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Abstract: The properties of a composite material are determined by the properties of the constitutive
materials. In engineering practice, there are many situations in which we have composite material,
but we do not have information about the properties of each phase component. The measurements
we can make in such cases are on the existing material, thus being able to determine, experimentally,
the global physical properties of the composite. The possibility of realizing an estimate of the
mechanical properties of each component poses a problem if we start from these measurements.
The paper proposes a method to achieve this, starting from the theoretical estimates established
in the literature, then illustrated by an example to determine the properties of wood. Wood is a
transverse isotropic material and therefore the constitutive law has symmetries that are manifested
in the decrease of the number of parameters that define the stress-strain liason, defined only by
five independent parameters. The proposed method can be extended to a diversity of models and
materials used in the study of composite materials.

Keywords: composite; longitudinal fibers; mechanical measurements; early wood; late wood;
Young’s modulus; Video Image Correlation

1. Introduction

Composite materials are made up of two or more phases, to finally obtain a new material with
better properties, at a lower price. The properties obtained are determined by the concentration of the
components, the arrangement mode, the geometry, the shape, the layout, etc. A multitude of composite
materials can be obtained, and their properties can vary in an extensive range. The analysis of
composite materials composed of several firmly bounded (visco) elastic materials that on a macroscopic
scale can be treated as a homogeneous, isotropic/transverse isotropic or orthotropic material has long
been done in the literature [1]. In general, we know the engineering constants of the materials that
are put together, we know the proportion in which they appear in the composite, and we want to
determine the properties of the resulting composite material. To obtain the engineering constant values
of the resulting material, different methods have been applied in the literature (variational methods,
boundedness methods, homogenization theory, minimum theorems, etc. [2]). Thus, sometimes very
precise values of the properties of the resulting material were obtained. The literature dealing with
these issues is very rich and was developed in the sixth, seventh, and eighth decades of the 20th century.
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However, in many cases encountered in engineering practice, there are situations in which we have a
composite material, but we do not have information on the mechanical properties of its components.
Measurements can be made on the existing composite material, determining, with classical methods,
the values of the main engineering constants. Thus, global measurements can be made on the material,
without being able to separate and determine the properties of its components. However, there are
situations when knowledge of these properties becomes necessary. The problem is, therefore, that,
if the values of some sizes of the composite are known measurements, it is possible to determine the
values of these sizes of the composite components. The information obtained by measurements should
be useful for the mechanical identification of its components.

To achieve this, appropriate theoretical models must be used that provide formulas for calculating
the properties of the composite starting from the properties of its phases.

The diversity of composite materials is enormous, and that is why we will deal with the situations
encountered more often in engineering, namely that of macroscopically homogeneous multiphasic
linearly elastic composites, representing the classic part in the study of micromechanics of composites.

The aim of this domain is the characterizations of the macroscopic (overall) elastic behavior of the
composite formed by a mixture of solid phases bounded together [2]. One of the phases is the matrix.
The others are the inclusions (fibers in our study). The mixture becomes homogeneous at macroscale
but is not necessary to be isotropic. Most of the studies consider the phases being too homogeneous
and isotropic.

For the study that will be undertaken in this paper, it is necessary to know the relations that allow
obtaining, with sufficiently good precision, the overall elastic constants of the composite material
depending on the elastic constants of the composite phases. At the macroscopic level, the composite
can be treated using the mechanics of continua, as a homogeneous material. From a theoretical point of
view, an analysis of a composite made by different phases with different geometries to determine the
elastic state of the material is a very complex task and useless for practical applications. For this reason,
the problem of knowing the strain–stress in detail of a composite is replaced with the problem of the
study of a statistically homogeneous composite [3–5]. To do this is necessary to determine the overall
moduli as functions on the mechanical properties of the phases, their geometry, and other parameters
that can occur.

Classical results are offered by Reuss and Voigt bound, but a rich literature presents numerous
methods to compute these constants [6–23]. They can be used to determine the parameters of the
phases using a set of measurements on the overall elastic parameters of the composite.

Generally, the domain of macroscopically or statistically homogeneous composite materials,
has as the main subject, the characterization of the macroscopic/overall/equivalent elastic behavior of a
resulting material formed by two or more solid phases bounded together. The matrix represents one of
the phases, the others being the inclusions. There are no restrictions on the shape of the reinforcements
materials, which may be fibrous or spherical, as an example. It is considered that the mixture is
homogeneous on a macroscale, but not necessarily isotropic. Their elastic engineering constants are
different, and, as a consequence, the stress and strain fields through composite become microscopically
inhomogeneous [24–28].

2. Mathematical Method to Determine the Engineering Elastic Constants of Components Using
Global Experimental Measurements

Consider a characteristic parameter of the composite that we denote by E (the most commonly used
size is Young’s modulus or bulk modulus but can be shear modulus or Poisson ratio). This quantity
can be expressed in terms of other unknown mechanical characteristics of the component phases
x1, x2, . . . xs and geometric known parameters p1, p2, . . . pr:

E = g(x1, x2, . . . xs, p1, p2, . . . pr), k = 1, s (1)
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The parameter considered is a parameter that can be measured. For example, in the case of Young’s
modulus, a traction–compression machine can be used. Video Image Correlation is another common
method used to determine other elastic constants. For this, a large number of specimens will be
manufactured to perform the measurements. Let us say we made n specimens and n measurements
were made. In this case, Equation (1) becomes, for each measurement:

E j = g(x1, x2, . . . xs, p j
1, p j

2, . . . p j
r), k = 1, s, j = 1, n (2)

From these measurements, we have the problem of determining a regression formula for (1), calculating
the unknowns so that the last square S of the measured values from the values given by the regression
function is minimum. If we denote:

S =
n∑

j=1

[
E j
− g(x1, x2, . . . xs, p j

1, p j
2, . . . p j

r)
]2

(3)

we obtain s equations:

∂S
∂xi

=
n∑

j=1

2
[
E j
− g(x1, x2, . . . xs, p j

1, p j
2, . . . p j

r))
]∂g(x1, x2, . . . xs, p j

1, p j
2, . . . p j

r)

∂xi
= 0, i = 1, s (4)

which can be written as:
Gi(x1, x2, . . . xs) = 0, i = 1, s (5)

Relation (5) represents a system of s equations with s unknowns. Solving this system, we can first
determine the unknowns x1, x2, . . . xs, and we can establish the Regression Function (1) for parameter
E. In this way, the unknown elastic constants of the component phases were determined. We mention
that, generally, Equation (5) can be complicated, and it can be a difficult task to obtain solutions.

3. Determination of Young’s Moduli of a Multiphase Composite with Longitudinal Fibers

3.1. Using Measured Longitudinal Young’s Modulus

From a theoretical point of view, any quantity can be determined by measurements, which appears
in a theoretically determined formula for any engineering constant. If the formula in which this
constant appears is relatively complicated, then, of course, the necessary calculations can be particularly
complicated. The system of Equation (4) can be nonlinear and sometimes difficult to solve. In these
situations, it is necessary to apply specific numerical methods to solve them. However, there are also
situations in which equations can be solved relatively simply. The example presented is of an important
mechanical constant in engineering, Young’s modulus (longitudinal and transverse). In this case,
the calculations lead to linear systems of equations that can be solved without particular difficulties.
The aim is to determine Young’s modulus for constituents following the direction of the fibers and in
a transverse direction. EL represents the equivalent Young’s modulus in the longitudinal direction
and ET, Young’s modulus in the transverse direction. The Young’s moduli for the phases will be Em

for matrix and E f 1, E f 2, . . . , E f p for fibers (i = 1, p). The percentage of the matrix in the transverse
section of the specimen will be νm, and the percentage of the fibers will be ν f 1, ν f 2, . . . , ν f p. The obvious
mathematical relationship is:

νm +

p∑
i=1

ν f i = 1 (6)
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The well-known law of mixture offers a good estimate for Young’s modulus [1–3]:

EL = νmEm +

p∑
i=1

ν f iE f i (7)

This relation will be used in further considerations. Equation (7) is justified in the following. Let us
consider a set of n specimens having a known transverse area. In addition, the axis that will be used for
mechanical compression is parallel to the direction of the fibers. For the studied specimen j, using the
equations of static equilibrium and the Bernoulli hypothesis, the loads in the matrix and the phases
(N j

m, N j
f 1, N j

f 2, . . . N j
f p) from the applied load F j for these characteristic elements (Figure 1) are


F j = N j

m +
p∑

i=1
N j

f i;

∆l j
m = ∆l j

f i; i = 1, p.
j = 1, n. (8)
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∆l j

m =
N j

ml0
EmA j

m
;

∆l j
f i =

N j
f il0

E f iA
j
f i

;
i = 1, p; j = 1, n. (9)

All these are equals:
∆l j

m = ∆l j
f 1 = ∆l j

f 2 = . . . ∆l j
f p (10)

The load into each phase is
N j

m =
∆l j

m
l0

EmA j
m = ε

j
mEmA j

mEmA j
m

N j
f i =

∆l j
f i

l0
E f iA

j
f i = ε

j
f iE f iA

j
f i = ε

j
f iE f iA

j
f i;

i = 1, p; j = 1, n. (11)
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For the specimen j, we have

F j = N j
m +

p∑
i=1

N j
f i = ε j

EmA j
m +

p∑
i=1

E f iA
j
f i

; j = 1, n, (12)

Applying Hooke’s law for the equivalent global element, we have

F j =
∆l j

l0
E j

LA j = ε jE j
LA j (13)

We have denoted the transverse aria of specimen j:

A j = A j
m + A j

f 1 + A j
f 2 + . . . + A j

f p; (14)

It results from (12) and (13):

E j
LA j = EmA j

m +

p∑
i=1

E f iA
j
f i (15)

If the following notations are considered:

ν
j
m =

A j
m

A j ; ν j
f i =

A j
f i

A j ; i = 1, p; j = 1, n. (16)

which represent the percentages of the phases from the considered specimen j. From (15) and (16),
we can obtain

E j
L = ν

j
mE j

m +

p∑
i=1

ν
j
f iE

j
f i; i = 1, p; j = 1, n. (17)

The mathematical relationship (17) is the well-known law of mixtures [1–3]. If n measurements are
made, we can obtain n relationships of this kind. The percentages of the components of the composite
materials (ν j

m and ν j
f i, i = 1, p) can be determined. We know the percentages of the volumes for the

p + 1 phases and the global elasticity module measured for all n specimens, and using these values,
we will determine Young’s moduli for each phase. For this, the least-squares method, previously
presented, is used. Let’s consider the square of the difference:E j

L − ν
j
mEm −

p∑
i=1

ν
j
f iE f i


2

(18)

The objective function is:

S =
n∑

j=1

E j
L − ν

j
mEm −

p∑
i=1

ν
j
f iE f i


2

(19)

and we will look for Em and E f i, i = 1, p values, which will guarantee the minimum of the function S.
These conditions for S will be expressed using these relationships:

∂S
∂Em

= 0;
∂S
∂E f i

= 0; i = 1, p (20)
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or:

−

n∑
j=1

E j
Lν

j
m + Em

n∑
j=1

(
ν

j
m

)2
+ E f 1

n∑
j=1

ν
j
mν

j
f 1+E f 2

n∑
j=1

ν
j
mν

j
f 2 + . . .+ E f p

n∑
j=1

ν
j
m ν

j
f p = 0;

−

n∑
j=1

E j
Lν

j
f 1 + Em

n∑
j=1

ν
j
f 1ν

j
m + E f 1

n∑
j=1

(
ν

j
f 1

)2
+E f 2

n∑
j=1

ν
j
f 1ν

j
f 2 + . . .+ E f p

n∑
j=1

ν
j
f 1ν

j
f p = 0;

−

n∑
j=1

E j
L ν

j
f 2 + Em

n∑
j=1

ν
j
f 2 ν

j
m + E f 1

n∑
j=1

ν
j
f 1ν

j
f 2 +E f 2

n∑
j=1

(
ν

j
f 2

)2
+ . . .+ E f p

n∑
j=1

ν
j
f 2 ν

j
f p = 0;

−

n∑
j=1

E j
L ν

j
f p + Em

n∑
j=1

ν
j
f p ν

j
m + E f 1

n∑
j=1

ν
j
f 1ν

j
f p +E f 2

n∑
j=1

ν
j
f 2 ν

j
f p + . . .+ E f p

n∑
j=1

(
ν

j
f p

)2
= 0

(21)

These conditions lead to the linear system:

Em
n∑

j=1

(
ν

j
m

)2
+ E f 1

n∑
j=1

ν
j
mν

j
f 1+E f 2

n∑
j=1

ν
j
m ν

j
f 2 + . . .+ E f p

n∑
j=1

ν
j
m ν

j
f p =

n∑
j=1

E j
L ν

j
m;

Em
n∑

j=1
ν

j
m ν

j
f 1 + E f 1

n∑
j=1

(
ν

j
f 1

)2
+E f 2

n∑
j=1

ν
j
f 1 ν

j
f 2 + . . .+ E f p

n∑
j=1

ν
j
f 1 ν

j
f p =

n∑
j=1

E j
Lν

j
f 1;

Em
n∑

j=1
ν

j
mν

j
f p + E f 1

n∑
j=1

ν
j
f 1ν

j
f p+E f 2

n∑
j=1

ν
j
f 2 ν

j
f p + . . .+ E f p

n∑
j=1

(
ν

j
f p

)2
=

n∑
j=1

E j
Lν

j
f p

(22)

or: 

n∑
j=1

(
ν

j
m

)2 n∑
j=1

ν
j
mν

j
f 1

n∑
j=1

ν
j
mν

j
f 2 . . . . . .

n∑
j=1

ν
j
mν

j
f p

n∑
j=1

ν
j
m ν

j
f 1

n∑
j=1

(
ν

j
f 1

)2 n∑
j=1

ν
j
f 1 ν

j
f 2 . . . . . .

n∑
j=1

ν
j
f 1 ν

j
f p

...

...
n∑

j=1
ν

j
m ν

j
f p

n∑
j=1

ν
j
f 1 ν

j
f p

n∑
j=1

ν
j
f 2 ν

j
f p . . . . . .

n∑
j=1

(
ν

j
f p

)2





Em

E f 1
E f 2

...
E f p


=



n∑
j=1

E j
Lν

j
m

n∑
j=1

E j
L ν

j
f 1

n∑
j=1

E j
L ν

j
f 2

...
n∑

j=1
E j

L ν
j
f p



(23)

having the solution: 

Em

E f 1
E f 2

...
E f p


= [Q]−1

{L} (24)

where the notations:

[Q] =



n∑
j=1

(
ν

j
m

)2 n∑
j=1

ν
j
m ν

j
f 1

n∑
j=1

ν
j
m ν

j
f 2 . . . . . .

n∑
j=1

ν
j
m ν

j
f p

n∑
j=1

ν
j
m ν

j
f 1

n∑
j=1

(
ν

j
f 1

)2 n∑
j=1

ν
j
f 1 ν

j
f 2 . . . . . .

n∑
j=1

ν
j
f 1 ν

j
f p

...

...
n∑

j=1
ν

j
m ν

j
f p

n∑
j=1

ν
j
f 1 ν

j
f p

n∑
j=1

ν
j
f 2 ν

j
f p . . . . . .

n∑
j=1

(
ν

j
f p

)2


(25)
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{L} =



n∑
j=1

E j
Lν

j
m

n∑
j=1

E j
Lν

j
f 1

n∑
j=1

E j
Lν

j
f 2

...
n∑

j=1
E j

Lν
j
f p



(26)

were used.
The idea is to have as many measurements as possible. The higher the number of these

measurements, the more accurate the obtained solution will be. The solution will be influenced by the
ratio of each component and the equivalent global values of Young’s modulus. The advantage of this
solution is that it uses all of the information obtained after the measurements. More measurements
mean better and more exact results.

3.2. Using Measured Transverse Young’s Modulus

We have the problem of determining Young’s modulus of the composite in the direction
perpendicular to the length of the fiber. Note Young’s modulus in the direction perpendicular
to the global fiber (equivalent) is ET.

Consider that we have a set composed of n specimens, with a randomly cut cross-section and
with the axis along which the tensile/compression stress will be applied perpendicular to the direction
of the fibers (Figure 2). For the tested specimen j, there are the relations: Fj = Nj

m = Nj
f 1 = Nj

f 2 = . . . = N j
f p ;

∆lj = ∆ljm + ∆ljf 1 + ∆ljf 1 + . . .+ ∆l f p;
j = 1, n;i = 1, p; (27)

The shortening of these elements is:
∆l j

m =
N j

ml j
m

EmA =
F jl j

m
EmA ;

∆l j
f 1 = ∆l j

f 2 = . . . = ∆l j
f p =

N j
f 1l j

f 1
E f 1A =

N j
f 2l j

f 2
E f 2A = . . . =

N j
f pl j

f p
E f pA

j = 1, n; i = 1, p

(28)

from where we get the strain that belongs to these elements:
ε

j
m =

∆l j
m

l j
m

=
N j

m
EmA = F j

EmA ;

ε
j
f i =

∆l j
f i

l j
f i

=
N j

f i
E f iA

= F j

E f iA

, j = 1, n; i = 1, p. (29)

The total strain is:

εj =
∆lj

l j =
∆ljm
l j +

∆ljf 1

l j +
∆ljf 2

l j + . . .+
∆l f p

l j =

=
∆ljm
ljm
·

ljm
l j +

∆ljf 1

ljf 1

·
ljf 1

l j +
∆ljf 2

ljf 2

·
ljf 2

l j + . . .+
∆l j

f p

l j
f p

·
l j

f p

l j =

= ε
j
mν

j
m + ε

j
f 1 ν

j
f 1 + ε

j
f 1ν

j
f 2 + . . .+ ε f pν

j
f p; j = 1, n; i = 1, p

(30)
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where it is denoted:

ν
j
m =

l j
m

l j ; ν j
f 1 =

l j
f 1

l j ; ν j
f 2 =

l j
f 2

l j ; . . . ; ν j
f p =

l j
f p

l j ; j = 1, n; (31)
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Figure 2. Calculus schema for parallel-connected elements.

For the specimen j, using (29) and (30), it results:

ε j = ε
j
mν

j
m + ε

j
f 1 ν

j
f 1 + ε

j
f 1ν

j
f 2 + . . .+ ε f pν

j
f p =

= F j

EmAν
j
m + F j

E f 1Aν
j
f 1 +

F j

E f 2Aν
j
f 2 + . . . + F j

E f pAν
j
f p = F j

E j
TA

j = 1, n;
(32)

From (27) it obtains:

1

E j
T

=
ν

j
m

Em
+
ν

j
f 1

E f 1
+
ν

j
f 2

E f 2
+ . . . +

ν
j
f p

E f p
; j = 1, n; (33)

Relation (33) is the classical form for calculating the transverse Young’s modulus [3–5].
If n measurements are made, then we will have n of such relations. For each measurement,

the phase percentages can be determined, and the overall modulus of elasticity can be measured.
The problem is, knowing the percentage volumes of the p + 1 components for each test specimen and
the overall modulus of elasticity measured for all n specimens, to determine the moduli of the phases.
To determine these values, the least-squares method will be applied. This is how the objective function
will be built:

S =
n∑

j=1

 1

E j
T

−
ν

j
m

Em
−

ν
j
f 1

E f 1
−

ν
j
f 2

E f 2
− . . . −

ν
j
f p

E f p


2

; (34)
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and we will look for p + 1 values Em, E f 1, E f 2, . . . E f p so that the function S is minimal. The minimum
conditions for S will be expressed as

∂S
∂Em

= 2
n∑

j=1

 1
E j

T

−
ν

j
m

Em
−
ν

j
f 1

E f 1
−
ν

j
f 2

E f 2
− . . . −

ν f p, j
E f p

 ν j
m

E2
m
= 0;

∂S
∂E f 1

= 2
n∑

j=1

 1
E j

T

−
ν

j
m

Em
−
ν

j
f 1

E f 1
−
ν

j
f 2

E f 2
− . . . −

ν f p, j
E f p

 ν j
f 1

E2
f 1
= 0;

∂S
∂E f 2

= 2
n∑

j=1

 1
E j

T

−
ν

j
m

Em
−
ν

j
f 1

E f 1
−
ν

j
f 2

E f 2
− . . . −

ν f p, j
E f p

 ν f 2, j

E2
f 2

= 0;

∂S
∂E f p

= 2
n∑

j=1

 1
E j

T

−
ν

j
m

Em
−
ν

j
f 1

E f 1
−
ν

j
f 2

E f 2
− . . . −

ν f p, j
E f p

 ν f p, j

E2
f p

= 0

(35)

Conditions (35) lead to the linear system:

1
Em

n∑
j=1

ν2
m, j +

1
E f 1

n∑
j=1

ν
j
m ν

j
f 1 +

1
E f 2

n∑
j=1

ν
j
m ν

j
f 2 + . . . 1

E f p

n∑
j=1

ν
j
m ν

j
f p =

n∑
j=1

1
E j

T

ν
j
m;

1
Em

n∑
j=1

ν
j
m ν

j
f 1 +

1
E f 1

n∑
j=1

(
ν

j
f 1

)2
+ 1

E f 2

n∑
j=1

ν
j
f 1ν

j
f 2 + . . . + =

n∑
j=1

1
E j

T

ν
j
f 1;

1
Em

n∑
j=1

ν
j
m ν

j
f 2 +

1
E f 1

n∑
j=1

ν
j
f 1 ν

j
f 2 +

1
E f 2

n∑
j=1

(
ν

j
f 2

)2
+ . . . + =

n∑
j=1

1
E j

T

ν
j
f 2;

1
Em

n∑
j=1

ν
j
m ν

j
f p +

1
E f 1

n∑
j=1

ν
j
f 1 ν

j
f p +

1
E f 2

n∑
j=1

ν
j
f 2 ν

j
f p + . . . + 1

E f p

n∑
j=1

(
ν

j
f p

)2
=

n∑
j=1

1
E j

T

ν
j
f p

(36)

or: 

n∑
j=1

(
ν

j
m

)2 n∑
j=1

ν
j
mν

j
f 1

n∑
j=1

ν
j
mν

j
f 2 . . . . . .

n∑
j=1

ν
j
mν

j
f p

n∑
j=1

ν
j
m ν

j
f 1

n∑
j=1

(
ν

j
f 1

)2 n∑
j=1

ν
j
f 1ν

j
f 2 . . . . . .

n∑
j=1

ν
j
f 1 ν

j
f p

...

...
n∑

j=1
ν

j
m ν

j
f p

n∑
j=1

ν
j
f 1 ν

j
f p

n∑
j=1

ν
j
f 2 ν

j
f p . . . . . .

n∑
j=1

(
ν

j
f p

)2





1
Em
1

E f 1
...
...
1

E f p


=



n∑
j=1

ν
j
m

E j
T

n∑
j=1

ν
j
f 1

E j
T

...

...
n∑

j=1

ν
j
f p

E j
T



(37)

from where:



1
Em
1

E f 1
...
...
1

E f p


=



n∑
j=1

(
ν

j
m

)2 n∑
j=1

ν
j
mν

j
f 1

n∑
j=1

ν
j
mν

j
f 2 . . . . . .

n∑
j=1

ν
j
mν

j
f p

n∑
j=1

ν
j
m ν

j
f 1

n∑
j=1

(
ν

j
f 1

)2 n∑
j=1

ν
j
f 1 ν

j
f 2 . . . . . .

n∑
j=1

ν
j
f 1 ν

j
f p

...

...
n∑

j=1
ν

j
m ν

j
f p

n∑
j=1

ν
j
f 1 ν

j
f p

n∑
j=1

ν
j
f 2 ν

j
f p . . . . . .

n∑
j=1

(
ν

j
f p

)2



−1

n∑
j=1

ν
j
m

E j
T

n∑
j=1

ν
j
f 1

E j
T

...

...
n∑

j=1

ν
j
f p

E j
T



(38)

which depends on the proportion of the composite phases and the overall measured values of Young’s
modulus. The two elastic constants presented were analyzed for the reason that measurements could
be made on wood to determine these values for early wood and late wood. Experimental verification
of the proposed calculation method was thus performed.



Symmetry 2020, 12, 1607 10 of 13

4. Experimental Results

Wood is known to consist of two types of areas: wood formed in winter and wood formed
in summer [29–31]. We aimed to determine the modulus of elasticity for the two types of wood.
The mechanical tests were performed on wooden specimens containing both portions of summer
timber and portions of winter timber, in a certain proportion, each time different for another specimen.
The experimentally determined value for the transverse Young’s modulus provides an overall value
for the modulus; for each test piece, we obtained a different value because the percentages of the two
types of wood were different in different test specimens.

To determine the proportions of summer and winter wood, a cross-sectional image was captured
and then, using specific calculation programs, the percentages of the two types of wood were
determined. The picture was analyzed in the IMTOOL program (MATLAB), and the Measure Distance
tool measured the number of pixels over the distance of 250 mm.

The determination of the late wood area was done through a processing program, written in
MATLAB by the authors.

The first step in applying the procedure was to cut and read the picture of the section in MATLAB
(Figure 3, Step 1); then, the working area of the cropped image was marked by entering the coordinate
of the four corners. This was necessary because the specimens were not placed for shooting even in
the normal direction of the photographic lens, and the cut-out could only be done after a rectangle.
By counting the pixels in this marked area, the total area in pixels resulted (Step 2).
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Figure 3. Capture of a cross-section. Step 1.

The color samples were then taken to be able to mark the late wood. This sampling was performed
from one up to a maximum of five samples, until it was considered sufficient to mark areas with
late wood (Steps 3.1–3.3); Step 4 was image filtering to correct any staining in areas with early wood
(Figure 4).
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Figure 4. Step 4.

Determining the number of pixels, which marks the late wood area, respectively, established the
ratio between A/A2 the respective A/A1 pixels (Step 5).

To do this, we applied as an investigation method the Video Image Correlation (VIC-3D) that
is a full-field one. If we considered the 3D version, this practically eliminated all disadvantages or
limitations of the other experimental methods. The system consisted of two high-resolution video
cameras. The setup consisted of a tripod and a high-precision connecting rod, where the cameras were
fixed (see Figure 5).
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Figure 5. The Video Image Correlation (VIC)-3D setup.

Based on the mentioned procedure, each soft-wood specimen was prepared (sprayed in advance
with a water-soluble paint to obtain a non-uniform dotted surface).

During the compression tests, the captured images-pairs (by the two cameras) were stored and
analyzed by the VIC-3D software. In this sense, on the analyzed surface, an adequate number of points
were pre-selected. The test specimens were marked by numbers (1 . . . 15).
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The obtained information in displacements for each of these selected points allowed
the determination of their relative displacements, respectively, and the corresponding
shortening/elongations and from them, the adequate strains with a good accuracy.

During the compression tests, the force applied and the images captured by VIC-3D were correlated.
Finally, one obtained the diagram F- l for a class of specimens during the loading phase, respectively,
by using the adequate σ− ε curves. Based on an original image analyzer program, it became possible
to determine the early- and late-wood cross-sectional areas.

For example, we obtained A1 = 364.86 mm2; A2 = 35.14 mm2 for the specimen L8. As regards
specimen L6, we obtained A1 = 352.25 mm2; A2 = 47.75 mm2 and A1 = 364.86 mm2; A2 = 35.14 mm2

were the results for specimen L7. The corresponding Young’s moduli for the set of 15 test specimen
were as follows: ET = 2858.59 N/mm2; EL = 14, 486.36 N/mm2.

5. Conclusions

In the case of measurements made on composites, they take place on the composite materials we
work with. They are made up of several components and, what we measure represents the global
properties of the composite as a whole. For some applications, it may be necessary to know the
properties of the composite constituents. The problem then arises of how to determine these properties
using measurements of engineering constants of the composite as a whole. The paper presented a
method to determine, by measurements made on the composite material, the engineering constants.
An application was developed to establish the individual contribution of the annual rings of the wood
and their elastic properties. The advantage of this method consists in providing a better approach to
the elastic properties of the individual phase. Based on the measurement strategies presented, one can
determine the elastic constants of the soft-wood (for early and late rings and various types of wood
material) with an acceptable accuracy provided that we carry out a representative series of statistical
measurements. Accordingly, the designer has to take only the area ratio of the early and late annual
rings of the wood specimen used, and they can also predict by analytical or numerical calculus the
real loading capacity of that structure. The method is also valid if we have a composite made by
many phases.
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