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Abstract

Beams are structural elements commonly used in structure for construction designs. The use of wood as
structural elements is very important because it is a material of renewable source, low density and satisfactory mechanical
performance. When the wood surface is not properly treated, the structure can be destroyed not only by environmental
conditions but also the attack of insects compro mising the design. This research aimed to evaluate the mechanical
performance of the use of a particulate composite material (epo xy resin and structural Portland cement) as a way of
reinforcing beams. The study of the mechanical performance of using this material in timber beams is essentially nu merical,
based on the Finite Element Method, by using the static four points bending tests. The wood used in the simulation was the
Eucalyptus grandis, and their mechanical properties were obtained fro m specialized literature in the area of timber structures.
The results for d isplacements and stresses obtained fro m numerical analysis indicated that the co mposite material was able
with successfully withstand the stresses caused by the loads, the same occurring with the wood, and the results of the
hypothesis test for equivalence between meansrevelledtobeminor the influence ofPo isson's ratioon calculus of the
displacements.
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1. Introduction
Beams are structural elements present in most structural
designs[1]. In terms of civ il and rural construction, highlight
the use of wood, being a renewable source material, having
as one of its main features the excellent relationship between
strength and density, according Calil et al.[2], that is four
times higher when co mpared to steel.
The timber in general also use as essential part in build ing
structures, present in bridges[3], flooring, roofing and other
applications. However, the conduct of some construction
details co mbined exposure to different environ mental
conditions influence the durability of the structural
elements[4], required techniques to repair or rein force
damaged structures.
Besides the condition of reinforcement structures already
designed, the use of reinforcing materials in structural design
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to be executed increases the potential use of structural
components made of wood, wh ich according Miotto and
Dias[5], the lo w modulus of elasticity of wood when
compared to other structural materials, causes deformations
are limit ing factors in a project of wooden beams.
According to Fiorelli[6], timber structures require both
repairs to restore the co mpro mised structure and to increase
the load capacity of its structural elements (reinforcement).
According to Fiorelli[7], problems related to the low
efficiency of structural elements, the increased overhead and
degradation by aging are very frequently in construction,
encouraging the development of research involving the study
of structural reinforcements and recovery.
Recently, alternative materials have been used to recover
and reinforcing structures, highlighting the use of composite
materials, especially those prepared with polymers and fiber,
flexib le materials that are highly strength and can replace
with advantage, in some cases, the conventional techniques
of reinfo rcement such as employment and repairs by steel
screws[5].
1.1. Repair and Reinforcement in Wooden Beams
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The ideas of strengthening timber structures are not new
and over time these have been developed and improved.
According Mettem and Robinson[8], among the methods
emp loyed in the recovery of timber structures stand out
Traditional, wherein the structure is retrieved with new parts
which replace degraded, with dimensions and properties
similar to the originals, Mechanical, wherein the structural
repairs are made using metal connectors and Method
Adhesive, where variat ions resin are used in co mbination
with structural reinforcements.
Many studies using the adhesive method have been
conducted in the field of rehabilitation and strengthening,
particularly with regard to the materials used in
strengthening and enhancing interaction/beam[9].
According Ritter[10], the most efficient technique for
retriev ing pieces of wood is one that uses epoxy resin. The
epoxy putty gel is a readily malleable, can be injected
manually into the damaged parts, which increases the
mechanical strength of the structural element. Th is material
is used to fill cracks surface (attacked by insects) and voids.
The epoxy seal beyond the damaged area, reducing the
appearance of future cracks, further increase the load
capacity of the structure.
Aiming to study the repair and reinforcement for wooden
beams, many studies are being developed, emphasizing the
use of fiber reinforced poly mers.
Fiorelli[7] analysed experimentally the mechanical
performance of employing fiber-rein forced polymers (FRP)
glued along the tensile region of wooden beams of the Pinus
elliottii and Eucalyptus grandis species. In addit ion to other
results, the authors concluded that the technique developed
turned out to be of simple application and presents an
interesting feature, the presence of a large deformation
before rupture, justified by lowering the neutral axis, causing
crushing of a large amount of wood in the compressed
portion.
Miotto and Dias[5] discuss the use of natural fibers (sisal
fiber) as a way of strengthening beams in g lued laminated
timber (M LC), showing up as a favourable alternative for a
better use of forest resources in Brazil. The authors conclude,
among others, that the addition of fibers pulled on the face of
the wood ensures excellent mechanical performance in
bending, however, being modest contribution in terms of
stiffness. Also discuss the strength of the MLC can be
improved by adding fibers (glass or carbon) in the tensile
region, resulting in increased reliability of the material and a
reduction of 30% to 40% in volu me of wood used. Add also
that the reinforcement applied at a rate of 2% to 3% may
increase the flexu ral beams M LC over 100%.
In this context, Campilho et al.[11] evaluated
experimentally the influence of the use of laminated
composite materials with carbon fibers to reinforce timber
beams. Therefore, the authors used the four points static
bending, simulating the presence of the defect with the
removal of a portion of wood (Pinus Pinaster) over the
region requested by tensile stresses (upper and midpoint
along the length of the beam). The results of experimental

analysis revealed that the laminated composite, designed to
tensile stresses, inserted in the same region as requested by
compressive stresses, but still was able to increase the
mechanical strength of the assembly.
Besides the work of Camp ilho et al.[11], carbon fibers as
reinforcement in the form of wooden beams have also been
the focus of experimental research carried out by Borri et
al.[12] and Janko wski et al.[13], being observed in all cases
the efficiency of use of material as a reinforcement in
structural wood.
Thinking of alternative efficient and practical applicat ions,
this paper proposes the use of a poly mer-ceramic co mposite
(designed to withstand compressive forces) to be inserted
into timber beams (in co mpressed regions) as a way to repair
and reinforcement, as done in the work developed by
Christoforo et al.[1]. For be inserted into compressed regions,
the condition of the interface between materials is not as
significant, because it is the co mposite contained in the
wood.
The evaluation of the efficiency of the use of the
composite (epoxy resin and white Po rtland cement) as
reinforcement in this work is essentially nu merical, based on
the Finite Element Method, and the properties of the
composite extracted fro m the research developed by Panzera
et al.[14], and the wood (Eucalyptus grandis) fro m the
Brazilian standard ABNT NBR 7190[15].
In numerical simulat ions (four points static bending), held
at the condition of small displacements (L/200, L-length of
the beam), as the Brazilian standard ABNT NBR 7190[15] to
the suggest to verify the limit state use, the anisotropy of
wood is ignored (usual case) and were used in alleviating
coefficients on the mechanical properties[15], allowing
investigate whether the strength of the wood and composite
material were outdate or not in service conditions and the
behaviour of the normal stresses acting on the interface
between then.
1.2. Pol ymer-Ceramic Composite
The use and development of polymeric cementit ious
products have been conducted in several countries for over
forty years. Adding polymer to the cement paste has become
the focus of numerous studies in Japan and Europe in the 70s
and later, in the 80s in the United States[16]. These
composites have been employed in construction in the
fin ishing phase but also in the production of precast
products.
Recently, a new demand for poly mer co mposites
resurfaced, and a clear examp le of this is the increasing
production of artificial marble and granite each year. This
activity is being driven by the concepts of sustainability of
the century, since the use of mineral rocks for making
coatings in construction, promotes the consumption of
mineral source and causes serious environmental problems
[17].
In terms of microstructure, the poly mer phase tends to coat
the anhydrite cement grains, slowing the hydration process
partly or comp letely. In some cases, product formation
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promotes greater internal than external products of C3S and
avoids the format ion of ettringite crystals during the init ial
hydration[17, 18]. Ho wever, it is quite possible that the
biggest advantage of these systems consists in reducing the
porosity, with consequent reduction of free paths for crack
propagation and increase the strength.
Ohama[19] and Van Gemert et. al.[16] rev iewed several
types of polymeric cementitious composites and it is
noteworthy that not only the polymer phase is added to
cement, but also a percentage of water to pro mote hydration
of the cement grains.
As previously mentioned, the mechanical properties of the
composite polymer-ceramic materials used for computer
simu lations of their emp loy ment as reinforcing in the timber
beams were obtained fro m research conducted by Panzera et
al.[14]. On ly one reference fo rmulat ion, i.e. pure cement
paste was prepared with water for co mparison. The
cementit ious composites of this study were made with the
following proportions of polymeric phase: 100% (0% of
cement), 75%, 50%, 25% and 0% (100% of cement). The
experimental conditions investigated in the work of Panzera
et al.[14] can be seen in Table 1.
Table 1. Experimental conditions. Source: Panzera et al.[14]
Polimer (%)

Cement (%)

Water (%)

C1

100

0

0

C2

75

25

0

C3

50

50

0

C4

25

75

0

C5

0

100

30

The Portland cement used in the work Panzera et al. (2010)
was the CPB-40, manufacturer by Cauê - Brazilian industry.
Already the epo xy resin consists of two parts, one called
araldite and another hardener. The araldite 1564BR LY and
hardener Aradur 2954 was used. The mixing ratio by mass
used was 74% of Araldite to 26% of hardener.
Seven specimens were made for each experimental
condition for axial co mpression tests. The tests were
performed randomly. The co mposites were measured
investigated for a curing period of 28 days. The modulus of
elasticity and compressive strength were determined
according to the obtained stress-strain graphs of co mpression
tests. The volume density of the composites was calculated
by dividing the dry weight of the co mposite (after 24 hours in
an oven at 105°C) by the volume of the samples (28mm in
diameter and 56mm height).
Table 2 shows the averages and standard deviations (SD)
of the results of compressive strength (Rc), longitudinal
modulus of elasticity (E) and bulk density (Dv) of the
experimental conditions investigated in the work of Panzera
et al.[14].
The material selected for the simulat ion was the co mposite
C3 (Tab le 2), constituted by 50% of poly meric phase and
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50% cementitious phase. The relationship between bulk
density and mechanical strength presented by this composite
was found to be very promising, exh ibit ing high strength,
low density, and high tenacity when co mpared with the
composites of C4 and C5 conditions.
Table 2. Average and standard deviations values of the experimental
conditions investigated.Source: Panzera et al.[14]
Condition

Rc (MPa)

DP

C1

64,33

0,23

C2

67,07

0,56

C3

98,80

2,11

C4

81,73

2,55

C5

28,93

1,90

Condition

E (GPa)

DP

C1

23,76

1,43

C2

25,29

1,52

C3

33,98

4,69

C4

46,27

4,65

C5

47,88

1,63
3

Condition

Dv (g/cm )

DP

C1

1,17

0,01

C2

1,34

0,02

C3

1,64

0,01

C4

1,84

0,02

C5

1,92

0,03

2. Materials and Methods
The wood adopted for the simulations was the Eucalyptus
grandis, for being among the woods catalogued by the
Brazilian standard ABNT NBR 7190[15], the renewable
character and presents a growing demand in its application.
For the nu merical evaluation of wood becomes necessary
to know the modulus of elasticity in bending (Em ),
compressive strength parallel to the grain (fc,0 ) and tensile
strength parallel to the grain (ft, 0 ), therefore, these variables
were obtained fro m the Brazilian standard[15]. The tensile
strength and parallel co mpression of Eucalyptus wood are
respectively equal to fc,0 =40.3MPa and ft,0 =70.2MPa. The
item: Mechanical Properties of this standard presents a ratio
between the modulus of elasticity in bending with the
modulus of elasticity in co mpression parallel to the grain
(Ec,0 ), that for d icots, such as Eucalyptus, is expressed by
Em =0,90·Ec,0 . The value of the modulus of elasticity in
compression parallel to the grain of the Eucalyptus wood is
equal to Ec,0 =12813MPa, resulting in a bending modulus of
elasticity of 11531.7M Pa.
Assuming the partial coefficient of modification
kmod ,1 =0,6, kmod ,2 =1,0 e k mod ,3 =1,0 comes to the value of the
total coefficient of modification k mod =0,6. The effective
value of the modulus of elasticity in bending (Em,ef ) is
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expressed by Em,ef = kmod ·Em =6919,02MPa. Fro m the value of
the weighting coefficient (γw) is possible to determine the
calculations values of the co mpression and tensile strength
parallel to the grain (fc0,d and ft0,d ) through the relation
fd =(k mod .f)/γw. Thus were obtained the values fc0,d =17,27MPa
and ft0,d =23,4MPa, which respectively represent the
calculations values of the compression and tensile strength.
Still on the wood, as mentioned previously, it is treated as
isotropic material, is considered null the value of Poisson's
ratio of wood in the simulat ions, also known of its small
influence in structural timber projects. The value of the
Poisson coefficient (0.35) to the composite was used as the
epoxy resin[20].
As previously mentioned, the numerical simu lations are
carried out in order to verify the efficiency of the use of the
composite material in timber beams of structural d imensions,
evaluated by the four point static bending (Figure 1),
structural model proposed by American standard ASTM
D198-97[21], that comes to determining the longitudinal
modulus of elasticity of structural elements.

Figure 1.

Four points static bending

The dimensions of the wood, length (L), height (h) and
width of the cross section (b) are respectively equal to
2100mm, 100mm and 50mm. The ratio L/h set for these
measures regarding the relationship presented in the research
of Rocco Lahr[22], neglecting the effect of shear forces in
the calculation of deflections of the beams.
Once selected the dimensions of the pieces were defined
the dimensions of the semicircular recesses to be "removed"
fro m the top of the cross section located at the midpoint of
the beam (reg ion of the maximu m co mpression stresses) for
subsequent use of the material as reinforcement. The radius
of the semicircu lar section adopted were equal to 10, 20, 30,
40, 50 and 60 mm.
For the beam in itially without defect, it was found through
the inverse analysis, the approximate amount of load in the
bending test responsible for causing a displacement
maximu m (mid -span) nearly to 10.50 mm, respecting the
condition of small d isplacements (L/200) presented by the
Brazilian standard ABNT NBR 7190[15]. This load value
was divided into twelve increments. For each increment of
load used in elements without defect, other two with defects,
with and without the composite, were performed nu merical
tests in order to verify the calculated displacement at the
midpoint. This methodology allows to evaluating the
mechanical efficiency of the assembly.

Thus, the simulat ions ware to assess thirteen conditions,
one without defect and for each one of the six d imensions of
semicircu lar cavity rad ius were analysed two conditions,
with and without the presence of the co mposite material.
Nu meric tests were named R1, R2, R3, R4, R5 and R6 to the
notches 10mm, 20mm, 30mm, 40mm, 50mm and 60mm
radius and the extensions SS, CC and SC are used to identify
respectively the condition without the presence of defects
and the use or not of the reinforcement, as illustrated in
Figure 2 and presented in Table 3.

Figure 2. Experimental conditions
Table 3. Denomination of the experimental condition
Condition
SS
R1-SC
R1-CC
R2-SC
R2-CC
R3-SC

Radius (mm)
without
10
10
20
20
30

Composite
without
without
with
without
with
without

R3-CC
R4-SC
R4-CC
R5-SC
R5-CC
R6-SC
R6-CC

30
40
40
50
50
60
60

with
without
with
without
with
without
with

The numerical simulat ions of timber beams with and
without reinfo rcements were developed with the use of the
ANSYS® software, version 14, based on the finite element
method. The finite element meshes were constructed with
the PLANE82 element.
The boundary conditions were applied to the
determination of an end-restricted horizontal and vertical and
the other end with vertical restraint (fixed and mobile
support respectively). We used a finite element mesh of
triangular geo metry with a 10 mm edge for the timber and
2mm for the composite, as illustrated in Figure 3.
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Table 5. Displacement (mm) obtained from the last six increments of load
Load (N)
SS

Figure 3. Mesh geometry used

The value of the load responsible for provoking an offset
value at the midpoint of the beam without defect (SS) of
approximately 10.5mm was 1135N. This value was
approximated to 1200kN, and div ided and applied into
twelve load increments equal to 100kN.
After thirteen experimental conditions investigated with
consideration of Poisson's ratio zero, other nu merical
simu lations were carried out adopting the Poisson coefficient
values: 0.1, 0.2, 0.3 and 0.4, so verify the influence of this
property in the displacements of the beams evaluated.

700

800

900

1000

1100

1200

6,50

7,4

8,35

9,28

10,22

11,14

R1-SC

6,59

7,53

8,48

9,42

10,36

11,30

R1-CC

6,47

7,39

8,32

9,24

10,17

11,09
11,78

R2-SC

6,87

7,85

8,83

9,81

10,8

R2-CC

6,41

7,33

8,24

9,16

10,08

10,99

R3-SC

7,40

8,46

9,52

10,58

11,64

12,69

R3-CC

6,34

7,25

8,16

9,07

9,977

10,88

R4-SC

8,40

9,60

10,81

12,01

13,21

14,41

R4-CC

6,28

7,18

8,079

8,97

9,874

10,77

R5-SC

10,35

11,83

13,31

14,79

16,27

17,75

R5-CC

6,21

7,10

7,99

8,88

9,77

10,65

R6-SC

14,54

16,61

18,69

20,77

22,85

24,92

R6-CC

6,14

7,02

7,89

8,77

9,65

10,53

SS
R1-SC
R1-CC
R2-SC
R2-CC
R3-SC
R3-CC
R4-SC
R4-CC
R5-SC
R5-CC
R6-SC
R6-CC

30
25
20

3. Results

15

The Tables 4 and 5 show the values of the displacement
(mm) obtained for each experimental condition studied by
the use of twelve increments of load.
The results presented in Tables 4 and 5 show the gain in
efficiency of the use of the composite as strengthening in the
timber beams, since the displacement part at the midpoint
with the addit ion of reinforcement is less than the
displacement of the wood piece without the composite.
Figure 4 d isplays the values of the increments of load
together with the displacements obtained for the thirteen
numerical conditions evaluated.

10
5
0

Figure 4. Displacement (mm) × Load (N)

SS

0,92

1,85

2,78

3,71

4,64

5,57

R1-SC

0,94

1,88

2,82

3,76

4,71

5,65

As expected, the behaviour between force and
displacement for the increments of load in the thirteen
numerical condit ions investigated exhibits a linear
relationship. Therefo re, we used the linear regression model
to adjust each of the thirteen curves shown in Figure 4, in
order to estimate mo re accurately the amount of load
responsible for causing, in the thirteen cases, a shift in
mid-span beam equal to 10.5 mm. The values of these loads
(F) are shown in Tab le 6.

R1-CC

0,92

1,85

2,77

3,69

4,62

5,54

Table 6. Applied Loads to obtain the deflection of 10.5 mm

R2-SC

0,98

1,96

2,94

3,92

4,90

5,8

R2-CC

0,91

1,83

2,74

3,66

4,58

5,49

R3-SC

1,05

2,11

3,17

4,23

5,29

6,34

R3-CC

0,90

1,81

2,72

3,62

4,53

5,44

R4-SC

1,20

2,40

3,60

4,80

6,00

7,20

R4-CC

0,89

1,79

2,69

3,591

4,48

5,38

R5-SC

1,48

2,95

4,43

5,91

7,39

8,87

R5-CC

0,88

1,77

2,66

3,55

4,44

5,32

Table 4. Displacement (mm) obtained in the first six increments of load
Load (N)
100

200

300

400

500

600

R6-SC

2,07

4,15

6,23

8,30

10,38

12,46

R6-CC

0,87

1,75

2,63

3,51

4,38

5,26

Condition
SS
R1-SC
R1-CC
R2-SC
R2-CC
R3-SC
R3-CC
R4-SC
R4-CC
R5-SC
R5-CC
R6-SC
R6-CC

F (N)
1130,6
1114,3
1135,4
1069,6
1145,7
992,2
1157,7
874,2
1169,7
709,7
1182,1
505,4
1196,3
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Based on the strength values shown in Table 6, thirteen
new simulations were performed in order to check and
compare the magnitude of the stresses of the field d isplayed
by the software evaluated in the section located at the
midpoint of the beam, allo wing to co mpare the values of
stresses encountered towards the limits of strength of the
materials. It is noteworthy, as previously discussed and
justified, that the condition was taken as a perfect interface,
avoiding the concern of the analysis of normal and shear
stresses in the contact interface between the materials.
The results of numerical simulat ions involving analysis of
normal stress in the parallel direction to the fibres (S11) are
shown in Figure 5.
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Figure 5. Distribution of the normal stresses

The results in the simulat ions illustrated in Figure 5 are
shown in Table 7, and σC,max the maximu m normal stress
compression (in co mposites or wood) and σT,max the
maximu m tensile stress in the timber.
Table 7. Normal stress values of the experimental condition
CE

F(N)

SS
R1-SC
R2-SC
R3-SC
R4-SC
R5-SC
R6-SC
R1-CC
R2-CC
R3-CC
R4-CC
R5-CC
R6-CC

1130,6
1114,3
1069,6
992,2
874,2
709,7
505,4
1135,4
1145,7
1157,7
1169,7
1182,1
1196,3

Wood
σC,max
σT,max
(MPa) (MPa)
8,80
7,17
18,06
7,74
18,76
9,31
19,47
11,55
20,56
14,23
22,06
16,98
22,84
19,11
9,60
7,20
9,32
7,26
9,92
7,34
10,44
7,42
10,87
7,49
11,14
7,58

Composite
σC,max
(MPa)
X
X
X
X
X
X
X
9,60
9,32
9,92
10,44
10,87
11,14

The results presented in Table 7 show that six conditions
which there is only the defect on the beam and without the
presence of the composite, the maximu m co mpression
stresses in the beam exceed the calculat ion value of
compressive strength (fco,d ) of the timber. Ho wever, the
application of the co mposite caused a reduction of 50% in
maximu m co mpressive stress in each condition, the lower
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the calculation co mpressive strength of the timber, ensuring
satisfactory strength to applied loads.
With the precise values of the loads responsible for
causing displacements of the order of L/200 in each o f the
thirteen cases assessed (Table 3) were mixed coefficient
values assigned to timber Po isson ratio (0.1, 0.2, 0, 3 and 0.4).
In order to verify the statistical equivalence between the
displacements of the beams to the levels of Poisson's ratio
was set up using the hypothesis test for equivalence between
means (t-test), co mpared with the values of the
displacements for the Poisson coefficients 0, 1, 0.2, 0.3 and
0.4 with the displacements of the beams considering zero
Poisson's ratio. Tab le 8 presents the results of hypothesis
testing and the interval of confidence (IC).
Table 8. Teste de hipóteses para os deslocamentos
T test
Teste t:
Teste t:
Teste t:

Teste t:

0
0,1
0
0,2
0
0,3
0
0,4

The use of the composite in semicircu lar cavity radius of
60mm proved to be the most interesting solution for the
beam studied, since it has the largest area of contact between
the materials (most of the radius studied), reducing the value
of the maximu m shear stress in the interface reg ion and
allo wing the use of a load of around 5.8% higher than the
load applied to the reference beam without defect. Recall that
the neutral line, found to fifty millimetres fro m the upper
face, is overcome in the radius of 60mm.
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