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Abstract:

The study was carried out on a series of 360 samples of Scots pine wood (Pinus sylvestris). A part of them were
in their natural state, but the majority of them were superficially polymerized with poly(methyl acrylate). The
test specimen comprised natural and modified wood with varying poly(methyl acrylate) (PMM) contents. The
samples were tested for tensile strength on a universal testing machine. The purpose of the experiment was to
examine the ways, in which polymerization improves on the strength properties and how the properties of
materials change if the angle o between the load direction and the fiber orientation changes. An additional
purpose of the study was to select an adequate strength criterion to describe the tested composite materials.
Samples made of modified wood were uniaxially stretched at an angle of a = 0, 15, 30, 45, 60 and 90 ,
measured between the direction of the load and the longitudinal direction of the fibers.

It was claimed that the higher the polymer contents, the better the strength properties of modified wood.

The study proposed its own model, which describes the bending stiffness of modified wood.
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. Introduction

A number of methods has been developed with the purpose of increasing durability of wood as
structural material. One of them is impregnation with a monomer and subsequent polymerization in situ. The
resulting material is termed wood polymer composite (WPC). There are two types of composites obtained in this
way: cell lumen type and cell wall type [1]. Cell lumen impregnation of wood creates a material in which the
polymer fills the wood cell cavities, which increases the stability of the internal structure of the wood.

Such modification results in a material with higher resistance to crushing and higher overall stiffness
and hardness [1-5]. In the case of extension the polymer filling the cell cavity decreases freedom of deformation
of the entire cell, whereas in the case of compression it retards buckling of the cell walls oriented parallel to the
external compressing forces. The fuller the polymer fills the cavities, the more pronounced this reinforcing
effect is. Tensile strength, although it provides merely rough characteristics of a given material’s mechanical
properties, is commonly used in industry due to the ease of conducting and relatively low cost of the tensile test
comparing to other, more precise, tests. Out of voluminous literature on mechanical properties of wood and
WPC only a few articles treat tensile strength, and among those that do most cover tensile of natural, untreated
wood. Research on this property of wood can be traced back to the prewar times [6] for tensile strength of birch
and for earlier references and already then effort was directed towards establishing relation between tensile and
density. In recent times some revival of interest in this topic is noticeable.

The subject-matter of this work is strength of sapwood obtained from Scots pine (Pinus sylvestris) and
the WPCs manufactured by its polymerization with the use of methyl methacrylate (MMA). Scots pine is
ubiquitous throughout Northern Europe and is commonly used as a relatively cheap and easily available
construction material. Its application ranges from civil engineering through port and harbor engineering to
broadly understood shipping.

It is commonly used as a material for dock fenders and for the upper layer of the keelblocks where
ship’s bottom comes into contact with the support. Combined action of seasonal, cyclic variation of temperature
and moisture, especially when these members work within the water-air interface, leads to their accelerated
deterioration and eventually damage. The wintertime is particularly critical in this respect, since below-zero
temperatures can cause bursting of internal wood structure. Besides, fenders fastened to the wharfs are subject to
impact loads while mooring and cargo handling, which often results in their mechanical damage. This work was
motivated by possible application of WPC in a broadly understood marine industry, where materials are exposed
to the action of unfavorable environmental factors. Assuming that strength provides valuable macroscopic index
of usefulness of the material, an experiment was designed to assess the necessary level of impregnation with
polymer form the point of view of specific needs and to investigate how content the polymer and load direction
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influenced on the strength. The goal was to obtain quantitative material suitable for further analysis and
planning development of research.

In the majority of studies, authors focus on wood strength depending on the angle o between the
direction of the load and the direction of wood fibers , or on polymer content only. Studies ref. [1, 4, 5, 7 - 12]
present the interrelation between the properties of modified wood, such as tensile strength/compressive strength
along and across the fibers, Young’s modulus, and the quantity of modifying substance, with which the wood
was impregnated. All changes of mechanical properties of wood, induced by modifications, cannot be predicted
without performing specific tests.

The strength of a structure exposed to external loads is analyzed on the basis of the status of the
materials used to construct it. The basic strength criteria applicable to isotropic materials include, among others,
the criteria adopted by Galileo, Lamie, Clebsch, Mariotte, Navier, Coulomb, Maxwell, Gienk. In turn, strength
criteria applicable to anisotropic materials include those adopted by Goldenblat - Kopnov, Kowalczuk,
Lebiedev, Pisarenko, Fiszer, Hill, Tsai - Wu and others [13 - 17]. An analysis of strength criteria used to
describe orthotropic materials [13 - 43] has indicated that there is no universal strength criterion used to describe
anisotropic materials, which is why selected criteria are applied to specific materials, analyzing the results
obtained. An analysis of test results obtained from the model tests was presented, among others, in studies ref.
[31, 32, 43].

Studies of the strength of materials and structures generally apply the Goldenblat - Kopnov vyield
criterion, the Tsai-Wu criterion and the Hoffman criterion [20, 28, 29, 30, 32, 33]. Among recent developments,
the most notable criteria are presented in studies ref. [35 - 37]. Wood is cellular and is therefore classified as an
anisotropic material. In result, the actual orientation of the “fibers” (usually referred to as the orientation of all
axial cellular elements) inside a piece of wood will have a strong impact on its mechanical properties [44].
Structural wood is usually longitudinally used, and the majority of wood pieces are characterized by angular
fiber positioning in the figure. Even in the case of trees with relatively straight fibers, structural wood often has
trunk faults, whereby they are not actually cylindrical. What is more, fibers are rarely ideally straight in trees
and deviations are frequent, particularly in coniferous trees and in some hard wood [45].

Wood is characterized by anisotropic properties with strength asymmetry. It is therefore important to
project the loads relative to non-parallel fiber orientations. In the study, the strength properties of wood were
described according to known strength criteria applicable to anisotropic materials, i.e. the von Mises yield
criterion and the Askenazi criterion. Furthermore, two additional strength criteria were proposed by the author to
describe superficially modified wood.

Wood is classified as anisotropic material, which makes its description difficult. There are three principal
directions due to existence of three planes of symmetry: the radial — R (x,), the tangential — T (x,) and the
longitudinal — L (x3) — Fig. 1. If a sample is cut out sufficiently far away from the center, wood can be treated as
an orthotropic material [4, 11].

I1. Material and test procedure

An important issue is to determine the impact of poly(methyl acrylate) (PMM) contents in the
composite on the tensile strength properties, and to determine how a change of the angle o between the direction
of the load and the direction of the fibers affects its strength.

For this purpose, samples were collected from an angular boulder without any defects in the form of
knags, rot, etc. Wood boulders were seasoned and naturally dried at (22 + 2° C) and at relative humidity of 75%
in laboratory conditions. Samples for testing were taken from an angular boulder of (240x120x10) (LXTxR) -
anatomical wood dimensions (X, X»,X3)- coordinates used in the elasticity theory.
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Fig. 1: Method of sampling the angular boulder tensile for strength testing depending on the angle « of
fibers in reference to the longitudinal

The samples created retained the orientation of their length at the angle of «=0,15,30,45,60,90° in
reference to the fiber longitudinal (Fig. 1). The tests conducted aimed to determine the tensile strength of
modified wood, depending on the polymer content in the composite and the angle ( «=0,15,30,45,60,90° )
between the direction of the load applied and the fiber longitudinal.
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Fig. 2: Shape and dimensions of samples for static tensile testing

The shape and dimensions of the samples are presented in Fig. 2. The average humidity of natural
wood samples was 12 - 15%. The samples were divided into two groups. The first group was made of natural
wood, whereas the second group was made of modified wood. Superficial wood modification is a process which
consists in saturating natural wood with methyl methacrylate (MM) stabilized with hydroquinone methylether,
and then performing thermal polymerization. The course of the superficial wood modification process is
presented in studies ref. [2, 4, 10 - 12]. Correctly prepared samples were stretched in a universal testing
machine.

The results pertaining to the strength of natural wood K0.0 and modified wood KO0.35-K0.56 were
determined for each angle o in 10 repetitions.

Table no 1: Strength properties of composite, determined on samples subject to tensile strength testing.

Material type POIymeg/ocomem’ Angle between the direction of the force applied and the fibers, ©
0 [ 15 | 30 [ 4 [ 60 | 9
R, MPa
K0.0 - 92 62 42 25 16 5
97 54 41 25 17 4
95 60 37 23 16 4
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9% 53 0 22 16 5
o4 58 38 25 18 2
98 54 36 25 18 2
93 62 35 26 15 5
9% 56 39 2% 16 5
92 63 37 24 16 2
9% 58 38 2% 16 5
103 76 58 20 29 5
101 76 54 39 25 5
100 75 56 40 2 7
105 77 61 20 % 5
102 74 55 38 25 6
K0.35 3 99 7 55 36 25 9
103 73 a8 36 29 5
106 71 56 37 31 7
100 72 52 36 27 8
102 74 50 38 2% 6
110 78 62 39 30 7
107 79 60 22 31 8
106 84 59 3 30 8
108 79 60 20 28 8
110 79 62 3 28 8
K0.43 43 112 76 64 46 26 6
114 72 & 23 28 8
113 77 60 a2 25 8
111 76 66 47 26 8
110 78 62 3 28 7
115 82 65 47 3 8
110 84 60 52 30 8
108 80 64 45 32 8
12 78 & 29 2% 8
109 82 66 13 2 7
K0.48 48 115 83 67 47 35 8
112 86 68 51 36 8
114 84 7 a2 34 9
113 79 67 29 2 8
112 82 66 18 31 8
115 89 70 57 20 8
120 89 75 58 35 9
116 93 70 59 12 10
118 84 7 54 32 8
112 88 71 55 38 9
K0.56 56 123 92 68 56 16 9
121 81 72 51 34 9
116 87 69 52 a1 10
121 87 72 53 36 10
118 90 71 55 38 8

In KO.0 - K0.56 the numbers indicate the amount of PMMA in kilograms per 1kg of wood with a moisture level
of 8% [2].

Table no 2: Presents statistical parameters of static tensile testing of natural and modified wood.

Parameter o’

Material type | statistics 0 15 30 45 60 90
RmMPa | g54 58.0 38.0 25.0 16.4 45
Natural wood | Sp,MPa 2.14 3.49 3.87 477 191 05
K0.0 V % 22 6.0 10.1 19.1 116 1.1
' 1.40 1.43 1.03 0.62 0.83 1.00

Ky
RmMPa | 4550 740 545 38.0 265 6.3
Modified wood | Sn.MPa 258 3.63 4.94 3.40 3.42 1.49
K0.35 V % 27 49 9.0 8.9 12.9 23.6
k 151 0.82 131 0.59 131 181

1
_ 110.0 78.0 62.0 430 28.0 76
Modified wood | Rm,MPa 5.88 3.37 5.88 3.87 2.56 1.31
K0.43 S, MPa 53 43 95 9.0 9.1 17.2
0.68 178 0.68 1.03 117 1.22
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V %
Ky
Rm,MPa 112.0 82.0 66.0 48.0 32.0 7.9
Modified wood | Sp.MPa 3.60 3.00 2.89 2.32 3.95 1.24
K0.48 v % 32 37 44 48 12.3 15.7
' 1.11 1.33 2.07 1.72 1.77 0.88
K1
Rm,MPa 118.0 88.0 70.9 55.0 38.0 8.9
Modified wood | Sp.MPa 5.62 374 2.77 3.19 431 1.69
K0.56 v % 47 42 3.9 5.8 11.3 18.9
’ 0.89 1.87 1.48 1.25 1.85 0.65
Ky
where:
Notation

o. - angle between the direction of the load applied and the fiber longitudinal;
Rm - average tensile strength;

S, - standard deviation;

V - variation coefficient;

K - coefficient of elimination of gross errors;

Rijkl - coordinates of the strength surface tensor in the inverse system;

a}j .o - coordinates of strength tensors in the inverse system;
aim - cosine of the angle between the i-th axis in the new system and the m-th axis in the old coordinate
system.

120 ®

0 10 20 30 40 5077 0460

Fig. 3: Tensile strength ﬁm of modified wood from PMA z content for fixed values of angle «: points -
experimental data, continuous lines - approximation of LSM experimental data

Fig. 3 presents the results of strength tests for wood composites which were superficially modified with
methyl methacrylate. The points stand for averaged values taken from Table 2, whereas the straight lines were
obtained using the Least Squares Method (LSM).

Description of tensile strength:
For isotropic materials, strength hypotheses have the following form [2, 43, 46, 47]:
F(o;)=C 1
where:
the left-hand side is the stress function, whereas the right-hand side is the value obtained at uniaxial stress. If
the left-hand side can be expressed in primary stress, it will be the function of three stresses.
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For anisotropic materials, both the stress tensor components and certain tensor values characterizing the
strength properties of the material should be taken into account. The general strength criterion for anisotropic
materials is [2, 43, 46, 47]:

F(;rijaij i OO 1venee )=0 2
where:
T 1T »---— LENSOI'S expressing anisotropic properties of the material;

o

1030, — stress tensor values.

,x3:R,x34

\

Fig. 4: Method of loading modified wood samples after rotating the coordinate system around axis s by a preset
angle of o

Fig. 4 presented the diagram of modified wood sample load after they were rotated by a preset angle of
o. in a coordinate system around axis Xs.

Among an abundance of known criteria used to describe the strength of anisotropic materials, the von
Mises and Askenazi criteria were adopted in describing the results of experimental studies.

Von Mises yield criterion:
The von Mises yield criterion for orthotropic materials is expressed as [2, 43, 48]:

Riki@ijok =1 ®3)
where:

IDLljkl - coordinates of the strength surface tensor in the inverse system;

a;j ,a'k, - coordinates of strength tensors in the inverse system.
Applying the fourth-order transformational formula for orthotropic material:

Rikl = %im@ jn%o%pFPmnop, i,j k| =1,2,3 &)
where:
ajm — cosine of the angle between the i-th axis in the new system and the m-th axis in the old system.
When rotated around axis x, = x, (Fig. 4), the cosines take values according to table 3.

Table no 3: Cosines of angles between axes, when rotated around axis X,

X X2 X3

X'1 cosa sina 0
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X, | —Sina cosa 0
X3 0 0 1
Considering the values from table 4, the dependence (4) for i = j =k =1 =1 an ortotropic body has the form:
Py = Pyys€08* @ + (2P, ,,+ 4P,,,,)c08% @ sin & + P,,,sin* a (5)

The study assumes that o; =R, .
,Applying dependences (5) and (3), the following equations were obtained after substituting angles o=

0,15,90
(for a= 0,15,90 , a negative value would be present under the root)
[P11,008" @ + (2P, + 4P,5,,)c08” arsin? @ + Pyyp,sin® a] - 072 = 1 (6)
For «=0°, based on dependence (6), considering that o;, =R, :
1
Plano2 =1=>Pi=— (7)
Ro
for «=90°, based on dependence (6), considering that &}, =Ry, :
1
P2222R920 =1= P2222 = R_z (8)

90
for «=15°, based on dependence (6), considering that o, =R;5 :

2P, ,,+ 4P, = (Ri2 ~P;,008¢ 15° — P,y sin® 15° ) [(cos? 15° sin? 15°) ()
15
Based on dependence (4), considering that oy, =R, :

R, ——t_. (10)

‘ V P]illl

After substituting equations (7), (8), (9) in dependence (5), assuming that sin 15° =0.25, cos15° =0.966

and dependence (10), the following equation was obtained:
RO

R, = . (11)
Jeos' & + by sin? 2a + ¢, sin* &
For a =90° , the equation is:
2
Cl ) (&] l
RQO
whereas for angle o;=15° , b, was determined as:
R? RZ .
1=% —> —cos* a; ——2-sin‘ a |. (12)
sin 2a, | R, Rso

Table no 4: Contains the values of b, and C; coefficients determined on the basis of dependence (12).

Material ¢ Coefficients
aterial type

by G

KO0.0 -0.752 | 445.7

K0.35 -0.588 | 262.1
K0.43 0.712 | 209.5
K0.48 0.374 | 201.0
K0.56 0.552 | 175.8

Table no 5: Selected average values of material strength, depending on the Z polymer content and angle a.

Polymer Cozmem' Ro, MPa Ris MPa Reo, MPa
0 9% 58 45
35 102 74 6.3
43 110 78 76
48 112 82 7.0
56 118 88 8.9
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Applying the LSM, the data from table 5 was used to determine the dependences which describe
strength Rg,R15,R30,R45,Re0 and Rgg relative to PMM content z in the form of:

R, =93.2+0.39z, r =0.8901 (13a)
R, =57.2+052z, r=0.9848 (13b)
Ry, =36.9+0.58z, r =0.9817 (13c)
R, =23.4+0.50z, r =0.9459 (13d)
R,, =15.3+0.35z, r =0.9314 (13¢)
Ry, =4.27+0.0762, r =0.9484 (13f)

where:
z — PMA content in %, r— correlation coefficient (critical value of this coefficient according to dependence
(13) for significance level of 0.05 and at 3 degrees of freedom (0.878). In dependence (13), the values of
Ro,R15,R30,R45,Re0 are expressed in MPa.

Dependence (11) and the values of coefficients from table 4 were then used to calculate the strength of
the composite, depending on polymer content z and angle a. The results of the calculations are presented in
Table 6 and in Fig. 4.

Table no 6: The results of material strength calculations depending on PMA content Z and angle & based on
the von Mises yield criterion (11).
Calculated strength R, MPa for a, °

0 15 30 45 60 90
K0.0 95 58 | 18.0 9.0 6.0 4.5
K0.35 102 | 74 | 251 | 126 8.4 6.3
K0.43 110 | 78 | 29.2 | 151 | 101 | 76
K0.48 112 | 82 | 306 | 157 | 105 | 7.9
K0.56 118 | 88 | 341 | 176 | 118 | 8.9

Composite
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Fig. 5: The results of tensile tests of wood composite K.0+K0.56: points - experimental data, lines -

according to the von Mises criterion (11)

Fig. 5 presents the average results of experimental studies and theoretical curves obtained by applying the
von Mises criterion (11). The von Mises criterion applied was found to insufficiently describe experimental
data. Therefore, other criteria were adopted in describing the strength properties of tested composite materials.

ASKkenazi criterion:
Askenazi formulated a criterion for anisotropic materials in the form of [2, 49]:
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C\2 i .
80,0 — M -0 (14)

2
Applying similar reasoning to von Mises, the following equation was obtained:
R0
- , 15
“  cos*a+bsin®2a +csin’ (15)
forany «;:
4 a2 Re) RO .
cos” ; +bsin® 2a, +csin’ o, = 7
a1
for ¢ =90°, Ry, = & c= R , after transformation
c 90
s02 Ro 4 s 4
bsin®2q, = ——-cos" a; —csin" ¢; .
al
Hence:
R .
b =% —2 —cos*a, —csin‘a,
sin“2a, | R,
where:
1 R .
c:&,b=T0 —2 _cos*15—csin*15]. (16)
Rqo sin®30° | Ry5

In order to compare the Askenazi criterion with the von Mises criterion, the same angles of a=0° , 15° and 90°
were adopted in calculations.

Table no 7: Calculated b and ¢ coefficients determined on the basis of dependence (16)

. Coefficients
Composite
b c
KO0.0 2.689 21.111
K0.35 1.738 16.19

K0.43 1.896 14.474
K0.48 1.726 14.177
K0.56 1.642 13.258

The values calculated on the basis of dependence (13) were substituted in dependence (16) and the
values of b and c coefficients were calculated, as given in table 7. Dependence (15) and the values of
coefficients from Table 7 were then used to calculate the strength of the composite, depending on polymer
content z and angle o. The results of the calculations are presented in Table 8 and in Fig. 6.

Table no 8: The results of material strength calculations depending on PMA content z and angle a.
Calculated strength R,, MPa for «, °

0 15 | 30 45 60 90
K0.0 95 [ 58 | 244 | 116 | 68 | 45
K0.35 102 | 74 | 354 | 169 | 9.7 | 63
K0.43 110 | 78 | 381 | 191 | 114 | 76
K0.48 112 | 82 | 408 | 203 | 12.0 | 7.9
K0.56 118 | 88 | 45.0 | 22.7 | 135 | 8.9

Composite
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Fig. 6: The results of tensile tests of wood composite K.0+KO0.56 : points - experimental data, lines -

according to the Askenazi criterion (15)

Fig. 6 presents the average results of experimental studies and theoretical curves obtained from
dependence (15). The Askenazi was found to describe experimental data slightly better than the von Mises
criterion. However, the results were still unsatisfactory. Therefore, an attempt was made to describe the strength
parameters of modified wood by applying a linear and square function.

Strength description R=R(a) applying the linear function:

The strength characteristics presented in Figs. 5 and 6 based on von Mises and Askenazi criteria are far
from satisfactory. This means that the adopted strength criteria insufficiently describe experimental data for
composites, depending on polymer content z and angle « . Since the course of experimental data is near-linear,
a linear function was proposed to describe them:

R, =ba+a. @an

Due to small values of strength for angle a=90° , to make sure negative values are not obtained from
dependence (17), a straight line crossing an empirical point for «=90° , was adopted. Then, the straight line
formula has the following form:

R, = Ry + A90-a), (18)
The coefficient Ry, expressing the strength of composites K.0+K0.56 for o=90° , depending on the polymer
content z, can be described by means of a square function:
Ry, =0.001z° +0.02z + 4.48 (19)

The value of the A coefficient was determined using the LSM, and the values of linear correlation
coefficients r were calculated. The values of the coefficients are given in Table 10.

Table no 10: Values of directional coefficients A for a straight line and correlation r for natural and modified
wood.

coefficient value Composite

K0.0 [K0.35[K0.43] K0.48 [ K 0.56

0.7628 | 0.9193 | 0.9859 | 1.0341 | 1.1071

0.9072 | 0.9480 | 0.9511 | 0.9684 | 0.9793

A
r
A 0.7470 | 0.9535 | 1.0007 | 1.0302 | 1.0774
T

0.9073 | 0.9652 | 0.9635 | 0.9776 | 0.9855
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The critical value r for significance level of 0,05 and 4 degrees of freedom is 0.811. According to data
in Table 10, linear correlation increases as the polymer content grows (r changes from 0.9071 to 0.9793).
Considering the content of polymer in wood z, the A coefficient can be formulated in the linear form:

A =A+bz. (20)

The values of Aq and b coefficients were determined using the LSM. The values calculated on the basis of
dependence (20) are given in Table 10. The linear equation describing the A, coefficient dependent on the
polymer content in wood z has the following form:

A =0747+0005901% , (21)
furthermore, the values of correlation coefficients r, were calculated, and the results of calculations were
presented in Table 10. The linear equation expressing the dependence of composite strength on the polymer
content z and angle « can be formulated as:

R, =0.001z° +0.02z + 4.48 + (075 + 0,006z )(90 — ) (22)

a | | | |
k —KO0.0 K035 =—K 043 =K 0.48 —K 0.56
100 "~

K035 X K043 ® K048 4 K 0.56

F N
I
m N

| N

0 15 30 45 60 75

(}‘9
Fig. 7: The results of tensile tests of wood composite K.0+K0.56: points - experimental data, lines -
according to dependEence (22)

Fig. 7 presents the average results of experimental studies and theoretical curves obtained from
dependence (22). The course of straight lines describing the strength of composite depending on the polymer
content z and angle « indicates that straight line functions describe experimental data well, but experimental
data should be described in larger detail nonetheless.

Strength description R=R(a) applying the square function:
After a series of tests, parabola 2° crossing empirical points for a=0° , 45° and 90° was adopted to describe
composite strength depending on the composite content z and angle « (similarly to the von Mises and Askenazi
criteria).
The form of the square function:
R, =a+ba+ca’ (23)

Applying the LSM, the a, b, ¢ coefficients were described using dependence (23). For instance, for

material KO.0, the form of the square function describing strength depending on angle & was presented as:

R, =91.159— 2.0590q + 00123968 (24)
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Table no 11: The values of a, b, C coefficients of the square function (23) and the correlation coefficient r
for modified wood K.0+K0.56.

Coefficient value Composite
K0.0 | K0.35 | K0.43 | K0.48 | K0.56
a 91.159 | 100.385 | 107.762 | 109.806 | 115.209
b -2.059 | -1.734 | -1.803 | -1.667 | -1.589
c 0.0124 | 0.0077 | 0.0077 | 0.006 | 0.0046
r 0.9936 | 0.9989 | 0.9979 | 0.9982 | 0.9977

The critical value r for significance level of 0.05 and two degrees of freedom is 0.950. According to
data in Table 11, the linear correlation coefficient is very high and its value reaches r > 0.99.
The calculated a, b, c coefficient values were analyzed against polymer content z. The values of these
coefficients are the following:
a=2_89.752+0.4152z for r =0.9677
b =-2.0601+0.0079z for r =0.9609
¢ =0.0125-0.00013z for r =—0.9842.
The square equation expressing the dependence of wood strength on the polymer content z and angle «
can be formulated as:
R, =89.75+0.415z +(—2.06 +0.008z ) +(0.0125-0.00013z )’ (25)
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Fig. 8: Tensile strength: points - experimental data, curves - according to dependence (25)
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Fig. 9: A plane diagram illustrating the dependence of tensile strength of modified wood on polymer content z
and angle a (based on dependence 25)
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Figures 8 and 9 presents the averaged results of experimental studies and theoretical curves described
by means of dependence (25). The course of this function indicates that the square function is definitely the best
method to describe experimental data. The empirical dependences applied for wood which was superficially
modified with methyl methacrylate have been found to be more accurate in describing the strength properties of
wood composites, compared to the strength criteria proposed by von Mises and Askenazi.

I11. Analysis of test results
According to the experimental data obtained, the strength properties of superficially modified wood

increase as the polymer content grows. The highest values of tensile strength R =118 MPa were recorded for

composite of PMA content 0.56kg/kg (K0.56) when tension is applied along the fibers a=0° . The lowest value
of tensile strength was recorded for natural wood (K0.0) stretched across the fibers (a=90° ).

The analysis of experimental results applied to the impact of PMA content and the direction of the load
applied relative to the direction of the fibers (angle « ). An increase in polymer content caused the structure to
become more homogenized, which in turn improved the specimen’s strength properties. And although the
increase in polymer content caused the strength of the material to increase more than twice ( R, increased from

4.5MPa to 9 MPa ) for the crosswise fiber layout (¢=90° ), the strength of this material still remained low for
crosswise load.

The strength of composite decreased as the angle « increased. This particularly applied to natural
wood. It was further observed that crosswise modified wood samples were clearly more strengthened as the
polymer content increased. This strengthening increased proportionally to the impregnation level.

Known strength criteria applicable to anisotropic materials (von Mises, Askenazi) as well as the
author’s own criteria: linear and square were used to describe the strength of superficially modified wood. Each
of the 4 diagrams presented in Figures 5 + 8 was drawn up for 5 sets of samples characterized by different PMA
contents and angles « .

The results of experimental studies applying the von Mises and Askenazi criteria, used to describe
material strength, proved to be insufficiently accurate. These criteria are inadequate for describing the strength
of superficially modified wood.

The linear and square functions proposed describe the strength properties of composite with a much
higher accuracy. This is proven by the correlation coefficient which is 0.90 to 0.98 for the linear function and
above 0.99 for the square function.

IV. Conclusions

The study was conducted to assess the strength properties of wood which was superficially modified
with PMM. The strength properties of wood composite were analyzed against the amount of polymer contained
in wood and angle o of deflection of the fibers with reference to the direction of the load. The study has
indicated that increasing the polymer content strengthens the modified wood structure, and thus improves the
strength properties in all load directions relative to the fiber orientation. Composite with the highest polymer
content, stretched along the fibers, was found to have the highest tensile strength. Therefore, modified wood
structures subject to the highest loads should be designed to be loaded along the fibers. The best results were
obtained for structures made of modified wood which were bent. Superficial modification of wood strengthens
its external layers which are reinforced through modification and are then responsible for carrying the load.

The strength properties of wood impregnated with PMM were described according to known strength
criteria applicable to anisotropic materials, i.e. the von Mises yield criterion and the Askenazi criterion. The
application of these criteria in describing the strength properties of modified wood indicated that these criteria
insufficiently describe the strength properties. Furthermore, the forms of these criteria do not take into account
the degree of impregnation of superficially modified wood.

The proposed method of description of strength of impregnated wood, applying the linear and square
functions, was found to be more accurate with respect to experimental results. For practical reasons, a
dependence (25) can be proposed in order to describe experimental data with the highest possible accuracy.

Studies of superficially modified wood have indicated that new solutions and new models should be
pursued in order to provide a better description of experimental data obtained through testing of unknown
materials. This particularly applies to composite materials.

References
[1]. Kowalski S.J., Kyziot L., Rybicki A., Composite of wood and polymerized methacrylate, Composites: Part B Vol. 33, 2002, pp. 77-
86.
[2]. Kyziot L. Wood modified for marine structures. Gdynia: Publisher Naval Academy in Gdynia; 2010.
[3]. Y. Li, Wood-Polymer Composites, Intech (2011).

DOI: 10.9790/4861-1203020115 www.iosrjournals.org 13| Page



Application of strength criteria in describing modified wood

[4].
[5].
[6].
[7].

8.
[a].

[10].
[11].

[12].
[13].

[14].
[15].
[16].

[17].
[18].

[19].

[20].

[21].

[22].
[23].
[24].
[25].
[26].
[27].
[28].
[29].
[30].
[31].

[32].

[33].
[34].
[35].
[36].
[37].
[38].
[39].

[40].

Kyziot L., Reinforcing wood by surface modification, Composite Structures 158, (2016), pp. 64-71,
http://dx.doi.org/10.1016/j.compstruct.2016.06.055.

Kyziot L., Szwabowicz M., Toughness of Scots pine — polymethyl methacrylate composite, Polymer Composites, Vol. 40, Issue 2,
2019, pp. 811-822, DOI: 10.1002/pc.24740).

Z. Miler, Folia Forest. Polon., 7, 135 (1966). Kietczewski B. 1992. Ochrona lasu i ochrona przyrody. W: Lasy Panstwowe w Polsce
1930-1990. Panstwowe Wydawnictwo Naukowe, Poznan: str. 80-93.

Boding J., Goodman I. R., Prediction of elastic parameters for wood, ,,Wood Sci.”, 1973, Vol. 5, No 4.

Boding J., Jayne B., A., Mechanics of wood and wood composites, Van Nostrand Reinhold, New York 1982.

Gordon P. Krueger, Lynn B. Sandberg, Ultimate-strength design of reinforced timber evaluation of design parameters, ,,Wood Sci.”,
1974, Vol. 6, No 4, pp. 316 — 329.

Kyziot L., Examination results of methylmethacrylate concentration in modified woods, ,,Marine Technology Transactions”, 2000,
Vol. 11, pp. 181 — 194.

Kyziot L., Kowalski S. J., Mechanical properties of modified wood, IUTAM Symposium on Theoretical and Numerical Methods in
Continuum Mechanics of porous Materials, Stuttgart, Germany, 5 — 10 September 1999, pp. 221 — 227.

Kyziot L., Modified wood — a promising material for shipbuilding, ,,Polish Maritime Research”, 1999, p. 6 — 10.

Kopnov V.A., Belov G.P. Evaluating the strength of composite materials and other media with different types of anisotropy.
Izvestiya RAN. MTT, 2014, no. 2 (32), pp. 73-80. (In Russian).

Giginjak F.F., Kovalchuk B.l., Lamashevsky V.P., Lebedev A.A. Handbook of Mechanical Properties of Structural Materials at a
Complex Stress State. Begell House Inc. Publ., 2001, 504 p.

Pisarenko G.S., Lebedev A.A. Deformation and strength of materials at a complex stress state. Prikladnaya Mekhanika, 1968, no. 4,
iss. 3, pp. 45-50. (In Russian).

Fisher L. How to predict structural behavior of R.P. Laminates. Modern Plastics, 1960, no. 6

Malmeyster A.K. Geometry of strength theories. Mekhanika Polimerov, 1966, no. 4. (In Russian).

Alikin V.N., Litvin LE., Sesyunin S.G., Sokolovsky M.l., Ushin N.V. Kriterii Prochnosti i Nadezhnost Konstruktsiy, pod red. chl.-
kor. RAN M.I. Sokolovskogo [Criteria for the Strength and Reliability of Structures, M.l. Sokolovskiy, cor. memb. RAS, ed.].
Moscow, Nedra-Biznestsentr Publ., 2005, 164 p. (In Russian)

Aliev M.M., Shafieva S.V., Karimova N.G. Criteria for the strength and fracture of various materials with due regard for the effect
of comprehensive pressure. Vestnik CHGPU im. I.Ya. Yakovleva. Ser. Mekhanika predelnogo sostoyaniya, 2012, no. 3 (13), pp.
64-71. (In Russian).

Bendyukov V.V., Osyayev O.G. Strength criteria for anisotropic composite materials. Nauchnyy vestnik MGTU GA, 2011, no. 163,
pp. 151-156. (In Russian).

Nekliudova E.A., Semenov A.S., Melnikov B.E., Semenov S.G. Experimental research and finite element analysis of elastic and
strength properties of fiberglass composite material. Magazine of Civil Engineering, 2014, no. 3, pp. 25-39. DOI:
10.5862/MCE.47.3

Niu J., Liu G., Tian J., Zhang Y., Meng L. Comparison of yield strength theories with experimental results. Engineering Mechanics,
2014, vol. 31, no. 1, pp. 181-187. DOI: 10.6052/j.issn.10004750.2012.09.0622

Liu G. A novel limiting strain energy strength theory. Transactions of Nonferrous Metals Society of China, 2009, vol. 19, no. 6, pp.
1651-1662. DOI: 10.1016/S1003-6326(09)60084-4.

Zhang S., Song B., Wang X., Zhao D., Chen X. Deduction of geometrical approximation yield criterion and its application. Journal
of Mechanical Science and Technology, 2014, vol. 28, no. 6, pp. 2263-2271. DOI: 10.1007/s12206-014-0515-6

Zhu X.-K., Leis B.N. Average shear stress yield criterion and its application to plastic collapse analysis of pipelines. International
Journal of Pressure Vessels and Piping, 2006, vol. 83, no. 9, pp. 663-671. DOI: 10.1016/j.ijpvp.2006.06.001.

Zezin Y.P. Experimental investigation of the strength properties of particulate polymeric composites, 2016, vol. 1785, pp. 030036.
DOI: 10.1063/1.4967057.

Yan L., Junhai Z., Ergang X., Xueye C. Research on burst pressure for thin-walled elbow and spherical shell made of strength
differential materials. Materials Research Innovations, 2015, vol. 19, no. 5, pp. 80-87. DOI: 10.1179/14328917157.0000000001340
Shroff S., Kassapoglou C. Progressive failure modelling of impacted composite panels under compression. Journal of Reinforced
Plastics and Composites, 2015, vol. 34, no. 19, pp. 1603-1614. DOI: 10.1177/0731684415592485

Sengupta J., Ghosh A., Chakravorty D. Progressive Failure Analysis of Laminated Composite Cylindrical Shell Roofs. Journal of
Failure Analysis and Prevention, 2015, vol. 15, no. 3, pp. 390-400. DOI: 10.1007/s11668-015-9951-6.

Giinel M., Kayran A. Non-linear progressive failure analysis of open-hole composite laminates under combined loading. Journal of
Sandwich Structures & Materials, 2013, vol. 15, no. 3, pp. 309-339. DOI: 10.1177/1099636213483651.

Van der Meer F.P., Sluys L.J., Hallett S.R., Wisnom M.R. Computational modeling of complex failure mechanisms in laminates.
Journal of Composite Materials, 2012, vol. 46, no. 5, pp. 603-623. DOI: 10.1177/0021998311410473

Pietropaoli E. Progressive Failure Analysis of Composite Structures Using a Constitutive Material Model (USERMAT) Developed
and Implemented in ANSYS ©. Applied Composite Materials, 2012, vol. 19, no. 3-4, pp. 657-668. DOI: 10.1007/s10443-011-
9220-0.

Garnich M.R., Akula V.M. Review of Degradation Models for Progressive Failure Analysis of Fiber Reinforced Polymer
Composites. Applied Mechanics Reviews, 2009, vol. 62, no. 1, pp. 010801. DOI: 10.1115/1.3013822

Karpov V.V., Semenov A.A. Strength criteria for thin orthotropic shells. Part 2: Calculation and analysis. Vestnik Grazhdanskikh
Inzhenerov, 2015, no. 1 (48), pp. 60-70. (In Russian).

Yu M.-H. Advances in strength theories for materials under complex stress state the 20th century. Appl. Mech. Rev., 2002, vol. 55,
no. 3, pp. 169-218. DOI: 10.1115/1.1472455.

Yu M.-H., Li J.-C. Computational plasticity: with emphasis on the application of the unified strength theory. Hangzhou, Zhejiang
Univ. Press, 2012, 529 p.

Tsvetkov S.V. Strength criteria for transversely isotropic materials of different symmetry classes of structure. Vestnik MGTU im.
N.E. Baumana. Seriya: Mashinostroenie, 2009, no. 1, pp. 86-99. (In Russian).

Karpov V.V., Semenov A.A. Strength criteria for thin orthotropic shells. Part 1: Analysis of the basic strength criteria for isotropic
and orthotropic materials. Vestnik Grazhdanskikh Inzhenerov, 2014, no. 6 (47), pp. 43-51. (In Russian).

Kuznetsov E.B. Continuation of solutions in multiparameter approximation of curves and surfaces. Computational Mathematics and
Mathematical Physics, 2012, vol. 52, no. 8, pp. 1149-1162. DOI: 10.1134/S0965542512080076.

Iris Brémaud, Joseph Gril, Bernard Thibaut, Anisotropy of wood vibrational properties: dependence on grain angle and review of
literature data. Wood Science and Technology, Springer Verlag, 2011, 45 (4), pp.735-754, 10.1007/s00226-010-0393-8. hal-
00804242.

DOI: 10.9790/4861-1203020115 www.iosrjournals.org 14 | Page


http://dx.doi.org/10.1016/j.compstruct.2016.06.055
https://onlinelibrary.wiley.com/toc/15480569/40/2

Application of strength criteria in describing modified wood

[41].

[42].

[43].
[44].
[45].
[46].
[47].
[48].

[49].

Nilson Tadeu Mascia, Elias Antonio Nicolas, Rodrigo Todeschini, Comparison between Tsai-Wu Failure Criterion and Hankinson’s
Formula for Tension in Wood, Wood Research 56 (4): 2011 499-510

Semenov A. A. Analysis of the strength of shell structures, made from modern materials, according to various strength criteria,
Diagnostics, Resource and Mechanics of materials and structures, 2018. — Issue 1,pp. 16-33, DOI: 10.17804/2410-
9908.2018.1.016-033.

Kyziot L., Opis wiasciwosci wytrzymato§ciowych drewna modyfikowanego PMM, Zeszyty Naukowe AMW, Rok XLVI, Nr 2
(161) 2005, pp. 101-114.

Bodig J, Jayne BA (1982) Mechanics of wood and wood composites. Van Nostrand Reinhold Company, New York.

Harris JM (1989) Spiral grain and wave phenomena in wood formation. Springer, Berlin.

Czech M. (1995): Kryteria wytrzymato$ciowe i rownania konstytutywne sprezystosci ciat ortotropowych, Rozprawy Naukowe Nr
31, Politechnika Biatostocka.

Kyziot L. (2009), Wytrzymato§¢ drewna modyfikowanego w ztozonych stanach naprezen, cz. II. Opis matematyczny, Zeszyty
Naukowe AMW, ROK XLX NR 2 (177) 2009, pp. 57-69.

Mises R. (1928): Mechanik der plastischen Formanderungen von kristallen. Zeitschrift fir angew. Mat. und Mech., B.8, H.4, 161-
185.

Askenazi E.K. (1966): Pro¢nast anizotropnyh drevesnyh i sinteti¢eskih materialov. Lesnaja promyslennost’, Moskva.

Lestaw Kyziot, et. al. “Application of strength criteria in describing modified wood.” 10SR Journal of

|
|
Applied Physics (IOSR-JAP), 12(3), 2020, pp. 01-15. :
|
I

DOI: 10.9790/4861-1203020115 www.iosrjournals.org 15 | Page



