Exceeding the ultimate tensile 
stresses was restrained by the adhesion of the plate and wood 
along the lower part of the beam. Their appearance in the 
stretched zone was recorded only after the significant develop-
ment of plastic deformations in the compressed zone (Fig. 7, e). 
Cracks appeared at the later stages of loading when the ulti-
mate stresses spread in height to areas remote from the plate.

Fig.	6.	Deflection-load	dependence	for	beams:	a	–	1	series;	b	–	2	series
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Fig.	7.	Stress	distribution	along	the	cross-section	height	in	the	middle	of	the	span:	a	–	sample	1-Сn;	b	–	2-Сn	sample;		
c	–	sample	1-Rd;	d	–	sample	2-Rd;	e	–	sample	1-Pl;	f	–	sample	2-Pl
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5. 3. Studying the elastic-plastic work of wood by 
limiting bending moments and evaluation of convergence 
with numerical calculation

For the theoretical calculation, the elastic-plastic model of 
wood deformation, which is implemented in the design stan-
dards [25], is adopted. These norms determine the criteria and 
conditions for the application of the most relevant techniques 
of FRP strengthening of existing building structures.

The analysis of different models of failure of timber ele-
ments subjected to bending reveals that the model of failure 
depends on the following parameters [25]:

a) the ratio between the tensile and compressive strength 
of wood (η=ftu/fcu);

b) nonlinearity of wood deformation during compression 
in the limit state;

c) the cross-sectional area of wood in the tension zone 
(a parameter that is directly proportional to the presence of 
defects that can cause premature destruction).

When calculating elements reinforced with composite 
materials, the equation that applies to non-reinforced ele-
ments must be followed. The test should be performed at the 
limit states for strength and serviceability according to the 
relevant Eurocode standards [24].

Exhaustion of the carrying capacity is achieved when 
one of the criteria is exceeded [25]:

1) limit deformations of compressed fibers when the en-
tire section is in the stretched zone;

2) limit deformations of stretched fibers when elastic de-
formations of wood develop in the compressed zone;

3) limit deformations of stretched fibers when plastic 
deformations of wood develop in the compressed zone;

4) ultimate deformations of compressed fibers when the 
FRP reinforcement is in the stretched zone;

5) ultimate deformations of compressed fibers when the 
FRP reinforcement is in the compressed zone.

Each of the criteria corresponds to its specific type of 
strain distribution, which in turn has its corresponding 
limiting value of the bending moment MRd. Analysis of the 
nature of the destruction of reinforced experimental samples 
indicates that criterion 3 is present in our case.

The value of the bending moment theor
RdM  corresponds to 

the bearing capacity of the cross section and is found from the 
equation of the balance of moments (internal and external) 
relative to the center of gravity of the FRP reinforcement [25]:

2
3 ,Rd cuM M B H f= ⋅ ⋅ ⋅     (1)

( ) ( )
3

2 11 1
2 2 3

1 1 1
1

2

1 1 1 1
.

2 2 3 1 2
frp

frp frp

M

p
n

 ⋅ − ξ−ξ
ξ = ⋅ −ξ+ +  ⋅η ⋅η 
   −ξ −ξ

+ ⋅ ξ − ⋅ −ξ+ +   η η   
−ξ −ξ −ξ   +η⋅ ⋅ − + ⋅η⋅ ⋅ρ ⋅ ρ −    −ξ    

 (2)

By substituting the values of the actual characteristics 
of the materials (Table 1) into formulas (1), (2), the calculat-

Fig.	8.	Crack	patterns	of	sample	1-Сn

Fig.	9.	Crack	patterns	of	sample	1-Rd

Fig.	10.	Crack	patterns	of	sample	1-Pl
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ed value theor
RdM  was determined. As the experimental value 

of the bending moment exp
,Rd ULSM

 
the load was taken, which 

corresponded to the achievement of the limit values of the 
wood’s tensile stress (Fig. 7).

Table 2 gives the values of the ultimate bending moments 
that meet the criteria for complete destruction exp

ultM  and 
reaching the limit states ( exp

,Rd ULSM  and exp
,Rd SLSM ).

The effect of reinforcement according to the criteri-
on of limit deflections (SLS) of beams was determined 
by the percentage ratio exp

,Rd SLSM  of reinforced beams and 
control samples (1-Сn, 2-Cn). Similarly, the effect of rein-
forcement according to the criterion of destruction exp

ultM  
and the achievement of ultimate stresses (ULS) in the  
wood exp

,Rd ULSM  of the beams was determined by the percent-
age ratio of these bending moments with the values in the 
control beams.

6. Discussion of results of experimental studies to 
determine the effect of reinforcement of timber beams

Analysis of stress distribution plots along the height of 
the beam (2-Rd) in Fig. 7, c revealed a displacement of the 
neutral axis by 5 mm higher at the late (F=19.5 kN) stages 
of loading after the formation of cracks in the stretched 
zone. For samples (1-Pl, 2-Pl) Fig. 7, d, e, one sees the same 
displacement of the neutral axis upwards at significantly 
higher load levels (F=33 kN). The development of significant 
plastic deformations (Fig. 7, e, f) corresponds to visually 
visible vertical zones of wood crumpling in the compressed 
zone (Fig. 10). The maximum depth of propagation of plas-
tic deformations in the compressed zone of the beam is on 
average ~45 mm for samples 1-Pl, 2-Pl, and ~30 mm for sam-
ples 1-Rd, 2-Rd (Fig. 7, c–f, 9).

In the samples reinforced with rods, the failure of the 
reinforcement bond occurred faster in comparison with 
the beams reinforced with plates. However, complete de-
struction of the bond (delamination) did not occur in any 
of these test samples. The mechanism of destruction in the 
case of plate reinforcement is smoother. The probability of 
loss of adhesion of reinforcement to wood is greater for sam-
ples 1-Rd, 2-Rd due to the development of cracks that freely 
propagate from the lower face to the place of installation of 
reinforcement.

Compared to unreinforced beams, reinforced beams 
showed improved stiffness and flexural strength (Table 2). 

Samples of the 1st series showed an increase in the destruc-
tive bending moment by 52.1 % when reinforced with rods, 
and by 78.2 % when reinforced with a plate. For beams of the 
2nd series, these indicators were 45.1 % and 95.1 %, respec-
tively. Such a significant increase in the destructive moment 
testifies to the significant potential of such structures in 

anti-seismic design.
The stiffness of beams 

of the 1st series when reach-
ing the limit deflections 
wlim (SLS) was better than 
the indicators of the con-
trol samples by 3.6 % and 
17.2 % for rods and plates, 
respectively. Series 2 el-
ements showed the same 
trend (4.6 % and 9.6 %). 
From the point of view of 
beam stiffness, plate re-
inforcement proves to be 
somewhat more effective 
compared to rod reinforce-
ment with increased load. 
The significant deforma-

bility of the reinforcement elements does not allow them 
to be effectively included in the work at the early stages 
of loading.

However, for engineers, indicators of not only the de-
structive load but also the bending moments that correspond 
to the load-bearing capacity of the element, that is, the 
achievement of the ultimate stress of stretched fibers (ULS), 
are important for engineers. According to the results of 
our research, the strengthening effect was 13.1 % and 
24.2 % (rods) and 8.7 % and 32.2 % (lamellas). Accordingly, 
plate reinforcement on the bottom face of the beam under the 
given research conditions has an advantage compared to rod 
reinforcement on the side faces.

Comparison of experimental results of ultimate bend-
ing moments (Table 2) showed that the actual effect of 
reinforcement is greater than theoretically calculated. The 
difference was no more than 8.2 % and confirms the conser-
vative approach used in the CNR-DT-201 standards.

It should be noted that a certain limitation of such meth-
ods of strengthening is strict compliance with the work regu-
lations and the formulation for the production of multi-com-
ponent adhesive solutions. The slightest deviation can lead 
to a violation of the bond between reinforcement and wood 
already at the early stages of loading. From this point of 
view, rod reinforcement is simpler, has a smaller number of 
operations, and is less sensitive to operator errors. The use of 
simplified calculation models in the case of a complex stress-
strain state and the variability of wood characteristics are 
also a limitation.

The disadvantage of these strengthening methods is the 
cost of CFRP materials and the need for economic justifica-
tion when using them.

The development of the research may consist in ex-
panded programs with a larger number of samples, other 
methods of reinforcement, and the use of FEM as a cal-
culation model. Experiments were conducted on wood 
varieties and reinforcement elements that are widely 
represented in the Ukrainian market of construction 
and restoration materials. Reinforcement techniques 

Table	2

Experimental	and	theoretical	values	of	ultimate	bending	moments	of	reinforced	beams

Grade 

Bending 
moment at 
the fracture 
stage exp

ultM , 
kN·cm

Bending 
moment for 
SLS (exp.) 

exp
,Rd SLSM , 

kN·cm

Bending mo-
ment at ULS 
(theoretical), 

,
theor
Rd ULSM ,  

kN·cm [25]

Bending 
moment for 
ULS (exp.), 

exp
,Rd ULSM , 

kN·cm

Reinforcement 
effect according 
to the criterion 

of strength  
ULS/fracture, %

Amplification 
effect according 
to the criterion 
of limit deflec-
tions at SLS, %

exp
,

,

Rd ULS
theor
Rd ULS

M

M

1-Сn 690 307 n/a 690 Control Control n/a

1-Rd 1050 318 720.5 780 13.1/52.1 3.6 1.08

1-Pl 1230 360 730.2 750 8.7/78.2 17.2 1.02

2-Cn 558 301 n/a 558 Control Control n/a

2-Rd 810 315 676.8 693 24.2/45.1 4.6 1.02

2-Pl 1089 330 705.3 738 32.2/95.1 9.6 1.04
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are widely used in project practice, and research results 
can be used during restoration works in Ukraine.

7. Conclusions

1. Deflections of beams reinforced with lamellae and 
rods decreased by 13.4 % and 4.1 %, respectively. These val-
ues correspond to the load at the stage of reaching the limit 
deflections of the beams exp

, .Rd SLSM
2. In the studied cases of reinforcement, the plate bet-

ter limits the propagation of cracks along the cross-sec-
tion of the beam in comparison with rods. This allows 
more complete use of wood in the compressed zone of the 
beam. At the time of failure, when reinforced with a plate, 
~40 % of the area of the compressed zone does not reach 
compressive strength, when reinforced with rods, ~60 %. 
The failure mode in both cases is smooth; no destruction 
of the bond between the reinforced elements and wood 
was recorded.

3. Reinforcement with a plate showed an increase in the 
failure bending moment exp

ultM  by 86.7 %, and reinforcement 
with rods by 48.6 %, which indicates significant anti-seismic 
properties of such types of reinforcement. If we analyze the 
bending moment, which corresponds to the achievement of 
the ultimate stresses in wood exp

, ,Rd ULSM  the recorded strength-
ening effects are smaller –18.6 % (rods) and 20.5 % (plates). 

The conclusions show the averaged values for two series. The 
analytical calculation showed a discrepancy between experi-
mental and calculated values of up to 8.2 %.
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