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Highlights

e Buckling of porous functionally graded sandwich plates
according to power-law and sigmoid law

o Refined shear deformation plate theory

o Different porosity models

¢ Analysis carried out using analytical method

Abstract

Information

In this study, an advanced shear deformation plate theory is proposed to analyze the buckling
behaviour of functionally graded sandwich plates. A novel definition of porosity distribution which
accounts for both material composition and sandwich plate architecture, is included. The material
properties of the functionally graded material layers are assumed to vary continuously through
the plate thickness, described by either a power-law or sigmoid function based on the volume
fractions of materials. The core is a homogeneous ceramic layer, while the outer layers on both
sides are considered functionally graded across thickness. The virtual displacement principle is
used to formulate the governing equations. The Navier method is utilized to derive a closed-form
solution for a simply supported rectangular plate. Numerical results are provided to demonstrate
the influence of material distribution, sandwich plate geometry, and porosity on the buckling
loads of FG sandwich plates. The proposed theory is compared with results from previous studies
to validate the accuracy and reliability. The proposed theory is accurate and simple in solving the
buckling behavior of porous power-law and sigmoid functionally graded sandwich plates FGM
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plates.
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1. Introduction

Sandwich structures are developed and utilized over the
past fifty years due to their superior mechanical
properties such higher bending rigidity, low specific
weight,  vibration, isolation, and anti-fatigue
characteristics. These properties enable effective usage
of sandwich structures for large-scale civil infrastructure
projects such as bridges and industrial buildings.

Typical sandwich structures are made of two thin face
sheets and a core. Face sheets have high rigidity, such are
metal or laminated composite materials, whereas relative
thick, lightweight core, often consists of low-strength
material such as polymeric foam. Adhesive bonding is
used to join the components, ensuring efficient load
transfer within the structure.

Functionally graded materials (FGMs), a type of advanced
[1,2] inhomogeneous composites, were initially proposed
for eliminating thermal stress [3], have gained increasing
attention for their utility in high-temperature engineering
environments. To investigate the thermo-mechanical
behavior of FGMs, many studies have been conducted
focusing on understanding the mechanics and response
of FGM structures [4,5].

FGMs have been the subject of extensive research on
structural behavior and mechanics because of their wide
applications. The versatility of functionally graded (FG)
plates and shells made them particular interest. Shear
deformation plate theory, the finite-element method,
and energy methods, have been employed to examine FG
structures. Notably, Cheng and Batra [6] examined the
buckling and steady-state vibrations of simply supported
FG polygonal plates based on Reddy’s plate theory.
Meanwhile, Reddy [7] provided solutions for the static
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behavior of FG rectangular plates using his third-order
shear deformation plate theory. Praveen and Reddy [8]
further explored the nonlinear static and dynamic
responses of FG ceramic-metal plates using a plate finite
element that includes transverse shear strains, rotating
inertia, and relatively large rotations in the von Karman
sense.

FG sandwiches show promise in mitigating large
interfacial shear stress concentrations due to the gradual
variation of material properties at the face sheet-core
interface. Pan and Han [9] analyzed the static response of
multilayered rectangular plates made of FG anisotropic
and linear magneto-electro-elastic materials.

Micro-voids or porosities can occur due to the significant
differences in solidification temperatures between the
constituent materials during the process of FGM
manufacturing [10]. Wattanasakulpong et al. [11]
examined the porous FGM samples produced through a
multistep  sequential infiltration technique, and
Wattanasakulpong and Ungbhakorn [12] examined linear
and nonlinear vibration problems of elastically end-
restrained porous FG beams. Ould Larbi et al. [13] studied
in-plane bi-directional porous FG plates under various
boundary conditions for buckling problems, employing a
simple refined plate theory. Draouche et al. [14] studied
the impact of porosity and boundary conditions on the
dynamic properties of cracked FG plates. Ait Atmane et al.
[15] investigated effect of thickness stretching and
porosity on mechanical response of functionally graded
beams resting on elastic foundations. Recently Meski et
al. [16] used a simple refined plate theory for buckling
problems of in-plane bi-directional functionally graded
plates with porosity under various boundary conditions.
Nebab et al. [17] studied fundamental frequencies of
cracked FGM beams with influence of porosity and
Winkler/Pasternak/Kerr foundation support using a new
quasi-3D HSDT.

To our knowledge, there has been no investigation on
buckling power-law and sigmoid functionally graded
sandwich plates with porosity that uses the four-variable
refined plate theory (RPT). This study aims to conduct a
buckling analysis of power-law and sigmoid functionally
graded sandwich plates with porosity utilizing the RPT.
Power-law and sigmoid functions are widely used to
model material property variations due to mathematical
simplicity and practical advantage characterictics. The
power-law function is computationally efficient, while the
sigmoid function offers a smooth transition, ideal for
modeling gradual changes in material behavior, such as
the transition from elastic to plastic deformation. Unlike
any other theories, presented theory gives rise to only
four governing equations. The number of unknown
functions involved is only four, as against five in case of
simple shear deformation theories of Mindlin and
Reissner (first shear deformation theory). The material
property variation and porosity distribution are critical to

the buckling behavior of functionally graded sandwich
plates due to their direct impact on the mechanical
response and stability of the structure under load. To
investigate the effect of porosity, different porosity
models were used, where porosities are assumed to be
distributed along FG sandwich layers. The results are
compared with previous findings to represent the
influence of this approach, as well as the presentation of
new results that may serve as a basis for future works.

2. Problem formulation

A rectangular plate with the length a, width b, and a
uniform thickness A is shown in Figure 1.

I

5

Figure 1. Geometry of the rectangular FG sandwich plate with
uniform thickness in rectangular Cartesian coordinates

The plate is composed of a ceramic and metallic mixture,
with mechanical properties varying continuously in both
directions: x- and y-axes. The Cartesian coordinate system
is also shown in the Figure 1.

2.1. Power-law FG sandwich plate

Based on a power-law function (P-FG), the present plate
is composed of three layers: two FG layers and an
isotropic core. While the face layers are graded from
metal to ceramic, the core layer is made of ceramic. The
volume fraction V") of layer (n=l,2,3) can be

expressed as

-h
o z—h
(2) I —h (1a)
Vo(z)=1 (1b)
h n
yo(5)=| 2
- 19

2.2. Sigmoid FG sandwich plate

According to a sigmoid function, the volume fraction
varies through-the-thickness [18]:

Vl(l)(z):l Z_hl n

s hy<z<h 2
2\ hy, -y ) EEE )
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1(z-h )
O e RO
m 2

V(z)(z) =L h, <z<h, (2¢)

1(z=h Y
Vlm(z)zl——[z 3],h3gz£hn (2d)

2\ h, —hy
1(z-hn )
Vi z)==| —|.h,<z<h 2
(2) 2[hn_h4j ,<z<h, (2¢)
Where
h,=(h +h,))/2 and h, = (hy +h,)/2 (2f)

denotes the middle surface positions of the bottom and
the top layer, respectively.

3. Porosity-dependent FG sandwich plates

Numerous porosity distribution models have been
proposed by researchers to evaluate the effective
material properties of porous FG plate [12]. In this study,
four different porosity types are used, with the porosities
distributed independently within each FGM layer of the
sandwich.

3.1. Imperfect I: Even porosities (IP-1)

The FG sandwich plate is made of a blend of metal and
ceramic and the influence of porosity is included. The FG
sandwich layers have porosity which is evenly distributed,
and the core layer is nonporous ceramic. The effective

material properties I'" of layer 7 (n =1,2,3) with

evenly distributed porosities (imperfect I) are expressed
using the rule of mixture and can be stated as [18]

g
—=(,+T
2 ( c + m)

where & denotes the porosity coefficient (.§ << 1).

FC and Fm are the corresponding properties of the

ceramic and metal, respectively.

3.2 Imperfect ll: Uneven porosities (IP-Il)

The porosities distributed functionally across the
thickness direction of the FG sandwich as follows:

FOG)= (0 - E )T, ~S(r +r ) 1= 22l
2 hy—h @

r¥z)=(r. -1,y )+ T,

PO) = (- o), - (e 1o 22t
2 h—h

3.3 Imperfect lll: Logarithmic-uneven porosities (IP-111)

Based on a logarithmic function, IP-lll model can be
formulated as

2z-h-h,
r')=(r, -1, ")+, - 10g[1 + 5](11 +T, ){1 - Zhll}
2 b~ h
r(Z)(Z): (Ff _Fm )V(Z)(Z)+ Fm (5)
M= (-1 )T, —10g(1 ; 5)@( . pm){l 22”4’%}
2 by~ hy

3.4 Imperfect IV: Linear-uneven porosities (IP-VI)

At the outer surfaces of the sandwich, the density of
porosity is low and at the two interfaces positions, the
density of porosity is higher and changes across the FG
layers with linear function as

F(l)(z)

e o [

1 2

p(2)(2)

Pm(z)

(r.-T,V"()+r, (6)

b, Sl

4. Mathematical Formulation
4.1. Kinematic, strain and stress relations

The assumed field of displacements can be defined by the
subsequent equations [19]:

ow ow.
u(x, y,2) =ty (x,y) — 2 —2 — f(z) =
ox ox
ow ow.
WX, ,2) = vy (%, y) — 2 —2 — f(z)—= (7)

ay 0y
W(.X,y,Z):Wb(X,y)'i'WS(X,y)

In which upand vy denote the displacement functions of
the middle surfaces of the FG plate. Also, f{z) refers to the
variation of the transverse shear strain along with the
plate thickness. In this study
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f(z):z|:1+37ﬂsech(%) }—%htanh(%j (8)

The nonzero strains relating to the displacement field are:

&y & ky ky
gy p=1 8y r+ze kb t+ f(2)1 K}
b
7/xy 73?)/ kxy k;y
(9)
Yz Ve
{y }=g(z) >
7/xz ]/;Z
Where
2
5‘140 _a Wb
N
0
‘92 = ﬁ , kb = _M (10a)
ax Y 6)}2
7/0 Ouy Ov kb
Y x Ox0y
_szs
2
I o S o,
ky = _a»;s ,7” =g(2) O (10b)
oy s ow,
ks yXZ S
xy 5 aZWS ox
ox0oy
Then
o)-1-4E) 100

For elastic and isotropic FGMs, the constitutive relations
can be written as:

(n) ()

0, _Cu Gy 0 0 €,
o, c, C, 0 0| |e
. =0 0 C, 0 0 7y (11)
T, 0 0 0 Cy 0] |7.
o L0 0 0 0 Cgl |7y
where

C11(2)=(%), C,,(2) =vC,,(z) (12a)
and
Cay(2) = Cys(2) = Cyq (Z) = Zg(-f?/) (12b)

5. Governing equations

"By employing the principle of virtual displacements, the
governing equilibrium equations can be obtained. In the
present case, the virtual work principle provides

[ ] iz~ [ NowdQ =0 (13)

S an| tT0Y + rﬂﬁyyz 2

hi2 I:Gvé‘g\ + G);égy + Txyé‘yxy:l
with

N:NO 82(M}b-{—‘/‘}5)_’_1\70 az(wb+wx)+N0 az(wb+ws) (14)
* ox’ ! ’ Y oxoy

From Eqg. (13), the equilibrium equations can be
formulated by integrating the displacement gradients by
parts and setting the coefficients du,, &y 1 W, and ow,

independently to zero. Therefore, the equilibrium
equations associated with the present refined shear
deformation plate theory:

oN, ON
Suy: —~+—==0
ox Oy
N, oN,
Ovy: ——+ =0
ax 0y (15)
h oM M —
éwb:a L +2 —+——+N=0
Ox ox0y Oy
o*M* _O'M:, M 5sc. aS. —
Sw,: L) E4 S 4 N=0

s 2 + 2
Ox oxoy Oy ox 0y

The equations of equilibrium can be formulated in terms
of displacements. (1, V,, W, , W, ) and the appropriate

equations take the form:

2 2 2 3
(AIZ + AGG)M + A66 57\720 + Azz L‘;o - (BIZ + 2366)%
0x0y ox oy ox“0y (16a)
ow, s 63ws s s 63w5
_32273[)_322 3 _(Bi2+2Béa) > =0
oy oy ox"0y
2 2 2 3
(AIZ + A«,)% + AGGLVZO + Az 67‘}20 - (BIZ + 28{»6)%
Ox0y Ox oy ox’dy  (16b)
Ow . 0w, . 0w,
_Bzzigh_Bzz 3 _(BIZ+2B66) A =0
oy oy Ox~0y
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*u o, R v
BllaT;)"'(Blz"'zBéo)ﬁ (B +2B )5 Zao + 5y, ay;]
o'w o'w o'w o'w (16c)
b b b s s
_DHW_Z(DIZ-'—ZD%)W_ 22 8y4 M 8x4
s o\ 0w, s 0w, —
2(D12+2D66)a o - D}, > +N=0
8 3 3
g "4 (B +2Bg6)a”° (Bf7+2326)avo +B;76V3°
Ox oxdy? 0x“0y oy
s 6 Wl; ( s s ) a Wb s a Wb s 64WS (16d)
_Dn o 1 2D]2+2D66 W_Dzz 3}/4 R 8x4
4 oy 2 2 -
oy v amg) O g, Ty T T g
ox’oy’ o' Ox oy

6. The Solution of the Problem

In this section, an exact solution for the buckling analysis
of FG sandwich plates i.e. Egs. (16) is presented. The
boundary conditions for an arbitrary edge with simply
supported condition are:

Vo =W, =0w, /Oy =w, =0w, /0y =0 (17a)

at x=0,a

U, =w, =0w, /ox=w,=0w, /ox=0 (17b)

at y=0,b

The displacement functions that satisfy the equations of
boundary conditions (17) are selected as the following
Fourier series:

uO Umn COS(/,L X) SII]( H y)
1% 2 |V, sin( A x)cos
0 zz mn ( ) . (uy) (18)
W =1 n=1 bmn Sln( A x) Sln( H y)
W, W, S A X)si0( 12 )
Where U, V., W, and W_  are arbitrary

parametersand A=mx/a and u=nx/b.

By substituting Egs. (18) into Egs. (16), the analytical
solutions can be derived as:

Sll S12 S13 S14 Umn O
S12 S22 S23 S24 an — 0 (19)
S, S, Syu+k S,+k||w, [ 0
S, S 0

24S+kS+kW

smn

S

In which

S, = Au/12 + Ass/"2

S, =Au (Alz +A66)

S;y =—A(B, A" +(B, +2B,) i*)
Sy = _l(Blslﬂ*z +(Blsz +2B§6),u2)
Sy, = Aes/lz + Ay 1t

Shs :_:u((Blz "_2366)1“2 +Bzz'uz) (20)

Sy =—H ((Blsz +2B ) A+ By )

S, =D, A +2(D,, + 2D )A’ 1 + D, i’
Syy =DA% +2(Dyy +2D5 ) A2 4 + Dy, pt’

Sy =H)\A" + 2(H1S2 +2H ) A+ Hyp'
+AA” + A’

k=—-N, (/12 +]/,uz)

7. Numerical results and discussion

In this study, various examples are presented to illustrate
the effect of porosity on the buckling of FG sandwich
plates using the present RPT. The FG plate is made of
aluminum (Al) and alumina (Al,0s3) and the material
properties:

v=03
v=0.3

Ceramic (Alumina, Al20s): £, =380GPa,

Metal (Aluminum, Al):  E =70GPa,

For convenience, the following dimensionless variable is
applied to illustrate some numerical results graphically
and reported the other in tabular form. Non-dimensional
critical buckling load (NDCBL):

. 2

N f— N('I'?

100/4°E,

In which the reference values of Young’s modulus and
material density are taken as £y = 1 GPa.

Table 1 shows the influence of volume fraction index, 71,
the side-to thickness ratio, a/h, and the scheme of the
sandwich on the NDCBL of two models of FG sandwich
plates using CPT, FPT, TSDT, SSDT [20], simple higher-
order shear deformation theory of Daikh [21], and the
present RPT. It can be concluded that the NDCBLs
decrease with increase of 7. Results computed by the
proposed RPT are in good agreement with the results of
other HSDTs. Furthermore, it can be concluded that the



Hadji, Zouatnia & ikinci

Journal of Ceramics and Composites, 1(2), 2025

difference between the shear deformation theories and
the CPT decreases as the 7 increases.

In Table 2, the effect of the four models of porosities
distribution on the NDCBL of square P-FG and S-FG
sandwich plates is illustrated using the present refined
shear deformation theory. The porosity coefficient is

£=0.1, 0.2. Additionally, the
critical buckling load obtained for
imperfect plates with porosity coefficient & = 0.2is

chosen as
nondimensional

smaller than that for £ = 0.1regardless the porosity

model.
P-FG Sandwich
14+
1-0-1
12ﬂ\\y=0 1-1-1
4 --e- 121
10- “f-:\. 2-1-2
T o
N e e 2-1-1
N
a)
4 g,
.
0 T
0 1 3 8 10
n
S-FG Sandwich
14 1-0-1
1-1-1
121 1-2-1
2-1-2
10 —-e=2-2-1
y=0 2-1-1
. 8fea.
N e T
b) 6 S .kﬁi‘_*""‘
=1 T~ T-—=rTIII
4’P'r‘lf-fi.___;-_ ---------------------
| SIS TIITsDnmrnT
0
0 1 3 8 10

Figure 2. The variation of NDCBL of square a) P-FG and b) S-FG
sandwich plates versus 1 (a/h =10, ¥ =0, 1)

In Figure 2, the variation of NDCBL of P-FG and S-FG
sandwich plates versus the 7 using the present refined
theory is shown. The increase of 7 reduces the critical
buckling load values for all types of FG sandwich plates.
For values of m> 5, the critical buckling load nearly
remains constant. Note that P-FG and S-FG sandwich
plates with 1-2-1 scheme shows higher NDCBLs
compared to other FG sandwich schemes.

P-FG Sandwich (1-2-1)
14+

1 Perfect
12 1 _ IP-1
=0 - 1Pl
104 - IP-111
| . IP-1v
_ 84
N
a) 61 y=1
44  TINn T~ M eeeeao
2.
0 ‘
0 1 3 8 10
n
S-FG Sandwich (1-2-1)
14
Perfect
IP-I
121 = IP-lI
IP-1l
101 o IP-IV
y:
_ 84
N —
b) 6] T TITT e
ab r=t
2
0 , : - ,
0 1 3 8 10

n

Figure 3. The variation of NDCBL of perfect and porous square
a) P-FG, b) S-FG sandwich plate versus 7 (a/h =10, £=0.2)

The effects of 7 and porosity models on the NDCBLs of
FG square sandwich plates are shown in Figure 3. The
porosity coefficient is chosen as & = 0.2 . The perfect FG

plates have the highest NDCBL, while the IP-I FG plates
have the lowest. Some similar results are obtained for IP-
Il and IP-lll FG sandwiches. The n affects the critical
buckling load of P-FG sandwich plates more than S-FG
sandwich plates.

In Figure 4, the variation of NDCBLs versus the side-to-
thickness ratio, a/h, for perfect and imperfect porous
models are presented. The NDCBLs increase with
increasing a/h. The critical buckling load values are
highest for perfect FG plates, while lowest for the IP-I FG
plates for all a/h ratios.
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14.0- P-FG Sandwich (1-2-1)
Perfect
IP-1

- 1Pl
1P-111

10.0 1P-Iv

12.0

N 8.0ﬁ .......
a) 6.0/

404

2.0

2 6 12 20
a/h

14.0- S-FG Sandwich (1-2-1)
Perfect
1P-1

- 1Pl
1P-ll

10.0- 1P-IV

12.0

8.0

2|

4.04"

2.0

a/h

Figure 4. The variation of NDCBL of perfect and porous square
a) P-FG, b) S-FG sandwich plate versus a/h (n =1, £=0.2)

8. Conclusion

This paper investigates the mechanical buckling behavior
of porous FG sandwich plates using a refined shear
deformation theory. Two types of FG sandwich plates,
according to power-law and sigmoid-law were analyzed,
considering four different porosity distribution types and
accounting for both the material composition and
sandwich plate scheme. Governing equations for simply
supported FG sandwich plates are derived using the
refined shear deformation plate theory, and closed-form
solutions are obtained using Navier technique. The study
examines the effects of porosity, sandwich plate
geometry, and the inhomogeneity parameter on the
buckling behavior of the FG sandwich plates. Key findings
are summarized:

i. The results obtained using the current theory closely
match those from previous ones.

ii. Increasing the volume fraction index reduces the
non-dimensional critical buckling loads of FG sandwich
plates.

iii. The side-to-thickness ratio significantly affects the
critical buckling loads, where higher side-to-thickness

ratios result higher non-dimensional critical buckling
loads.

iv. Non-porous FG sandwich plates have the highest
non-dimensional critical buckling loads which decrease
with the increasing the porosity coefficient, regardless of
the porosity distribution.
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Table 1. Effects of volume fraction index on the non-dimensional biaxial buckling loads of an FG square sandwich plate (y= 1, a/h= 10)

n Theory 1-0-1 | 1-1-1 | 1-2-1 | 2-1-2 | 2-2-1 | 2-1-1
Present 6,5028 | 6,5028 | 6,5028 | 6,5028 | 6,5028 | 6,5028

Daikh et al. (2019 [21] | 6,5027 | 6,5027 | 6,5027 | 6,5027 | 6,5027 | 6,5027

0 SSDT (5 variable) [20] | 6,5030 | 6,5030 | 6,5030 | 6,5030 | 6,5030 | 6,5030
TSDT (5 variable) [20] | 6,5025 | 6,5025 | 6,5025 | 6,5025 | 6,5025 | 6,5025

FPT (5 variable) [20] | 6,5022 | 6,5022 | 6,5022 | 6,5022 | 6,5022 | 6,5022

CPT (3 variable) 6,8690 | 6,8690 | 6,8690 | 6,8690 | 6,8690 | 6,8690
Present 3,6826 | 4,2184 | 4,6083 | 3,9708 | 4,4051 | 4,1125

Daikh et al. (2019 [21] | 3,6825 | 4,2184 | 4,6083 | 3,9707 | 4,4050 | 4,1125

05 SSDT (5 variable) [20] | 3,6828 | 4,2186 | 4,6084 | 3,9710 | 4,4052 | 4,1127
TSDT (5 variable) [20] | 3,6822 | 4,2182 | 4,6084 | 3,9704 | 4,4050 | 4,1124

FPT (5 variable) [20] | 3,6687 | 4,2052 | 4,5976 | 3,9566 | 4,3934 | 4,1001
P-FGM CPT (3 variable) 3,8270 | 4,3903 | 4,8076 | 4,1280 | 4,5913 | 4,2811
Present 2,5840 | 3,2326 | 3,7532 | 2,9204 | 3,4748 | 3,0972

Daikh et al. (2019 [21] | 2,5839 | 3,2325 | 3,7532 | 2,9203 | 3,4748 | 3,0971

1 SSDT (5 variable) [20] | 2,5842 | 3,2327 | 3,7531 | 2,9206 | 3,4749 | 3,0973
TSDT (5 variable) [20] | 2,5836 | 3,2324 | 3,7533 | 2,9200 | 3,4747 | 3,0970

FPT (5 variable) [20] | 2,5712 | 3,2195 | 3,7418 | 2,9069 | 3,4629 | 3,0851

CPT (3 variable) 2,6662 | 3,3408 | 3,8920 | 3,0137 | 3,5983 | 3,2020
Present 1,3298 | 1,7902 | 2,3674 | 1,5218 | 2,0563 | 1,7021

Daikh et al. (2019 [21] | 1,3296 | 1,7901 | 2,3674 | 1,5217 | 2,0563 | 1,7020

5 SSDT (5 variable) [20] | 1,3300 | 1,7903 | 2,3674 | 1,5220 | 2,0564 | 1,7022
TSDT (5 variable) [20] | 1,3291 | 1,7898 | 2,3673 | 1,5213 | 2,0561 | 1,7018

FPT (5 variable) [20] 1,3192 | 1,7798 | 2,3574 | 1,5113 | 2,0464 | 1,6927

CPT (3 variable) 1,3654 | 1,8287 | 2,4286 | 1,5535 | 2,1062 | 1,7421
Present 3,8503 | 4,0053 | 4,2453 | 3,9135 | 4,1732 | 4,0357

Daikh et al. (2019 [21] | 3,8506 | 4,0062 | 4,2459 | 3,9144 | 4,1739 | 4,0363

0 SSDT (5 variable) [20] | 3,8505 | 4,0060 | 4,2457 | 3,9142 | 4,1737 | 4,0361
TSDT (5 variable) [20] | 3,8502 | 4,0037 | 4,2443 | 3,9119 | 4,1722 | 4,0349

FPT (5 variable) [20] | 3,8500 | 3,9836 | 4,2249 | 3,8954 | 4,1553 | 4,0220

CPT (3 variable) 4,0671 | 4,1709 | 4,4174 | 4,0896 | 4,3519 | 4,2230
Present 2,9728 | 3,4660 | 3,9012 | 3,2218 | 3,6870 | 3,3856

Daikh et al. (2019 [21] | 2,9732 | 3,4664 | 3,9014 | 3,2223 | 3,6873 | 3,3858

05 SSDT (5 variable) [20] | 2,9731 | 3,4662 | 3,9014 | 3,2221 | 3,6872 | 3,3858
TSDT (5 variable) [20] | 2,9723 | 3,4654 | 3,9011 | 3,2211 | 3,6867 | 3,3852

FPT (5 variable) [20] | 2,9598 | 3,4501 | 3,8873 | 3,2061 | 3,6731 | 3,3722
S-FGM CPT (3 variable) 3,0865 | 3,5898 | 4,0496 | 3,3364 | 3,8259 | 3,5123
Present 2,5840 | 3,2326 | 3,7531 | 2,9204 | 3,4748 | 3,0972

Daikh et al. (2019 [21] | 2,5839 | 3,2325 | 3,7532 | 2,9203 | 3,4748 | 3,0971

1 SSDT (5 variable) [20] | 2,5842 | 3,2327 | 3,7531 | 2,9206 | 3,4749 | 3,0973
TSDT (5 variable) [20] | 2,5836 | 3,2324 | 3,7533 | 2,9200 | 3,4747 | 3,0970

FPT (5 variable) [20] | 2,5712 | 3,2195 | 3,7418 | 2,9069 | 3,4629 | 3,0851

CPT (3 variable) 2,6662 | 3,3408 | 3,8920 | 3,0137 | 3,5983 | 3,2020

5 Present 2,0187 | 2,8972 | 3,5411 | 2,4856 | 3,1679 | 2,6757
Daikh et al. (2019 [21] | 2,0189 | 2,8971 | 3,5408 | 2,4856 | 3,1679 | 2,6758
SSDT (5 variable) [20] | 2,0188 | 2,8971 | 3,5409 | 2,4856 | 3,1679 | 2,6758
TSDT (5 variable) [20] | 2,0184 | 2,8974 | 3,5416 | 2,4856 | 3,1681 | 2,6757

FPT (5 variable) [20] | 2,0083 | 2,8878 | 3,5333 | 2,4756 | 3,1586 | 2,6658

CPT (3 variable) 2,0659 | 2,9850 | 3,6669 | 2,5526 | 3,2709 | 2,7526
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Table 2. Effects of porosity on the non-dimensional frequencies of FG square sandwich plate (a/h = 10, n= 2)

Porosity § 1-0-1 1-1-1 1-2-1 2-1-2 2-2-1 2-1-1
Perfect 0 1.7787 | 2.4046 | 2.9934 | 2.0824 | 2.6734 | 2.2704
0,1 1.3867 | 2.0290 | 2.6549 | 1.6941 | 2.3046 | 1.8787

Imperfect |
0,2 0.9930 | 1.6516 | 2.3147 | 1.3039 | 1.9296 | 1.4795
0,1 1.6077 | 2.2246 | 2.8275 | 1.9014 | 2.4969 | 2.0894

Imperfect i
P-FGM 0,2 1.4364 | 2.0441 | 2.6613 | 1.7199 | 2.3191 | 1.9069
0,1 1.6118 | 2.2289 | 2.8315 | 1.9058 | 2.5013 | 2.0939

Imperfect Il
0,2 1.4525 | 2.0611 | 2.6770 | 1.7370 | 2.3359 | 1.9241
0,1 1.6793 | 2.2747 | 2.8607 | 1.9631 | 2.5436 | 2.1496

Imperfect IV
0,2 1.5799 | 2.1446 | 2.7278 | 1.8438 | 2.4131 | 2.0283
Perfect 0 2.2554 | 3.0372 | 3.6295 | 2.6673 | 3.2963 | 2.8526
0,1 1.8637 | 2.6643 | 3.2937 | 2.2810 | 2.9358 | 2.4689

Imperfect |
0,2 1.4706 | 2.2898 | 2.9565 | 1.8931 | 2.5707 | 2.0798
0,1 2.0659 | 2.8528 | 3.4626 | 2.4775 | 3.1184 | 2.6648

Imperfect Il
S-FGM 0,2 1.8761 | 2.6680 | 3.2953 | 2.2874 | 2.9394 | 2.4759
0,1 2.0705 | 2.8572 | 3.4666 | 2.4821 | 3.1227 | 2.6694

Imperfect lll
0,2 1.8939 | 2.6854 | 3.3111 | 2.3053 | 2.9562 | 2.4936
0,1 2.1081 | 2.8795 | 3.4798 | 2.5115 | 3.1429 | 2.6976

Imperfect IV
0,2 1.9607 | 2.7216 | 3.3299 | 2.3555 | 2.9888 | 2.5420
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Abstract Information
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Highway pavement plays a critical role in the economic development of cities and nations, and
with proper design and maintenance, it supports sustainable transportation. Performance 19.01.2025

prediction models help evaluate the efficiency and durability of the road network, assisting in the
development of strategies for infrastructure improvements. These predictions are made using

Received in revised:

computer-aided modeling and simulation techniques, aiming to identify future maintenance 10.03.2025
needs. Non-destructive testing (NDT) methods are used to assess the condition of existing Accepted:
roadways and provide information about their physical state. These techniques are vital for 17.03.2025

preserving pavement performance and enhancing traffic safety. NDT methods typically do not
damage the materials being tested, and results can be obtained quickly, enabling efficient road
maintenance management. Backcalculation problems involve analyzing data obtained from
methods such as deflection testing to determine the mechanical properties of pavement
structures. These methods play a significant role in enhancing the sustainability and safety of
highway networks and contribute to the effective management of roadway maintenance. In this
study, the performance prediction of pavement structures is investigated through backcalculation
using data obtained from non-destructive deflection testing.

Keywords: Non-Destructive Deflection Testing, backcalculation method, performance prediction

1. Introduction

Asphalt is a composite material extensively utilized in road
engineering, consisting of a bitumen binder and mineral
aggregates combined in defined proportions. As a
multiphase and structurally heterogeneous material,
asphalt exemplifies the foundational concept of
composite materials: the integration of components with
differing physical or chemical properties to produce a
material with enhanced performance characteristics
compared to its individual constituents [1]. In asphalt,
bitumen imparts elasticity and flexibility, while mineral
aggregates contribute stiffness and load-bearing capacity.
The interaction between these two phases governs critical
performance attributes such as fatigue resistance,
deformation behavior, and temperature sensitivity [2,3].

The performance of asphalt can be further optimized
through the incorporation of additives such as polymers,
fibers, and nanomaterials, which enhance its thermal
stability and long-term durability [4,5]. Moreover, the use
of recycled materials including reclaimed asphalt
pavement (RAP) and plastic waste contributes not only to
economic efficiency but also to environmental
sustainability by promoting circular material use [6].

Pavement structures are typically constructed as
multilayered systems comprising subgrade, sub-base,
base, and surface layers. These layers function collectively
to distribute traffic loads and must be engineered to
perform reliably under diverse climatic and loading
conditions. Pavements are generally classified into three
categories: flexible, rigid, and composite [7]. Flexible
pavements, primarily composed of asphalt layers, are
cost-effective, easy to construct, and relatively simple to
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maintain, though they may be less suitable for heavy
traffic. In contrast, rigid pavements, typically made of
concrete slabs, offer superior durability and load
distribution capacity but entail higher construction and
maintenance costs. Composite pavements integrate
characteristics of both types, providing a balanced
approach by enhancing structural performance while
maintaining a reasonable cost profile [7].

Highway pavements represent a fundamental component
of transportation infrastructure, enabling safe and
efficient mobility for vehicles, cyclists, and pedestrians. In
addition to supporting mobility, they play a strategic role
in urban and national economic development. When
integrated with essential infrastructure elements such as
road markings, lighting, and traffic control systems, well-
designed pavements contribute significantly to road
safety, efficiency, and sustainability [8].

To ensure long-term performance and optimize resource
allocation, pavement performance prediction has
emerged as a key tool in infrastructure management.
Computer-aided modeling and simulation techniques
allow for the evaluation of pavement behavior under
traffic loading, aging processes, and environmental
influences. These models assist engineers and planners in
identifying future maintenance needs, anticipating
structural deficiencies, and assessing the impacts of
climate change on pavement systems [9].

In this context, composite pavements offer a particularly
effective solution by combining the structural advantages
of rigid pavements with the adaptability and smoothness
of flexible surfaces. They are especially suitable for
regions with weak subgrades and varying traffic demands,
offering a cost-effective yet durable alternative for long-
term infrastructure needs [10].

Non-Destructive Testing (NDT) methods have become
indispensable in modern pavement evaluation. These in-
situ techniques enable the assessment of subsurface
deformation and  structural integrity = without
compromising the pavement material. By employing
surface sensors and real-time data collection, NDT
facilitates periodic monitoring of pavement conditions,
thereby informing proactive maintenance strategies [11].
Compared to conventional laboratory testing, NDT is
faster, more economical, and allows for broader spatial
assessment. This is particularly valuable for aging highway
networks constructed in the 1960s and 1970s, many of
which are nearing or exceeding their design lifespans. By
offering detailed insights into existing conditions, NDT
supports more efficient resource use and maintenance
planning [12].

2. Performance Prediction of Pavement Structures Using
Back calculation from NDT

Pavements are fundamental infrastructure components
that ensure user comfort and safety. Accurate forecasting
of future conditions allows for proper budget planning for
maintenance activities. The evaluation of pavement
performance involves detailed analysis and is directly
related to ride quality and serviceability. Serviceability,
which reflects this relationship, considers both the riding
comfort and the pavement’s ability to provide service as
seen in Figure 1. Overall, pavement performance is
commonly associated with driver satisfaction [13].
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Figure 1. Serviceability degradation [14]

To evaluate the performance of pavement structures,
detailed section-level analysis is required. This analysis
includes ride quality and traffic data over a specific time
period. Pavements are assessed based on user
satisfaction or dissatisfaction in terms of ride quality, and
the outcomes of these assessments inform decisions
regarding maintenance, rehabilitation, or reconstruction.

Various methods have been developed for evaluating
structural capacity, which require measurements to
estimate the pavement's load-carrying ability and service
life. The results of these structural assessments can be
used to design improvement projects. Among both
destructive and non-destructive structural evaluation
methods, deflection measurement techniques are widely
used.

Non-destructive techniques are generally preferred due
to their lower cost, minimal traffic disruption, and
reduced impact on the pavement structure. However,
deflection measurements require appropriate equipment
and skilled personnel, making structural evaluation a
costly process. Therefore, a carefully planned strategy is
necessary for effective structural assessment. The
structural capacity of pavements can be evaluated non-
destructively using various deflection measurement
devices. These devices assess the structural response of
pavements based on different methods [14].

Highways are the most commonly used mode of
transportation worldwide and are designed to function
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with a certain degree of flexibility over time. However,
environmental conditions and mechanical loading can
lead to degradation of pavement structures. These
deteriorations not only affect traffic safety but also lead to
significant economic losses. Efforts to assess pavement
performance are carried out within the framework of
Pavement Management Systems (PMS) through models
such as the Present Serviceability Index (PSI), Pavement
Condition Index (PCl), and International Roughness Index
(IRI). These models aim to monitor pavement service
levels and enable timely interventions [15].

Performance modeling significantly impacts the lifespan,
design, and financial aspects of pavement management
systems. It constitutes an essential part of analyses
conducted both at the network and project levels.
Accurately determining pavement performance and
deterioration prediction is crucial for maintaining road
performance, keeping in mind that progressive
deterioration can increase costs over time. Since future
conditions cannot be precisely predicted, performance
curves are used for estimations at specific points in time.
A typical performance curve indicates the timing of
maintenance and rehabilitation based on anticipated
future pavement deterioration. Specific criteria must be
established to compare predicted performance with
actual measurements, which are generally based on
standards and specifications. The information required to
develop prediction models includes databases (such as
construction date, IRl value, PSI, RN, AADT, etc.),
parameters affecting deterioration, appropriate model
selection, and defining certain criteria. Thus, with a
suitable database and defined benchmarks, prediction
models for pavements can be developed [16].

The existence of systems to manage urban pavements is
inevitable. The most challenging step of these systems is
to determine the current performance of the pavements.
Existing performance can be quantitatively expressed
through various techniques and indices, although these
methods may require substantial infrastructure
investment. In national road networks, pavement
performance is generally assessed by device-based
measurements. These measurements commonly use the
International Roughness Index (IRI). Additionally,
deflection data are preferred in pavement evaluations.
Researchers often compare surface distress and/or
roughness data with vehicle vertical vibration data to
determine the current pavement performance [17].

Pavement performance refers to the ability of the
pavement to provide ride comfort and safety over time.

Performance evaluation requires data on surface
characteristics and structural strength. Pavement
characteristics are defined as physical properties,

including surface type, smoothness, texture, and skid
resistance. Pavement performance assessments are
conducted by comprehensively evaluating criteria such as
ride comfort, safety, surface integrity, structural adequacy,

and surface distresses. These evaluations are typically
based on pavement management system reports [18].

In recent years, the use of NDT methods has increased
significantly in  construction and environmental
engineering applications. Research into electrical,
electromagnetic, optical, and acoustic NDT techniques
has accelerated. The potential of these methods has been
extensively investigated, and they are widely used across
many fields [19].

Continuous monitoring of the pavement network plays an
important role in determining the structural performance.
In this monitoring process, deflection measurements are
commonly used to assess structural capacity. The Non-
Destructive Deflection Test is the most widespread
method for determining pavement structural condition
and detecting variable parameters of the pavement
structure. Results from this test help identify the
properties of pavement layers. Unlike destructive testing,
the Non-Destructive Deflection Test is performed without
stopping traffic or damaging the pavement, making it one
of the most reliable methods. The simple and fast falling
weight deflectometer used in NDT is widely applied to
both flexible and rigid pavements [20].

NDT methods are employed to assess existing pavement
structures without necessitating subsequent repairs.
These methods have two main advantages over
destructive testing: first, they allow in-situ evaluation
without causing damage or alteration to the materials.
Destructive methods may damage underlying layers and
require laboratory conditions. Second, non-destructive
methods enable faster, more economical testing with less
traffic disruption, allowing for a greater number of
measurements. These methods are preferred to minimize
traffic interruptions and to identify areas for laboratory
sample collection for further material property
evaluation. The focus is on determining the need for
destructive testing, the location of such testing, and on-
site. measurement of current pavement structural
conditions. These methods can assess structural or
functional conditions. While data collected by non-
destructive methods are objective, data analysis and
interpretation may be subjective. Examples include Falling
Weight Deflectometer, Dynamic Cone Penetrometer
(DCP), Ground Penetrating Radar, and Seismic Method
Devices [21].

Figure 2. Falling weight deflectometer [22]
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The Falling Weight Deflectometer (FWD) is a device used
for evaluating pavement structures. This device which is
seen in Figure 2 applies a transient load to the pavement
and measures the deflection values that occur under this
load. This method is utilized to determine the mechanical
properties of the pavement through back-calculation
techniques. The DCP is a method used to measure soil
strength is seen in Figure 3. However, it can also be
employed to identify sudden changes in strength within
pavement layers and to measure layer thickness. Ground
Penetrating Radar (GPR) seen in Figure 4, is a non-
destructive technique used to investigate the composition
and extent of materials. It is also used to determine layer
thicknesses of various pavements and to explore
subsurface areas. Its high-speed data collection capability
reduces traffic control needs and enhances safety. The
Spectral Analysis of Surface Waves (SASW) method is used
to evaluate pavement systems from a seismic perspective.
This technique analyzes the travel time and response of
Rayleigh waves to determine material properties [23].

These methods enable the integration of experimental
approaches that can be used for the evaluation and
performance monitoring of pavement structures. One of
the NDT methods, the DCP, can determine layer strength
without  excavation.  Similarly, the Lightweight
Deflectometer (LWD) is another method used to assess
the structural properties and performance of pavement
structures [24].

Ground Penetrating Radar test is used to estimate asphalt
concrete properties, while density and thickness
measurements are performed with the Falling Weight
Deflectometer test to assess the elastic modulus and
estimate elastic properties using Ultrasonic Pulse Velocity
(UPV). A small error and good correlation can be found
between NDT methods and standard tests. NDT methods
can be repeated numerous times, and with the latest
software, surface, subsurface, and volumetric indicators
can be detected more quickly and at relatively lower costs.

Figure 3. Dynamic cone penetrometer [25]

Figure 4. Ground penetrating radar [27]

In highway transportation, the use of innovative NDT
methods for in-situ evaluation of pavement structures is
increasing. GPR is a geophysical positioning technique
that uses radio waves to capture subsurface images in a
minimally invasive manner. It is also used to locate
structural objects and evaluate pavement materials, layer
thickness, and pavement characteristics.

The Falling Weight Deflectometer is an NDT method that
measures the vertical deflection response of pavement
layers. Its use is widespread in the pavement design
industry for identifying weak pavement areas, back-
calculating layer properties, and estimating the remaining
service life of the structure. The FWD simulates the effects
of wheel loads on concrete by generating impact forces
from various drop heights, and geophones and
seismometers are commonly used on transducers for
various applications following loading [20,26].

A reliable measurement method is necessary to
determine the effects of traffic and environmental
conditions on pavement structures over time. For this
purpose, the Falling Weight Deflectometer or more
complex Traffic Speed Deflection Devices can be used as
seen in Figure 5. Although FWD is an important tool for
structural evaluation, thickness data are also critical as
they are required for strain analysis and pavement
rehabilitation. In particular, FWD deflections, evaluated
together with pavement layer thicknesses, allow for the
analysis of the mechanical responses of the pavement,
enabling the condition of the pavement to be assessed
both individually and overall [28].

NDT aims to determine the physical integrity and quality
of the element while preventing deformation. NDT
methods can be applied under various conditions based
on different physical principles. These methods are faster
than destructive techniques and are widely used across
many fields. NDT applications can be conducted without
interrupting operational processes, and results are
generally obtained immediately. Selecting the most
appropriate method for testing material safety is crucial
and should be done considering various factors [29].
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The structural condition of pavement can be determined
non-destructively using the FWD. The FWD operates on
the principle of transient loading and evaluates the load-
carrying capacity of the pavement. In these devices, the
force is generated by a guided mass and transmitted to
the pavement as an impact load resembling a half-sine
wave. Loading is applied within a specific time interval and
frequency. The impact effect of the FWD is very close to
the effect of standard axle loads, and it provides more
reliable results than other NDT methods.

Due to temperature-dependent changes in flexible
pavements, the measured deflection values may need to
be corrected according to a reference temperature value
for accurate evaluation. In flexible pavement systems, the
durability of bituminous hot mix (BHM) layers varies
depending on factors such as temperature, loading
duration, and load magnitude. It should be noted that
during deflection measurements, the pavement
temperature is an important parameter to monitor. Since
the stiffness of asphalt layers changes with temperature,
changes in pavement temperature affect the deflections.
At higher temperatures, asphalt stiffness decreases,
causing deflections to increase [30].

Figure 5. Deflection measu}ement [11]

NDT utilizes various data acquisition devices and analysis
methods. These data are generally used to assess the
structural or functional condition of a pavement.
Engineers can calculate the strength of pavement layers
by using deflection basin data obtained from flexible
pavements and rigid center NDT tests. This analysis
method is commonly referred to as back calculation
because engineers typically perform the inverse of
traditional pavement design. Instead of determining the
thickness of each pavement layer, back calculation
generally solves for the pavement layer moduli based on
assumed uniform layer thicknesses.

NDT encompasses various measurement and analysis
techniques used to evaluate the current condition of
structural materials or components. This method allows
examination without altering the composition or shape of
the material. In recent years, especially in the fields of civil
and mechanical engineering, there has been increasing
interest in damage-free methods used to detect defects in
materials [31-33].

There are several models for estimating the remaining
service life of Bituminous Hot Mix (BHM) pavements.
These models are based on NDT methods that utilize
material properties. The structural condition of the
pavement depends on factors such as the structural
capacity of the superstructure, layer thickness, and
material properties. A widely used method to determine
the structural condition of highway pavements involves
measuring surface deflections of the pavement with a
NDT device. These data are essential for determining the
elastic parameters of pavement layers. To calculate elastic
moduli, the parameters affecting deflection values must
be known, and the relationship between these
parameters and deflection must be established; this
process is called back calculation. Deflection
measurements provide information about the current
condition of the pavement and are important for
understanding the relationship between material
properties and pavement performance. Data obtained
from NDT devices help determine the elastic parameters
of pavement layers. However, in addition to deflection
tests, data interpretation and analysis are critical and
these analyses can be used to identify pavement material
properties [11,19,30,34].

NDT methods are generally preferred for evaluating the
performance of flexible pavements. Among these
methods, the Falling Weight Deflectometer (FWD)
technique is the most commonly used. Using this method,
time-dependent deflection values caused by applied
loads are measured at multiple points along the
pavement. Performance evaluation of flexible pavements
is typically conducted for two main purposes: to provide
information about the physical condition of the existing
pavement and to verify the quality of newly constructed
pavement layers.

NDT methods are widely preferred for determining
mechanical properties because they do not damage the
pavement and provide rapid results. Using these
methods, the material properties of the pavement layers
can be measured at low strain levels. Back calculation
problems are considered optimization problems aiming to
identify the best model parameters that correspond to
known input-output data.

The back calculation process involves the mechanical
analysis  of surface deflections measured by
deflectometers. This process consists of two parts:
forward analysis and error correction algorithm. The
forward analysis computes deflections, while the error
correction algorithm calculates errors and updates the
modulus estimates.

For back calculation to be successful, the forward
computation model must produce accurate results, as
system performance depends on the accuracy of the input
and output data used [29,33,35].
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To achieve reliable results, a comprehensive analysis of all
influencing factors is essential. Factors such as sensor
configuration, base layer properties, connection spacing,
and temperature conditions must be taken into account
when interpreting backcalculation outcomes. The
measerement point accuracy as seen in Figure 6 and the
distance between the sensors in FWD is also important in
backcalculation. For rigid pavements, slab curling has
been identified as a critical factor affecting FWD
deflection measurements; therefore, its impact should be
considered during the interpretation of backcalculation
results.

B e e 2 5 2
Figure 6. Placement of the falling weight deflectometer on the
measurement point [12]

Various backcalculation methods exist for determining
base and subgrade moduli or subgrade reaction
coefficients (k) in rigid pavements, each possessing
distinct strengths and limitations. Inconsistencies among
these methods have been recognized as a significant
source of variation. Backcalculation procedures typically
require the modular ratio as an input parameter, which
should be established based on engineering judgment.

Backcalculated parameters for each deflection basin are
compared against corresponding average values. If a
backcalculated parameter deviates from the average by
more than two standard deviations, an appropriate flag is
raised. The primary goal of including the base layer in the
backcalculation analysis is to account for its structural
contribution to the overall pavement stiffness [36,37].

Accurately predicting the remaining service life of existing
flexible pavements can lead to substantial savings in
maintenance and rehabilitation costs. Backcalculation of
structural capacity from non-destructive test data
provides an efficient and cost-effective approach.
Deflection data obtained from FWD tests are used to
estimate the mechanical properties of pavement layers.
However, backcalculation algorithms can influence the
results, and many highway agencies worldwide still
employ simplified methods.

An iterative procedure is typically employed for
estimating pavement layer moduli through
backcalculation. NDT facilitates the application of a
mechanical approach in pavement design and
rehabilitation by measuring in-situ material properties
using appropriate techniques [38].

In flexible pavement systems, the backcalculation
problem primarily involves determining the elastic
modulus of individual layers as seen in Figure 7. Within
these computational algorithms, the layer thicknesses
and Poisson's ratio are considered known parameters.
Initially, an elastic modulus value is assigned to each layer.
A forward calculation is then performed using these
values, and the computed deformation values are
compared to the measured data. If the difference exceeds
a specified tolerance, the elastic moduli are adjusted and
the process repeats iteratively until the results fall within
the acceptable tolerance. The initial guesses for elastic
moduli significantly affect the convergence rate of the
backcalculation procedure. The accuracy of the derived
elastic moduli depends on the reliability of known
pavement properties, and the goal is to minimize the
discrepancy between measured and calculated
deformations within a defined tolerance [40,41].
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Figure 7. Layers in flexible pavements [39]

In summary, backcalculation is a widely used technique in
engineering and materials science. This approach typically
involves utilizing experimental data to infer material or
structural properties. For instance, data obtained from
experimental tests on a structure or material are analyzed
via backcalculation algorithms. Through this analysis,
structural parameters or material characteristics such as
elastic modulus, strength, or thermal conductivity can be
determined. Backcalculation is particularly valuable in
complex structural systems or materials where direct

measurement is challenging [42]. It facilitates
understanding and predicting material behavior by
analyzing experimental results. Additionally,

backcalculation is extensively applied in engineering
design and optimization processes, as the insights gained
enhance the robustness and evidence-based nature of
decision-making.

3. Conclusion

This study focuses on NDT methods employed for
evaluating pavement performance. It highlights the
significance of NDT approaches and explains how these
methods are implemented through various techniques.
The non-invasive nature of these tests offers numerous
advantages for pavement assessment and performance
monitoring. The importance of NDT methods in
construction and pavement engineering fields is
emphasized.
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Among NDT techniques, the Falling Weight Deflectometer
is one of the preferred methods for assessing the
performance of flexible pavements. The results section
underlines the crucial role of NDT methods in effectively
evaluating pavement performance. Furthermore, the
potential of these methods for future research and
practical applications is acknowledged. Ultimately, NDT
methods are identified as vital tools for ensuring the

safety, durability, and sustainability of pavement
structures, and their effective utilization is considered an
essential requirement for pavement infrastructure
management.

Backcalculation refers to an analytical approach used to
determine structural or material properties by processing
experimental data in a reverse manner. For example, to
identify the elastic characteristics of a material, different
loads are applied and the resulting deformations are
measured. These experimental measurements are then
processed through backcalculation algorithms to estimate
properties such as the elastic modulus. This method is
particularly useful in cases where direct measurements
are difficult, providing a computational means to
understand and predict material behavior based on
empirical data.
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Highlights

e Higher WFS ratios tend to reduce Marshall stability and MQ
values

o The addition of WFS improves flow levels and VFA

o WFS offers environmental benefits, its incorporation needs
careful consideration to maintain asphalt durability.

Abstract Information
This study investigates the use of Waste Foundry Sand (WFS), a byproduct of the metal casting Received:
industry, as a partial replacement for fine mineral aggregates in asphalt concrete production. WFS 19.01.2025

is often discarded as waste, contributing to environmental concerns in landfills. However, its
composition and gradation make it a promising alternative material for road construction,
offering both cost and ecological benefits. It is noteworthy that Turkiye is an important metal
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casting producer in Europe and the world, yet there aren't many studies on this topic. The
predominant domain of waste material utilization is the road sector, and the objective of this Accepted:
study was to examine the potential benefits and constraints of integrating WFS into asphalt 17.03.2025

mixtures. In this study, several asphalt mixes were prepared with varying percentages of WFS
sourced from foundries in Tiirkiye, and tested using the Marshall Mix Design method. In levels
not previously explored in the literature, 5 different WFS replacement ratios (0%, 3%, 6%, 9% and
12%) and 6 different bitumen contents (ranging between 3.5% to 6%) were tested, resulting in a
total of 36 different mix ratios. The results indicated that as WFS content increased, the flow and
elasticity values increased, while a reduction in Marshall stability and Marshall Quotient (MQ)
values was observed. Mixes with 9% WFS content exhibited the best performance in terms of
flow, while high WFS contents negatively impacted stability and MQ values. These findings
suggest that WFS could be a viable material for asphalt concrete; however, careful optimization
is necessary to balance performance, cost, and environmental impact. Furthermore, the
variability of WFS quality and its long-term performance effects warrant further investigation.

Keywords: Waste foundry sand, Fine aggregate replacement, Asphalt concrete, Environmental sustainability

1. Introduction

Asphalt concrete, composed of approximately 90%
mineral aggregates by weight, relies on the properties of
these aggregates to determine the performance and
durability of flexible pavements under traffic and climatic
stresses [1]. While modified asphalt improves
performance, it also increases costs. On the other hand,
using waste materials offers a cost-effective and
environmentally friendly alternative [2]. The growing
accumulation of waste has raised concerns about
environmental conservation, driving the exploration of
new recycling methods, particularly for industrial and

urban solid waste [3]. Highway engineering, with its
substantial demand for raw materials, holds significant
potential for such practices [4].

According to global casting production statistics, Tirkiye
is the third-largest metal casting producer in Europe and
the eleventh-largest worldwide. Turkiye’s Ministry of
Environment and Urbanization’s Guide Document for the
casting sector states that for every ton of metal casting
produced, 0.2-0.5 tons of casting waste is generated, with
65% of this waste originating from WFS [5]. Due to the
metals absorbed during the casting process and
associated environmental concerns, WFS is often
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considered waste and disposed of in landfills. However,
WEFS possesses suitable engineering properties, making it
reusable in the field of civil engineering

WEFS typically lack plasticity, with a material percentage
smaller than 0.075 mm ranging from 5-12%. Their grain
size distribution is uniform, and their shape is generally
round to semi-angular. Due to their similarities to natural
sand, WFS can effectively replace aggregates in various
construction and geotechnical applications. These include
its use as fine aggregates in asphalt concrete, hot mix
asphalt, road construction, fills, retaining structures,
hydraulic barriers, cover layers, backfills, pipe bedding,
and in the production of construction materials such as
cement, concrete, flowing fills, bricks, blocks, and paving
stones [6].

Currently, approximately 60 million tons of WFS are
produced globally each vyear, leading to significant
environmental issues due to improper disposal and
limited landfill space. Although classified as non-
hazardous, WFS's chemical composition poses potential
environmental risks. Studies have shown that
incorporating WFS into hot mix asphalt (HMA) reduces
these environmental threats, as the asphalt binder
encapsulates harmful substances, ensuring compliance
with major environmental standards [7].

Dyer et al. (2018) investigated the use of WFS as a
replacement for fine aggregate in hot mix asphalt (HMA),
with substitution rates of 50% and 100% by weight [8].
Physical, mechanical, and microscopic analyses
demonstrated that WFS-containing HMA met AASHTO
standards, with the asphalt matrix encapsulating
hazardous substances and mitigating environmental risks.
While WFS mixtures required higher asphalt binder
content compared to control mixtures, they exhibited
similar mechanical properties, highlighting both their
technical viability and environmental sustainability for
asphalt pavement applications.

Shuaibu et al. (2019) explored the use of WFS as a partial
replacement for cement as filler in asphalt concrete, with
substitution levels up to 60% [9]. Using the Marshall
design method, they determined an optimum bitumen
content (OBC) of 5.5%, and the mix with 60% WFS
demonstrated satisfactory strength and durability
properties, meeting Nigerian General Specification for
Roads and Bridges (NGSRB) requirements for flexible
pavement wearing courses. The study highlighted the
potential of WFS to conserve primary materials, reduce
landfill waste, and provide a cost-effective, sustainable
alternative filler for asphalt concrete.

Dyer et al. (2020) investigated the use of WFS as a
substitute for manufactured sand in hot mix asphalt
(HMA) at replacement rates of 25%, 50%, 75%, and 100%,
using materials from industrial landfills and active
foundries [10]. Their findings showed that the mechanical

performance of WFS-containing HMA, assessed through
splitting tensile strength and resilient modulus tests, was
comparable to conventional mixtures up to certain
replacement levels. While the study demonstrated the
technical and environmental feasibility of using WFS in
asphalt pavements, it did not explore low replacement
percentages (3—12%) and lacked data on stability, flow,
and Marshall Quotient (MQ) across varying bitumen
contents and WFS ratios.

After a comprehensive review, Dyer and Lima (2022)
emphasized that using WFS as an aggregate in HMA
represents an area for continued research, as real-world
applications are needed to contribute to a circular
economy in the construction industry and mitigate the
effects of its accelerated growth [11].

Gambalonga et al. (2023) evaluated the incorporation of
WFS, obtained from automotive parts manufacturing,
into asphalt mixtures, focusing on three WFS types:
molding sand (MS), fine dust (FDE), and a laboratory-
prepared blend (BL, 80% MS and 20% FDE) [12]. Using the
Marshall method, they found that mixtures with 10% BL
and 5% asphalt binder content achieved optimal
mechanical properties (e.g., stability of 658 kgf, 3.3% air
void volume) while meeting technical and environmental
standards. Their study highlighted the feasibility of using
WFS in asphalt mixtures but emphasized that results
depend on the WFS generation process and project-
specific requirements. Although not explicitly highlighted
in the conclusions, the presented graphs indicate that
samples without WFS exhibit significantly higher Marshall
stability values across various bitumen contents
compared to those containing WFS.

WFS is a byproduct of the metal casting industry, and its
potential for reuse has gained increasing recognition in
recent years. Typically, WFS is generated when foundry
sands, after multiple cycles of use, can no longer be
effectively recycled in casting processes. Historically, WFS
has been disposed of in landfills, contributing to
environmental pollution. However, due to its composition
and granulation, WFS is becoming an attractive option for
reuse, particularly in road construction, soil stabilization,
and other civil engineering applications. Reusing WFS not
only mitigates environmental impacts but also reduces
reliance on natural resources, thus providing both
economic and ecological benefits.

The primary objective of this research was to assess the
performance characteristics of asphalt mixtures
incorporating Waste Foundry Slag (WFS) by evaluating
key material properties and conducting various
laboratory tests. As documented in the literature and
emphasized by previous studies, a significant gap exists in
research regarding the mechanical properties of Hot Mix
Asphalt (HMA) containing WFS [7]. Moreover, there is a
notable scarcity of studies on this subject within Tarkiye,
despite the country ranking as the third-largest metal
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casting producer in Europe and the eleventh-largest
globally. Given the widespread use of bitumen in
Turkiye’s metal production sector, this study sought to
explore the potential advantages and limitations of
incorporating WFS into asphalt mixtures. To achieve this,
various samples were fabricated using different bitumen
contents and replacement levels, some of which have not
been explored in the existing body of literature.
Preliminary assessments were carried out through well-
established Marshall design tests, thereby contributing
valuable insights into the feasibility of using WFS in
asphalt concrete.

2. Materials
2.1. Waste Foundry Sand (WFS)

In this study, WFS from the process of a casting company
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Figure 1. Granulometry curve of the used aggregates

Table 2. Characteristics of the limestone aggregate

serving the vehicle, machinery, and equipment Requirements . c
manufacturing sectors in Bursa and Manisa, Tirkiye, was Test for binder Filler A'g"ge Z::e
utilized. The collected material was sieved through cource
granulometric screens, and the passing No. 4 sieve was _
incorporated into mixtures at varying proportions. Flakiness Index (%) <3 i 8.4
Table;é‘(lseradation of the WFS Bulk 5{’;;5:13()3”""‘\' N 2.738 | 2.616 | 2.662
Designati 3/8” #4 #10 #40 #80 #200
esignation LA Fragmentation
25 - - 19.76
Nominal (%) )
Sieve Nicholson Stripping ) ) g
_ 9.51 | 4.76 | 2.00 | 0.420 | 0.177 | 0.074 (%) > 30 70-80
Opening Freeze-Thaw <12 ) ) 0.12
(mm) Resistance (%) ’
Percentage
Passing. % 99,9 | 99,5 | 99,5 | 95,1 44,0 11,4
& » 3. Experimental Programmes

2.2. Mineral Aggregates

A specific type of limestone was utilized as coarse and fine
aggregate in asphalt concrete production. The crushed
aggregate was sourced from the Birilingliz quarry located
in Kayseri, Tlrkiye. The materials were classified into
fractions of 0/5, 5/12.5, and 12.5/19.5 mm. Table 2
presents the physical and mechanical properties of the
limestone aggregate used in this study, along with the
binder

specifications as per the relevant TS EN standards.

corresponding  requirements  for course

To assess the feasibility of utilizing WFS in the binder
course of asphalt concrete, WFS passing through a 4.75
mm sieve (#4) was used as a partial replacement for
mineral aggregates of the same size. The replacement
ratios were adjusted based on varying percentages of
WFS. For each mixture containing WFS, the Marshall Mix
design method was employed to produce asphalt
concrete. Subsequently, Marshall Stability and flow tests
were conducted to evaluate the mechanical properties of
the mixtures. Asphalt mixtures were prepared with
varying WFS content at 3.0%, 6.0%, 9.0%, and 12.0% by
weight of the dry mix. The limestone aggregate ratios and
WES ratios (%) are provided in Table 3.
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Table 3. Specimen code of asphalt concrete for each mix design

Specimen Limeston'e Aggregate WFS Ratios (%)
Codes Ratios (%)
M1 100 0
M2 97 3
M3 94 6
M4 o1 S
M5 88 12
3.1. Mix Design

Limestone and WFS aggregates, along with 50/70
penetration grade asphalt, were used to fabricate the
asphalt concrete specimens. The bitumen utilized in this
study was pure 50-70 penetration grade, produced by the
TUPRAS Company in Tirkiye. The characteristics of the
bitumen were verified in accordance with ASTM
standards. The bitumen had a penetration grade of 57,
and its bulk specific gravity was 1.027. The aggregate
gradation for all mixtures was selected based on the
guidelines set by the Turkish General Directorate of
Highways (KGM). For the standard Marshall specimens,
the total weight of the aggregate was adjusted to 1150 g.
Additionally, seventy-five blows were applied to compact
the specimens, ensuring the appropriate density for
testing.

3.2. Marshall Stability Test

The asphalt mixtures were designed using the standard
Marshall Mix design procedure. Specimens were 10.16
c¢cm in diameter and 6.35 cm thick. Tests included bulk
specific gravity, performance (stability and flow), and
maximum theoretical specific gravity. Specimens were
prepared with bitumen ratios of 3.5%, 4.0%, 4.5%, 5.0%,
5.5%, and 6.0%.

4. Results And Discussion

The results are presented in Figures 2—8. Figure 2 depicts
the bulk specific gravity values of compacted hot mix
asphalt (Gmp) in g/cm? on the vertical axis for specimens
with varying WFS ratios, plotted against bitumen content
percentages on the horizontal axis. Gmp, plays a crucial role
in determining the volumetric properties of the mixtures,
including Voids in Total Mix (VTM), Voids in Mineral
Aggregate (VMA), and Voids Filled with Bitumen (VFB) or
Filled with Asphalt (VFA) [13]. However, preliminary
evaluations can also be made using these Gn, values. The
results indicate that Gmp values increased with bitumen
content up to 5.5%, after which they plateaued, showing
no significant further increase at higher bitumen
contents. Notably, specimens with 0% WFS consistently
exhibited the lowest G, values across nearly all bitumen
content levels. While the highest Gn, values were
occasionally observed at 12% WFS for certain bitumen

contents, in most cases, the maximum G, values
occurred at 9% WFS. Beyond this range, both higher and
lower WFS ratios led to a reduction in Gnp values.
However, some preliminary evaluation can be made using
these G values. As observed, the G, values increased
with bitumen content up to 5.5%, where they reached a
plateau, and no further increase was recorded with higher
bitumen contents. Notably, the lowest G, values were
consistently observed in specimens with 0% WFS across
nearly all bitumen content levels. Furthermore, while the
highest G, values were achieved at 12% WFS for a few
bitumen contents, most cases exhibited maximum Gmp
values at 9% WFS. Beyond this range, both higher and
lower WFS ratios resulted in reduced G values.

Bulk Specific Gravity (gr/cm3)

-
.
A%G6WFS _|
L]
X
6

3.00 350 4.00 450 5.00 5.50

Bitumen Content (%)

Figure 2. Variation of bulk specific gravity (Gmp) values (g/cm?)
with bitumen content for specimens containing different WFS
ratios

Figure 3 shows the relationship between bitumen content
(%) on the horizontal axis and VFA (%) on the vertical axis
for specimens with varying WFS ratios. VFA indicates the
percentage of VMA filled with asphalt binder instead of
air voids. Maintaining sufficient air voids prevents
bleeding by allowing asphalt to compress without forcing
binder out from between the aggregate particles. If VFA is
too high, the binder has no space to move during
pavement compression, causing potential issues.
According to Asphalt Institute criteria, the VFA should be
between 65% and 80%, depending on traffic load. For
heavy traffic, it is recommended to maintain VFA values
within the 65-75% range. As seen in Figure 3, VFA values
increase proportionally with bitumen content. Specimens
with 0% WFS consistently exhibit the lowest VFA values,
while those with 9% WFS achieve the highest.

100.0

VFA (%)

% 0 WFS

% 3 WFS

.
.
.22
5 A% 6WFS
%9 WFS
X

% 12 WFS
I

3.00 350 4.00 4.50 5.00 550 6.00 6.50

Bitumen Content (%)

Figure 3. Variation of voids filled with asphalt (VFA, %) with
bitumen content (%) for mixtures containing different WFS
ratios
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Figure 4 illustrates the relationship between bitumen
content (%) on the horizontal axis and VMA (%) on the
vertical axis for specimens with varying WFS ratios. The
VMA values initially decrease with increasing bitumen
content, stabilizing around 4.5-5.5%, and then begin to
increase with further increases in bitumen content.
Among the WFS ratios, 0% WFS consistently exhibits the
highest VMA values across all bitumen content levels,
while the bitumen content corresponding to the
minimum VMA varies based on the WFS ratio. The
reduction in VMA values can be attributed to the finer
particle sizes and smoother, more spherical surface
texture of WFS compared to crushed limestone sand.
Crushed limestone sand, being more angular, has a higher
void content, which contributes to a higher VMA. In
contrast, the smoother, rounded characteristics of WFS
particles reduce the void content, leading to a decrease in
VMA.

140

VMA (%)

%0 WFS
%3 WFS

125 + A% 6 WFS

%9 WFS

X% 12 WFS

3.00 3.50 4.00 450 5.00 5.50 6.00 6.50
Bitumen Content (%)
Figure 4. Variation of voids in mineral aggregates (VMA, %)
with bitumen content (%) for mixtures containing different
WES ratios

Figure 5 illustrates the flow levels (mm) for varying
bitumen contents (%) at each WFS ratio. The results show
that flow levels increase with rising bitumen content
across all WFS ratios. The highest flow values are
observed for 12% WFS, followed by 9% WFS, while the
lowest flow levels are consistently recorded at 0% WFS for
all bitumen contents. These results align with previous
findings. The increase in flow values can be attributed to
the smoother, more spherical surface texture of WFS
compared to crushed limestone sand. Crushed limestone
sand, being more angular, restricts flow, contributing to a
lower flow value. In contrast, the smoother, rounded
characteristics of WFS particles enhance the flow. The
flow value needs to be maintained within an optimal
range, as higher flow values lead to plastic behavior in the
mixture, while lower flow values may result in durability
issues [14]. It is observed that, while the flow increases
with bitumen content in the control sample with 0% WFS,
the flow level achieved at 6% bitumen content in the
control specimen is easily reached at just 3.5% bitumen
content in specimens with 9-12% WFS. Therefore, it is
evident that the incorporation of WFS enhances the flow
values of the specimens. Consequently, it is imperative to
exercise caution with regard to potential durability
concerns and long-term loading conditions.

%0 WFS

®%3 WFS
40

4% 6 WFS iz

%9 WFS

[ x%i2wrs

Flow (mm)

Bitumen Content (%)

Figure 5. Flow levels (mm) as a function of bitumen content (%)
for mixtures with varying WFS ratios

Figure 6 presents the Marshall stability measurements
(kN) for various bitumen contents (%) and WFS ratios. The
results indicate that stability values increase with bitumen
content up to a certain point, after which they plateau
and then decrease. The highest stability values are
observed within the bitumen content range of 4.35% to
5%. Notably, the highest stability values across all
bitumen contents are achieved with 0% WFS, followed by
3% WFS and 6% WFS. It is also evident that as the WFS
ratio increases, the stability values generally decrease.
These findings are consistent with previous results. The
reduction in stability values can be attributed to the
smoother, more spherical surface texture of WFS
compared to crushed limestone sand. Crushed limestone
sand, being more angular, enhances stability, contributing
to a higher stability value. In contrast, the smoother,
rounded characteristics of WFS particles decrease
stability, leading to lower stability values. However, a
stability value of 8 kN is typically sufficient for most road
designs, including those under heavy load conditions [11].
On the other hand, it is important to note that Marshall
stability may not always correlate with the long-term
stability of an asphalt mixture in pavement performance.
Therefore, although WFS usage results in a significant
reduction in stability values, it is still possible to develop a
design that satisfies the minimum project requirements
by considering other important benefits provided by WFS.
Nonetheless, it is crucial to ensure that project stability
requirements are met, and attention should be given to
potential performance reductions under long-term
loading conditions.

180 T
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=
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Figure 6. Marshall stability (kN) values for mixtures with
varying bitumen contents (%) and WFS ratios
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Figure 7 presents the Marshall Quotient (MQ)
measurements (kN/mm) for varying bitumen contents
(%) and WFS ratios. The data shows that MQ values
generally decrease as bitumen content increases. The
highest MQ values are observed at 0% WFS, followed by
3% WFS and 6% WFS. Additionally, it is clear that MQ
values tend to decrease as the WFS ratio increases. These
findings are consistent with previous observations, where
increasing WFS content leads to a decrease in stability,
while flow values rise. Since the Marshall Quotient is the
ratio of stability to flow, WFS usage further reduces the
quotient (due to both a decrease in the numerator and an
increase in the denominator). Literature suggests that the
Marshall Quotient provides valuable insight into the
stiffness modulus of the mixture and serves as an
important indicator for predicting fatigue life (i.e., the
higher the stiffness, the longer the fatigue life) [15].
Therefore, although WFS usage significantly enhances
flow values, designers must ensure that project stability
and MQ requirements are met, especially under long-
term or high-cycle loading conditions.

% 0 WFS

% 3 WFS

T
-
.
\ A% 6 WFS
™\
=
X

%9 WFS

% 12 WFS

Marshall Quotient (kN/mm)

Bitumen Content (%)

Figure 7. Marshall Quotient (MQ) values (kN/mm) for various
bitumen contents (%) and WFS ratios

5. Conclusion and Recommendation

In this study, the potential of WFS in asphalt concrete
production was investigated. WFS was sourced from
casting companies in Bursa and Manisa, Tirkiye, and
sieved to isolate material passing No.4 sieve. This material
was then incorporated into asphalt mixtures at varying
proportions. The Marshall Mix Design method was
applied to prepare the asphalt mixtures, and the impact
of bitumen content on the performance of WFS-modified
asphalt mixtures was evaluated through Marshall Design
tests. The bulk specific gravity, voids filled with asphalt,
and Marshall stability values were all affected by the
proportion of WFS, with certain mixtures exhibiting
improved characteristics at specific WFS content levels.
Based on the results, the study makes the following key
observations:

-Bulk specific gravity (Gmo) values increased with bitumen
content up to 5.5%, plateaued thereafter, with the lowest
values observed at 0% WFS. The highest Gmp, values were
generally achieved at 9% WFS.

-Voids filled with asphalt (VFA) values increased
proportionally with bitumen content, with 9% WFS
consistently yielding the highest VFA values, while 0%
WEFS produced the lowest values. Conversely, voids in
mineral aggregates (VMA) values initially decreased with
rising bitumen content but stabilized around 4.5%-5.5%.
The highest VMA values were consistently observed at 0%
WFS, which is essential for predicting the durability and
performance of hot-mix asphalt pavement.

-Flow levels increased with rising bitumen content across
all WFS ratios, with the highest flow values observed at
12% WFS and the lowest at 0% WFS. Since flow indicates
the plasticity and flexibility of the asphalt mixture, the
results emphasize the importance of achieving an optimal
asphalt content to ensure durability and performance
under traffic.

-Marshall stability values increased with bitumen content
up to a certain level, with the highest stability observed at
0% WEFS, followed by 3% and 6% WFS. The results indicate
that higher WFS ratios tend to reduce stability, which is
crucial for predicting pavement performance under traffic
loads and weather conditions, where higher stability
values are needed for better resistance to rutting and
deformation.

-Marshall Quotient (MQ) values decreased with
increasing bitumen content, with the highest values
observed at 0% WFS, followed by 3% and 6% WFS. These
results suggest that higher WFS ratios lead to lower MQ
values, indicating reduced resistance to shear stresses
and permanent deformation, which could affect the
material's performance in resisting rutting.

Based on these findings, the use of WFS generally has a
negative impact on key properties such as stability and
resistance to shear stresses, as higher WFS ratios tend to
reduce stability and Marshall Quotient (MQ) values.
However, WFS can enhance certain properties such as
flow levels, suggesting its potential benefits in terms of
flexibility and optimization of asphalt binder content,
though its overall effect on durability requires careful
consideration. While WFS offers significant advantages,
including cost-effectiveness, environmental benefits, and
a reduction in landfill waste, there are critical challenges
to address. The incorporation of WFS in construction
materials requires a careful balance, as excessive use can
negatively affect material properties like stability and
flow. Additionally, the variability in WFS quality across
different foundries may pose challenges in ensuring
consistent material performance. Therefore, further
research is essential to optimize the use of WFS in asphalt
concrete.
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Highlights

e Elevation has a strong negative effect on oven-dry wood
density in Fagus orientalis

e Mean wood density decreased by 13% from low to high
elevation zones

e The relationship between elevation and wood density
showed a very strong correlation (r = —0.84)

e Low-elevation stands are more suitable for producing high-

quality beech timber
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oven-dry density. The data were evaluated using ANOVA and Pearson correlation analysis. Results

revealed a strong negative correlation between elevation and wood density (r = —0.84; p < 0.001).
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The mean oven-dry density was 0.712 g/cm3 at low elevation, decreasing to 0.617 g/cm? at high

elevation. These findings demonstrate that wood quality depends not only on species but also on
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site conditions, offering valuable insights for silvicultural planning and industrial wood

production.
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1. Introduction

Wood is a key renewable raw material that plays a central
role not only in the forestry sector but also in
construction, furniture, paper, and bioenergy industries.
Among the most critical physical properties influencing
the industrial value and performance of wood is wood
density, defined as the dry mass per unit volume. This
property is directly linked to structural integrity,
processing behavior, and durability of wood products.
High-density woods are typically more durable and
mechanically resistant but are harder to process, whereas
low-density woods are lighter and easier to work with but
may lack strength and decay resistance [1].

Wood density is influenced by both genetic characteristics
and site conditions. Environmental factors that shape
wood formation are commonly categorized into four

major categories: physiographic, climatic, edaphic, and
biotic [2]. Among these, elevation (i.e., altitude above sea
level) is a major physiographic factor with the capacity to
affect wood structure directly and indirectly. Increasing
elevation often brings a decrease in mean annual
temperature, shorter growing seasons, changes in
radiation, and variations in soil development and
moisture availability. These environmental shifts affect
photosynthesis, cambial activity, and xylem
differentiation, ultimately modifying wood anatomy and
density [3].

Numerous studies have reported that elevation can
significantly affect wood density. In particular, many
species show a negative correlation between elevation
and wood density, attributed to cooler temperatures and
limited cambial activity at higher altitudes [4]. Chave et al.
[5], in a comprehensive study of 2,456 tropical tree
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species, found that wood density declined with elevation,
suggesting that reduced lignification and lower vessel wall
thickness were responsible. Similarly, Govor¢in et al. [6]
reported that beech trees in Croatia showed decreasing
mechanical and density properties with increasing
elevation.

On the other hand, not all studies agree on this trend.
Kiaei [7], investigating Carpinus betulus L. in northern
Iran, observed a positive correlation between elevation
and wood density. This anomaly was explained by
differences in tree age—higher elevation stands
comprised younger trees with higher juvenile wood
content. Such discrepancies highlight the importance of
controlling for variables like tree age, soil type, and
competition when analyzing site—wood property
relationships [8].

In Turkey, Oriental beech (Fagus orientalis Lipsky) is one
of the most ecologically and economically important
native tree species, with a wide natural distribution in the
Black Sea region. Its high-quality wood is widely used in
furniture and veneer industries, and the species is
considered highly responsive to ecological gradients,
making it a suitable model for studying site—trait
interactions [9]. Previous research on F. orientalis
indicates that elevation affects multiple wood properties,
including fiber length, ring width, vessel diameter, and
ultimately, density [10].

Elevation also impacts the structure of annual growth
rings. Trees growing at higher elevations generally
experience shortened growing seasons and reduced
cambial activity, resulting in narrower rings and less
lignified latewood. These changes can lead to lower
overall wood density [11]. However, species-specific
traits, microsite effects, and stand structure can
moderate or obscure these elevation-induced patterns,
underlining the need for species- and site-specific
investigations [12].

This study aims to investigate the relationship between
elevation and a single wood property, oven-dry wood
density, in oriental beech under natural forest conditions
in Turkey. By isolating a single site factor and a single
wood trait, the study avoids the complexity of
multivariate ecological analyses and instead provides a
focused and interpretable assessment of how altitude
affects wood structure. The results are expected to
contribute to more informed silvicultural planning and
sustainable forest management, particularly in site
selection and stand design for high-quality wood
production.

2. Materials and Methods
2.1. Study area

The study was carried out in the Daday Forest Enterprise
Directorate, located in Kastamonu Province, situated
within the Western Black Sea Region of Turkey. This
region exhibits a wide altitudinal gradient, ranging from
250 meters to approximately 1700 meters above sea
level, making it well-suited for evaluating the effects of
elevation on tree growth characteristics within a
relatively homogeneous climate zone. The area is
topographically diverse, with undulating mountainous
terrain and a predominance of north- and east-facing
slopes.

The region is classified as a transition zone between the
Black Sea maritime climate and the semi-continental
interior climate. It receives annual precipitation of
approximately 900-1100 mm and has mean annual
temperatures ranging between 9°C and 11°C [13]. The
forests in the region are dominated by Oriental beech,
along with Scots pine (Pinus sylvestris), fir (Abies
nordmanniana subsp. bornmuelleriana), and several
species of oak (Quercus spp.). These conditions provide a
stable ecological framework for the analysis of site—wood
property interactions [14].

2.2. Sampling design

To examine the relationship between elevation and oven-
dry wood density, three distinct elevation bands were
defined:

e Low elevation: 250-500 m
e Mid elevation: 800—-1100 m
e High elevation: 1400-1700 m.

In each elevation band, 10 mature Oriental beech trees
were selected, totaling 30 sample trees. Trees were
selected based on their dominance in the canopy,
absence of visible defects, and similar stem forms. Stands
were chosen with comparable site characteristics (e.g.,
slope, aspect, soil type) and management history to
minimize confounding environmental variation. The trees
ranged in age from 80 to 120 years, which helped
minimize potential age-related variation in wood
properties [15].

2.3. Wood sampling and density determination

From each sample tree, a 5-cm-thick cross-sectional disc
was removed at breast height (1.30 m). Discs were
labelled and transported to the laboratory. In the lab, the
samples were first air-dried, then oven-dried at 103 + 2°C
until reaching constant weight.
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Each disc was subdivided radially into three 2 x 2 x 3 cm
prisms representing different positions between the pith
and bark. For each prism, volume was measured using the
water displacement method, and oven-dry mass was

determined with an analytical balance (+0.001
precision) (see Figure 1.).
‘ “ 3cm
" 1"-;]
WU ‘
# < 2cm  2¢m

5cm
Figure 1. Wood sampling procedure: Cross-Sectional disc (left)
and prism used for density analysis (right)

2.4. Statistical analyses

All data were evaluated for normality using the Shapiro-
Wilk test, and results indicated normal distribution in all
groups. Thus, parametric statistical methods were used.
Differences in mean oven-dry density among the
elevation groups were analysed using one-way ANOVA.
Where significant differences were found, Tukey's HSD
test was applied for post-hoc comparisons [16].

The strength and direction of the relationship between
elevation and wood density were assessed using Pearson
correlation analysis. Correlation coefficients were
interpreted based on Evans (1996), as follows:

¢ 0.00-0.19: Very weak

¢ 0.20-0.39: Weak

¢ 0.40-0.59: Moderate

e 0.60-0.79: Strong

¢ 0.80-1.00: Very strong [17].

All statistical analyses were performed using SPSS v25.0,
and significance was tested at p < 0.05.

2.5. Limitations

This study deliberately focused on a single wood trait
(oven-dry density) and one environmental factor
(elevation) to isolate their relationship. While other
variables such as soil chemistry, competition, or light
availability may influence wood formation; however, their
effects were minimized by carefully selecting
homogeneous stand conditions. Nonetheless, future
studies may expand upon these results by incorporating
additional structural or anatomical traits such as vessel

diameter, ring width, or fiber length using micro-
sectioning and image analysis techniques [18].

3. Results

Statistical analysis revealed that oven-dry wood density in
oriental beech varied significantly across the three
elevation classes. The mean density values for each group
showed a consistent decreasing trend with increasing
elevation, as summarized in Table 1 and Figure 2.

Table 1. Mean oven-dry wood density by elevation class

Mean std
Elevation Class Density ) Min. Max.
5, Dev.
(8/cm?)
Low (250-500 m) 0.712 0.017 0.689 0.735
Mid (800-1100 m) 0.664 0.020 0.637 0.689
High (1400-1700 m) 0.617 0.018 0.591 0.639

074 Mean Oven-Dry Wood Density by Elevation

0.72 0712

0.70

0.68

0.664

0.66

Mean Density (g/fcm?)

064

0.617

0.60

Low (250-500 m) Mid (800-1100 m)

Elevation Class
Figure 2. Mean oven-dry wood density by elevation class

High (1400-1700 m)

The ANOVA test indicated that the differences among the
three elevation groups were statistically significant (F =
58.43, p < 0.001). According to the Tukey HSD test, all
pairwise group comparisons were also significant:

e Low vs. Mid: p =0.001
e Low vs. High: p < 0.001
e Mid vs. High: p = 0.002.

These results suggest that even modest differences in
elevation (300-400 meters) can lead to substantial
changes in wood density in Oriental beech.

3.1. Correlation between elevation and wood density

To further clarify the relationship, Pearson correlation
analysis was conducted between elevation (as a
continuous variable) and wood density values. The result
showed a very strong and negative correlation (r = —0.84,
p < 0.001). This finding confirms that as elevation
increases, oven-dry wood density in oriental beech
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decreases significantly. This is consistent with
physiological expectations: at higher elevations, lower
temperatures and shorter growing seasons can reduce
cell wall thickening, thereby lowering wood density [4-6].

3.2. Qualitative field observations

Although the study primarily focused on density values,
qualitative anatomical differences were also noted during
visual inspection of the cross-sectional discs. Trees from
higher elevations generally exhibited:

e Narrower growth rings
e Less distinct earlywood-latewood boundaries
e Lower vessel density and less compact fiber zones.

These features are congruent with anatomical responses
reported in previous research on beech and similar
temperate broadleaf species growing under suboptimal
conditions [10,11].

4, Discussion and Conclusion

The findings of this study clearly demonstrate that
elevation is a significant environmental factor influencing
oven-dry wood density in oriental beech. The results
indicate a consistent and statistically significant decrease
in wood density with increasing elevation, with a strong
negative correlation (r = —0.84, p < 0.001). Trees growing
at low elevations (250-500 m) produced significantly
denser wood than those at mid (800-1100 m) or high
elevations (1400-1700 m), a pattern aligned with the
known eco-physiological responses of temperate forest
species to altitude gradients.

Several mechanisms may explain the reduction in wood
density at higher elevations. First, shorter growing
seasons and reduced thermal accumulation at higher
altitudes limit the duration and intensity of cambial
activity, resulting in narrower annual rings and decreased
cell wall thickening [4-6]. This phenomenon is particularly
important for diffuse-porous hardwoods like beech,
where latewood formation contributes substantially to
overall density [10]. Furthermore, lower temperatures
may alter hormonal balances and resource allocation
during xylem development, potentially decreasing lignin
and cellulose deposition [19].

These results are consistent with similar studies
conducted on both Fagus sylvatica [6] and other
broadleaved species in mountainous regions [16].
However, discrepancies in the literature—such as Kiaei's
[7] report of higher densities at greater altitudes—
highlight the complexity of ecological controls on wood
structure. Differences in genetic provenance, site
productivity, age structure, and stand dynamics may

produce species- or region-specific deviations from
general patterns [8].

From a silvicultural and industrial perspective, the
implications of this study are significant. For forest
managers aiming to optimize wood quality in beech
stands, low to mid-elevation sites should be prioritized for
conservation and timber production purposes. These
zones are more likely to produce high-density wood
suitable for structural uses, furniture, or veneer
manufacturing. In contrast, stands at higher elevations
may vyield lighter wood more appropriate for pulp or
fuelwood purposes. Therefore, elevation data should be
integrated into forest management plans, particularly in
species—site matching strategies, stand rotation planning,
and future vyield projections under changing climatic
scenarios [13,14].

The results also underscore the value of single-variable
ecological studies in isolating specific environmental
effects on tree traits. While multivariate models can offer
broad predictive power, targeted studies such as this
provide clearer insight into cause—effect relationships,
especially when carefully controlled for confounding
factors such as tree age, stand structure, and soil type
[15].

5. Recommendations

Based on the results of this study, the following
recommendations are offered:

i. In forest planning, particularly for oriental beech, sites
located at lower elevations (below 800 m) should be
preferred for high-density wood production.

ii. Future studies should integrate xylem anatomical
analysis, dendrochronological methods, and physiological
measurements (e.g., lignin/cellulose ratios) to explain the
density—elevation relationship at finer resolution.

iii. Incorporating GIS-based modeling with topographic,
climatic, and edaphic data layers could help scale this
approach to broader landscapes.

iv. Provenance trials and common garden experiments
could be used to determine the relative roles of genetics
vs. environment in observed wood density variation.

6. Conclusion

In  conclusion, elevation plays a significant and
measurable role in shaping the oven-dry wood density of
oriental beech in natural stands of the Western Black Sea
Region of Turkey. The clear decline in density with
increasing elevation supports both ecological theory and
practical expectations in forestry expectations. This study
contributes to the growing body of knowledge on wood
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ecology and highlights the importance of integrating
environmental gradients into forest productivity and
quality assessments.
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production of some superior materials at micro and nano scales. Carbon nanotubes are an

indispensable product for composite materials due to their high thermal properties, high
electrical properties and high mechanical properties. Carbon nanotube-reinforced composites,
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which find their place in many areas such as engineering structures, the aerospace industry,

medicine, and military applications, are a material that provides convenience for humanity. The
developing world contributes to the development of humanity with its constant innovation and
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new discoveries every day. In this study, the properties of carbon nanotube reinforced
composites, their areas of use, and their contributions to humans and the future were examined.

Keywords: Nanotechnology, carbon nanotube, reinforced composites

1. Introduction

The term nano comes from Greek and means dwarf.
Physically, 1 nanometer corresponds to 10 meters. Sizes
between 1 and 100 nanometers are considered nanoscale
[1,2]. All materials in our world are made up of atoms. The
only differences between them are the types of atoms
they are made of, their bonds, or the way they interact
chemically. The properties of a material at the nanoscale
differ from its properties at a larger scale. There are
several reasons for this difference. But the most
important one can be expressed as the surface area of
materials at the nanoscale is much larger than the mass
of the same material at larger scales [3]. The surface area
to volume ratio a nanoparticle is given in Figure 1.

Increasing surface area

Bulk material Nanoparticles

Figure 1. Nanoparticle surface area to volume ratio [4]

As materials become more chemically reactive at
nanoscale, the electrical, magnetic, morphological,
structural, thermal, optical and mechanical properties of
the material are affected [5,6]. The properties of
materials at nanoscale become difficult to explain with
classical mechanical methods and quantum mechanics
methods are used to determine these properties [7-9].

The synthesis of these nano-sized materials has enabled
the emergence of extraordinary materials such as
reinforced composites, advanced optical applications,
high-tech devices, and superconductors [10,11].
Therefore, nanotechnology has an important place in
human life.

2. History of Nanotechnology

The beginning of nanotechnology dates back to a speech
given by American physicist Richard Feynman at a
meeting of the association in 1959 [12]. In his speech, he
mentioned that the atoms of matter could be intervened.
The term nanotechnology was first defined by Norio
Taniguchi at a conference in 1974 [13]. Kim Eric Drexler,
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who guided his work with Richard Feynman's ideas, began
to develop the concept of molecular nanotechnology and
published his book The Coming Era of Nanotechnology in
1986. In his book, he aimed to use molecular structures at
nanoscale to enable the synthesis of large molecules [14].
This and similar nano studies have increased every year.

Undoubtedly the most important advances in
nanotechnology came with the invention of the scanning
tunneling microscope in 1981 [15]. In 1989, IBM scientists
used the scanning tunneling microscope to position
atoms and form the letters IBM. Figure 2 shows the using
a scanning tunneling microscope to form the letters IBM.
This was a study that confirmed American physicist
Richard Feynman.

Figure 2. The letters “IBM” written in atoms using a scanning
tunneling microscope [16]

With the studies we can see the properties of materials at
the nanoscale. Of course, nanotechnology and
nanoscience are complementary fields and there are
aspects where these fields are superior to each other.
According to some scientists, it is difficult to define these
fields [17]. Science is the basis of technology and they are
in constant interaction with each other.

2.1. Production of nanomaterials

The production of nanomaterials falls into two categories:
top-down and bottom-up [18,19].

Top-down: materials are reduced to the nanoscale. It is
the most common application of nanotechnology. It is
widely used in the field of electronics. The disadvantage
of this application is that the material is lost at some
stages in the nanoscale [20].

Bottom-up: aims to achieve a whole with nanoscale
materials.  This  application is called “true”
nanotechnology and allows the material to be controlled.
This application is also used in the production of carbon
nanotubes [21].

2.2. Applications of nanotechnology

The remarkable properties at the nanoscale are giving rise
to new applications every day. Scientists believe that the
future will be shaped by the properties provided by
nanomaterials. Nanotechnology covers almost many
areas from the simplest to the most complex applications
[22,23]. A few of these are:

2.2.1. Medicine

Nanotechnology has made a name for itself in the field of
medicine. For example, the use of nano-silver in the
treatment of wounds, the use of nanomaterials with high
electronic and optical properties in the detection of
cancer cells by acting as a fluorescent effect, and it
contributes to human health in many ways [24-26].

While nanomaterials are used to deliver chemotherapy
drugs to cancer cells, nanocapsules also contribute to the
scientific world in destroying cancer cells [27-31]. Cancer
diagnosis and treatment with nanotechnology is shown in
Figure 3.
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Figure 3. Cancer diagnosis and treatment with nanotechnology
(32]

2.2.2. Aviation and space

Many parts of aircraft are manufactured with composites
produced with the help of nanomaterials. The main
purpose of this is the need for weight reduction. It is
known that nanomaterials can show high mechanical
properties at low weight. Corrosion and fatigue resistance
properties are also used in the weight distribution [33-
35].

The advantages of nanotechnology are also used in space
research. Due to the high cost of materials sent to space,
scientists are planning to make a space elevator with the
help of nanomaterials [36,37].

2.2.3. Electronics

Nanomaterials have enabled extra thin and flexible
designs in the field of electronics. In the future, small, light
and modern technological products will be offered to the
service of humanity thanks to nanomaterials [38,39]. The
image created on the plastic film is shown in Figure 4.
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2.2.4. Energy

Nowadays, energy storage devices such as batteries, fuel
cells and cells are designed with nanotechnology. Various
nanostructures such as carbon nanotubes and graphite
nanofibers are used in the storage of hydrogen [41-43].

Nanotechnology has an important place in the storage of
alternative energy. Thanks to it, environmental pollution
will be reduced and more efficient energy use will be
provided [44,45].

Figure 4. The image created on plastic film [40]
2.2.5. Textiles

The textile world is constantly evolving with new
applications of developing technology. The durability of
textile products, the texture of their fabrics, their sweat-
proofing, flame-resistant and dirt-proofing features are at
the forefront. Of course, these features are made possible
by nanomaterials. Clothes that can change their
properties according to the differences in our
environment can be produced [46,47]. Applications of
nanotechnology in textile are given in Figure 5.
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Figure 5. Applications of Nanotechnology in textile industry [48]
2.2.6. Sports

In the field of sports, materials such as nanotextiles,
nanoparticles, carbon nanotubes are used in the
production of equipment that is more useful and provides

maximum performance to the athlete. Of course, the
adaptation of these nanoelements to textiles will allow
the examination of the human body during sports and will
eliminate unwanted situations such as possible injuries
[49,50].

3. Carbon Nanotube

Carbon nanotubes are an indispensable part of
nanotechnology. Carbon nanotubes, consisting of only
carbon atoms with atomic number 6, were discovered by
lijima and are widely used in nanotechnological
applications. [51]. These nanotubes, consisting of carbon
atoms, are a nano-sized tube-shaped material [52].
Carbon nanotube types are given in Figure 6.

A
v

2-25 nm

Figure 6. (A) Single-walled carbon nanotube (SWCNT) and (B)
multi-walled carbon nanotube (MWCNT) [53]

Nano-sized carbons are used in high-strength composites,
energy storage areas, semiconductor devices, sensors
and many other areas [54-58]. Nanotubes have a higher
elastic modulus than steel and since they have a higher
tensile strength than steel, they are also used in structural
elements and the automotive sector [59-61]. These high
properties of carbon nanotubes make it an indispensable
material for composite reinforcement [62, 63].

4. Reinforced Composites

Due to the high properties of carbon nanotubes, it has
been used in the production of reinforced composite
materials and has created a new research area [64].
Recently, many papers have been published in the
literature about the mechanical analyses of carbon
nanotube-reinforced composite beams [65-74]. Four
different distribution patterns are seen in Figure 7 [65].

Composite materials are materials that consist of two or
more materials with different physical or chemical
properties and exhibit properties superior to those before
they are combined [75]. The components of a composite
are shown in Figure 8. They usually consist of additives
placed in a matrix (polymer, metal or ceramic) [76]. When
properly formed, the new material exhibits properties
that exceed those of its constituent materials. These
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properties include high strength,
corrosion resistance and fire resistance.

high toughness,
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Figure 7. Various distribution patterns of carbon nanotubes:
A) UD, B) FG-X, C) FG-0, and D) FG-V [65]
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Figure 8. Components of composite [76]

4.2. Ceramic matrix composites

Ceramic matrix composites consist of a ceramic matrix
and reinforcement materials added to this matrix. The
classification of ceramic matrix composites according to
structure of matrix is given in Figure 10. They are widely
used in hypersonic aircraft, thermal protection systems of
spacecraft and turbine engines [82].
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Figure 10. Classification of ceramic matrix composites according
to the structure of the matrix [83]

4.3. Polymer matrix composites

Polymer matrix composites consist of a polymer matrix
and reinforcement materials added to this matrix.
Polymer matrix types are given in Figure 11. It has an
important place because it shows higher physical,
mechanical and thermal properties than other types [84].
Natural fibers have been used to develop these
composites [85]. The right fiber and polymer selection is
vital for the matrix [86,87].

Sheet laminates

Particles

Figure 9. Types of metal matrix composites [81]
4.1. Metal matrix composites

Metal matrix composites consist of a metal or non-metal
alloy matrix and reinforcement materials added to this
matrix [77-79]. Types of metal matrix composites are
given in Figure 9. Metal matrix composites, mostly used
in the automobile and aviation industries, reduce the
weight of the vehicles used and improve some mechanical
properties [80]. Thus, high strength, high wear resistance,
corrosion resistance and low fuel consumption are
provided.

[ Polymers }
7 . N\
1 Synthetic Polymers I
X £ \
[ Organic ] I Inorganic I l Organic I | Inorganic |

| |

[ Ceramic I

I }
I Cellulose I _dee:' = _m

* !
ypropylene
Polypeptides 1
Polyethylene

Figure 11. Types of polymers [88]
5. Conclusion

The existence of nanotechnology is an indispensable
element for our present and future in terms of humanity.
By adding nanomaterials to composite materials, they are
provided with  higher properties and more
environmentally friendly. Nanotechnological products,
which have a wide range of uses from sports to textiles,
from medicine to space, will open the door to the next era
of humanity. Every study in the field of nanotechnology is
seen as a step towards achieving this goal.
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