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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 compromising the design. This research aimed to evaluate the mechanical
performance of the use of a particulate composite material (epoxy 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 numerical,
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 from specialized literature in the area of timber structures.
The results for displacements and stresses obtained from numerical analysis indicated that the composite 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 ofPoisson's ratioon calculus of the
displacements.
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to be executed increases the potential use of structural
1. Introduction components made of wood, which according Miotto and
Dias[5], the low modulus of elasticity of wood when
compared to other structural materials, causes deformations
are limiting factors in a project of wooden beams.

According to Fiorelli6], timber structures require both
repairs to restore the compromised 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 reinforce ments 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,
flexible materials that are highly strength and can replace
with advantage, in some cases, the conventional techniques
of reinforcement such as employment and repairs by steel

Beams are structural elements present in most structural
designs[1]. In terms of civil and rural construction, highlight
the use of wood, being a renewable source material, having
as one ofits main features the excellent relationship between
strength and density, according Calil et al.[2], that is four
times higher when compared to steel.

The timber in general also use as essential part in building
structures, present in bridges[3], flooring, roofing and other
applications. However, the conduct of some construction
details combined exposure to different environmental
conditions influence the durability of the structural
elements[4], required techniques to repair or reinforce
damaged structures.

Besides the condition of reinforcement structures already
designed, the use of reinforcing materials in structural design

* Corresponding author:
juliofbraz@gmail.com (Julio César Ferreira Braz) screws[5].

Published online at http://journal.sapub.org/cmaterials

Copyright © 2013 Scientific & Academic Publishing. All Rights Reserved 1.1. Repair and Reinforcementin Wooden Beams



84 Julio César Ferreira Braz et al.:

Numerical Evaluation of the M echanical Behavior

of a Particulate Composite M aterial as Reinforcement in Timber Beams

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
employed 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 variations resin are used in combination
with structural reinforce ments.

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
retrieving 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. This 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 polymers.

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 Fucalyptus grandis species. In addition 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 glued laminated
timber (MLC), showing up as a favourable alternative for a
betteruse 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 volume of wood used. Add also
that the reinforcement applied at a rate of 2% to 3% may
increase the flexural beams MLC over 100%.

In this context, Campilho et al[ll] 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 Campilho 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 Jankowski 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 applications,
this paper proposes the use of a polymer-ceramic composite
(designed to withstand compressive forces) to be inserted
into timber beams (in compressed 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 composite contained in the
wood.

The evaluation of the efficiency of the use of the
composite (epoxy resin and white Portland cement) as
reinforcement in this work is essentially numerical, based on
the Finite Element Method, and the properties of the
composite extracted fromthe research developed by Panzera
et al[14], and the wood (Eucalyptus grandis) from the
Brazilian standard ABNT NBR 7190[ 15].

In numerical simulations (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. Polymer-Cer amic Composite

The use and development of polymeric cementitious
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
finishing phase but also in the production of precast
products.

Recently, a new demand for polymer composites
resurfaced, and a clear example 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 completely. In some cases, product formation
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promotes greater internal than external products of C3S and
avoids the formation of ettringite crystals during the initial
hydration[17, 18]. However, 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] reviewed 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 promote hydration
ofthe 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 fromresearch conducted by Panzera et
al[14]. Only one reference formulation, i.e. pure cement
paste was prepared with water for comparison. The
cementitious 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
Cc4 25 75 0
C5 0 100 30

The Portland cement used in the work Panzera et al. (2010)
was the CPB-40, manufacturer by Caué - Brazilian industry.
Already the epoxy 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 compression tests. The tests were
performed randomly. The composites 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 compression
tests. The volume density of the composites was calculated
by dividing the dry weight of the composite (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
etal[14].

The material selected for the simulation was the composite
C3 (Table 2), constituted by 50% of polymeric phase and

50% cementitious phase. The relationship between bulk
density and mechanical strength presented by this composite
was found to be very promising, exhibiting high strength,
low density, and high tenacity when compared 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 64,33 023
C2 67,07 0,56
C3 98,80 2,11
C4 81,73 2,55
Cs 28,93 1,90
Condition E (GPa) DP
C1 23,76 143
C2 25,29 1,52
C3 33,98 4,69
C4 46,27 4,65
Cs 47,88 1,63
Condition Dv (g/cm3) DP
C1 1,17 0,01
C2 1,34 0,02
C3 1,64 0,01
C4 184 0,02
C5 192 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 numerical evaluation of wood becomes necessary
to know the modulus of elasticity in bending (E,),
compressive strength parallel to the grain (f;) and tensile
strength parallel to the grain (f; ), therefore, these variables
were obtained from the Brazilian standard[15]. The tensile
strength and parallel compression of Eucalyptus wood are
respectively equal to f.p=40.3MPa and f;y=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 compression parallel to the grain
(E.p), that for dicots, such as Eucalyptus, is expressed by
E,=0,90-E.y. The value of the modulus of elasticity in
compression parallel to the grain of the Eucalyptus wood i
equalto E.9g=12813MPa, resulting in a bending modulus of
elasticity of 11531.7MPa.

Assuming the partial coefficient of modification
kpoa»1=0,6, ks, 2=1,0 € k,,00,3=1,0 comes to the value of the
total coefficient of modification %,,,;=0,6. The effective
value of the modulus of elasticity in bending (£, ) is
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expressed by £y o = kipoaE,,=6919,02MPa. Fromthe value of
the weighting coefficient (y,) is possible to determine the
calculations values of the compression and tensile strength
parallel to the grain (f;g4sand fy,) through the relation
fa=moa-f)/yw. Thus were obtained the values f.g,=17,27MPa
and fip, =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 simulations, 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 simulations are
carried out in order to verify the efficiency of the use of the
composite material in timber beams of structural dimensions,
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.

4 L

4 L

Figure 1. Four points static bending

The dimensions of the wood, length (L), height (k) and
width of the cross section (b) are respectively equal to
2100mm, 100mm and 50mm. The ratio L/4 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"
from the top of the cross section located at the midpoint of
the beam (region of the maximum compression stresses) for
subsequent use of the material as reinforcement. The radius
of'the semicircular section adopted were equal to 10, 20, 30,
40, 50 and 60 mm.

For the beaminitially without defect, it was found through
the inverse analysis, the approximate amount of load in the
bending test responsible for causing a displacement
maximum (mid-span) nearly to 10.50 mm, respecting the
condition of small displacements (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 numerical
tests in order to verify the calculated displacement at the
midpoint. This methodology allows to evaluating the
mechanical efficiency of the assembly.

Thus, the simulations ware to assess thirteen conditions,
one without defect and for each one ofthe sixdimensions of
semicircular cavity radius were analysed two conditions,
with and without the presence of the composite material.
Numeric 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.

10 mm 20 mm 30 mm
(R1) (R2) (R3)
co [N R
40 mm 50 mm 60 mm
(R4) (RS5) (R6)
co NN I

Figure 2. Experimental conditions

Table 3. Denomination of the experimental condition

Condition  Radius (mm)  Composite
SS without without
R1-SC 10 without
R1-CC 10 with
R2-SC 20 without
R2-CC 20 with
R3-SC 30 without
R3-CC 30 with
R4-SC 40 without
R4-CC 40 with
R5-SC 50 without
R5-CC 50 with
R6-SC 60 without
R6-CC 60 with

The numerical simulations of timber beams with and
without reinforcements 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 PLANES2 element.

The boundary conditions were applied to the
determination of an end-restricted horizontal and verticaland
the other end with vertical restraint (fixed and mobile
support respectively). We used a finite element mesh of
triangular geometry with a 10 mm edge for the timber and
2mm for the composite, as illustrated in Figure 3.
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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 divided and applied into
twelve load increments equal to 100kN.

After thirteen experimental conditions investigated with
consideration of Poisson's ratio zero, other numerical
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.

3. Results

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 addition of reinforcement is less than the
displacement of the wood piece without the composite.

Figure 4 displays the values of the increments of load
together with the displacements obtained for the thirteen
numerical conditions evaluated.

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

Load (N)
100 200 300 400 500 600
SS 092 185 278 371 464 557
RI-SC 094 188 282 376 471 565
RI-CC 092 185 277 369 462 554
R2-SC 098 196 294 392 490 58
R2-CC 091 183 274 366 458 549
R3SC 105 211 317 423 529 634
R3-CC 090 181 272 362 453 544
R4-SC 120 240 360 480 600 720
R4-CC 089 179 269 3591 448 538
R5SC 148 295 443 591 739 887
R5-CC 088 177 266 355 444 532
R6-SC 207 415 623 830 1038 1246
R6-CC__ 087 175 263 351 438 526

Table 5. Displacement (mm)obtained from the last six increments of load

Load (N)
700 800 900 1000 1100 1200
SS 6,50 74 8,35 928 10,22 11,14
R1-SC 6,59 753 848 942 10,36 11,30
R1-CC 647 739 8,32 924 10,17 11,09
R2SC 687 7.85 8,83 981 10,8 11,78
R2-CC 641 733 8,24 9,16 10,08 10,99
R3-SC 740 846 9,52 10,58 11,64 12,69
R3-CC 634 725 8,16 9,07 9977 10,88
R4-SC 840 9,60 10,81 12,01 13,21 14,41
R4-CC 628 7,18 8,079 897 9874 10,77
R5SC 10,35 11,83 13,31 14,79 16,27 17,75
R5-CC 621 7,10 799 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
30 ——SS
——R1-SC
25 © —A—RI1-CC
—>—R2-SC
== R2-CC
=®—R3-SC
—+—R3-CC
s R4-SC
R4-CC
—4—R5-SC
SNSRI \900000 - EZ g g
R6-CC
Figure 4. Displacement (mm) x Load (N)
As expected, the behaviour between force and
displacement for the increments of load in the thirteen
numerical conditions investigated exhibits a linear

relationship. Therefore, we used the linear regression model
to adjust each of the thirteen curves shown in Figure 4, in
order to estimate more 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 Table 6.

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

Condition F(N)
SS 11306
R1-SC 11143
R1-CC 11354
R2-SC 1069.,6
R2-CC 11457
R3-SC 9922
R3-CC 11577
R4-SC 8742
R4-CC 1169,7
R5-SC 709,7
R5-CC 1182,1
R6-SC 5054
R6-CC 11963
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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 ofthe stresses of the field displayed
by the software evaluated in the section located at the
midpoint of the beam, allowing to compare 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 simulations involving analysis of
normal stress in the parallel direction to the fibres (S11) are
shown in Figure 5.

1
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Figure 5. Distribution of the normal stresses

The results in the simulations illustrated in Figure 5 are
shown in Table 7, and o¢m. the maximum normal stress
compression (in composites or wood) and o7, the
maximum tensile stress in the timber.

Table 7. Normal stress values of the experimental condition

Wood Com posi te
GC,max O T max GC,max
CEF™  (MPa) (MPa)  (MPa)
SS 11306 8,80 7,17 X
RI-SC 11143 18,06 7,74 X
R2-SC 10696 18,76 931 X
R3-SC 9922 19,47 11,55 X
Sloan . 6T e BT o LI M R4-SC 874,2 20’56 14’23 X
R5-SC  709,7 22,06 16,98 X
R6-SC 5054 22,84 19,11 X
RI-CC 11354 9,60 720 9,60
R2-CC 1145,7 932 726 932
R3-CC 1157,7 992 734 9,92
R4-CC 1169,7 10,44 742 10,44
R5-CC 1182,1 10,87 749 10,87
R6-CC 11963 11,14 7,58 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 maximum compression
stresses in the beam exceed the calculation value of
compressive strength (f,,) of the timber. However, the
R ——— appl?cation of the cqmposite czflused a reduc?t'ion of 50% in

maximum compressive stress in each condition, the lower
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the calculation compressive 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 of the
thirteen cases assessed (Table 3) were mixed coefficient
values assigned to timber Poisson ratio (0.1, 0.2, 0, 3and 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), compared 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. Table 8 presents the results of hypothesis
testing and the interval of confidence (IC).

Table 8. Teste de hipdteses para os deslocamentos

T test IC ()
0
: -0,0014 < 14 £0,000026
Testet: 0.1 M
0 -0003057< pu <
Testet:
0.2 0,000327
0 -0004772< u <
Testet:
03 0,000921
0 -0,00687 < 1 <
Testet:
04 -0,001124

By hypothesis testing, it can be seen, with 95% confidence,
not just statistical equivalence among Poisson regression
coefficients 0 and 0.4 for the irrelevance of zero in the
confidence interval (u), being equivalent to the other cases,
be presenting minor the influence of Poisson's ratio.

4. Conclusions

By analysing the values found for the maximum tensile e
compressive stresses acting on the wood and the
compressive stresses acting on composite, concluded that the
beams safely resist the action of loads applied by the use of
the composite.

The evaluation of Poisson's ratio, the result of considerati
on of isotropy of the wood revealed the non-equivalence
between the displacement values only between 0 and 0.4,
being equivalent to the others, claiming not to be a
significant consideration, hypothesis usually assumed in
practice by building professionals since the Brazilian
standard ABNT NBR 7190:1197 [15] does not provide
information regarding the anisotropic mechanical properties
of wood species.

The strategy of using the ceramic-polymer composite
compressed region of the timber beams appeared as a
promising alternative as reinforcement, avoiding the
previous study of the interface conditions between materials
to small indentations, since the set was designed for small
displacements and the composite confined in wood.

The use of the composite in semicircular cavity radius of
60mm proved to be the most interesting solution for the
beamstudied, since it has the largest area of contact between
the materials (most of the radius studied), reducing the value
of the maximum shear stress in the interface region and
allowing the use of a load of around 5.8% higher than the
load applied to the re ference beam without defect. Recallthat
the neutral line, found to fifty millimetres from the upper
face, is overcome in the radius of 60mm.
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