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Abstract

In the study, the weight efficiency of the Triple Friction Pendulum Bearing (TFP) Isolators is investigated on
optimal weight of planar steel frames. For this investigation, an optimization program based on Artificial Bee
Colony (ABC) algorithm have been developed for this study. In the design of steel frames, the structure should
satisfy strength, inter-story drift, top-story drift and geometric requirements that are implemented from LRFD-
AISC. For the research, 8 different planar frames were optimized as seismic-isolated and fixed-based, which were
diversified according to story height and bracing. According to the results, the frames with TFP isolators,
especially non-braced ones are a lot more advantageous regarding the optimal weight.

Keywords: Triple friction pendulum isolator, Planar steel frame, Bracing, Seismic-isolated, Artificial bee colony
algorithm

1. Introduction

Minimizing the damaging effects of earthquakes on the structure is one of the most popular
fields of study in structural engineering. Various structural design methods are used for this
purpose. One of the methods is seismic isolation of the structures. Isolator devices increase the
period of the superstructure and thus decrease the earthquake-resulted story drifts and ground
accelerations acting to the floors, which means that earthquake-induced deformations are
mitigated. On the other hand, it should also be considered that seismic isolation can have a
reducing effect on the cost of the superstructure because it can allow the dimensions of the
structural elements to be smaller than those of traditional design. To investigate this effect, it is
necessary to conduct a comparative study of seismic-isolated structures and fixed-based
structures in terms of cost. It is very difficult to make this comparison with conventional
methods and does not give a realistic result. In this context, the metaheuristic optimization
techniques are effective methods for realistic comparison. Metaheuristic optimization
techniques with swarm intelligence present consistent solutions to complex optimization
problems [1-6]. Swarm intelligence is based on the resolution of problems in nature as a swarm
rather than as an individual. Metaheuristic optimization algorithms are created by simulating
the behavior of the swarm while it is foraging. Many metaheuristic optimization algorithms
such as Genetic algorithm, Archimedean optimization algorithm, and Crow search algorithm

© 2021 R.B. Taymus, I. Aydogdu published by International Journal of Engineering & Applied Sciences. This work is licensed under a
Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License
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have been developed and successfully applied to complex optimization problem so far, and
artificial bee colony algorithm (ABC) is one of these algorithms. ABC algorithm which
simulates the foraging behavior of honey bees, performed well in structural optimization
problems for optimal sizing of truss and frame structures [7-8].

In literature, there are many optimization studies related to seismic isolated structures.
Skandalos et al. [9] conducted a comparative optimization study in terms of seismic response
on fixed-based, base-isolated, and inter-story isolated structures. Tsipianitis and Tsompanakis
[10] tried to optimize the seismic response of a seismic-isolated liquid storage tank by using
swarm intelligence algorithms and used single friction pendulum and triple friction pendulum
isolators from sliding-based isolator devices. In the study, dimensional parameters of the
isolator devices were also optimized as well as the seismic response of the superstructure. In a
study conducted by Cergevik et al. [11], isolator period and damping ratio of seismic isolation
systems were optimally designed by using metaheuristic search methods in a way to minimize
the roof acceleration. Peng et al. [12] optimized an adaptive sliding base isolation system to
prevent possible failure of isolator devices during an extreme ground motion and thus to
improve the seismic performance of structures. Rizzian et al. [13] presented a study on sizing
optimization of seismic isolated reinforced concrete structures where optimum design main
parameters were superstructure material cost, top floor displacement, and acceleration and it
was revealed that when the cost of seismic isolator devices was considered, base isolation did
not provide a cost advantage to the structure in total while it had positive effects in top floor
response and acceleration. In a study that Jiang et al. [14] conducted, isolator devices used in
seismic-isolated simply supported bridge model in the near-fault region was optimized by
considering the pulse effect.

Related to the papers mentioned above, it can be commented that there are not enough studies
to observe the effect of seismic isolation regarding the cost of the superstructure. In this context,
this paper contributes to the literature. The paper presents a comparative study of cost
optimization of base-isolated and fixed-base structure models. Accordingly, four different
examples are designed: (i) 4-story 2D steel frame with braces, (ii) 4-floor 2D steel frame
without braces, (iii) 8-floor 2D steel frame with braces, (iv) 8-floor 2D steel frame without
braces. Each of the examples is handled as both seismic-isolated and fixed-based. Triple friction
pendulum (TFP) isolator devices are used for seismic isolation of the models. All the models
are optimized by using ABC algorithm and the results from seismic-isolated models are
compared to those from fixed-based ones.

2. Optimum Design of Steel Plane Frames

To optimally design steel frames, it is necessary to select frame member sections from a suitable
steel section list in a way to satisfy specified limitations and serviceability by considering that
the main objective of the design is to minimize the material cost of the frame. It is well-known
that the material cost of a superstructure is proportional to its weight. Thus, the main function
of the design can be given as in Eq. (1) [7].

— t

NG
wlx|= Y m- Yl (1)
r=1 s=1

— —
Here, x , W( x ), m,, t,, NG, and I, respectively refer to a vector of the sequence number of W-
sections selected for member groups, the weight of frame as a function of the selected sections,
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unit weight of frame section to use for group r, total member number of group 7, total group
number of frame, and member length of the member of group r. In the design, three different
constraints are applied: (i) strength constraints, (ii) lateral drift constraints, and (iii) geometric
constraints. Firstly, strength constraints to be complied with for each element of the frame are
as in Eq. (2) [7].

. fu +§ My -1<0 if P—”20.2
OB, 9 opMy, oF,
8| ¥ =1 p M p (2)
U 4 U _1<0 if H“ <02
208, ¢pMy OF,

Here, M,, M,,, P,, and P, respectively refer to, a nominal flexural strength of the frame, design
moment, nominal axial strength, and design axial force for the structural element. M, value is
computed according to the second-order analysis of the structure. In the study, the approximate
method specified in part C of the LRFD-AISC [15] specification was used for the second-order
analysis.

Secondly, constraint functions of top and inter-story drift constraints are presented Egs. (3)-(4)

[7].

- Astr
Jjl .
gl x |=—F—-1<0 =1,2,...,n [=12,...n 3)
8id ( ] . / Ratio J st lc
. Atjf)lp
X |=—>"—-1<0 j=12,....n; [=1,2,....n 4
8td [ ] H / Ratio J Jjtop lc 4)

to str
jlp A gl
of top story, j joint/I" load-case top story displacement, j** story/I" load-case story drift, story
number, story height, and lateral displacement limitation ratio from ASCE Ad Hoc Committee
report [16]. This report has presented that lower and upper bounds of Ratio values are 1/750H
and 1/250H for top story drift, and 1/500h,, and 1/200h;, for inter-story drift.

Finally, geometric constraints are explained in Eq. (5)-(6) [7].

Here, njc, H, njtp, A ny, hsy, Ratio are load-case number, height of frame, joint number

—\ Tecj ( pa legi (,a
_ Zi_ oy A
gcc[ ]_2 p; 1+E s=1|=0 (5)
i=1\ =} i=1\ "
R ij
ghe ]= > E—l <0 (6)
i=1 f

Here, 7., mia , mzb , Dia’ le ,mj2, DY, (61, BJC,Z , and B?’ respectively refer to unit weight of

above story-W section, unit weight of below story-W section, depth of above story-W section,
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depth of below story-W section, number of beam-column connection joints, depth of column-
W section at the joint i, flange thickness of column-W section at the joint 7, flange width of
column-W section at the joint 7, flange width of column-W section at joint i, and flange width
of beam-W section at the joint i. Fig. 1 describes these parameters.

(a) (b)

Fig. 1. (a) Beam-Column, (b) Column-Column connections and constraint parameters

During the optimization process, if the candidate frame design does not satisfy Eq. (2)-(6), the
weight of the structure design increases with the penalty function. The static penalty function
(see Eq. (7)), which is frequently used in frame optimization problems, is preferred in the study.

Wp

=w-(1+P)° (7)
Here, Wp is the penalized weight, P is the total penalty value and ¢ is the penalty coefficient (
& =2 in this study). € value was considered as 2 in [7] and this value was found to be effective.
For this reason, it will be considered as €=2 in this study. The value of P is calculated by Eq.

®) [7].

-

0 if gi(x]so

gi(;}] if gi[?J >0
L J

Here, subscript i represents any constraint function, NC is the total number of constraint
functions in the optimization problem. In the study, the fitness value of the candidate solution
(Fit) is inversely proportional to penalized weight and is formulated in Eq. (9).

NC
P=YC and G=. (8)
i=1
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Fit = — 9)
w

3. Artificial Bee Colony (ABC) Algorithm

The ABC method was first developed by Karaboga and Basturk [17-23] by observing the
behaviors of bees for minimum energy expenditure during foraging. The method categorizes
worker bees as employed, onlooker, and scout bees. Employed bees handle collecting pollens
from nectar sources (NS’s) and sharing information about NS with the colony. Onlooker bees
decide to fly NS according to information shared from the employed bees. In the case of a
depleted NS, scout bees look for new NS instead of depleted sources. In each cycle of the ABC,
the employed bees choose one NS, and the onlooker bees have the same total number of flights
as the worker bees. The scout bees replace the worker bee that flies to the depleted NS.
Therefore, in the method, the numbers of employed bees, onlooker bees, and NS are equal. In
the method, the NS, the location of the NS, and the quality of the NS represent the candidate
solution, the design variables, and the fitness of the solution respectively. The optimization
process of the ABC algorithm can be explained in these steps:

(1) The algorithm constitutes initial designs randomly by Eq. (10).

xpi=xli+ap[xui—xliJ ap€[01] i=12..n p=12..pn (10)

Here, a,, n, pn is respectively a random value between 0 and 1, element number of solution
— — —
vector, and the number of NS. x,,; and xj; are respectively upper and lower bounds of x; . The

algorithm evaluates the initial design, finds their fitness values, and assigns the trial values to
the initial design as zero. All these values are stored in the algorithm memory.
(i) Worker bees modify designs in the memory as in Eq. (11).

X pi = X pi+fp| * pi- X ki ﬁpe[—l,l] k=i i=12,..n (11)

— — (—) —

—
Here, x j; is a randomly selected NS and f, is a random value between -1 and 1. Then the

ABC computes the fitness values of the new designs and compares them with the old designs.
The new design replaces the old one if the new designs have better fitness. Otherwise, the old
solution stays in memory and its trial value increased by one. This process is named as “greedy
selection”.

(ii1) Onlooker bees figure out the designs to modify based on the information received from the
worker bees. This decision must be based on a probability value, named as PV, calculated by
Eq. (12).

PV =—Fit(xp) (12)
P= "
. Fit(x)
p=1
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After the decision, the algorithm performs the same procedures to decided designs as in the
worker bee part.

(iv) If the trial number of the design is greater than the limit value defined at the beginning of
the optimization process, scout bees step in. Scout bees remove the design from the memory
and find the new design in the same way with step (i).

After step (iv), the algorithm completes one cycle and goes back to step (ii). The algorithm
performs operations between steps (ii) and step (iv) until it reaches the maximum cycle number
and/or function evaluation number.

4. The Design of Triple Friction Pendulum Bearing (TFP) Isolators

TFP isolators are a type of frictional-based seismic isolator devices and are commonly used in
seismic isolation of structures (see Fig. (2)). They are composed of 5 components: (i) Top
concave sliding plate (C,), (i) Bottom concave sliding plate (C,), (iii) Top concave slider (Cs),
(iv) Bottom concave slider (C4), and (v) Inner articulated slider (Cs). Figure 2 describes TFP’s
components and parameters. For the concave surfaces, it must be R; = Ry and R, = R; and
likewise d; = dy and d, = d; for the displacement capacities. There are four frictional interaction
surfaces between the components. The friction coefficients of the surfaces are u;, u», 3, and
U4, from the bottom to the top, respectively and generally g, =z <p;=puqor = usz < u;
< ty4. In this study, it is taken as pr = U3 < ;= Uy.

DC
DS
DR

tslider |  —— J

Sy

Cs ’r—’\ o

vt b7 B ok
b

topen
Cs —d2

Fig. 2. A TFP model and its parameters

TFP isolator devices to use in this study are designed by abiding by “LRFD-Based Analysis
and Design Procedures for Bridge Bearings and Seismic Isolators” [24]. DC and R; values
required for the design are given in Table 1, quoting from section 4.4 of [24]. Considering the
values selected from Table 1, d; and then DS can be calculated by Eq. (13)-(14).

d| =0.15DC (13)
DS = DC -2d, (14)

Table 1. R1 and DC parameter values of friction pendulum bearings [23]
R;(inch) | 61 | 61 | 61 | 61 | 61 | 88 | 88 | 88 | 88 | 88 | 88 | 88 | 88 | 88
DC(inch) | 14 | 18 | 22 | 31 | 36 | 27 | 31 | 36 | 39 | 41 | 44 | 46 | 51 | 56
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After the calculation of DS, axial pressure, p;, of a concave slider to concave sliding plate is
obtained by Eq. (15).

/4
x-DS?

4

Pl = (15)

Here, W is an axial load on the isolator device and its unit must be kips. Friction coefficients
are proportional to axial pressure and the y; value is calculated by Eq. (16) as based on p;.

1 =0.122-0.01p| (16)

In this design, it is considered that the 4 ; value is better to be equal to 0.05 or larger than 0.05.
If u; < 0.05, the above process must be repeated with new R; and DC values until ¢; > 0.05.
Moreover, the i, value is 30 percent of the ; value. With the calculation of u, if Eq. (16) is

rearranged with respect to ¢, Eq. (17) can be derived by subtracting p, from the new equation
rearranged.

_0.122-ump

17
0.01 {17
Here, p; is the axial pressure of the articulated slider to the concave slider. ¢, figer, and Ay im2
parameters are obtained as respectively DS/30, DS/7, and DS/20 for this study. In the next step,
applying Eq. (15) for p», Eq. (18) is obtained.

w
p2= 5 (18)
7 DR
4
And thus, DR value can be attained by Eq. (19).
pr- |2 (19)
T p2

DR value is wished to be larger than 0.25DS and smaller than 0.5DS. If these boundary
conditions exceed, all the processes must be repeated from the beginning. The calculation of
DR value leads up to d, (See Eq. (20)).

_ DS-DR-2t)
2

d (20)

In the design, the distance between the closest endpoints of the support in the vertical direction
is 1 inch. According to this, the 4, value can be geometrically obtained by Eq. (21).
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2

DS lopen
h2=R2—\/R§—(7—t2) hyj + ]; @1)
Finally, 4; value is calculated as related to 4, and 4. by Eq. (22).
h = hy +tjider (22)

5. Design of Steel Plane Frames

This study aims to evaluate the effect of seismic isolation on weight by optimizing seismic
isolated and fixed-based steel plane frame samples using the ABC optimization algorithm. For
this goal, four steel plane frame examples, two of which have 4-story and the other two have 8-
story, are designed. All 4-story and 8-story frames are modeled both with and without braces.
Frame members are grouped as: one group for outer columns in every 4 floors, one group for
inner columns in every 4 floors, one group for beams in every 4 floors, one group for braces in
each floor. Joint, member, and group number of the frames are given in Table 2. The member
grouping of all the frame examples are handled as both fixed-based and seismic-isolated (see
Fig. (3-6)). The profiles to be assigned to the member groups are selected from the W sections
from WI150X13 to W920X1191 as given in LRFD-AISC. In seismic-isolated frames, 3
members are added to the base floor for 4-story frames and 5 members for 8-story frames to
provide the lateral stability of isolator devices. The vertical loads applied to the frames are 2.88
kN/m* of dead load (D), 2.39 kN/m” of live load (L), and 0.755 kN/m? of snow load (S). The
equivalent earthquake loads for each story are acted on both X and Y directions (EX and EY)
and re-calculated in each iteration of the optimum design. The design load combinations are
1.4D, 1.2D + 1.6L + 0.5S, 1.2D + 0.5L + 1.6S, 1.2D + 0.5L +0.2S + 1.0EX, and 1.2D + 0.5L +
0.2S + 1.0EY. Top-story and inter-story drift limitations are taken as respectively H / 300 and
hi/ 300, which H is the height of frame and 7, is the height of i”" story. The vertical loads, the
drift limitations, and the load combinations are calculated by obeying to LRFD-AISC.

Table 2. Group and joint number of frame models

4-Story Frame Models 8-Story Frame Models
FB SI FB SI
# of WB | WOB | WB | WOB | WB | WOB | WB WOB
Joint 24 20 24 20 70 54 70 54
Member 44 28 47 31 152 88 157 93
Group 7 3 7 3 14 6 14 6
WB: with braces WOB: without braces FB: Fixed-based SI: Seismic-isolated
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Fig. 3. Element group number for (a) Fixed-Based, (b) Seismic-Isolated 4-Story Model without Braces
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Fig. 4. Element group number for (a) Fixed-Based, (b) Seismic-Isolated 4-Story Model with Braces
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Fig. 5. Element group number for (a) Fixed-Based, (b) Seismic-Isolated 8-Story Model without Braces
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Fig. 6. Element group number for (a) Fixed-Based, (b) Seismic-Isolated 8-Story Model with Braces

All the design examples are optimized by using ABC algorithm. Section lists of the optimum
designs are given in Tables 3-6. Moreover, the maximum constraint values, which are minimum
weight, PMM ratios, maximum story drifts, maximum total drifts, and maximum number of
iterations, computed at optimized design for the design examples are presented in Table 7.
Considering the weight values determined, it can be seen that the seismic isolation decreases
the weight by: 28.45% for 4-story model without braces, 6.44% for 4-story model with braces,
and 22.43% for 8-story without braces, 9.45% for 8-story model with braces. The design
histories are shown in Fig. (7)-(10). It is clearly seen from the figures that ABC algorithm has
sufficient convergence rate.

Table 3. The best design weights for 4-story frame models without braces

# of Group | Fixed-Based | Seismic-Isolated
1 W410X46.1 W250X17.9
2 W410X46.1 W310X32.7
3 W310X38.7 W250X32.7

Table 4. The best design weights for 4-story frame models with braces
# of Group | Fixed-Based | Seismic-Isolated
1 W150X22.5 W150X18

2 W200X31.3 W200X26.6
3 W130X23.8 W130X23.8
4 W200X19.3 W100X19.3
5 W150X18 W150X13
6 W150X13 W200X15
7 W150X13 W150X13.5

Table 5. The best design weights for 8-story frame models without braces

# of Group | Fixed-Based | Seismic-Isolated
1 W360X39 W460X52
2 W360X39 W250X28.4
3 W410X67 W410X60
4 W410X53 W310X32.7
5 W410X53 W310X44.5
6 W360X51 W250X32.7
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Table 6. The best design weights for 8-story frame models with braces

# of Group | Fixed-Based | Seismic-Isolated
1 W200X26.6 W360X39
2 W200X22.5 W150X24
3 W460X74 W360X51
4 W360X39 W150X37.1
5 W150X22.5 W130X23.8
6 W200X26.6 W200X31.3
7 W250X32.7 W310X23.8
8 W150X29.8 W150X22.5
9 W310X38.7 W250X22.3
10 W310X32.7 W150X18
11 W150X29.8 W310X23.8
12 W200X26.6 W250X17.9
13 W150X13 W100X19.3
14 W310X21 W250X17.9

Table 7. Maximum constraint values computed at optimized design for design examples

4-Story 8-Story

w Braces w/o Braces w Braces w/o Braces

FB SI FB SI FB SI FB SI
Minimum W (kN) 37.8 35.3 49.1 35.2 181.7 164.5 198.1 153.6

Max. story drift (mm) 3.6 1.2 9.6 9.6 7.4 4.8 8.1 9.1
Max. total drift (mm) 11.8 4 29.4 28.9 42.8 31.3 514 50.6
Max. PMM ratio 0.95 0.92 0.45 0.94 0.93 0.96 0.70 0.78
Max. iteration 1000 | 1000 | 1000 | 1000 1000 1000 1000 1000

w: with w/o: without FB: Fixed-based SI: Seismic-isolated

—Fixed-Based

Seismic-Isolated

60
250
= 40
30
0 200 400 600 800 1000
Iterations

Fig. 7. Design histories of the ABC algorithm for 4-story frame without braces

—Fixed-Based Seismic-Isolated

60
250 |
= 40 ™
30
0 200 400 600 800 1000
Iterations

Fig. 8. Design histories of the ABC algorithm for 4-story frame with braces
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Fig. 9. Design histories of the ABC algorithm for 8-story frame without braces
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Fig. 10. Design histories of the ABC algorithm for 8-story frame with braces

6. Summary and Conclusions

To investigate the effect of seismic isolation on optimum weight of superstructures, 8 steel
plane frame examples, which are considered as fixed-based and seismic-isolated, are tested.
The frames are diversified as related to story height and bracing. TFP isolator devices are used
for the seismic isolation. An optimization program developed as based on the ABC algorithm
is employed to obtain the optimum structural weight values. The frame examples are designed
in a way to satisfy strength, inter-story drift, top-story drift and geometric requirements that are
implemented from LRFD-AISC. The following conclusions are drawn from the conducted
study:

* The optimization program developed based on the ABC algorithm is well-performed
with a consistent convergence rate and proximity to the limitations.

* For the examples with braces, the most effective design constraints are PMM ratios,
while for the examples without braces, the most effective design constraints are story
drift limitations.

* In the frame examples with braces, the drift values are far from the limit values.
Therefore, the drift limitations are not very effective and the efficiency of the seismic
isolation is not sufficient. On the other hand, the drift limitations are highly effective in
the unbraced frame examples and the seismic isolation is very effective.

* [tis observed that the weight advantage of the designs dominated by drift limitations is
much higher than ones dominated by the PMM ratios.
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* The seismic isolation offers more advantage in the unbraced frames rather than the
braced ones in terms of the weight because drift limitations are more dominated than
the other limitations in terms of weight reduction. Seismic isolation decreases story drift
values of superstructure. Accordingly, seismic isolation is not so effective in braced
frames because braces already restrict the story drifts of the structure so that the structure
cannot approach the drift limits. Therefore the effect of drift is not seen for the optimum
weight solution of seismic-isolated braced frames.

In the study, it is seen that the seismic isolation generally offers a weight advantage depending
on the drift values, and it is understood that this advantage is much lower than the drift effect
for the PMM values. However, the lateral drifts in irregular and 3-D structures result in
undesirable effects such as torsion, and in these types of structures, the effect of seismic
isolation on optimum design can be seen better. In the light of these assumptions, the effect of
seismic isolation on the optimal design of 3-D structures is thought to be done in future studies.
Although the design based on seismic isolation offers a cost advantage, this advantage can be
lost when the cost of the isolator devices is taken into account. A more realistic comparison is
made if the structure is optimized together with the cost of the isolator devices. Such a study is
planned to be conducted in the future.
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Abstract

The primary consolidation may take long time due to the low permeability of clay soils in such cases soil
improvement may be required to shorten the consolidation time, increase shear strength, and therefore bearing
capacity. Preloading is one of the commonly used methods to consolidate soils before actual load and to
strengthen weak compressible soils. In cases with time problems, the use of prefabricated vertical drains (PVD)
with pre-loading shortens the drainage path and reduces the consolidation time by taking advantage of the
horizontal permeability of the soils is generally higher. In this study, an embankment constructed at different
load rates with constant accelerates and analyzes were performed for the non-drained and drained conditions of
clay soils with PVDs are in 2m, Im, and 0.5m intervals. In this way, the effect of load rate and PVD usage on
consolidation settlement and excess pore pressures in underlying low permeable clayey soil was investigated.

Keywords: Embankment, Soft Clay, Consolidation, Load Rate, Prefabric Vertical Drain.

1. Introduction

Embankments on soft soils are one of the most common consolidation problems of soil
mechanics. Primary consolidation can take a long time due to the low permeability of clay
soils, and in such cases, soil improvement may be required to shorten the consolidation time
and increase the shear strength and thus the bearing capacity [1]. Preloading is one of the most
commonly used remediation techniques to consolidate soils and strengthen weakly
compressible soils before the actual load acts. This method has been successfully applied in
accelerating the settlement and strengthening of soft clays used for highway embankments,
industrial and residential structures, and airport roads, and is quite suitable if sufficient time is
available [2]. In cases where there is a time problem, this method can be used together with
PVD, and the permeability of the soils can be greatly increased by taking advantage of the
generally higher horizontal permeability and shortening the drainage length. The easy-to-
manufacture PVD remediation method [3, 4] also reduces the consolidation time [1, 5-9] The
theory of horizontal consolidation of vertical drains was first introduced by Barron [10] and
has been modified by many researchers [11-14]. Hansbo [15] introduced the “unit cell”
approach that takes into account the well resistance and the distortion effect, and then Hird et
al. [16] formulated the two-dimensional planar strain situation. In addition, since the finite
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element solution using planar strain became widespread, Indraratna and Redana [17] extended
the equivalent unit cell theory to transform parameters such as permeability.

To check the accuracy of the results of the analysis given by the finite element software of the
embankments made on soft soils, Borges [18] analyzed the real embankment model that is
studied by Quaresma [19] and Yeo [20] by the finite element software and compared the
analysis results with the real measurements in the field. Although the results were sufficiently
consistent in terms of vertical settlements and excess pore pressures, they gave qualitatively
similar but quantitatively different results in terms of horizontal displacements. Shen et al.
[21] analyzed two different models, one improved by using PVD and the other without drain,
with the help of an equivalent vertical permeability approach in order to examine the effect of
using drains on soft soils. They placed PVDs at 1.5m intervals and 19 m lengths and revealed
that the permeability of soft soils increased 30 times with the use of PVD, and excess pore
damping could be accelerated. Chai et al. [22] and Ong and Chai [23] investigated the effect
of surcharge loading speed on the vacuum preloading method. For this purpose, they
performed a series of horizontal drain consolidation tests and triaxial tests in the laboratory,
and as a result, they stated that loading at low velocities causes lower horizontal
displacements. In addition to these studies, Chai and Rondonuwu [24] argued in their study
that the optimum load rate increases with the increase of the initial effective stress of the soil.
Lo et al. [25] supported a geogrid-reinforced road embankment with PVDs and examined the
long-term performance of this embankment. The authors followed the tensile stresses in the
geogrid and the excess pore pressure in the field for 400 days, followed by the settlements for
9 years. They tried to estimate the measured values using unit cell finite element analysis and
compared the results with the actual values. As a result, it was revealed that the measured and
predicted values of the excess pore pressures were compatible, and the estimated settlements
for the center of the fill were smaller than the actual measured values. Akan et al. [26]
investigated the effect of using PVD on the excess pore pressures, the damping times of these
pressures, and the consolidation settlement of soft clay soils under different loading
conditions. It was stated that lower excess pore pressures occur in the case with the drain and
the damping times are reduced by 70-85% compared to the case without the drain, and the
highest values are reached when the consolidation settlement is loaded at once without
waiting for the embankment. Wang et al. [27] developed a model in the laboratory to evaluate
the performance of the method in which vacuum and preload are used together and examined
the effect of load rate by determining the horizontal displacements, vertical displacements,
undrained shear strength, percentage of consolidation, horizontal consolidation coefficient and
bearing capacity occurring on the ground at 3 different load rates. The findings of the research
showed that the horizontal displacement is less in the fastest loading condition, the
consolidation is completed faster and it gives higher bearing capacity values due to high final
consolidation settlement. However, it is stated here that it should be taken into account that
the vacuum pressure can reach different values for different load rates, and therefore the
possibility that this situation may have affected the results should not be ignored. Kaisarta and
Ilyas [28] aimed to obtain the settlement amount and time of consolidation of the soil during
the vacuum process with the lateral distance between the vertical drains placed to accelerate
the consolidation process and the damping of the excess pore pressure. For this purpose, they
compared the settlement results obtained from a construction project with the results obtained
from the finite element model created with the help of PLAXIS 2D. Similarly, Zhafirah et al.
[29] performed analyzes with the analytical method to compare the consolidation time of soft
soils before and after soil improvement using PVD. Nguyen et al. [30] discussed the necessity
of using the latest analytical method and numerical simulation in a soil improvement project
with vacuum PVD. For this purpose, a matching scheme is presented to derive suitable soil
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and drainage properties that are compatible with each other in analytical solution and
numerical modeling. Nguyen et al. [31] have achieved a simple solution for vacuum
preloaded PVDs that can be easily incorporated into the conventional method by applying the
Laplace transform technique. Syahril [32] compared the results of the experimental and the
numerical analysis with the finite element method. For this purpose, plate loading tests and
two different consolidation tests were performed for with and without PVD soils in the
laboratory, numerical analysis with the finite element method was carried out with the help of
ETABS 2016 software. In addition, the finite element method is used to perform analysis in
many different areas. For instance, Tigdemir et al. [33] present a numerical model for wheel-
snow interaction using the finite element method. SolidWorks and ANSYS Design modeler
are used to create a tire model for this purpose. The prepared models are analyzed using
ANSYS Explicit Dynamics with the Mooney- Rivilin tire model. Yaylaci et al. [34]
investigate the contact problem of an elastic layer resting on a rigid foundation. Two-
dimensional analysis was carried out with the help of ANSYS, which is based on the Finite
Element Method (FEM). Mercan and Civalek [35] present a fast and accurate method for
determining the frequencies of microwires and nanowires, which are widely used in
nanosensors, nanocircuits, and a variety of other scientific fields. COMSOL software is used
to investigate the modal analysis of micro and nanowires. Thirty-nine modes are calculated to
obtain the first ten-mode shapes and eigenfrequencies of silicon carbide nanowire. Figures
captured from the software are used to present the results.

In the design of PVD, the PVD size will vary depending on the dimensions the manufacturer
will provide and the time allowed for project completion. The required optimum spacing of
PVDs should be chosen considering these variables, to meet the desired degree of
consolidation within the allowable project time. For this purpose, it would be correct to decide
to perform a series of analyzes with traditional methods or the finite element method. Within
the scope of this paper, the variation of vertical and horizontal deformations, and the excess
pore pressures during the construction of a road embankment with and without PVDs and at
various load rates was investigated. The constructed models were analyzed with the help of
the software of Plaxis 2D v20, which utilizes the finite element method, without PVD and
PVDs with the 2m, Im, and 0.5m intervals. Analysis results are presented in figures and
discussed.

2. Material and Method

The soil layers are listed from top to bottom as Ground 1 (clay), Ground 2 (sand), Ground 3
(clay), and Ground 4 (sand), and their thicknesses are 6m, 2m, 5Sm, and 17m, respectively.
The PVDs are 13m long and extend to the Ground 4 boundary (Fig. 1).

PVDs
Embankment . ~
7 = Soil 1
Soil 2
Soil 3
Soil 4

Fig. 1. Model and soil profile analyzed in Plaxis software
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Soil 1 and Soil 3 are clay layers that have low permeability, while Ground 2 and Soil 4 are
sand layers that have high permeability. Within the scope of the study, an embankment that
has 6m of height was modeled in the Plaxis 2D v20 software, and analyzes were carried out at
different load rates for different drain conditions to examine the effects of load rates and drain
conditions on the consolidation behavior. Since the model is symmetrical, to reduce the
analysis time, the system is divided into two parts from the center of symmetry and a solution
is realized for just one part. The hardening soil model, which takes into account the
assumption that the soil becomes stronger with the deformation, is preferred as the soil model.
The developed model is presented in Fig. 1 and the parameters of the soil layers and
embankment are shown in Table 1.

Plane strain was considered as the analysis model, and the model boundaries were 100m
horizontally and 30m vertically. Analyzes were carried out as phased construction, the initial
conditions were analyzed in the first step, and in the second step, the embankment has 6m of
height was activated and consolidation analysis was conducted.

Table 1. Material properties of embankment and soil layers

Soeil 1 Soil 2 Soil 3 Soil 4 Embankment
(clay) (clay)
Soil model Hardening Hardening Hardening Hardening Hardening
soil soil soil soil soil
Drainage type Undrained(A) Drained Undrained(A) Drained Drained
Yansa(KN /m3) 18 18 18 17 19
Yeat(KN /m3) 20 20 19 18 20
Esoref (kN ,mz) 3000 30000 12000 40000 30000
Cref (kN/mz) 5 0.1 20 1 5
O'ref (°) 25 37 28 38 40
Y(°) 0 7 0 8 10
kx (m/day) 8.64E-6 17.28 86.4E-6 8.64 1.4
ky (m/day) 8.64E-6 17.28 86.4E-6 8.64 1.4
K, Automatic Automatic Automatic Automatic Automatic
OCR 1.8 2.0 1.6 1.6 2.0

3. Discussion

The road embankment has 6m of height is completed at different durations at a constant rate
and the excess pore pressures that occur during the loading are shown in graphs for the cases
without PVD and with PVDs with 2m, 1m, and 0.5m of intervals (Figs. 2-5).
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Fig. 2. Variations in the excess pore pressures below the embankment at different load rates in
the case of the absence of PVD

In the case of without PVD, the excess pore pressure increases continuously till the end of the
construction at load rates are more than 0.075 cm/day. In the cases that have load rates are
less than 0.075 cm/day excess pore pressures increase in the first part but after a point, it starts
to dampen.
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Fig. 3. Variations in the excess pore pressures below the embankment at different load rates in
the case of PVDs with 2m intervals

In the case of with PVDs with 2m of intervals, the excess pore pressure increases
continuously till the end of the construction at load rates are more than 0.92 cm/day. In the
cases that have load rates are less than 0.92 cm/day excess pore pressures increase in the first
part but after a point, it starts to dampen.
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Fig. 4. Variations in the excess pore pressures below the embankment at different load rates in
the case of PVDs with 1m intervals

In the case of with PVDs with 1m of intervals, the excess pore pressure increases
continuously till the end of the construction at load rates are more than 0.8 cm/day. In the
cases that have load rates are less than 0.8 cm/day excess pore pressures increase in the first
part but after a point, it starts to dampen.
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Fig. 5. Variations in the excess pore pressures below the embankment at different load rates in
the case of PVDs with 0.5m intervals

In the case of with PVDs with 0.5m of intervals, the excess pore pressure increases
continuously till the end of the construction at load rates are more than 2.4 cm/day. In the
cases that have load rates are less than 2.4 cm/day excess pore pressures increase in the first
part but after a point, it starts to dampen.
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Fig. 6. The maximum excess pore pressure varies depending on the drain condition and load
rate.

Maximum excess pore pressures for the cases that are with and without PVDs decrease with
increasing load rates. It is observed that the behavior of the change in the excess pore pressure
is similar, but similar excess pore pressures occur at, approximately 8 times for the case of 1m
and 2m intervals of PVDs, and about 30 times for the case of 0.5m intervals of PVDs, faster
load rates compared to the case without PVD (Fig. 6).
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Fig. 7. In the absence of PVD, variations in the excess pore pressure, vertical and horizontal
deformations are seen at various load rates.

The maximum horizontal and vertical deformations belonging to each case have different load
rates are presented below as graphics (Figs. 7-10). The minimum vertical deformation in the
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condition that has no PVD is 26cm and the horizontal deformation is around 10cm. The
minimum vertical deformation occurs at the load rate of 0.3 cm/day, and the minimum
horizontal deformation occurs at the load rate of 0.08 cm/day.

120 —e— eXcess pore pressure
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Fig. 8. Variations in the excess pore pressure, vertical and horizontal deformations in the case
of PVDs with 2m intervals at varied load rates

The minimum vertical deformation that occurs in the case of drains with 2m intervals is 27cm
and the horizontal deformation is around 10cm. The minimum vertical deformation occurs at
the load rate of 2.4 cm/day, and the minimum horizontal deformation occurs at the load rate
of 0.75 cm/day.
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Fig. 9. Variations in the excess pore pressure, vertical and horizontal deformations in the case
of PVDs with 1m intervals at varied load rates
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The minimum vertical deformation that occurs in the case of drains with 1m intervals is 26cm
and the horizontal deformation is around 10cm. The minimum vertical deformation occurs at
the load rate of 8 cm/day, and the minimum horizontal deformation occurs at the load rate of
1.5 cm/day.

110 —e— excess pore pressure
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Deformation (cm)
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Fig. 10. Variations in the excess pore pressure, vertical and horizontal deformations in the
case of PVDs with 0.5m intervals at varied load rates

The minimum vertical deformation that occurs in the case of drains with 0.5m intervals is
27cm and the horizontal deformation is around 10cm. The minimum vertical deformation

occurs at the load rate of 30 cm/day, and the minimum horizontal deformation occurs at the
load rate of 6 cm/day.

The maximum excess pore pressure decreases with the decrease of the load rate in both cases
with and without PVD. Maximum horizontal and vertical deformations, decrease with the
decrease in load rate to a limit but do not continue to decrease in slower load rates and remain
almost constant.
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Fig. 11. Maximum vertical deformations in different drain conditions and at various load rates

101



R. Akan, S. Sert

Maximum vertical deformations occur in cases with different drain conditions that are similar
in behavior and the minimum vertical deformations that occur for conditions with or without
PVD is around 26 cm. It is seen that the load rates that cause minimum vertical deformation
are 8, 27, and 100 times faster in the situations with PVDs with 2m, 1m, and 0.5m of intervals
compared to the situation without PVD, respectively (Fig. 11).

120 —— No drain
110 —&— Drain with 2m interval
100 —a— Drain with 1m interval
'E —+— Drain with 0.5m interval
o 9
S 80
8 70
E
% 60
50
<
3 40
3 30
20
10
0
100 10 0.01 0.001

1 0.1
Load rate (cm/day)
Fig. 12. Maximum lateral deformations in different drain conditions and at various load rates

Maximum lateral deformations occur in cases with different drain conditions that are similar
in behavior and the minimum lateral deformations that occur for conditions with or without
PVD is around 10cm. It is seen that the load rates that cause minimum lateral deformation are
9, 19, and 75 times faster in the situations with PVDs with 2m, 1m, and 0.5m of intervals
compared to the situation without PVD, respectively (Fig. 12).

4. Conclusions

Within the scope of the study, excess pore pressures and deformations that will occur in the
clay soil layers due to the filling sitting on the soil section containing low permeability clay
soils were investigated. In this context, an embankment model with a height of 6 m has been
analyzed for different vertical drain spacing situations and at different constant speeds, where
the 6 m loading will be completed at different times. The effects of loading speed, vertical
drain usage, and spacing on consolidation speed, deformations, and excess pore pressures
were investigated as a result of the analyzes performed in the cases without PVD, and with
PVDs having 2m, 1m, and 0.5m of intervals. The following results have been achieved:

* Maximum excess pore pressures, vertical deformations, and horizontal deformations
that occur as a result of the embankment load at different rates are similar in behavior.

* Both with and without PVDs, the maximum excess pore pressures decrease with the
increase in load rate.
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e Maximum lateral and vertical deformations, decrease with the decrease in load rate to

a limit but do not continue to decrease in slower load rates and remain almost
constant.

* The minimum vertical deformations and lateral occur for conditions with or without

PVD is around 26 cm and 10cm, respectively.

* Similar maximum excess pore pressures occur at, approximately 8 times for the case

of 1m and 2m intervals of PVDs, and about 30 times for the case of 0.5m intervals of
PVDs, faster load rates compared to the case without PVD.

e The load rates that cause minimum vertical deformation are 8, 27, and 100 times faster

in the situations with PVDs with 2m, 1m, and 0.5m of intervals compared to the
situation without PVD, respectively.

e The load rates that cause minimum lateral deformation are 9, 19, and 75 times faster in

the situations with PVDs with 2m, 1m, and 0.5m of intervals compared to the situation
without PVD, respectively.
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Abstract

Artificial neural networks (ANNs) provide a modeling approach that can be used in the in vitro stages of probiotic
studies. The aim of the study was to evaluate the ability of multilayer perceptron (MLP) and radial-basis function
(RBF) ANNSs to predict the inhibition level of indicator bacteria in co-culture experiments performed at various
initial concentrations. In both types of networks, time, initial concentrations of L. lactis and Aeromonas spp. were
the input variables and the inhibition concentration of Aeromonas spp. was the output value. In the construction
of the models, different numbers of neurons in the hidden layer, and different activation functions were examined.
The performance of the developed MLP and RBF models was tested with root mean square error (RMSE),
coefficient of determination (R?) and relative error (e) statistical analysis. Both ANN models were showed a strong
agreement between the predicted and experimental values. However, the developed MLP models showed higher
accuracy and efficiency than the RBF models. The results indicated that ANNs developed in this study can
successfully predict the inhibition concentration of Aeromonas spp. co-cultured with L. lactis in vitro and can be
used to determine bacterial concentrations in the design of further experiments.

Keywords: Artificial Neural Network, In Vitro, Probiotic
1. Introduction

Aeromonas spp. are Gram-negative opportunistic bacteria with global distribution in various
aquatic environments [1-2]. They are divided into two groups as motile and non-motile. The
only non-motile Aeromonas species is A. salmonicida and is one of the important fish
pathogens. Motile Aderomonas species (MAS) especially 4. hydrophila, A. veronii and A. sobria
may infect humans and lower vertebrates, including amphibians, reptiles, and fish [3-4]. MAS
are considered as agents of motile aeromonad infections in aquatic animals [5]. MAS infections
are characterised with exophthalmia, haemorrhages, ulcerations, skin lesions, acidic fluid, liver
and kidney lesions in fish [6]. Motile Aeromonas species, especially A. hydrophila, cause great
economic losses as it initiates outbreaks that cause massive fish mortality worldwide [3].
Antibiotics have been widely used for many years to prevent and control bacterial diseases in
aquaculture [7]. The continuous applications of antibiotics cause accumulation of antibiotics in
organs, disruption of the normal microbiota of the gut [8], and the development of antibiotic-
resistant bacteria [9]. In the last decade, intensive use of antibiotic-based therapies against
Aeromonas spp. has led to increased resistance of these bacteria to antibiotics such as
oxytetracycline, tetracycline, and trimethoprim/sulfamethoxazole [10]. Therefore,

© 2021 E.U. Yaylaci published by International Journal of Engineering & Applied Sciences. This work is licensed under a Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 International License
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environmentally friendly biocontrol agents such as probiotics can be used as an alternative
approach to reduce these risk factors [11-12].

The use of probiotics is considered as an alternative method to prevent bacterial infections in
aquaculture [13-14]. Lactic acid bacteria (LAB) are widely preferred in aquaculture as they are
effective in disease control, improve intestinal microbial balance [15] and promote growth by
increasing immune response [16]. LAB are “generally recognized as safe” (GRAS)
microorganisms [17] and they are permanent inhabitants of the fish intestinal flora [18]. LAB
produce various antimicrobial compounds such as organic acid, ethanol, hydrogen peroxide,
diacetyl, carbon dioxide and bacteriocin that inhibit the growth of pathogenic bacteria [19-21].
The use of bacteriocins against Aeromonas spp. is an alternative method of inhibiting their
growth [22]. Bacteriocins such as bacteriocin ST151BR, bacteriocin HKT-9 and plantarisin 35d
secreted by LAB are effective against Aeromonas spp. has been previously reported in several
papers [23-24].

There are many well-defined and commercially used probiotic strains worldwide, but the
discovery of new strains still arouses the interest of scientists [25]. Many in vitro and in vivo
methods are used in probiotic experiments. /n vivo testing is expensive, time-consuming, and
requires ethical committee approval. Therefore, reliable in vitro methods are required for the
selection of potential probiotic strains [26]. In vitro tests are quite different from in vivo
conditions, but they provide rapid and efficient screening for the search for new potential LAB
strains [27-28]. Determination of bacterial growth or inactivation kinetics under ideal laboratory
conditions are the methods applied in probiotic studies. Besides that, the mathematical
modelling is preferred as a suitable tool for selecting beneficial strains, designing laboratory
equipments, and determining growth parameters [29]. Predictive microbiology focuses on
mathematical models that describe the effect of factors such as temperature, pH, concentration,
and inactivation kinetics of microbial growth [30]. In statistical models, it is difficult to express
relationships between categorical data such as bacterial names, bacterial behavior and
environmental parameters. Because categorical data are qualitative values and arithmetic
operations cannot be performed [31]. Therefore, an alternative approach is required that can
process large noisy datasets, learn relationships directly from the result of experiments, and
predict without prior knowledge. In recent years, artificial neural networks (ANNSs), which can
describe nonlinear and complex relationships between data without any assumptions, have
become an alternative to traditional regression models [32-33]. These are used to predict the
outcome of any problem or situation in different disciplines by using some input values and
relations [34]. ANNs imitate the functioning of the human brain. They can learn, recognize, and
overcome complex problems in engineering and science [35]. A general ANN system consists
of layers. The input layer receives signals from the external environment. There is no
transaction in this layer. The hidden layer processes the information from the input layer. It can
contain more than one layer. The output layer takes the weighted sum of the outputs of all
hidden layer neurons and produces the output of the model [36].

The aim of this work was to examine the ability of ANNs to predict the inhibition concentration
of Aeromonas spp. co-cultured with Lactococcus lactis. Two computational models based on
the ANN approach are presented for the prediction. These models are, multilayer perceptron
(MLP) and radial basis function (RBF). The data set was obtained from co-culture experiments
performed in a controlled laboratory condition. The accuracy and validity of the developed
MLP and RBF models were compared with the actual experimental results.

2. Materials and Methods

107



E.U. Yaylaci

2.1. Microorganisms and experimental design

Microorganisms used in this study included Lactococcus lactis (MG754705.1), Aeromonas
veronii (MG322191.1), Aeromonas sobria (ATCC 43979) and Aeromonas hydrophila (ATCC
7966). L. lactis and A. veronii were isolated from fish (Dicentrarchus labrax) and confirmed
by sequencing of their 16S rRNA gene [37]. L. lactis was selected for its probiotic properties
and Aeromonas species were used as indicator strains. Live L. lactis cells were selected because
the inhibitory effect was better than the supernatants (unpublished data).

Experiments were carried out at different initial concentrations. These are 1.0 x 10" ¢fu /mL,
1.0 x 10° c¢fu /mL and 1.0 x 10® cfu /mL for indicator bacteria and 1.0 x 10* cfu/mL, 1.0 x 10
cfu/mL, 1.0 x 10°cfu /mL, 1.0 x 10" cfu/mL and 1.0 x 10° cfu/mL for L. lactis. L. lactis was
co-cultured with each of the indicator bacteria separately at the indicated initial concentrations
in tryptic soy broth (TSB) at 30 °C, pH 7.2 for 120 h (150 rpm" in a shaker). Uncultivated TSB
was used as a negative control. Samples (100 pl) withdrawn 0, 6, 24, 30, 48, 54, 72, 78, 96, 102
and 120 h from the fermented cultures and colonies were counted using the standard agar plate
method. deMan Rogosa Sharpe (MRS) agar plates were used to select Lactococcus, while
thiosulfate citrate bile salts sucrose agar (TCBS) plates were used for Aeromonas. The number
of bacteria from plate counts were calculated as log values, which is a transformation of the
microbiological data stabilizing the variance [38-39].

2.2. Data sets used for modeling

The input values in the networks represent the initial concentrations of L. lactis, Aeromonas
spp. and the sampling times during fermentation. The estimated value of the developed
networks is the concentration of Aeromonas spp. (cfu/mL) at the selected sampling points. The
database consisted of 495 experimental data. These experimental data were divided into two
groups as training and validation data sets. The models were built with training data (270 data,
3 indicator strains x 90 sampling points per strain) which are different combinations of the
values in Table 1. The remaining data (225 data, 3 indicator strains x 75 sampling points per
strain) obtained at 6, 30, 54, 78, and 102 h was not added to the training data set, it was used
for the model validation. These sampling points were selected to cover the entire co-culture
process [39].

Table 1. Test parameters

Time (h) L. lactis (cfu/mL)* Aeromonas spp. (cfu /mL)*
0 1.0 x 10° 1.0 x 10°
24 1.0 x 10’ 1.0 x 10°
48 1.0 x 10° 1.0 x 10*
72 1.0 x 10°
96 1.0 x 10*
120

* initial concentrations

2.3. Development of MLP and RBF models

Multilayer perceptron and radial basis function are the most preferred algorithms of neural
networks and are used to solve many problems. These algorithms belong to a general class of
neural networks called feed-forward neural networks. In this network type, the information
processing follows one direction from input neurons to output neurons [40]. In MLP and RBF,
each neuron is independent in its layer but is connected to all neurons in the next layer with
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certain weights [41]. While there is no transaction in the input layer, the hidden layer and output
layers process the data using the activation function. There are some differences between MLP
and RBF neural networks [42]. The first and the most important difference between MLP and
RBF networks is that they generate different learning strategies against problems [39]. RBFs
generate local solutions and network outputs are obtained by specified hidden neurons in certain
local accessible areas, while MLPs act globally, and network outputs are decided by all neurons
[42, 43]. In MLP networks, input signal activates many neurons, and these activated neurons
participate in the calculation of the network output. In RBF networks, input signal activates a
single neuron of the hidden layer and the weight between the activated hidden and output
neurons participates in the calculation of the network output [44]. Second, MLP networks are
structured one or several hidden layers, while RBF networks always have single hidden layer.
Third, in MLP networks, neurons of the hidden layer usually contain a sigmoidal activation
function (i.e., a logistic or hyperbolic tangent function), while in RBF networks, a radial-based
activation function (usually a gaussian function).

The input and output values of each pattern were normalized in the range of 0.1-0.9. The
number of neurons in the hidden layer ranged from 2-20 for MLP networks and 2-30 for RBF
networks. Weights are initialized into random values between 0.0001 and 0.001. The
appropriateness values of the error functions (sum of squares and entropy) were tested. After
the network type is determined, the activation functions that transfer the signals from the
previous layer to the next layer using a mathematical function are selected. In MLP networks,
identity, logistic sigmoid, hyperbolic tangent, exponential, softmax, and gaussian activation
functions were examined, and in RBP networks gaussian was tested. The architecture of MLP
and RBF neural networks are illustrated in Fig 1. In this study, BFGS (Broyden-Fletcher-
Goldfarb-Shanno) for MLP networks and RBFT (Reputation-based Byzantine Fault Tolerance)
training algorithms for RBF networks were examined. 5000 networks were developed for MLP
structures and 10000 networks for RBF-based structures. An artificial neural network model
was performed in Statistica software 12 using the neural network module. The program code
was written in C++ language.

8L —

Fig. 1. The architecture of MLP and RBF neural networks

2.4. Model performance

In the study, the performance and accuracy of proposed MLP and RBF neural network models
were tested with statistical parameters. The coefficient of determination (R?), root mean square

109



E.U. Yaylaci

error (RMSE) and relative error (e) were used to conclude about the accuracy of both neural
network models. These parameters calculated as follows:

1 % 2 .
RMSE = \/;Z(Rexpi ~Ryw, ) . (=123...n) (1
7 2
E(Rexp, ANN; )
Rz =]- in 5 (i=1,2,3,...,l’l) (2)
- \2
E(Rexpi Rexp)
i
R. -R
e= o ANN, XIOO, (l = 19 2935"')’1) (3)
exp;

Where R, and E 4yn; are the experimental and calculated (with MLP and RBF) concentrations
of the A. veronii, A. hydrophila and A. sobria. n denotes the total number of sampling points
and R,,,, refers to average experimental value.

3. Result and Discussion

Co-culture experiments are the preferred method for evaluating the inhibition activity of L.
lactis [45]. In this study, co-culture experiments of L. lactis with A. veronii, A. hydrophila and
A. sobria were performed. The highest inhibition rate was detected after 120 h of incubation
with Aeromonas spp. with an initial level of 1.0 x 10* cfu/mL and L. lactis with an initial level
of 1.0 x 10° cfu/mL. The inhibition rates were determined 54.4% for A. veronii, 48.3% for A.
hydrophila and 38.8% for A. sobria. In agreement with previous studies, co-culture
experiments showed that the inhibitory activity of L. /actis increased when the concentration of
probiotic bacteria and the incubation time increased [46].

Gathering sufficient and valid data is one of the most important steps in the mathematical model
development process [40]. In this study, a total of 495 experimental data obtained from in vitro
co-culture assays of 4. veronii, A. sobria, A. hydrophila with L.lactis were used in order to
develop MLP and RBF models. 270 of these data were used to build the model while 225 of
them were used to validation. Each set of data includes sampling points during co-culture assay
and amounts of L. lactis and Aeromonas spp.

In this study, the comparison of the empirical correlations of the proposed models was evaluated
by considering the root mean square error (RMSE), coefficient of determination (R®) and
relative error (e) statistical parameters. A lower RMSE value exhibits better efficiency [40].
The fact that the RMSE value is close to zero indicates that the predictive ability of the model
has increased [47]. Although the RMSE values of the two networks are close to each other, the
RMSE values of MLP are lower than RBF models. R? is a statistical definition that reveals the
numerical relationship between the data obtained from the experiment results and the network
model predictions [43]. This value is defined as the square of the correlation coefficient and
ranges from 0 to 1. R* > 0.80 means that there is a strong correlation between experimental
values and model predictions [48]. R values of MLP were slightly higher than RBF models. A
relative error is a type of error that shows how close the obtained values are to the real values.
It was determined that MLP models had lower relative error rates than RBF models. Figures 2,
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4 and 6 indicate that both models exhibited high correlation coefficients. The high accuracy of
the proposed models shows that these models have been successfully trained [40]. Although
there are small differences between the RMSE, R? and relative error values of both methods, it
is seen that the MLP model has a better estimation capacity than the RBF model.

Figures 3, 5 and 7 show a comparison of the experimental results with the predictions of the
MLP and RBF models as a function of time. It was determined that there is a high match
between MLP models and experimental results. In the RBF models, it was determined that the
predictions converged less with the data of the experimental results.

The RMSE of A. veronii was calculated as RMSEny p=0.072111 and RMSERrgr=0.084063. The
R? of A. veronii was calculated as R* p=0.998224 and Rrgr=0.997195 (Fig. 2).

MLP Output

log cfu/mL

A.veronii

RBF Output

log cfu/mL

A.veronii

RMSE=0.084063

R*=0.997195

log cfu/m

OB0O
o}
RMSE=0.072111
0 R’=0.998224
log cfu/m
T ‘ T [ T ‘ T
6 7 8
Experimental Output
(a)

T ‘ T

T T ‘ T
7 8

Experimental Output

(b)

Fig. 2. Correlation between neural network model predictions and experimental outputs for
A. veronii

Figure 3 shows the amount of A. veronii co-cultured with L. lactis. As shown in the figure, the
average relative errors of A. veronii were calculated as ey p=0.85% and egpr=1.19%.
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Fig. 3. The comparison of neural network model predictions and experimental outputs for the
concentrations of A. veronii co-cultured with L. lactis. The initial concentrations of A. veronii
were 1.0 x 10* cfu/mL, 1.0 x 10°cfu/mL and 1.0 x 10®cfu/mL and initial concentrations of L.
lactis were (a) 1.0 x 10°® cfu/mL (b) 1.0 x 10 cfu/mL (c) 1.0 x 10° c¢fu/mL (d) 1.0 x 10°
cfu/mL (e) 1.0 x 10* cfu/mL

The RMSE of 4. hydrophila was calculated as RMSE\p=0.073937 and RMSERrgr =0.084853.
The R? of A. hydrophila was calculated as R*yp=0.996797 and R*zgr=0.995645 (Fig. 4).
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Figure 5 shows the concentrations of A. hydrophila co-cultured with L. lactis. As shown in the

figure, the average relative errors of A. hydrophila were calculated as ey p=0.82% and
eRBF=I .15%.
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Fig. 5. The comparison of neural network model predictions and experimental outputs for the
concentrations of 4. hydrophila co-cultured with L. lactis. The initial concentrations of A.
hydrophila were 1.0 x 10* cfu/mL, 1.0 x 10°cfu/mL and 1.0 x 10® cfu/mL and initial
concentrations of L. lactis were (a) 1.0 x 10° cfu/mL (b) 1.0 x 10" cfu/mL (c) 1.0 x 10° cfu/mL
(d) 1.0 x 10° cfu/mL (e) 1.0 x 10* cfu/mL

The RMSE of 4. sobria was calculated as RMSEmp=0.071181 and RMSErgr=0.084063. The
R’ of A. sobria was calculated as R*yp=0.996865 and R*zgr=0.995571 (Fig. 6).
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Fig. 6. Correlation between neural network model predictions and experimental outputs for
A.sobria

Figure 7 shows the concentrations of A. sobria co-cultured with L. lactis. As shown in the
figure, the average relative errors of A. sobria were calculated as eyp=0.79% and egrpr=1.10%.
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Fig. 7. The comparison of neural network model predictions and experimental outputs for the
concentrations of 4. sobria co-cultured with L. lactis. The initial concentrations of A. sobria
were 1.0 x 10* cfu/mL, 1.0 x 10° cfu/mL and 1.0 x 10®cfu/mL and initial concentrations of L.
lactis were (a) 1.0 x 10° cfu/mL (b) 1.0 x 10" cfu/mL (c) 1.0 x 10° c¢fu/mL (d) 1.0 x 10°
cfu/mL (e) 1.0 x 10* cfu/mL

The optimization processes were performed on different parameters of MLP and RBF models
to determine the network architecture with the highest accuracy and efficiency in estimating the
concentration of Aeromonas spp. in co-culture with L. lactis. The number of neurons in the
input and output layers can be determined according to the requirements in the problem, but
there is no rule in determining the number of process elements in the hidden layers. A network
model with an insufficient or excessive number of neurons in the hidden layer can cause poor
generalization and overfitting [49]. The best generalization performance is achieved by trial
and error versus network complexity [50]. In the current study, the best MLP and RBF network
structures were determined by testing multiple architectures and considering the error rates of
the networks. In MLP models the most appropriate network configuration was 3 units for each
hidden layer with logistic activation function in hidden and output layer. The number of neurons
in the hidden layer was different in the RBF models, but in all models the activation function
was gaussian in the hidden layer and identity in the output layer. Both network types, with the
error term sum of squares (sos) produced superior networks. The best of the neural networks
recognized are shown in Table 2.
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Table 2. Characteristics of artificial networks that recognize output elements

ANN Learning Testing Validation  Learning Error Activation  Activation
Network network error error error algorithm function funf:tion in function
model hidden in output
layer layer
MLP 3-14- 0.96 0.73 5.44 BFGS 105 SOS Logistic Logistic
1
Ni RBF3-28- 126 126 2.11 RBFT SOS Gaussian Identity
1
MLP 3-3-1 2.31 4.13 2.13 BFGS 0 SOS Exponential Logistic
N, RBF 3-26- 1.0 6.21 2.49 RBFT SOS Gaussian Identity
1
MLP 3-3-1 0.85 0.76 0.88 BFGS 37 SOS Logistic Logistic
N, RBF 3-27- 0.41 1.83 1.85 RBFT SOS Gaussian Identity

1

N, A4. veronii network, N, A. hydophila network, N3 A. sobria network, BFGS Broyden Fletcher
Goldfarb-Shanno, RBFT Reputation-based Byzantine Fault Tolerance, SOS sum of squares

4. Conclusion

In this study, two different ANN algorithms, multilayer perceptron (MLP) and radial basis
function (RBF) were developed for the prediction of the concentrations of Aeromonas spp. co-
cultured with L.lactis. The performance and accuracy of proposed MLP and RBF models were
tested with the coefficient of determination (R?), root mean square error (RMSE) and relative
error (e). Both ANN models were showed a strong agreement between the predicted and
experimental values. However, the developed MLP models showed higher accuracy and
efficiency compared to the RBF models. The results showed that MLP-based models were
successful in estimating the concentrations of Aeromonas spp. co-cultured with L. lactis in vitro
at different initial concentrations over time. Therefore, this model can be used to determine the
bacterial concentrations in the designing of further experiments. Since the network was
developed from experimental results under controlled laboratory conditions with environmental
parameters kept constant, further research should be conducted to test the applicability of the
ANN approach in the variability of these parameters.
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