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Abstract The advantages of using self-compacting
concrete (SCC) are reducing the time of construction and
the number of employments, reducing noise that can
disturb the surrounding environment, and increasing the
density of hardened concrete structural elements,
automatically affecting bond strength reinforcement in
SCC. The bond strength is a parameter as an essential
factor affecting the behavior of reinforced concrete. In this
manuscript, the Adaptive Neuro-Fuzzy Inference System
(ANFIS) model was built to predict the bond strength in
SCC. For showing the performance of the ANFIS model,
the level of accuracy-based correlation coefficient (R%) and
Root Mean Square Error (RMSE) were determined.
Learning process data consists of input and output. The
input in this study includes compressive strength of
concrete ('), the diameter of steel reinforcement (d,), and
development of length (L), while the output bond strength
(t). The results of the proposed model were in good
agreement with the experimental results, as evidenced by
an R* of 0.71 and an RMSE of 3.31 MPa in the testing data,
indicating that the proposed ANFIS model is capable of
accurately predicting steel reinforcement bond strength in
SCC.

Keywords
ANFIS

Bond Strength, Steel Reinforcement, SCC,

1. Introduction

In reinforced concrete structures, the bond strength
between steel reinforcement and concrete is as important
as the compressive strength of concrete and one of the
essential factors affecting the behavior of reinforced
concrete elements, especially when experiencing cracks.
The crack width and deflection are strongly influenced by
the bond stress distribution along with the reinforcement
and the slip between the steel reinforcement and the
surrounding concrete [1]. The bond strength between
reinforcement and concrete is influenced by many factors,
some of them are compressive strength of concrete,
diameter reinforcement, and development length [2].

With the development of concrete technology in the
1980s, Japanese researchers introduced self-compacting
concrete (SCC) by producing a prototype that was quite
successful in 1988. Self-compacting concrete is an
innovative concrete that does not require vibration for
placing and compaction. It can flow under its weight,
completely filling formwork and achieving full
compaction, even in the presence of congested
reinforcement. The advantages of using SCC are reducing
the time of construction and the number of employments,
reducing noise that can disturb the swrounding
environment, and increasing the density of hard concrete
structural elements, where automatically affect bond
strength reinforcement in SCC [3.4,5].
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The development of soft computing, especially in
artificial intelligence, allows computer machines to be
able to solve problems like those done by humans. Some
of the artificial intelligence that has been applied in the
field of civil engineering is artificial neural networks
(ANN), fuzzy logic (FL), and a combination of ANN and
FL called Adaptive Neuro-Fuzzy Inference System or
ANFIS. For example, Kohoutkova et al. [6] were
conducted the fuzzy logic (FL) model to predict the
stress-strain curve of fiber concrete. The FL and ANN
model is also used to predict the compressive strength of
SCC [7, 8]. Furthermore, Neshat et al. [9], Amani and
Moeini [10], Mohammadhassani et al. [11] were applied
ANFIS and FL models to analyze a concrete design mix,
predicting strength shear reinforced concrete beam and
high deflection beam.

The ANN method to predict the bond strength of
conventional concrete has been carried out by Makni et al.
[12]. The results of the study show that the experimental
results have a good correlation with the ANN model. In
addition, when compared to existing empirical formulas,
the ANN model has good accuracy. Golafshani et al. [13]
also stated that the ANN and FL methods effectively
predict bond strength in conventional concrete. However,
the use of the ANN method has several weaknesses,
namely that it takes a lot of iterations in the training
process to process large neural networks so that
sometimes the results obtained are less accurate, while the
weakness of the fuzzy logic (FL) method requires an
optimization method, namely by trial and error, in
determining the membership function to obtain the
optimal membership function. Therefore by combining
the ANN and FL methods, namely the Adaptive
Neuro-Fuzzy Inference System or abbreviated as ANFIS
method where the membership function and rles
(IF-THEN) can be determined from input data
automatically through the learning process, so this model
is expected to reduce the weaknesses of each method so
that the resulting predictions will be more accurate. In this
manuscript, the ANFIS method has been used for
predicting the bond strength in SCC. For showing the
performance of the ANFIS model, the level of
accuracy-based correlation coefficient (R} and Root
Mean Square Error (RMSE) were determined.

2. Theory of Adaptive Neuro-Fuzzy
Inference System (ANFIS)

ANFIS was first introduced by Jang [14], is a
combination of Artificial Neural Network (ANN) and
Fuzzy Inference System (FIS) uses the Takagi and Sugeno,
model. By using a hybrid learning procedure combination
of the Backward-Propagation Gradient Descent (BPGD)
method and Least-Squares Estimator (LSE), the ANFIS
model can build a mapping input and output which are

both based on human knowledge with fuzzy rules IF
THEN with the proper membership function. ANFIS's
basic structure is shown in Figure 1.

j_I
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Layer1 Layer 2 Layer 3 Layer 4 Layer3
Figure 1. ANFIS Basic Structure [14]

The ANFIS system consists of five network layers that
describe multi-layered neural networks (NN) and have
distinctive functions for each layer, where consists of
several nodes represented by squares or circles. The box
symbol represents an adaptive node, meaning that the
parameter value can change with learning and the circle
symbol represents a non-adaptive node whose value is
fixed. The functions and equations of each layer are
described as follows:

Layer 1: Fuzzification Layer

The function is to generate membership degrees. This
layer is called the input layer. The nodes of this layer will
be connected to the fuzzy membership values

0414 = Ugi(x) fori=12 and

011' = pBi(y) for 1=3,4

with x dan y is input node i.

()

Layer 2: Product Layer

Each output node represents the degree of firing
strength for each fuzzy rule. This function can be
extended if the premise has more than two fuzzy sets. The
number of vertices in this layer shows the number of rules
that are formed.

055 =w; = pg(Opp (v), for i =12 2)

Normalizes firing strength. The layer of each node in
this layer is an adaptive node that displays the function of
normalized firing strength, which is the ratio of the output
of the node iin the previous layer to the entire output of
the previous layer, with the form of the node function:

— = Wi
0z, =W; =

fori=1.2 (3)

wytws”

parameter (p;, q;, danr;)

Layer 4: Defuzzification Layer
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Calculate the output of the rule based on the consequent
041 = Wify = Wi(pix + qiy +17) 4
Layer 5: The Total Output Layer
Calculates the ANFIS output signal by adding up all the
incoming signals.

04y = Ty fy = 2Lt 5)

3. Research Methodology

In general, the ANFIS modelling process divided into
three processes is training, testing, and checking. The
principle of the training process is to learn about data to
obtain results following the targets on the data, while the
testing process is to evaluate the level of accuracy of the
model that has been obtained from the training process.
The ANFIS prediction model was developed by using the
software ANFIS Tools in MATLAB Student Version
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R2014a[15].

3.1. Data Collection

The ANFIS model was created utilizing data from
several previous research on the bond strength test,
including Zhu et al. [16]; De Almeida Filho et al. [17];
Valcuende and Parra [18]; Lachemi et al. [19]; Boel et al.
[20]; Myers et al. [21]; Looney et al. [22]; Pop et al. [23]
and Ngudiyono et al. [24]. The total number of data points
used was 101, with 80 for training and 21 for testing.
Tables 1 and 2 show the training and testing data. The
data consists of the learning's input and output. The data is
organized into a matrix, with the number of inputs in the
column and the amount of data to be trained in the row
(training). The last column in the matrix that is formed is
the target data. The input in this study includes
compressive strength (), the diameter of steel
reinforcement (dy), and development of length (Lg), and
the output is bond strength (7).

Table 1. Data Training

Reference No Data {N‘:'l;a) {f::nJ {T:::DJ {M“Pa)

1 47 12 120 13.32

2 47 12 120 13.73

3 47 12 120 13.45

4 47 20 120 9.65

5 47 20 120 10.55

Zhuetal [16] 6 47 20 120 11.30
7 79.5 12 120 34.08

8 79.5 12 120 32.63

9 795 12 120 31.02

10 79.5 20 120 26.41

11 79.5 20 120 28.83

12 795 20 120 32.52

13 30 10 50 14.34

) ) 14 30 16 80 12.93

De Almeida Filho etal [17]

15 60 10 50 18.11

16 60 16 80 19.23

17 30.21 16 80 18.00

Valcuende dan Parra [18] 18 35.77 16 80 21.66
19 50.18 16 80 27.97

20 61.15 16 80 30.98

21 388 15 200 11.12

22 388 15 200 11.97

Lachemi et al. [19] 23 388 15 200 14.14
24 388 15 100 8.59

25 388 15 100 12.01

26 388 15 100 9.02

27 58 8 28 25.88

28 58 12 42 29.86

29 58 16 56 3232

Boel et al. [20] 30 558 8 28 19.92
31 558 12 42 24.39

32 558 16 56 30.64
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f d L
Reference No Data (Ml;a) {m:n) {m:n) (M“Pa)
33 48.23 12.7 63.5 27.04
34 48.23 127 63.5 26.16
35 48.23 12.7 63.5 26.97
36 48.23 19.05 9525 28.20
37 48.23 19.05 9525 27.28
Myers et al. [21] 38 48.23 19.05 9525 28.58
39 68.17 127 63.5 311
40 68.17 12.7 63.5 31.51
41 08.17 12.7 03.5 31.95
42 68.17 19.05 9525 31.85
43 68.17 19.05 9525 31.31
44 68.17 19.05 9525 30.87
45 524 10 30 24.24
46 524 10 40 21.07
47 524 10 50 23.27
48 524 12 36 24.53
49 524 12 48 21.51
50 524 12 60 20.98
51 524 14 42 21.36
52 524 14 56 20.26
53 524 14 70 20.02
54 573 10 30 26.63
55 573 10 40 27.24
56 573 10 50 26.15
57 573 12 36 24.77
58 573 12 48 24.83
39 573 12 60 25.40
Pop etal [23]
60 573 14 42 20.75
61 573 14 56 19.1
62 573 14 70 23.18
63 702 10 30 30.29
64 702 10 40 28.89
65 702 10 50 25.68
66 702 12 36 29.83
67 702 12 48 27.99
68 702 12 60 26.22
69 702 14 42 27.83
70 702 14 56 27.43
71 702 14 70 21.85
72 77.8 10 50 28.63
73 77.8 12 60 26.03
T4 778 14 70 27.38
75 355 10 100 17.88
76 355 10 100 16.58
i 77 355 12 100 18.60
Ngudiyono et al. [24]

T8 355 12 100 19.81
79 355 16 100 14.67
80 355 16 100 15.86
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Table 2. Data testing

Reference No Data {Nfl;aj {l:?u] {n];;n {MtPa:

1 58 8 28 2588

2 58 12 42 2086

3 58 16 36 3220

Boel etal. [20]

4 55.8 8 28 1992

5 55.8 12 42 2439

6 55.8 16 56 30.64

7 47.2 13 64 2630

8 47.2 13 64 2540

9 47.2 13 64 2620

10 47.2 19 89 3030

11 47.2 19 59 2930

12 47.2 19 89 31.00

Looney et al. [22]

13 67.2 13 64 3030

14 67.2 13 64 30.60

15 67.2 13 64 3L10

16 67.2 19 89 3420

17 67.2 19 89 3370

18 67.2 19 89 3320

19 355 10 100 12.87

Ngudiyono et al. [24] 20 355 12 100 2092
21 355 16 100 1530

3.2. Performance ANFIS Model

The suggested ANFIS model reliability or accuracy
level was determined by utilizing Equation 6 to calculate
the error value with the Root Mean Square Error (RMSE)
and Equation 7 to calculate the correlation coefficient R”.

n — 2
RMSE = IE,=1(: » ©

R =1 (B (t-yi)?
JEi (=02

(7

where:
t; = experiment data i
yi= ANFIS model data i
[ = average experiment data
n = number of data

4. Result and Discussion
4.1. Development ANFIS Model

The Adaptive Neuro-Fuzzy Inference System (ANFIS)
is a hybrid of ANN and FIS in which membership
functions and rules IF THEN are automatically
determined from data input through a learning process
[15]. Figure 2 and Figure 3 depict the FL and ANN
Architect models, respectively. The ANFIS toolbox
MATLAB Student Version program provides multiple
membership functions for inputs: trimf, trapmf, gbellmf,
gaussmf, gauss2mf, pimf, dsigmf, and psigmf [15]. Figure
4 to 6 demonstrate the gaussmf membership function of
the FIS model for input data, which are compressive
strength (f.), the diameter of steel reinforcement (d), and
development of length (L), and Figure 7 shows the rule
IF THEN. From the Figure 4 to 6 showed that range of the
compressive strength (f'.) class between 30 MPa to 79.5
MPa, the diameter of steel reinforcement (d,) between 8
mm to 20 mm, and the development of length (Lg)
between 28 mm to 200 mm.
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B <Student Version> : FIS Editer: Model ==
File Edit View
Compressive,trength \
—. P o
S \’ flu
T
= = Bugenc
Diameter, gnforcamant /
FIS Hams: Modsl FIS Type: sugeno
And method prod - Current Variable
HName:
Cr melad probor - Bond_Strength
Type output
Implcation i
Range [B.50 30.98]
Aggragation max
Defuzzification -
witaver Hep Close
System “Wodel™. 3 inputs, 1 output, and 216 rules
Figure 2. FIS Model
B <Student Version> : Anfis Madel Structure ==

input inputmf

Logical Operations

Ciick on each node to see detailed information

Update

| Close

Figure 3.

ANN Architect model
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Membership function plots 13
FIS Variables

Figure 4. Membership function compressive strength (f'c)

Figure 5.  Membership function the di of steel reinfi (da)
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Y <Student Version> : Membership Function Editor: Madel = Fe ="
File Edit View

o

Membership function piots o

T T T T

nImfa inImfs in3Imfs nipfs

9.0

FIS Varables

in3

Compressive trength Bond trength

Diame!

weinforcement

XX

Development__Lengtn
1
ingut varable "Development__Length
Current Variable Current Membership Function (cick on MF to select)
Name
Name Devaiopment__Lengih n3mf
Type =
ot gaussmi
Params. [14.13 27.74]
28 200
Display Range: e
126 200) =2

Selected variable "Development_Length”

Figure 6. Membership function development of length (L)

B <Student Version= - Fule Viewer: Model
File Edit View Options

Compressive_Sirength = 355 Diameter_Reinforcement = 10 Development__Length = 100 Band_Strength = 17.2

[AAMAA

T

T

i BHEHYREENYEEE IO N e @00 e

[35.5;10,100] 101 left | right | dwnl up |

Opened system Model, 216 rules. |

Figure 7. Rule [F THEN ANFIS model
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4.2. Evaluation ANFIS Model

The results of the learning process were compared to
the testing data to evaluate the performance of the
constructed ANFIS model, as shown in Figures 8 and 9.
The correlation coefficient (R) for testing data is 0.71
with RMSE 3.31 MPa, indicating that the ANFIS model
has a good level of accuracy. When viewed from the
distribution data with a diagonal line reference, both
figures clearly indicate that the distribution of data above
and below the diagonal line is largely identical (mark line
forming an angle of 45%). This implies that the suggested
ANFIS model predicts steel reinforcement bond strength
in self-compacting concrete (SCC) accurately.

b

T{MI"a)
5]

—8— Experiment

= & = ANFIS Model

1 2 3 4 5 6 7 8 & 10 11 12 13 14 15 16 17 18 19 20 2

No Data Testing

Figure 8. Comparison of the bond strength experdment and ANFIS
model
0
33
L]
30
P
Y] (]
&~ -2
]
Sy - o
- .. C
H -
3 -
[%)
10
Ri=0.71
5 RMSE =3.31 MPa
0
0 5 10 15 0 2% 30 35 W0
Toup (MPa)
Figure 9. Comparison of the bond strength experiment and ANFIS
maodel

5. Conclusions

According to the experimental from several previous
research as training and testing data and ANFIS model
above, some conclusion remark can be obtained as follow:
(1) The bond strength between steel reinforcement and
self-compacting concrete (SCC) depending on
parameters compressive strength (f'c), the diameter
of steel reinforcement (dy), and development of
length (Ly).

ANFIS model was created in this study, the gaussmf
membership function of the FIS model for input data

(2)

1725

compressive strength (f'c), the diameter of steel
reinforcement (db), and development of length (Ld)
successfully to estimate the bond strength of steel
reinforcement in self-compacting concrete (SCC).
The ANFIS proposed model was in good agreement
with the experimental results, as evidenced by an R
of 0.71 and an RMSE of 3.31 MPa in the testing data,
indicating that the proposed ANFIS model is capable
of accurately predicting steel reinforcement bond
strength in self-compacting concrete (SCC).

(3)
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