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a b s t r a c t

This paper proposes an efficient approach based on a machine learning technique to predict the local
stresses on mooring chain links. Three-link and multi-link finite element analyses were conducted for a
target chain link of D107 with steel grade R4; 24,000 and 8000 analyses were performed, respectively.
Two serial Artificial Neural Network (ANN) models based on a deep multi-layer perceptron technique
were developed. The first ANN model corresponds to multi-link analyses, where the input neurons were
the tension force and angle and the output neurons were the interlink angles. The second ANN model
corresponds to the three-link analyses with the input neurons of the tension force, interlink angle, and
the local stress positions, and the output neurons of the local stress. The predicted local stresses for the
untrained cases were reliable compared to the numerical simulation results.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A floating offshore platform should be able to keep its installa-
tion, position being assisted with a suitable mooring system. The
mooring system slightly or significantly shifts the natural frequency
of the platform motion so that the floating offshore platform is not
under resonance by the wave excitation forces. A catenary mooring
system has been most popularly used for many floating offshore
platforms. The chain links used for the catenary mooring system
are made from forged steels. These chain links form a weight in-
crease so that horizontal restoring forces can be generated in the
floating offshore platforms.

A fatigue accident in the mooring chain links has been reported
by Jean et al. (2005). In a West African offshore area, four mooring
lines of an offloading buoy unit were broken after approximately
eightmonths of operation. Some of the root causes of the accidental
failure were studied. The investigations showed that the in-plane
and out-of-plane bending moments (IPB and OPB moments)
accelerated the fatigue damages in the mooring chain links.

Many studies have examined how to predict the local stresses
generated by the IPB/OPB moments (Jean et al., 2005; Melis et al.,

2005; Vargas and Jean, 2005; Rampi et al., 2016b; Lim et al.,
2010). A private company leaded experimental and numerical
studies from 2006 to 2013 through the Joint Industry Project (JIP)
entitled “Chain out of plane bending” (Rampi et al., 2016a, 2016b).
They performed OPB fatigue tests of an actual scale mooring chain
link and compared the test results with numerical results. Based on
the results of the JIP study, Bureau Veritas presented an empirical
formula for estimating the IPB/OPB stiffness (Bureau Veritas, 2014).
The numerical analyses applied in these studies used the finite
element model composed of three links, which is referred to as the
three-link model throughout this paper. To induce the OPB mo-
ments, a prescribed rotational displacement was applied to the
third link of the three-link model, which was later named the
Prescribed Rotation Approach (PRA) by Choung and Lee (2018). A
more realistic three-link analysis approach was proposed (Choung
and Han, 2016; Choung and Lee, 2018; Lee and Choung, 2019). This
approach did not depend on the prescribed rotation but used the
direct tension force with a certain level of tension angles, called the
Direct Tension Approach (DTA). The results of the three-link anal-
ysis revealed the IPB/OPB stiffnesses, which is the relationship of
IPB (or OPB) moment and interlink angle. The three-link analyses
conducted in this paper are based on the DTA. Therewas an attempt
to use four links for the OPB and IPB stress analyses (Kim et al.,
2019).

While three-link analyses are a necessary process to obtain the
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OPB/IPB stiffnesses, that is, relation between the interlink angle and
OPB (or IPB) moment, multi-link analyses are performed to form
relation between the applied tension angle and interlink angle.
Choung and Lee (2018) and Lee and Choung (2019) proposed a
procedure for the multi-link analyses, which was followed in the
present study.

By performing global performance analyses in time domain, the
tension force and tension angle at a fairlead points can be obtained.
Since the tension force and tension angle are random processes, the
local stress generated in the link can be predicted by securing the
OPB/IPB stiffness and tension angle-interlink angle relation in
advance through extensive three-link analyses and multi-link an-
alyses. A machine learning technique is introduced in order to
predict the local stresses of a link with reliable accuracy evenwith a
finite number of three-link analyses and multi-link analyses. This is
because the machine learning technique is suitable for highly
nonlinear multivariate regression analysis. Kang et al. (2006) pre-
dicted fatigue due to multiaxial random loadings using a machine
learning technique. An Artificial Neural Network (ANN) model us-
ing a machine learning technique has been developed to determine
the layout of the mooring line (de Pina et al., 2016). An ANN for
health monitoring of the mooring lines has also been developed
(Aqdam et al., 2018). Li et al. (2018) predicted fatigue damage by
developing an ANN model that predicts the distribution of tensile
force acting on the mooring lines of a floating offshore wind
turbine.

In this study, mooring chain links, 107 mm in diameter, and
material grade R4 were considered. A large number of three-link
and multi-link analyses were required to obtain the IPB/OPB stiff-
ness and local stress corresponding to various tension forces and
IPB/OPB tension angles. Considering that in conventional mooring
systems, the maximum probable tension levels are less than
approximately 50% of the Minimum Breaking Load (MBL), 60% of
MBL was considered. To improve the quality of the training data of
the artificial neural networks applied in this study, the tension force
was increased by 3% of the MBL. The IPB/OPB tension angles ranged
from 0.0 to 10� with increments of 0.5�. Those conditions generated
24,000 three-link analyses and 8000 multi-link analyses.

This paper introduced two well-known approaches: Nonlinear
Regression Analysis (NRA) and an ANN. The ANN models were
developed using a Deep Multi-Layer Perceptron (DMLP) technique
with multiple hidden layers. The weights of each connection of the
three layers (input, hidden, and output layers) were adjusted using
a back-propagation algorithm to reduce the value of the error
function. The reliability of the ANN was evaluated using the Mean
Squared Error (MSE) and the adjusted coefficient of determination
(R2).

2. Theoretical background for IPB/OPB

2.1. Mechanism of IPB/OPB moment generation

All mooring links applied to an offshore platform should pass
through a proof load test in the production stage. The proof load
applies 70% of the designMBL (DNV, 2015). Owing to the high proof
load, plastic deformation occurs on the contact surfaces between
themooring chain links, which widen the contact area between the
chain links. The wider contact area causes increase of IPB/OPB
moments in the operation stage after installation. The above-
mentioned process can be classified into the following four
levels: proof load step, proof unload step, tension load step, and
IPB/OPB moment step, as shown in Fig. 1.

Fig. 2 shows three links to explain the generation mechanism of
the IPB/OPB moments (blue line in Fig. 1). Link #1 is the closest link
to the hull and is assumed to be constrained entirely by a fairlead or
chain hawse. Link #2 is the link that experiences IPB/OPBmoments.
The OPB and IPB moments may occur due to locking between two
consecutive links. When the middle link (link #2) is locked in the
in-plane direction by the links #1 and #3, an IPB moment occurs in
the middle link, while locked in out-of-plane direction, there is an
OPB moment in the middle link. The frictional force between links
#1 and #3 generates the IPB/OPB moments in link #2. That is, link
#2 is supported by the frictional force of link #1 and is regarded as a
cantilever subjected to a lateral load by link #3, and a component
orthogonal to successive chain links (like a cantilever) of the ten-
sion force, T , causes an IPB /OPB moment. Fig. 2(a) shows the IPB-
moment, which can be defined as Eq. (1). Fig. 2(b) shows the OPB
moment, which can be defined as Eq. (2), where L is the length of
the cantilever (link); atI and atO are the IPB /OPB tension angles,

respectively, and aintI and aintO are first IPB /OPB interlink angles,
respectively. The DTA corresponds completely to Fig. 2.

MI ¼ TL sin
�
atI �aint1I

�
(1)

Nomenclature

d Nominal diameter of the chain
E Elastic modulus
L Link span
n Ramberg-Osgood material constant
MI Nominal moment or stiffness in the IPB direction
MO Nominal moment or stiffness in the OPB direction
MBL Minimum breaking load
MSE Mean squared error
so Engineering yield strength
T Tension load

Ycal Calculated value (simulation result)
Yest Estimated value (regression result)
a Ramberg-Osgood material constant
aintI Interlink angle induced by the IPB moment
aintO Interlink angle induced by the OPB moment
atI Tension angle producing the IPB moment
atO Tension angle producing the OPB moment
ε True strain
m Friction coefficient
s True stress
sp1 Maximum principal stress (local stress)

Fig. 1. Four load steps of a chain link (Choung and Lee, 2018; Lee and Choung 2019).
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MO ¼ TL sin
�
atO �aint1O

�
(2)

2.2. Local stress prediction procedure

Choung and Lee (2018) proposed a method to predict the OPB
fatigue failure of a mooring chain link using three-link analysis and
multi-link analysis (see Fig. 3). The first task of the procedurewas to
obtain tension time series data (tension force and tension angle)
acting on the mooring line through solving the equation of motion
with the hydrodynamic constants involved in radiation and wave
excitation. The maximum and minimum tension force and tension
angle should be identified. After dividing the tension force and
tension angles into the appropriate numbers, three-link analyses
are needed for each tension level and tension angle. The local
stresses according to the interlink angles can be established from
the three-link analyses. In this study, the maximum principal stress
is considered to be the local stress, assuming that the principal
angle changes slightly.

Because the tension time series is obtained from global

performance analysis in time domain, it is necessary to construct
the relationship between the interlink angle and tension angle,
which is possible by multilink analysis composed of many chain
links. The chain links of the multilink analysis were modeled as
dozens of beam elements, in which universal joint elements con-
nect the links transferring the axial tension from link to link and
allow free rotational movement. The nonlinear spring elements

Fig. 2. Schematic diagram of a three-link for the IPB/OPB moment mechanism (Choung and Lee 2018; Lee and Choung, 2019).

Fig. 3. Flowchart for the IPB/OPB moment-induced fatigue damage prediction (Choung and Lee, 2018; Lee and Choung, 2019).

Fig. 4. Flowchart for the local stress-tension angle relationship using three-link and
multi-link analyses (Choung and Lee, 2018; Lee and Choung, 2019).

Fig. 5. Geometry of the link D107-R4.

Fig. 6. Boundary and loading conditions for three-link analysis (Choung and Lee 2018;
Lee and Choung, 2019).
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provide the IPB/OPB rotational stiffness values, which were ob-
tained from the three-link analysis. The relation for the interlink
angle-local stress obtained from three-link analyses and the rela-
tion for the interlink angle-tension angle obtained from multi-link
analyses were combined to derive the relation for the tension angle
and local stress. This process is illustrated in Fig. 4.

3. Three-link analysis

3.1. Three-link modelling

The link size andmaterial grade were a diameter of 107mm and
R4 (D107-R4) as shown in Fig. 5. Fig. 6 shows the finite element
model, where the chain links were modeled using cube elements
with reduced integration points and incompatible mode enhance-
ment under bending deformation (C3D8RI). To achieve the conve-
nient capture of link surface stress and the convenient contact
assignment between the chain links, very thin membrane elements
(M3D4R) were coated on the link exterior surface of the cube ele-
ments. Considering the seawater lubrication conditions, a friction
coefficient of m ¼ 0.3 was applied between the chain links (Bureau
Veritas, 2014). The element sizes shown in Fig. 6 were already used
by the JIP (Rampi et al., 2015), Choung and Han (2016), and Choung
and Lee (2018) from the convergence studies. Hence, the same
element size was used in this study.

From the proof load step to the tension load step, the
displacement components symmetric to the x-plane of the refer-
ence node at themid-span of the third linkwere coupled to those of
the dependent nodes on the mid-span section; hence, axial forces
can be transferred through the links. On the other hand, for the IPB/
OPB load step, six displacement components were coupled because
of the application of the IPB/OPB loads. A change in the de-
pendencies in a displacement coupling element was not allowed in
a single execution of ABAQUS (Simulia, 2018), so successive three-
link analyses were conducted (Choung and Han, 2016; Choung and
Lee, 2018). Until the tension-load step, the translational degree of
freedom in the axial direction (x-direction in Fig. 6) was con-
strained at the node on the mid-span section of the first link, while
those nodes were constrained in all directions for the application of
the inclined tension, which produces the IPB/OPBmoments. Table 1

Table 1
Load and boundary conditions (Choung and Lee, 2018; Lee and Choung, 2019).

Condition Load step

Proof load Proof unload Tension load IPB/OPB moment

Symmetry at x ¼ 0.5L plane ✓ ✓ ✓ ✓

Symmetry at y ¼ 0 plane ✓ ✓ ✓

Symmetry at z ¼ 0 plane ✓ ✓ ✓ ✓

uy ¼ uz ¼ 0 at x ¼ 0.5L plane ✓

Proof load ✓

Tension load ✓

Oblique tension T for DTA ✓

Table 2
Material properties of the D107-R4 chain link (Lee and Choung, 2019).

Item Value

E [MPa] 206,000.00
so [MPa] 581.63
su [MPa] 860.01
a 0.71
n 10.30

Fig. 7. Applied flow stress (Lee and Choung, 2019).

Fig. 8. IPB/OPB stiffness curves in link #2 (Lee and Choung, 2019).
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lists the applied load and boundary conditions.
Table 2 lists the material properties applied in this study. The

Ramberg-Osgood formula shown in Eq. (3) was used to define the
flow stress, s, and the total strain, ε, of the chainmaterial, which has
two material constants, a and n. Fig. 7 shows the flow stress curve
generated.

It is common to design the maximum tension force not to
exceed 50% of the MBL. Considering a margin of 10% for more
conservative design, 60% of MBL was used as the maximum tension

force. Smaller tension force increments were better, but 3% tension
increment was used to maintain a realistic number of three-link
structural analyses. Large IPB/OPB tension angles that can cause
aint1I � 5� and aint1O � 5� were applied.

The three-link analyses were performed to derive the local
stress for the interlink angle, as shown in Fig. 6. A commercial
analysis program, ABAQUS V2018, was used for this purpose.

ε¼ s

E
þ a

�s
E

��s

so

�n�1

(3)

3.2. Three-link analysis results

Fig. 8 presents the results of three-link analysis for all tension
levels, where the spacing between the lines represents the differ-
ence in the moment generated due to the tension force level
increased by 3% MBL. As shown in the two graphs, the sliding
modes tend to become unclear as the tension force increases. The
IPB moment is significantly larger than the OPB moment at the
same interlink angle.

In this study, three local points (P1, P2, and P3) were considered,
as shown in Fig. 9 (Rampi et al., 2015; Bureau Veritas, 2014). Table 3
lists the angle of each local point. The relationships of the local

Fig. 9. Location of local stress in link #2 (Lee and Choung, 2019).

Fig. 10. Local stress versus the IPB/OPB interlink angle (Lee and Choung, 2019).
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stress and the interlink angle for three local points were derived
from the three-link analysis, as shown in Fig. 10.

The local stress surfaces at P1 and P2 were separated according
to the tension levels because they are influenced strongly by the
tension force and IPB/OPB tension angles (Fig. 10(a) and (b)). The
local stress surfaces at P3 (Fig.10(c)) appear to bemore over layered
than those at P1 and P2. P3 is closest to link # 1, so the contact area
affects the stress at P3 considerably.

4. Multi-link analysis

4.1. Multi-link modelling

Ten chain links were used in multi-link analysis (Choung and
Lee, 2018). To present the radius of curvature of the chain link,
sixteen beam elements (B31) were arranged in the round section,
and four beam elements were in the straight section. Therefore,
twenty beam elements per link were used. When generating the
link semicircle part using 8 beam elements, it is difficult to form a
true semicircle and some knuckles are expected. In the beam ele-
ments, the stress concentration cannot be expected due to those
discontinuities such as knuckles. Therefore, it is determined that 20
beam elements are sufficient to configure one link.

The same material properties as applied to the three-link ana-
lyses, were used in the multi-link analyses. As described above, the
IPB/OPB stiffness presented in Fig. 8 was used as the rotational

stiffness between the chain links (see Fig. 11). The leftmost center
node of the first link was constrained in all directions. The same
tension force used for the three-link analyses was applied to the
three-link analyses. The multi-link analyses were performed using
the commercial analysis program, ABAQUS V2018.

4.2. Results of multi-link analysis

Fig. 12 presents the relationship between the tension angle and
the first interlink angle. Fig. 12(a) and (b) shows the IPB tension
angle and OPB tension angle, respectively. Because the IPB stiffness
was larger than the OPB stiffness, the OPB tension angle produces a
larger interlink angle than the IPB tension angle. The relationship
between the tension angle and interlink angle was almost linear at
low tension but became an exponential nonlinear type as the
tension was increased.

5. Prediction model

5.1. Development of two serial ANN models

A flow chart was produced to develop the ANNmodels based on
the results obtained from three-link analyses and multi-link ana-
lyses, as shown in Fig. 13. The input variables of the first ANNmodel
are the tension force and IPB/OPB tension angles, and the output
variables are the multi-link analyses results. In other words, the
IPB/OPB interlink angles are both the output variables of the first
ANN model and the input variables of the second ANN model. The
tension force is the input variable of the second ANN model. As
shown in Fig. 9, 41 and 42 are the angles representing the local
stress location. Table 3 summarizes the three locations of the local
stresses (41 and 42) used in this study. The output variable of the
second ANN is the local stress.

In this study, the ANNmodels were developed using the Python-
based Keras library (Chollet François, 2015). The DMLP technique
was applied considering the substantial nonlinear property of the

Fig. 11. Load and boundary conditions for multi-link analysis (Lee and Choung, 2019).

Table 3
Location of local stress (Lee and Choung, 2019).

Location ∅1 (deg.) ∅2 (deg.)

P1 17 28
P2 48 54
P3 36 36

Fig. 12. Tension angle versus interlink angle.

Fig. 13. Flowchart for estimating the local stress using ANN (Lee and Choung, 2019).

J.-b. Lee, G.T. Tayyar and J. Choung International Journal of Naval Architecture and Ocean Engineering 13 (2021) 848e857

853



model and the increased number of input variables. This technique
is composed of an input layer, multiple hidden layers, and output
layers. A reliable number of hidden layers and neurons were
determined by trial and error for various cases of training. Three
hidden layers were used in this study. Table 4 lists the number of
neurons corresponding to each hidden layer. The weight for each
neuron was derived using the adaptive moment optimization
(ADAM) technique. In addition, considering the output variable
characteristics of the regression model, the rectified linear unit
(RELU) function that compensates for the vanishing gradient
weakness of the sigmoid function was determined to be the acti-
vation function.

5.2. Samples for ANN models

Table 5 lists the sample information associated with the three-
link and multi-link analyses. In this study, the gross samples were
divided into training samples and testing samples. Twenty percent
of the gross samples were used to test the ANNmodels. The testing
samples included the cases corresponding to the four tension levels

of 0.15, 0.30, 0.45, and 0.60 MBL, while the remaining sixteen
tension levels out of twenty tension levels were for the training
samples (see Table 6).

The range of input variables should be as broad as possible to
expect a better prediction using a trained ANN model. In this
context, not only was the tension force range sufficiently broad in
this study, but the tension force increment was also suitably nar-
row. In addition, sufficiently wide ranges of IPB/OPB tension angles
and dense tension angle increments were organized. Hence, the
ANN models were expected to be free from overfitting error.

The actual platforms with catenary mooring are designed so
that themaximummooring tension does not exceed approximately
0.5 MBL unless a snapping shock occurs. Also, it is known that a
small interlink angle of 1-2� develops in the actual platform
mooring lines. It is judged that the maximum tensile force,
maximum interlink angle, and maximum tension angle set for the
training data in this study are sufficiently large.

5.3. Results and validation of the trained ANN models

The number of epochs in the first and second ANN models was
determined by trial and error to be 100 and 1,500, respectively. An
increase in the number of input and output variables force in-
creases the number of epochs in the second ANN model. The mean
squared error (MSE) in Eq. (4) was used to measure the learning
accuracy of the ANNmodel. Y in Eq. (4) denotes an arbitrary output
value.

Table 4
Structure of the ANN models (Lee and Choung, 2019).

Object Activation function Number of neurons

Input Hidden #1 Hidden #2 Hidden #3 Output

Multi-link analysis RELU 3 81 9 3 2
Three-link analysis RELU 5 625 125 25 1

Table 5
Information for the samples (Lee and Choung, 2019).

Models Number of samples Input Range Interval

Multi-link analysis 8820 T 0.03 MBL ~ 0.60 MBL 0.03 MBL
atO 0� ~ 10� 0.5�

atI 0� ~ 10� 0.5�

Three-link analysis 24,357 T 0.03 MBL ~ 0.60 MBL 0.03 MBL

aint1O
0� ~ 5� 0.5�

aint1I
0� ~ 5� 0.5�

41 0� ~ 90� 3 cases
42 0� ~ 90� 3 cases

Table 6
Training and testing data for ANN models (Lee and Choung, 2019).

Models Training data Testing data Total

Multi-link analysis 7057 1763 8820
Three-link analysis 19,587 4770 24,357

Fig. 14. MSE using 1st and 2nd ANN models (Lee and Choung, 2019).
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Fig. 15. Accuracy of estimated IPB/OPB interlink angles using 1st ANN model (Lee and Choung, 2019).

Fig. 16. Accuracy of estimated local stresses using 2nd ANN model and NRA (Lee and Choung, 2019).
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MSE¼1
n

Xn

i

ðYest � YcalÞ2 (4)

Yest are the estimated IPB/OPB interlink angles and local stresses
in the first and second ANN models, while Ycal are the calculated
IPB/OPB interlink angles and local stresses. n is the number of
training samples. Fig. 14 shows theMSE according to the epoch. The
MSE of the 1st ANN model converges to approximately zero before
the epoch reaches forty. The MSE is 5.7263 � 10�4 when the epoch
is 100. The MSE of the 2nd ANN model converged slower than that
of the 1st ANN model. The MSE was almost zero when the epoch
was 1500.

5.4. Accuracy verification

To verify the accuracy of the first ANNmodel, the interlink angle
was estimated using the testing samples. Fig. 15 shows that the
predicted IPB/OPB interlink angles were almost equal to the
calculated ones. The estimated local stresses at P1, P2, and P3 were
also compared with the calculated ones, as shown in Fig. 16, where
excellent agreement between the estimated stresses and calculated
stresses was observed for the low-tension cases (0.15 MBL and 0.30
MBL). As the tensile force increases, the contact surface between
the two links expands. Since P3 was located closest to the initial
contact surface, the expanded contact surface could include P3
under the increased tensile forces. As a result, the local stress at P3
is affected by the tension force and become sensitive to contact
condition. This is well verified from Fig.10 where the stress surfaces
look more complicated than those at P1 or P2.

The least square method using polynomial equations is used
widely in regression analysis as a standard approach. In this study,
Non-linear Regression Analyses (NRAs), which is one of the least
square methods, were carried out to predict the local stresses.
Many ordinary polynomial equations and polynomial equations
raised to a power were considered by changing the order of the
polynomials. The best-fit model was found to be a linear poly-
nomial equation raised to the exponent, as shown in Eq. (5).

Table 7 lists the identified coefficients. As shown in Fig. 16, the
predicted values, however, show large scatter. The correlation of
the two data sets (estimated and average values) can be confirmed
using the coefficient of determination shown in Eq. (6). The results
are summarized in Table 8. The coefficient of determination by the
NRA was approximately 60%, but the coefficients of determination
by the ANN models were more than 99.9%.

y¼ expðax1 þ bx2 þ cx3 þdx4 þ ex5 þ f Þ (5)

R2 ¼
�
1� MSEest

MSEavg

�
(6)

6. Conclusion

A large number of simulations are required to estimate the in-
crease in the stress of mooring chain links due to the IPB/OPB
moment. This study examined the usability of an artificial neural
network to solve these problems. A total of 24,357 three-link ana-
lyses and 8820 multi-link analyses were conducted for a selected
offshore chain with a nominal diameter of 107 mm and material
grade R4. The results of the three-link analyses were the local
stresses and IPB/OPB stiffness. The results of themulti-link analyses
were the IPB/OPB tension angle-interlink angles.

The three-link and multi-link analysis results were used to
construct the ANN models. The DMLP technique was introduced
considering the increased number of input and output variables of
the ANN model. Two separate ANN models were developed
because the input and output variables of the three-link and multi-
link analyses were different. The first and second ANN models
corresponded to the multi-link and three-link analyses,
respectively.

To verify the reliability and accuracy of the first ANN model, the
estimated and calculated interlink angles for testing the samples
were compared in terms of the MSE. The first ANNmodel predicted
the IPB/OPB interlink angles with high accuracy. The MSE between
the estimated and calculated local stresses by the second ANN
model was also in good agreement with the NRA. The excellent
local stress prediction using the second ANNmodel was verified by
comparing the second ANN predictions with those by nonlinear
regression analysis. The coefficients of determination based on the
two approaches revealed wide scatter in the local stress prediction
by the NRA.

This study was motivated by the fact that a huge number of the
finite element analyses are necessary for a fatigue evaluation
considering the IPB/OPB moments. The ANN model could reduce
these effectively. As a result, the ANN was confirmed to be a good
alternative for a local stress prediction maintaining good accuracy.

The prediction ability of the ANNmodels for the testing samples
was validated, but this should be extended to test samples located
out of the training variable ranges. The existence of overfitting and
overtraining of the ANN models should be checked. Therefore, the
sensitivity of the number of hidden layers to the output variables
will require further study.
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