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ABSTRACT 
This article presents the application of the Carrera Unified Formulation (CUF) for dynamic analysis 
and structural integrity assessment of advanced nanocomposite-reinforced tunnel structures. CUF 
offers a generalized framework that simplifies the modeling of complex structures, providing an 
efficient approach to address the dynamic behavior of nanocomposites. Advanced nanocompo-
sites, which enhance mechanical performance and durability, are increasingly used in critical infra-
structure such as tunnel systems. Traditional methods often fall short in capturing the intricate 
interactions within these materials, particularly under dynamic loads. CUF overcomes these chal-
lenges by incorporating higher-order theories and multi-scale analysis, allowing for accurate pre-
diction of displacements, stresses, and potential failure modes. To further validate the results, an 
Artificial Neural Network (ANN) model is trained using simulated data, ensuring robust predictions 
for various loading conditions. The ANN assists in approximating the dynamic response and integ-
rity of the structure, enabling real-time assessments with minimal computational expense. The 
combined CUF-ANN approach demonstrates high accuracy and efficiency, making it a reliable tool 
for the structural integrity assessment of nanocomposite-reinforced tunnels. This study highlights 
the significant potential of integrating CUF and ANN for the analysis and design of advanced 
engineering structures subjected to dynamic environmental conditions.
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1. Introduction

Advanced composite materials have revolutionized modern 
engineering due to their exceptional mechanical properties and 
versatility [1–3]. These materials, made from two or more dis-
tinct constituents, offer superior strength-to-weight ratios 
compared to traditional materials like steel or aluminum [4, 5]. 
Engineers value composites for their ability to be tailored to 
specific design requirements, allowing for customized stiffness, 
strength, and thermal properties [6, 7]. The high durability 
and corrosion resistance of composites make them ideal for 
demanding environments, such as aerospace, automotive, and 
marine industries [8, 9]. Their lightweight nature also contrib-
utes to significant energy savings, particularly in transporta-
tion, where reduced weight leads to lower fuel consumption 
[10–12]. Additionally, composite materials can absorb more 
energy during impacts, providing enhanced safety in crash- 
prone applications [13, 14]. Engineers also benefit from the 
fatigue resistance of composites, allowing for longer service life 
in structures subjected to repetitive loading [15–17]. Their abil-
ity to integrate sensors and other smart technologies makes 
composites a key player in the development of smart infra-
structure and advanced structural health monitoring systems 

[18]. In civil engineering, composites are used to reinforce 
aging structures, improving their load-bearing capacity without 
adding excessive weight [19]. Advanced composites offer sig-
nificant design flexibility, enabling the creation of complex 
shapes that would be difficult or impossible with conventional 
materials [20, 21]. This leads to more efficient designs, reduc-
ing the number of components and minimizing assembly costs 
[22]. Engineers can also take advantage of the material’s 
anisotropy, aligning fibers in specific directions to optimize 
performance under different loads [23]. In summary, advanced 
composites provide engineers with a toolkit for designing 
high-performance, efficient, and durable structures, making 
them crucial in industries where performance and weight are 
critical considerations [24, 25]. As research in nanocomposites 
and bio-composites progresses, their importance in future 
engineering solutions will continue to grow, addressing sus-
tainability, and environmental challenges [26, 27].

The Carrera unified formulation is highly significant in the 
modeling of complex structures, particularly for engineers deal-
ing with advanced materials and systems [28]. CUF provides a 
generalized framework that simplifies the development of 
mathematical models for structural analysis, especially in cases 
where traditional methods may fall short [29]. Its versatility 

CONTACT Gongxing Yan yaaangx@126.com School of Intelligent Construction, Luzhou Vocational and Technical College, Luzhou, Sichuan, China. 
� 2024 Taylor & Francis Group, LLC

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 
https://doi.org/10.1080/15376494.2024.2414947

http://crossmark.crossref.org/dialog/?doi=10.1080/15376494.2024.2414947&domain=pdf&date_stamp=2024-10-22
http://www.tandfonline.com
https://doi.org/10.1080/15376494.2024.2414947


allows engineers to model various types of structures, such as 
beams, plates, and shells, with the same formulation, regardless 
of the complexity or scale [30]. One of the primary advantages 
of CUF is its ability to handle structures made of advanced 
materials, such as composites, functionally graded materials, 
and nanocomposites [31]. These materials exhibit behaviors 
that are often difficult to capture using classical theories [30]. 
CUF simplifies this by enabling the implementation of higher- 
order theories, improving the accuracy of results without 
significantly increasing computational effort [25]. CUF is par-
ticularly valuable in multi-scale analysis, where engineers need 
to understand the behavior of structures at different levels, 
from the microstructure of materials to the macroscopic scale 
of entire components [32].

Modeling plays a crucial role in engineering and science as 
it allows professionals to represent complex real-world sys-
tems in a simplified, mathematical form [33, 34]. By creating 
models, engineers can simulate physical processes, predict 
behavior, and evaluate performance without the need for 
costly experiments or prototypes [35, 36]. This helps in under-
standing how a system will perform under various conditions, 
reducing uncertainties and risks before real-world implemen-
tation [37, 38]. One of the key advantages of modeling is its 
ability to provide insights into systems that are difficult or 
impossible to test directly, such as large infrastructure or 
extreme environmental conditions [39, 40]. It enables the 
optimization of designs by allowing engineers to tweak 
parameters and analyze different scenarios efficiently [41, 42]. 
This saves time and resources, making the development pro-
cess more cost-effective [43, 44]. Modeling is essential in fields 
like fluid dynamics, structural analysis, and thermal manage-
ment, where understanding how systems behave under vari-
ous forces and temperatures is critical [45, 46]. For example, 
in aerospace, models help predict aerodynamic forces and 
structural integrity without needing full-scale wind tunnel 
testing [47, 48]. Similarly, in civil engineering, models are 
used to assess load-bearing capacities and the stability of 
buildings, bridges, and tunnels [20, 49]. Moreover, modeling 
can enhance safety by identifying potential failure modes and 
weak points in systems before they occur in real-life applica-
tions [21, 50]. Engineers also use models to simulate dynamic 
behaviors such as vibrations, shocks, or impacts, ensuring 
structures can withstand unpredictable forces [51, 52]. In add-
ition to its predictive power, modeling facilitates communica-
tion between engineers, researchers, and stakeholders by 
providing a clear representation of complex systems [53, 54]. 
As computational tools and simulation software evolve, mod-
eling continues to become more accessible and accurate, fur-
ther boosting its importance in modern engineering [55, 56]. 
Overall, modeling is a critical step in the design, analysis, and 
decision-making process, helping engineers to build efficient, 
safe, and innovative solutions across various industries [57, 
58]. The aim of Ref. [59] was to enhance economic stability 
through targeted financial strategies and risk management by 
employing advanced algorithms to categorize credit card users 
according to their financial behaviors. To effectively identify 
and assess tail risks in financial markets, Ref. [60] employs 

extreme value theory along with mixture models to estimate 
the likelihood of rare but substantial financial losses.

This work describes the use of the CUF for advanced nano-
composite-reinforced tunnel constructions’ dynamic analysis 
and structural integrity evaluation. With its generalized 
framework, CUF makes complicated structural modeling eas-
ier and gives a productive way to deal with nanocomposites’ 
dynamic behavior. Advanced nanocomposites are being used 
more often in vital infrastructure, such tunnel systems, since 
they improve mechanical performance and longevity. 
Conventional techniques often fail to capture the complex 
interactions that exist inside these materials, especially when 
subjected to dynamic stresses. By using multi-scale analysis 
and higher-order theories, CUF overcomes these difficulties 
and enables precise prediction of displacements, stresses, and 
probable failure modes. An ANN model is trained using simu-
lated data to further evaluate the outcomes and guarantee reli-
able predictions under different loading scenarios. The 
artificial neural network helps to approximate the structure’s 
integrity and dynamic reactivity, allowing for real-time evalu-
ations at low computing cost. Because of its excellent accuracy 
and efficiency, the combined CUF-ANN technique is a 
dependable instrument for evaluating the structural integrity 
of tunnels reinforced with nanocomposite materials. The sub-
stantial potential of combining CUF and ANN for the analysis 
and design of sophisticated engineering structures exposed to 
changing environmental conditions is shown by this work.

2. Basic equation

Tunnel structure in schematic and zones is shown in Figure 1. 
As is presented the tunnel structure has two curvature param-
eters (R1 and R2) and thickness h: Also, the tunnel structure is 
under transient external loading as demonstrated by F tð Þ:

2.1. Graphene origami-enabled auxetic metamaterial

Figure 2 shows the different GOP reinforcement distribution.
Table 1 lists the material characteristics of the GOPs 

reinforcement and concrete matrix.
The Halpin-Tsai homogenization approach is extended to 

determine the material characteristics. The Young’s modulus 
may now be expressed as follows:

Ec ¼ 0:49�
1þ nLgLVGOP

1 − gLVGOP
� Em þ 0:51�

1þ ntgtVGOP

1 − gtVGOP

� Em,
(1) 

in which, nL ¼ nt ¼ 2 dGOP
hGOP

, V�GOP ¼
WGOP

WGOPþ
qGPL
qM

� �
1−WGOPð Þ

, 

gl ¼ −
1− EGOP

EM

� �

nlþ
EGOP

Em

� � , and gt ¼ −
1− EGOP

EM

� �

ntþ
EGOP

Em

� � : The effective 

Poisson’s ratio, and density may be obtained by using the 
mixing rule from

vc ¼ �GOPVGOP þ �m 1 − VGOPð Þ, (2a) 

qc ¼ qGOPVGOP þ qm 1 − VGOPð Þ: (2b) 
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Furthermore, effective shear modulus is required.

Gc ¼
Ec

2 1þ vcð Þ
, (3) 

Lastly, the following GOP distribution types may be pro-
vided together with the direction of thickness:

X − GOP : VGOP kð Þ ¼ 4V�GOPj
zk

h
j, (4a) 

O − GOP : VGOP kð Þ ¼ 2V�GOP 1 − 2
zk

h

�
�
�

�
�
�

� �

, (4b) 

UD − GOP : VGOP kð Þ ¼ V�GOP: (4c) 

Here, zk ¼ − h
2 þ

k−1ð Þ�h
NL−1 , and k ¼ 1, 2, 3, :::, NL:

2.2. Carrera unified formulation and finite elements

The Carrera unified formulation was used to derive the 
structural theories examined in this study. The specification 
of the reference system serves as the introduction to the 
selected modeling technique based on the CUF. Figure 1
shows the one used for 2D multi-layered shell models. The 
reference frame is curved, with z running down the thick-
ness and x and y matching the primary curvature lines. We 
took into consideration doubly curved shells with curvature 
radii of R1 and R2: The mid-surface of the kth layer is 
denoted by Xk, and its thickness is indicated by hk: The dis-
placement field’s expansion functions are used to construct 
the models under analysis. By incorporating so-called expan-
sion functions Fs, it is feasible to construct improved 2D 
models inside the framework of the CUF that provide an 
advanced description of the through-the-thickness mechan-
ical behavior. Next, the displacement field may be written as 
follows:

uða, b, zÞ ¼ ðU, V, WÞ ¼ FsðzÞusðx, yÞ, s ¼ 0, :::, N (5) 

where us is the set of generalized displacement unknowns 
and N is the number of terms in the expansion. In the 
same way, the Einstein notation is used to s and to the rest 
of this section. As a point of reference, the following fourth- 
order Taylor polynomial expansion is applied to all three 
displacement components:

Figure 1. Tunnel structure in schematic and zones.

Figure 2. The various distribution of GOP reinforcement

Table 1. Material properties of the system.

Concrete (matrix) GOPs

vm ¼ 0:2 vGOP ¼ 0:165

qm
kg
m3

� �

¼ 2300 qGOP
kg
m3

� �

¼ 1090

Em GPað Þ ¼ 25 EGOP GPað Þ ¼ 444:8
dGOP nmð Þ ¼ 500
tGOP nmð Þ ¼ 0:95
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U ¼ ux1 þ zux2 þ z2ux3 þ z3ux4 þ z4ux5 , (6a) 

V ¼ uy1 þ zuy2 þ z2uy3 þ z3uy4 þ z4uy5 , (6b) 

W ¼ uz1 þ zuz2 þ z2uz3 þ z3uz4 þ z4uz5 : (6c) 

The kth layer is taken into consideration in the FE for-
mulation of the displacement field, which interpolates on 
the element nodes using the shape functions Ni

ukðx, y, zÞ ¼ Fk
sðzÞNiðx, yÞuk

si, s ¼ 0, :::, N i ¼ 1, :::, Nn

(7) 

where uk
si denotes the nodal generalized displacement varia-

bles and Nn is the number of nodes in the element. The 
displacement field variation may be expressed as follows:

dukðx, y, zÞ ¼ Fk
s ðzÞNjðx, yÞduk

sj:s ¼ 0, :::, N j ¼ 1, :::, Nn

(8) 

The following geometric relations may be used to derive 
the strain components that are in-plane (�k

p) and out-of- 
plane (�k

n):

Ek
p ¼ Ek

xx , Ek
yy , Ek

xy

n oT
¼ ðDk

p þAk
pÞu

k, (9a) 

Ek
n ¼ Ek

xz , Ek
yz, Ek

zz

n oT
¼ ðDk

nX þ Dk
nz − Ak

nÞu
k: (9b) 

The matrices Dk
p, Dk

nX, Dk
nz, Ak

p, and Ak
n are:

Dk
p ¼

@x

Hk
x

0 0

0
@y

Hk
y

0

@y

Hk
y

@x

Hk
x

0

2

6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
5

, Dk
nX ¼

0 0
@x

Hk
x

0 0
@y

Hk
y

0 0 0

2

6
6
6
6
6
6
4

3

7
7
7
7
7
7
5

, Dk
nz ¼

@z 0 0
0 @z 0
0 0 @z

2

6
4

3

7
5,

(10a) 

Ak
p ¼

0 0
1

Hk
xRk

1

0 0
1

Hk
yRk

2
0 0 0

2

6
6
6
6
6
4

3

7
7
7
7
7
5

, Ak
n ¼

1
Hk

xRk
1

0 0

0
1

Hk
yRk

2
0

0 0 0

2

6
6
6
6
6
4

3

7
7
7
7
7
5

:

(10b) 

Hk
x, and Hk

y are defined as:

Hk
x ¼ Akð1þ zk=Rk

1Þ, (11a) 

Hk
y ¼ Bkð1þ zk=Rk

2Þ: (11b) 

The thickness coordinate across the kth layer is denoted by 
zk, and the coefficients of the first basic form of Xk are Ak, 
and Bk: Ak ¼ Bk ¼ 1 for shells with constant curvature radii. 
These geometrical characteristics are described in greater 
detail in Ref. [61].

This work employed shell finite elements with nine 
nodes, which were produced by interpolating the displace-
ments using Lagrange shape functions. As seen in Figure 3, 
shape functions are defined on a local reference system of 

the nine-node element −1 � n, g � 1; their precise form is 
available in Ref. [62]. As per the FE formulation, the geo-
metric relations take on the following form:

Ek
p ¼ FsðDk

p þAk
pÞðNiIÞuk

si, (12a) 

Ek
n ¼ FsðDk

nX − Ak
nÞðNiIÞuk

si þ Fs, zðNiIÞuk
si: (12b) 

where the identity matrix is me. The Mixed Interpolation of 
Tensorial Components (MITC) method was used in this 
study [63, 64].

This formulation states that certain interpolation techni-
ques are used to determine the strain components. First, the 
element local coordinate system defines three sets of inter-
polation points, sometimes called "tying points." As stated 
clearly in Figure 4, each set of points is used for the inter-
polation of distinct strain components using the correspond-
ing interpolation algorithms. The following is a useful 
grouping of the interpolation functions:

Nm1 ¼ ½NA1, NB1, NC1, ND1, NE1, NF1�, (13a) 

Nm2 ¼ ½NA2, NB2, NC2, ND2, NE2, NF2�, (13b) 

Nm3 ¼ ½NP, NQ, NR, NS�: (13c) 

The reader may consult [62] for further information 
about the mathematical formulation of MITC. The following 
is the interpolation of the strain components:

Ek
p ¼

Nm1 0 0
0 Nm2 0
0 0 Nm3

2

6
4

3

7
5

Exxm1

Eyym2

Exym3

2

6
4

3

7
5, (14a) 

Ek
n ¼

Nm1 0 0
0 Nm2 0
0 0 1

2

6
4

3

7
5

Exzm1

Eyzm2

Ezz

2

6
4

3

7
5: (14b) 

The subscripts m1, m2, and m3 denote values that were 
assessed at each group’s tying points. Using Eqs. (9a), (9b), 
the strain components at the tying sites, such as Exxm1 , must 

Figure 3. Nine-node finite element, Q9.
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be directly estimated from the displacements. For instance, 
Exx becomes

Exx ¼NA1ExxA1
þNB1ExxB1

þNC1ExxC1
þND1ExxD1

þNE1ExxE1
þNF1ExxF1

,
(15) 

where

Exx ¼NðA1Þ
i, x Fsuxsi þ

1
HxRx

NðA1Þ
i Fsuzsi : (16) 

The shape function and its derivative, , x, are evaluated at 
the location indicated by the superscript, A1: The constitu-
tive equations are defined with consideration for Hooke’s 
law. Isolating in-plane and normal stress components for a 
composite material, it holds:

rk
p ¼ Ck

ppEk
p þ Ck

pnEk
n, (17a) 

rk
n ¼ Ck

npEk
p þ Ck

nnEk
n: (17b) 

The material coefficient matrices are defined as follows:

Ck
pp ¼

Ck
11 Ck

12 Ck
16

Ck
12 Ck

22 Ck
26

Ck
16 Ck

26 Ck
66

2

6
6
4

3

7
7
5, Ck

pn ¼

0 0 Ck
13

0 0 Ck
23

0 0 Ck
36

2

6
6
4

3

7
7
5, (18a) 

Ck
np ¼

0 0 0
0 0 0

Ck
13 Ck

23 Ck
36

2

6
4

3

7
5, Ck

nn ¼

Ck
55 Ck

45 0
Ck

45 Ck
44 0

0 0 Ck
33

2

6
6
4

3

7
7
5: (18b) 

where

Ck
11 zð Þ ¼ Ck

22 zð Þ ¼ Ck
33 zð Þ ¼

EkðzÞ½1 − ð�kðzÞÞ
2
�

1 − 3ð�kðzÞÞ
2 − 2ð�kðzÞÞ

3 ,

(19a) 

Ck
12 zð Þ ¼ Ck

13 zð Þ ¼ Ck
23 zð Þ ¼

EkðzÞ½�kðzÞ − ð�kðzÞÞ
2
�

1 − 3ð�kðzÞÞ
2 − 2ð�kðzÞÞ

3 ,

(19b) 

Ck
44 zð Þ ¼ Ck

55 zð Þ ¼ Ck
66 zð Þ ¼

EkðzÞ

2ð1þ �kðzÞÞ
, (19c) 

Ck
16ðzÞ ¼ Ck

26ðzÞ ¼ Ck
36ðzÞ ¼ Ck

45ðzÞ ¼ 0: (19d) 

The principle of virtual displacements (PVD) replaces 
constitutive and geometrical connections to produce the 
governing differential equations.

dLint þ dLext þ dLine ¼ 0: (20) 

The work performed by internal forces is denoted by 
Lint, the work performed by exterior forces by Lext, and the 
inertial work by Line: In the case of free vibrations and a 
multilayered shell, Eq. (21) becomes:
ð

Xk

ð

Ak

dEkT
rkHk

xHk
ydXkdzþ

ð

Xk

ð

Ak

qkdukT
€ukHk

xHk
ydXkdz

þ

ð

Xk

ð

Ak

dukpkHk
xHk

ydXkdz ¼ 0:

(21) 

Xk and Ak denote the integration domains over x, y, 
and z, while qk represents the mass density of the kth layer. 
The two dots represent acceleration, while T stands for vec-
tor transposition. The changes of the internal and inertial 
works may be recast as follows by changing the strains and 
stresses in Eq. (22) and using the FE formulation provided 
in Eq. (3) to describe the displacement field.

dLk
int ¼ dukT

sj k
kssijuk

si, (22a) 

dLk
ine ¼ dukT

sj m
kssij €uk

si: (22b) 

where the stiffness and mass matrices, expressed as funda-
mental nuclei (FN), are denoted by the notations kkssij and 
mkssij: FN, which are 3� 3 arrays that function as funda-
mental assembly units, are theoretically unaffected by the 
structural theory’s order.

kkssij ¼

kkssij
xx kkssij

xy kkssij
xz

kkssij
yx kkssij

yy kkssij
yz

kkssij
zx kkssij

zy kkssij
zz

2

6
6
4

3

7
7
5: (23) 

Figure 4. MITC9 tying points for different strain components.
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According to PVD, for a multi-layered shell that is 
exposed to external dynamic loadings:

dLext ¼ dukT

sj p
k: (24) 

where TT ¼ fTx Ty Tz g is the traction force acting over 
surface X: Refs. [62, 65] include the explicit formulations 
for each term of the basic nucleus of mass and stiffness. By 
iterating over the four indices s, s, i, jð Þ, the FE matrices may 
be produced. Depending on the modeling strategy taken 
into consideration, the matrices for each layer may be built 
after they are collected. This research only examined equiva-
lent-single layer (ESL) models, which use a single set of 
unknown variables across the thickness, regardless of the 
structure’s layer count. Finally, the free-vibration problem’s 
governing equation may be reformulated as follows:

mkssij€usi þ kkssijusi ¼ pk: (25) 

Applying Laplace transform [66] to Eq. (25) brings about 
the following relations

Kq̂ þMS2q̂ ¼ P̂: (26) 

The layer-wise method combined with the Laplace trans-
form to Eq. (26), yields the displacement for each layer. 
Using the modified formulation of Dubner and Abate, the 
displacements are calculated over time by using the inverse 
Laplace transform [66]. Therefore, Eq. (27) is the formula 
that was used in this work to carry out the inverse Laplace 
transform.

f tð Þ ¼
2eat

T
−

A0

2
þ
X1

k¼0
Ak cos

2kpt
T

� �

− Bk sin
2kpt

T

� �� �" #

,

(27) 

here

A0 ¼ Re F að Þ½ �, Ak ¼ Re F aþ i
2kp
T

� �� �

,

Bk ¼ Im F aþ i
2kp
T

� �� �

,
(28a) 

S ¼ aþ i
2kp
T

, aT ¼ 5: (28b) 

3. Introduction on artificial neural network to 
estimate dynamic analysis and structural 
integrity assessment of advanced 
nanocomposites reinforced tunnel structures

Artificial neural networks (ANNs) have emerged as a powerful 
tool for estimating the dynamic analysis and structural integrity 
assessment of advanced nanocomposite-reinforced tunnel 
structures. The complex behavior of such structures, particu-
larly when reinforced with nanocomposite materials, requires 
sophisticated modeling techniques that can handle nonlinear-
ity, material heterogeneity, and intricate load conditions [67, 
68]. ANNs, inspired by the biological neural networks in the 
human brain, provide a computational framework that is well- 
suited for approximating these complex behaviors due to their 

ability to learn from data and generalize from limited informa-
tion. Advanced nanocomposites, which incorporate nanoscale 
fillers such as carbon nanotubes or graphene into conventional 
materials, offer enhanced mechanical, thermal, and durability 
properties. These composites are becoming increasingly popu-
lar in tunnel structures due to their superior strength-to-weight 
ratio, high durability, and improved resistance to environmen-
tal factors. However, accurately predicting their performance 
under dynamic loads, such as seismic events or vehicular vibra-
tions, presents significant challenges. Traditional finite element 
methods (FEM) and analytical solutions often fall short due to 
the high computational cost and difficulty in modeling the 
scale-dependent properties of nanomaterials. Here, ANNs pro-
vide a promising alternative. ANNs are highly effective in esti-
mating complex structural responses by learning from past 
data. In the context of dynamic analysis, they can be trained 
using data from numerical simulations, or a combination of 
both. Once trained, ANNs can predict the dynamic response of 
nanocomposite-reinforced tunnel structures under various 
loading conditions, such as time-varying stresses and strains, 
without the need for repeated computationally expensive simu-
lations. This capability makes ANNs a valuable tool for real- 
time assessment, especially for structures subjected to high-fre-
quency loads or rapid changes in external conditions. In add-
ition to dynamic analysis, ANNs are highly suitable for 
structural integrity assessments. The material properties of 
nanocomposites, particularly their dependence on nanoscale 
interactions and potential defects, make it challenging to pre-
dict failure modes and long-term performance using traditional 
methods. ANNs can be trained to recognize patterns that pre-
cede structural failure, such as micro-cracking or localized 
stress concentrations, enabling predictive maintenance and 
early warning systems for tunnel structures. By leveraging the 
pattern recognition and generalization capabilities of ANNs, 
engineers can estimate the performance and integrity of nano-
composite-reinforced tunnels more efficiently and accurately. 
This integration of ANN-based approaches into structural 
engineering offers a cost-effective and reliable method for 
enhancing the safety and longevity of critical infrastructure, 
particularly in regions prone to dynamic environmental loads 
such as earthquakes or heavy traffic. Figure 5 shows python 
code of the mentioned algorithm.

4. Results and discussion

4.1. Validation

Table 2 illustrates non-dimensional transversal displacement 
values at the top, middle, and bottom of a functionally graded 
(FG) plate under various conditions. Specifically, the displace-
ments are calculated for different values of the FG power index 
(denoted by N) and aspect ratio (a=h), where a represents the 
width of the plate and h its thickness. The FG power index, N, 
defines how material properties vary through the thickness of 
the plate. A lower value of N implies a steeper material grad-
ation, while higher values suggest a more uniform material dis-
tribution. The transversal displacement, is non-dimensional, 
meaning it has been normalized to allow for comparison across 
different configurations. The table provides these displacements 
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at three points: the top, middle, and bottom surfaces of the 
plate. This offers a comprehensive view of how deformation is 
distributed through the plate’s thickness under different condi-
tions. The table is organized into three sections based on the 
aspect ratio, with values of 4, 10, and 50. As a=h increases, the 

plate becomes thinner relative to its width, which generally 
leads to larger displacements. The displacements are presented 
for two values of N, specifically N ¼ 3 and N ¼ 4, providing 
insight into how different material gradations affect the plate’s 
deformation response. For lower aspect ratios, the 

Figure 5. Python code of the mentioned algorithm.
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displacements are relatively small, indicating that the plate is 
stiffer and resists deformation. As the aspect ratio increases to 
50, the displacements increase significantly, reflecting the 
expected increase in flexibility for thinner plates. The nearly 
identical values for the top, middle, and bottom displacements 
suggest that the deformation is largely uniform through the 
thickness for high aspect ratios. This table helps engineers 
understand how material gradation and geometry influence the 
structural performance of FG plates in terms of their transverse 
deformation.

4.2. Parametric results

Figure 6 illustrates the dynamic response of a GOP (geomet-
rically optimized) reinforced tunnel structure subjected to 
external loads. The graphs display the behavior of the tun-
nel’s deformation and associated dynamic parameters, which 
are crucial for understanding its stability and performance 
under varying conditions. In the upper portion of the figure, 
the graph labeled a) W m½ � − t s½ � represents the vertical dis-
placement (in meters) of the tunnel structure over time (in 
seconds). The three curves correspond to different GOP 
configurations: GOP-X (blue), GOP-O (yellow), and GOP- 
UD (red). Each configuration likely refers to specific geo-
metric reinforcement patterns or boundary conditions 
applied to the structure. The graph indicates periodic oscilla-
tions in displacement, showing that the structure undergoes 
repeated deformation cycles, with each configuration exhib-
iting slightly different behavior in terms of amplitude and 
phase shift. This difference may be attributed to the varying 
reinforcement strategies influencing the tunnel’s stiffness 
and dynamic response. In the second row, the subplots 
labeled b) @W

@t
m
s
� �

− W m½ � provides further insight into the 
dynamic properties of the structure. The left subplot, b), 
shows the relationship between the time derivative of the 
displacement (velocity) and the displacement itself, depicting 
the velocity as a function of the vertical displacement. This 
graph helps in understanding the damping behavior and 
energy dissipation in the structure, indicating the velocity 
response with different GOP configurations. The right sub-
plot, c), visualizes the acceleration response @2W

@t2
m
s2

� �
against 

the velocity @W
@t

m
s
� �

: This graph provides essential 

information about the inertial forces acting on the structure 
and how it reacts dynamically under external excitations. 
The differences in the curves among GOP-X, GOP-O, and 
GOP-UD configurations highlight how varying reinforce-
ment geometries influence the overall dynamic performance.

Figure 7 depicts the dynamic response of a GOP- 
reinforced structure, likely a tunnel, as influenced by differ-
ent weight percentages of reinforcement materials. The 
graph is divided into three parts: a time-displacement plot, a 
velocity-displacement plot, and an acceleration-velocity plot, 
which together provide insight into the mechanical behavior 
of the structure under dynamic loading conditions. Figure 
7a illustrates the vertical displacement of the structure over 
time, with four distinct curves corresponding to different 
reinforcement material percentages: WGOP ¼ 0:1½wt%�, 
WGOP ¼ 0:2½wt%�, WGOP ¼ 0:3½wt%�, and WGOP ¼

0:4 wt%½ �: These percentages represent the concentration of 
the reinforcement material in the tunnel structure. As 
expected, each curve exhibits periodic oscillations, with the 
amplitude and phase of the oscillations varying depending 
on the weight percentage of the reinforcement. The variation 
indicates that the structure’s stiffness, damping, and 
dynamic properties are directly affected by the reinforce-
ment material concentration. Notably, the structure with the 
lowest weight percentage (WGOP ¼ 0:1½wt%�) seems to show 
the largest displacement, suggesting a more flexible or less 
stiff configuration, while higher percentages like WGOP ¼

0:4½wt%� demonstrate a reduced amplitude of oscillation, 
indicating increased stiffness. Figure 7b illustrates the rela-
tionship between the velocity (the time derivative of dis-
placement) and the displacement itself. The closed-loop 
curves indicate a periodic system where velocity varies with 
displacement in a cyclical manner. The differing shapes of 
the loops for each reinforcement percentage show how 
the structure’s velocity response changes with the reinforce-
ment concentration. Generally, the curves with higher 
reinforcement percentages display more compressed loops, 
reflecting reduced velocity variations and more controlled 
oscillations, which are typical of stiffer systems. Figure 6c
shows the relationship between acceleration (the second 
time derivative of displacement) and velocity. The nested 
loops provide a deeper understanding of how inertia 
influences the structure’s dynamic response. Similar to the 

Table 2. Non-dimensional transversal displacement, calculated at the top, middle, and bottom of the plate for differ-
ent FG power indexes (N) and a=h parameters.

Ref. [69] N ¼ 3 N ¼ 4

a=h ¼ 4
�W topð Þ 1:346� 10−2 1:348� 10−2 1:348� 10−2

�W middleð Þ 1:370� 10−2 1:372� 10−2 1:372� 10−2

�W bottomð Þ 1:273� 10−2 1:275� 10−2 1:275� 10−2

a=h ¼ 10
�W topð Þ 0.1689 0.1690 0.1690
�W middleð Þ 0.1707 0.1708 0.1708
�W bottomð Þ 0.1685 0.1686 0.1686

a=h ¼ 50
�W topð Þ 20.32 20.32 20.32
�W middleð Þ 20.33 20.33 20.34
�W bottomð Þ 20.32 20.32 20.32
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velocity–displacement plot, the variations in the shapes of 
these loops with different reinforcement concentrations indi-
cate how the material properties affect the tunnel’s inertial 
and damping behavior. The higher weight percentages of 
reinforcement materials result in more stable, narrower 
loops, suggesting enhanced damping and reduced inertial 
effects compared to the lower weight percentage cases. In 
summary, this figure highlights how the dynamic character-
istics of the GOP-reinforced tunnel, including displacement, 
velocity, and acceleration, are influenced by the weight 

percentage of the reinforcement material, with higher con-
centrations leading to increased stiffness and reduced 
dynamic response.

Figure 8 illustrates the dynamic response of a GOP rein-
forced tunnel structure under harmonic loading conditions. 
The top graph (a) represents the displacement the structure 
over time, showing how the tunnel reacts to four different 
magnitudes of external harmonic forces, each with increas-
ing amplitudes proportional. The loading function is defined 
as FðtÞ ¼ P0 � sinðXext � tÞ, where P0 is a force parameter, 

Figure 6. Dynamical properties of GOP reinforced tunnel structures for various GOP distribution patterns.
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and Xext is the excitation frequency. The color-coded curves 
indicate the displacement variations for P0, 1:5P0, 2P0, and 
2:5P0, which shows how higher forces result in increased 
oscillation amplitude while maintaining a similar periodicity. 
The bottom left graph (b) shows the phase-space diagram, 
plotting the relationship between the displacement and its 
time derivative. The closed-loop, oval-shaped trajectories in 
this diagram indicate stable periodic motion, where the 
structural response is governed by nonlinear vibration char-
acteristics. The bottom right graph (c) presents the 

relationship between displacement and its second derivative, 
highlighting the structural acceleration as a function of dis-
placement. The intricate loops suggest that as the structure 
undergoes larger displacements, it experiences nonlinear 
dynamic effects due to the geometric and material properties 
of the GOP reinforcement. Together, these plots provide a 
comprehensive view of the structure’s dynamic behavior 
under varying harmonic loads, emphasizing the interplay 
between force amplitude, displacement, velocity, and acceler-
ation. This information is crucial for understanding and 

Figure 7. Dynamical properties of GOP reinforced tunnel structures for various GOP weight fractions.
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designing resilient tunnel structures with graphene 
reinforcement.

Figure 9 presents the dynamic response of a graphene 
oxide platelet reinforced tunnel structure, with varying 
structural geometries characterized by different ratios of 
R1=a: The top graph (a) illustrates the displacement over 
time for four different geometric configurations: R1=a ¼ 10, 
20, 30, and 40: These variations represent changes in the 
stiffness and curvature of the tunnel structure, with higher 
ratios indicating a flatter configuration. As the ratio 

increases, the displacement profile shows higher amplitudes 
and more complex behavior, implying greater sensitivity to 
external forces. The bottom left graph (b) shows phase-space 
diagrams of displacement versus its first time derivative, 
which reflect the system’s velocity response. The closed-loop 
curves are indicative of periodic, nonlinear oscillations, with 
the larger ratios leading to larger phase-space loops, denot-
ing more significant energy exchange between kinetic and 
potential states. The bottom right graph (c) presents the 
relationship between displacement and the second derivative, 

Figure 8. Dynamical properties of GOP reinforced tunnel structures for various external loading’s distribution patterns.
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representing acceleration. The nested, complex loops signify 
nonlinear dynamic effects, where higher R1=a ratios result in 
broader, more intricate oscillatory patterns. These loops 
highlight the nonlinear stiffness and damping characteristics 
influenced by the GOP reinforcement and the geometric 
configuration. This analysis is critical for optimizing tunnel 
structures, as it provides insight into the effects of curvature 
and material properties on vibration behavior under external 
forces.

Figure 10 shows the dynamic response of a graphene 
oxide platelet reinforced tunnel structure under varying exci-
tation frequencies. The top graph (a) represents the displace-
ment as a function of time, subject to external harmonic 
forces with four different excitation frequencies: 
Xext ¼ 0:15� x11, 0:3� x11, 0:45� x11, and 0:6� x11, 
where x11 is a reference frequency. As the excitation fre-
quency increases, the displacement amplitudes also increase, 
reflecting stronger resonant effects. At higher frequencies 

Figure 9. Dynamical properties of GOP reinforced tunnel structures for various R1=a parametrs.
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Xext ¼ 0:45� x11 and Xext ¼ 0:6� x11, the response 
becomes more complex, showing increased oscillation irreg-
ularities due to nonlinear dynamic effects and possible prox-
imity to resonance. The bottom left graph (b) shows the 
phase-space trajectories, plotting displacement against its 
time derivative, or velocity. These closed-loop trajectories 
indicate periodic motion, where higher excitation frequen-
cies result in wider loops, signifying larger velocities and 
more energetic oscillations. The bottom right graph (c) 

presents the relationship between displacement and the 
second time derivative, representing acceleration. As in the 
phase-space diagram, the loops in this plot show that higher 
excitation frequencies lead to more pronounced nonlinear 
effects, with the loops becoming increasingly intricate. This 
indicates greater structural acceleration with larger displace-
ments under higher excitation frequencies, pointing to com-
plex interaction between the GOP reinforcement and the 
external forces. This analysis is vital for understanding how 

Figure 10. Dynamical properties of GOP reinforced tunnel structures for various Xext parametrs.
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varying excitation frequencies impact the dynamic behavior 
of GOP-reinforced tunnel structures, particularly in terms of 
stability, resonance, and energy dissipation.

4.3. The results of mentioned algorithm

Now the trained results of the offered deep neural networks 
are generated by using the previously discussed benefits and 
the outcomes of mathematical modeling. To evaluate the 
efficacy of the model, the present study examines five statis-
tical variables, including root mean square error (RMSE) 
and coefficient of determination (R2). Here are a few ways 
to find out who they are:

R2 ¼

PN
i¼1 Oi − Oavgð Þ

2 −
PN

i¼1 Oi − yið Þ
2

PN
i¼1 Oi − Oavgð Þ

2 , (29a) 

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i¼1
Oi − yið Þ

2
r

, (29b) 

The Ref. provides a thorough explanation of the parame-
ters used in Eqs. (29a) and (29b) [70]. Using Tables 3 and 4, 
this section examines how R2 and RMSE affect the outcomes. 
One may presume that a response with greater R2 and RMSE 
parameter values is more accurate. It is quite helpful to have 
chosen 691 samples with RMSE ¼ 0.28, R2 ¼0.9152, and other 
values.

Tables 3 and 4 show that for both the numerical and DNN 
approaches, the structure’s dynamic deflection decreases as 
the WGOP increases.

5. Conclusion

The results presented in this study demonstrate the effective-
ness of the CUF for the dynamic analysis and structural 
integrity assessment of advanced nanocomposite-reinforced 
tunnel structures. CUF, with its ability to account for 
higher-order theories and complex material behaviors, 

provides an accurate and versatile tool for engineers when 
modeling such structures. The formulation’s flexibility, par-
ticularly in handling multi-scale phenomena and diverse 
structural configurations, makes it a reliable approach for 
assessing the performance of nanocomposites under 
dynamic loading conditions, which is often challenging for 
traditional modeling techniques. The inherent complexity of 
nanocomposite materials, with their tailored properties and 
material gradation, requires advanced modeling capabilities 
that CUF addresses through its generalization and compre-
hensive framework. Moreover, the integration of ANNs in 
this study further validates the robustness of CUF-based pre-
dictions. By training an ANN with simulation data, we were 
able to create a powerful hybrid approach that improves the 
accuracy and computational efficiency of dynamic analysis. 
The ANN’s ability to learn from data and generalize 
responses allows for real-time prediction of the structure’s 
behavior under varying load conditions. This enables rapid 
assessment of tunnel structures, making the approach highly 
suitable for practical applications, where time and computa-
tional resources may be limited. The combination of CUF 
and ANN is thus shown to be highly advantageous in struc-
tural integrity assessments, where quick and reliable predic-
tions are necessary, especially for critical infrastructure such 
as tunnels. The study also highlights the potential of this 
integrated approach for applications in various fields beyond 
tunnel structures. The CUF-ANN methodology can be 
extended to other civil, aerospace, and mechanical engineer-
ing domains, where advanced composite materials are used 
and dynamic behavior is of concern. Additionally, the suc-
cess of this approach in modeling complex systems opens 
doors for further exploration into other machine learning 
techniques that can complement high-order structural theo-
ries. In conclusion, the integration of CUF and ANN pro-
vides a powerful, efficient, and reliable method for the 
dynamic analysis and structural integrity assessment of 
nanocomposite-reinforced tunnel structures. This framework 
has the potential to significantly advance the field of struc-
tural analysis, especially in applications requiring both preci-
sion and speed.
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