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Researchers from the Polymer Technology and Analytical Chemistry (LQATP) group at the Sdo Carlos Institute
of Chemistry, University of Sdo Paulo, developed a polyurethane adhesive based on castor oil. In addition to deriving
it from a renewable source, this adhesive is nonaggressive to humans and the environment. The purpose of this
study is to investigate the feasible use of polyurethane adhesive based on castor oil in the production of 12 beams
of Glulam, using the species Pinus caribea hondurensis and Eucaliptus grandis. The structural performance of
the beams of Glulam was evaluated through static bending tests. The results obtained enabled to conclude good
efficiency of the polyurethane adhesive based on castor oil, for use in Glulam.
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1. Introduction

Glued laminated timber (GLULAM) is an indispensable tech-
nique that allows for the use of reforested wood for structural pur-
poses, since these wood species usually contain defects such as knots
and cracks, which results in their application in the form of solid wood
to be unfeasible. However, GLULAM is not yet operationally viable
in Brazil, specifically on account of its high production cost.

A castor oil-based polyurethane (Ricinus communis) is an alterna-
tive for the production of GLULAM, currently being developed by
researchers from the Polymer Technology and Analytical Chemistry
(LQATP) group, in the Sao Carlos Institute of Chemistry, University
of Sdo Paulo. Besides representing, in terms of cost, a potentially
more feasible alternative for the production of GLULAM, this ad-
hesive has the advantage of being non-aggressive to humans and the
environment, in addition to the fact that it is derived from a natural
and renewable source'?.

Several investigations have assessed the strength of castor oil
adhesive in GLULAM, using test specimens standardized by the
ABNT-NBR 7190/973 for the design of wooden structures, with
satisfactory results. However, until the present moment, no study
has been performed to evaluate the behavior of this adhesive in
structural elements.

The purpose of this study, therefore, is to investigate the behavior
of this polyurethane adhesive in straight GLULAM beams, evaluat-
ing its efficiency in the lamination of beams and its behavior in the
rupture of structural elements. This study also aims to assess specific
gluing and manufacturing techniques for the new adhesive, whose
characteristics differ from traditional ones.

2. Wood

Owing to the fact that wood is one of the most complex materials
used in engineering, an in-depth understanding of its properties is
indispensable in order to consent its use competitively.

Wood is considered an anisotropic and hygroscopic material,
losing and gaining moisture as a result of climatic variations. Such
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losses and gains cause different strains in the radial and tangential
directions of the trunk’s transversal section and in the longitudinal
direction. Anisotropy in wood produces different properties of me-
chanical strength in the transversal direction and along the fibers, with
the greatest strength located in the axial direction, Panshin®.

Table 1 indicates the elastic and mechanical strength character-
istics listed under the ABNT-NBR 7190/97° for Eucalyptus grandis
(leafy) and Pinus caribea var. hondurensis (conifer), the two species
studied here.

3. Adhesive

The researchers of the Polymer Technology and Analytical
Chemistry (LQATP) group of the University of Sdo Paulo in Sédo
Carlos have developed a polyurethane resin based on the castor oil
plant. This adhesive possesses several advantages, such as handling
at ambient temperature, strong resistance to water and ultraviolet
rays, high mechanical strength, and the fact that it derives from a
renewable source’.

Basically, the adhesive is obtained by cold polymerization of the
polyol and prepolymer (castor oil-based) mixture, a reaction leading
to the formation of the polyurethane.

This castor oil-based adhesive has several applications, one of
the them being glued laminated timber. In his study on GLULAM,
Jesus® confirmed the viability of applying this adhesive in glued
laminated timber. He also determined the most appropriate gluing
parameters to optimize the final strength of GLULAM by carrying
out tests on specimens based on the ABNT-NBR 7190/97° standard
for wood structure design.

4. Glued Laminated Wood Structures

One form to rationalize the use of wood for structural purposes is
using glued laminated Timber, which is produced by gluing together
short narrow pieces of wood so that their fibers run parallel to the
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Table 1. Properties of wood species (Source: NBR 7109:1997)

E. Grandis  Pinus hondurensis
Eucalyptus Pinus caribea
grandis var.hondurensis
Specific apparent mass
(u=12%) (kg/m3) 640 335
Parallel compressive strength
(MPa) 40.3 423
Tensile strength along the
fibers (MPa) 70.2 50.3
Tensile strength normal to 26 26

the fibers (MPa)
Shear strength (MPa) 7.0 7.8

Longitudinal modulus of

elasticity (MPa) 12813

9868

length of the piece to be manufactured, according to the description
given by Jesus®.

This technique not only precludes material losses but also pro-
duces large-dimensioned and multiple-shaped pieces, enabling to
have control of the material’s characteristics in the different positions
of the structural element, and considerably reducing the occurrence
of defects (knots, cracks, etc.), which are typical of large pieces of
solid sawn wood.

Glulam beams offer many advantages as structural elements in
comparison to solid wood members involving an industrial produc-
tion process and there is strict quality control. On the other hand, this
process requires specialized labor, equipment and special techniques.
Moreover, particularly in Brazil, the adhesive used in this process is
very expensive, increasing the product’s market price.

5. Materials and Methods

5.1. Adhesive application technique

The primary goal of this study was to determine the manufactur-
ing procedures of glued laminated timber beams. The development
of a new type of castor oil adhesive, less viscous and longer lasting
than the adhesive originally studied, was the first step in making its
application feasible in large dimension wood elements, in which the
service life and workability of the original adhesive were unsuitable
for gluing.

Note: service life is defined as the time elapsed between the
adhesive preparation and the beginning of its hardening.

Thus, in this study, equal parts in weight of polyol 25040 and
prepolymer A249 were used to produce the adhesive. Another very
important factor in castor oil adhesive is that mixing the components
without allowing them to be in contact with air increases the qual-
ity of the adhesive™. The recommended procedures are given in
sequence in Figure 1.

The procedure follows the steps listed below:

a) Preparation of the plastic packaging containing the two com-
ponents of the adhesive in the proper amounts, kept separately; b)
Mixture of the components inside the plastic bag just prior to the ap-
plication of the adhesive; c) Cut out one of the corners of the plastic
bag containing the mixed adhesive to form a kind of applicator funnel;
d) Apply the adhesive on the surface (both surfaces) with the help of
the “applicator”; e) Spread the adhesive over the surfaces to be glued,
using a wooden spatula; and f) Assemble the two surfaces together,
leaving the piece ready for the application of gluing pressure.
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The procedure for the beams is the same as that illustrated in
Figure 1, with one bag of adhesive prepared for each layer to be glued.
Since it takes an average of 2.5 minutes to spread the adhesive over the
surface (depending, of course, on the extent of the surface), the time it
takes to prepare the mixture will be the same, that is 2.5 minutes.

The gluing pressure was applied by steel plates fixed with bolts
and nuts, while the gluing pressure was controlled by a torque meter
pre-calibrated to apply the necessary load on the bolts, therefore
subjecting the entire beam to a given amount of pressure.

In this study, pressure was applied on the beams glued with
resorcinol formaldehyde adhesive for 12 hours (following the manu-
facturer’s technical recommendations) and on the beams glued with
castor oil adhesive pressure was applied for 24 hours. This 24-hour
period was based on the results obtained from preliminary tests on
the adhesive, not discussed herein. The pressure used in both cases
was 0.6 MPa'®-12,

Figure 2 shows a diagram of the application of gluing pressure.

Before gluing, all the layers used in the manufacture of the beams
were characterized in terms of their modulus of elasticity through
bending tests aimed at determining their rigidity in order to evaluate
their laminating efficiency and the rational positioning of the layers
on the beams so as to produce beams with similar rigidities.

5.2. Structural evaluation tests

The use of castor oil-based adhesives in beams was evaluated by
testing 12 beams, six of which were made of the species Eucalyptus
grandis and the other six of Pinus caribea hondurensis. For each spe-
cie, three beams with dimensions of 5 X 15 X 230 cm were assembled
and the other three with 5 X 10.5 x 230 cm. Conventional resorcinol
formaldehyde adhesive'® was used to glue each one of the species
and dimensions in order to compare the results.

The tests for the experimental evaluation of the structural behavior
of straight beams prepared for this study were based on the recom-
mendations of the ABNT-NBR 7190/97% and of the ASTM-D198/84'4.
The purpose of these tests was to determine the flexural stiffness and
strength of the beams. Figure 3 illustrates the bending test.

The bending tests were carried out by applying loads on the four
points bending test of the beams, which were simply supported, with
span of 220 cm. Lateral locking points were defined, following the
recommendations of the ASTM-D198/84'“, in order to avoid lateral
instability, which may occur during bending tests. The load was ap-
plied according to the loading cycle recommended to the bending
test by ABNT-NBR 7190/97%. This last standard was applied only
for this purpose.

5.3. Theoretical analysis and results

The beams’ theoretical rigidity modulus (EI) was determined
based on the values of the elasticity modulus, the dimensions of the
transversal sections and the position of the layers on the beams, which
were defined in the layer characterization phase.

Each of the layers had aHeight value, h,, and a Modulus of Elastic-
ity, E,, which were obtained in the material’s characterization phase.
All the veneers (layers) had the same width, inasmuch as the beams
were slimmed down to the same width b value after gluing.

As the Rigidity Modulus of each layer is calculated as the prod-
uct of its Modulus of Elasticity E, and its Moment of Inertia I, for
calculation purposes, E, is considered as a generic value E_(e.g., the
mean value of the layers that comprise the beam) and the Moment
of Inertia value can be considered as a value L, which result in the
same Rigidity Modulus value.

b.h? - _ bh?
.= Eli =5E;==5E (1)
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Figure 1. Preparation and application procedures for castor oil-based polyurethane adhesive.
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Figure 2. Application of gluing pressure on beams. Source: Maximiliano Figure 3. Diagram of bending test. Source: Maximiliano dos Anjos Azam-

dos Anjos Azambuja. buja.
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Thus, the veneer can be considered as having uniform Modulus
of Elasticity with a value E_, substituting the real width (b,) of each
layer, by a ficticious value (bci)®:

E
bci = E_c.bi 2

To consider the beam’s theoretical EI value, one calculates the
product of the generic value of E with the sum of the Moment of Iner-
tia of each of the layers (including the transport to the center of gravity
of the set of layers), using the b, value, as shown by Equacio 3.

n 3

Elyer = E. 23 25
where y is the distance from the center of gravity of the layer to the
center of gravity of the beam (set of layers).

The experimental EI product was calculated based on the values
of vertical displacement observed in the bending tests carried out on
the beams. This analysis considered the influence of the shear stress
on the vertical displacement values. The Theory of Strain Energy
was used to assess the influence of shear stress on the beams’ verti-
cal displacements.

Developing this expression for the load on the straight beams of
this study, and taking into account the fact that normal and torsion
stresses do not occur with this load on the structure, one comes up
with the following expressions:

- For displacements in mid-span:

+ bghy? 3

Elyn, = 5k7|_3kl_ e
s24(1 - 5]

- For displacements at the points where loads were applied:

Bl = — B ®)
12961 - m)

where A is the area of the beam’s transversal section.
The beam was considered to be working in a linear elastic
phase, with the relation P = k.v, in other words, k = P/v. Hence, k is
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by the process explained earlier.
Thus, one finds that the efficiency n(%) is given by:

7(%) = 100 - Elettecive "

Itheoretic
Tables 2 and 3 list the efficiency values obtained for the beams
of this study.
Table 4 lists the values for the moment of rupture observed in
the beams.

6. Discussion

The structural behavior evaluated by means of bending tests
showed similar results in the beams glued with the adhesive under
study, displaying the same efficiency for the two adhesives, although
it can be stated that the castor oil-based adhesive demostrated better
performance.

The lamination efficiency was evaluated through the ratio between
the effective EI product and the theoretical EI. In the case of the
Eucalyptus grandis beams, the efficiency observed was lower than for
Pinus caribea var. hondurensis species, confirming the expectation
that adhesives display greater adherence to lower density species.

Efficiency values slightly above 100% were found in the Pinus
caribea var. hondurensis species for beams glued with the castor oil
adhesive, which was not the case for the resorcinol formaldehyde ad-
hesive. This fact may be attributed to the findings of Jesus®, who found
ratios between glued and solid test specimens of more than 100%.
According to the author, this may be considered as evidence of the
wood’s higher strength in the regions where the adhesive penetrates,
thus increasing its final strength. This hypothesis is more valid in the
case of less dense species, such as Pinus caribea var. hondurensis.

Table 4. Moment of rupture of the beams (kN.m).

the value of the angular coefficient of the straight line obtained by Beam  Adhesive  Pinus car ibea_ var. Eucalyptus grandis
Linear Regression of the Load versus Displacement ratio obtained hondurensis

experimentally. B-1  Cascophen 10.12 17.31

The value of the EI . product of the beams was adopted as B-2  Castor oil 9.13 20.42

the EI . . value obtained by the vertical displacements in mid-span, B-3 Castor oil 7.59 18.66
thilfi thfe values a.t the ?t{ler mi? poin:s (Iniddle thirds) were calculated B-4 Cascophen 378 7.59
Slm%‘l};e (l);r:i(rllj;trilomne:fgcir:s:y :1:1(1) Il;éouﬁderstood as the relation be- B-5 Castor oil 4.66 741
tween the experimental and the theoretical rigidities, both calculated B-6 Castor oil 4.66 8.76

Table 2. Summary of the efficiency values of the Eucalyptus grandis beams.

Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6
Adhesive Cascophen Castor oil Castor oil Cascophen Castor oil Castor oil
Effective EI (10° kN.cm?) 2532 3145 2449 805 879 929
Theoretical EI (10° kN.cm?) 2754 3206 2757 957 928 994
Efficiency (%) 91.9 98.1 88.8 84.1 94.8 934
Table 3. Summary of the efficiency values of the Pinus caribea var. hondurensis beams.
Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6

Adhesive Cascophen Castor oil Castor oil Cascophen Castor oil Castor oil
Effective EI (10°kN.cm?) 1219 1250 1259 367 432 426
Theoretical EI (10° kN.cm?) 1229 1195 1208 379 407 401
Efficiency (%) 99.1 104.6 104.2 97.0 106.0 106.3
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As to the rupture mode observed in the beams, failure of the struc-
tural element occurred basically as a result of normal flexural stresses.
Rupture by shearing stress was observed to be the consequence of
rupture resulting from the effect of normal stresses, which is those
commonly observed in wood. This result evidenced the adequate
behavior of the adhesive.

A few minor portions of some of the beams showed rupture by
shearing of the glue, which is believed to occur only after rupture
of the beam due to the effect of normal stresses. No major areas of
fragility (rupture) were found along the glue line for either of the
two adhesives.

7. Conclusions

The new kind of castor oil adhesive used in this study presented
adequate characteristics of strength, which were evaluated in prelimi-
nary tests and which indicated the need for longer gluing pressure
times in comparison to that of the original adhesive. The new variety
of adhesive proved to be far more appropriate for gluing than the origi-
nal adhesive, owing to its longer service life and lower viscosity.

The procedures for the gluing process used in this study proved
more difficult for the application of the castor oil-based adhesive
when compared to the resorcinol formaldehyde glue.

The structural efficiency in the lamination obtained through the
two adhesives was quite similar, with greater efficiency shown by the
Pinus caribea var. hondurensis species than the Eucalyptus grandis
species, on account of its lower density (greater porosity). The Pinus
caribea var. hondurensis beams showed a lamination efficiency of
over 100%, which suggests an increase in the wood’s strength due
to the penetration of the castor oil adhesive.

The rupture load values observed in the beams’ bending tests were
close to those of the similar beams glued with the different kinds of
adhesive. Rupture of the Pinus caribea var. hondurensis beams oc-
curred more suddenly than that observed in the Eucalyptus grandis
beams. The rupture mode in both species revealed that failure was
caused by the high normal flexural stresses. No failure by shearing
stress was found along the layer of glue.

As a final conclusion, it can be stated that the use of castor oil-
based polyurethane adhesive is viable in the manufacture of glued
laminated timber, from the standpoint of structural performance.
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