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Near Surface Mounted (NSM) strengthening technique, based

on the concept of embedding glass or carbon FRP bars or
strips into grooves made on the concrete cover of the elements

to be strengthened
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B
Why did we do this research?
Experimental and analytical research on Near-surface mounted FRP has
proven the importance and efficiency of this technigque in strengthening RC

beams but determining the effective strain for FRP_strips iIs the main
problem in this technique.

Aim of research
The present research has aimed to develop an accurate, yet rapid
prediction model ANFIS for determining:

 effective strain for NSM-FRP strips that strengthen RC beams

| Failure modes for RC beams strengthened with NSML.FRP strips




- Adaptive neuro-fuzzy InferencesSystem (/N5

ANFIS is an iIntelligent system that integrates the learning
power of artificial neural network technology and the
knowledge of fuzzy logic. MATLAB toolbox was used to
simulate the model.

ANFIS wused a Sugeno-type i
fuzzy system In a five-layer =
network (the input layer not <A
counted by Jang) for two

inputs x and y, and one output <:
Z, as Illustrated in Figure

B,

B,

ANFIS Structure with 2 inputs [1].
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Rdaptive neuro-fuzzy InferencelSystemum (i1

Database: D

The experimental data of 85 RC Dbeams
M strengthened with the FRP strips by NSM
A technique that collected from published literature |

5

ANFIS models

Inputs

Output

effective strain of FRP
| strips (£q4/ €5,)

| — strength of concrete (fc)

| - length of the strengthened strip to the
| length of the beam (L /L)

| — equivalent reinforcement ratio (p, .,)

Note: the equivalent reinforcement], &
ratio was suggested by Barros [3] “

pl, eq o Asl / (bds) * (Af'Ef /Es)/(bdf)
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geeDatabase:

[ Table 1. Experimental data (database) input output
GF\VIFIARV’ERS”E' Reference Beam notation f'c (MPa) PLeg L/L E5d/Efu

‘ ! VL1 311 0.5286 | 0.7647 | 0.4792
il | Barros 2010 [69] VL2 31.1 0.4880 | 08005 | 0.5124

VL3 31.1 0.4555 | 0.8333 | 0.4612

51 442 02775 | 09000 | 09412

Barros 2007 [38] 52 442 0.4877 | 0.9000 | 0.7941

53 442 0.7316 | 0.9000 | 0.6971

6-1F 37.2 1.9265 | 00500 | 0.5734

6-2F 37.2 20216 | 0.9500 | 0.4934

Yost 2007 [39] 0-2F 37.2 1.3210 | 09500 | 0.8210

12-1F 37.2 0.9444 | 0.9500 | 0.9596

12-2F 37.2 09919 | 09500 | 0.8300

B500 352 0.6340 | 0.1563 | 0.1676

B1200 35.2 0.6342 | 03750 | 02679

Teng 2006 [26] B1800 352 0.6349 | 0.5625 | 0.5330

B2000 35.2 0.6349 | 00063 | 0.7103

pl 41.5 1.3657 | 0.9650 | 0.9200

Kotynia 2006 [70] p2 37.7 0.7009 | 090650 | 0.8100

15, September, 2023 | 03 41.5 0.7788 | 0.9650 | 0.6600
VIRl 453 04541 | 09330 | 0.9118

Barros 2005 [12] V2R2 480 0.6826 | 0.9330 | 0.7520

VIR2 42 .8 0.9021 | 09330 | 0.7520

V4R3I 46.4 1.2057 | 00330 | 0.6235

Tiljsten 2003 [71] E4 60.7 09638 | 1.0000 | 0.6380

Es 60.7 09638 | 0.8333 | 0.6222

E1l 48 1.0544 [ 0.12 0.0968

i ud B2 48 1.0544 | 020 0.1278

Health and Retrofitting of Structure B3 48 1 0544 | 040 | 0.5338
Conference Hassan Jand Rizkalla | B4 48 1.0544 | 0.60 0.8872

2003 [30] B3 48 1.0544 | 0.68 0.9549

\. o B& 48 10544 | 076 0.56524
BT 48 1.0544 | 0.84 0.9699

ES 48 1.0544 | 0.96 0.5850




. Analysis of the ANEISImodels

Initially, the ANFIS network was trained with the 80%
experimental data collected within the database shown in tablel

To fuzzify the ANFIS Inputs three put inputn e outputn output
bell-shaped membership functions to -

model the second Input and two
relationships to model the first and
third inputs.

£fd/Efu

To determine the effective strain of
FRP strips the ANFIS networks were

tested after the training process // ) Logig Operatons
o : and

The final structure of ANFIS s | ot

Illustrated in adjacent figure. Structure of the proposed (ANFIS) to
predict effective strain
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The predicted values of the ANFIS
model are shown in following
figure as a scatter plot.

y =0.9703x + 0.0145
R = 0.9854 ©
R%=0.9711

RMSE=0.04757

predicted value

most points are located near the
diagonal line of the ANFIS
prediction model.

the values of the
prediction results are in
good agreement with the
experimental values

experimental value
Ll

0.2 0.4 0.6 0.8 1.0

Scatter plots of predicted values by ANFIS
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4 )
0.90 - ® fuzzy logic
= O
To ensure that the proposed N € o ®
g Q
ANFIS method was valid as o | 3 ®0 0 Qo
: g 0 o
a confirmed method, the os0 | 'E ® o .°
90 "9 o0 O
expected  results  were os0 Qo
compared to the expected (@50 o 9 y = 0.5802x + 0.2031
. . oo O R =0.8878
results using fuzzy logic and W] @ R? = 0.7864
ANN neural network Ateriorfeliice RMSE= 0.0856
method 7 ceo
experimental value |
B . | . | | "]

Scatter plots of predicted values by FIS
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Training: R=0.96021

ool = Data (]

Output ~= 0.92*Target + 0.031

0.2 04 0.6 0.8

Test: R=0.94342

o9l = Data e

Output ~= 0.85*Target + 0.076

0.2 0.4 0.6 0.8
Target

Scatter plots of predicted values by ANN

Validation: R=0.93359

0.9¢t o
0.8t

Data

Fit

0.7t
0.6}
0.5}
0.4t
0.3+

02} e
04

Output ~= 1.1*Target + 0.043

All: R=0.95131

0.4 0.6
Target

0.8

Qutput ~= 0.92*Target + 0.032

R-0.9513
R?# - 0.905
RMSE-= 0.0852

0.4 0.6
Target

0.8
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Table 2 summarizes the accuracy results of prediction by ANFIS, ANN,
and fuzzy, for the experimental database.

Table 2. Performance statistics of the ANFIS, FIS, ANN models

ANFIS model ANN model FIS model

R? RMSE R? RMSE R? RMSE
0.971 | 0.04757 | 0.905 0.8526 0.786 | 0.08566

From Table 2, the results of the proposed ANFIS method are more
accurate than the traditional methods and this is due to the higher
adaptation of the ANFIS network to find the ideal values for
relationships on the one hand and the type of relationship on the other
hand, the bell-shaped membership has been used in the ANFIS method.

Mubarak. Nasser, Hwaija
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The confirmation of the high accuracy of ANFIS was also verified by comparing
Its expected results with the results of the formula proposed by Barros [3] and
modified by Khalifa [4] using RSME, and R? as stated in its references.

Table 3 summarizes the accuracy results for these equations.

Barros's formula [2]

Efe
= —32.648p; ., + 0.9606

Efu

Khalifa's formula [4]

Efe
= —27.37pjoq +0.9174

Efu

Mubarak. Nasser, Hwaija

Table 3. Performance statistics of the
Barros, Khalifa’s formula

Barros's formula

Khalifa's formula

3] R2

RMSE

[4] R2 RMSE

0.5106

0.155

0.5286 0.133
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The confirmation of the high 3780

accuracy of ANFIS was also Numerical samples from

verified by comparing Its the parametric study

expected results with the
results of a formula proposed
by us, which

took the effort of three
years of continuous work

Mubarak. Nasser, Hwaija
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0.7
(EfAf)

< 0'9£fu

iy
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alle Results .
ACl 440.2R-17

f 0.35 E
e = 12 (nE:Af> X (—183p2 + 2.84p, + 0.051) < 0.9¢5y, | R= 0.245
Ps = Psmin : AVER: 113
L = (0.85-1)L l _
- -»= (0-85-1) r(I)‘ i STD= 0.321
0.016 - 5 ! 3 COV=0.284
: T y=0.9923x + 8E-05 O | e S 8
0014 4 “© R2 =0.8473 | 0.014 - B
; z ® 8
0012 1 € ! 0012 { £ @)
< O | 3 @° o ¢
o
001 { & 8 | 001 1 & © @)
? correlation coefficient R=0.92 e ' o
0.008 - - . 0.008 - © ‘O O
average AVER=1.0132 ‘
0.006 - o 0.006 O .
© standard deviation =~ STD=0.114 | y = 0.4308x + 0.0054
0.004 A . .. 0.004 -+ R? = 0.0602
coefficient of variation COV=0.112
0.002 e 0.002 4 gfd = 0'7€fu
B - PrOPOS?d formula (1) | 2 __Proposed value by ACI 440.2R-17
0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.006 0.007 0.008 0.009 0.01 0.011 0.012 0.013 0.014
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- Failure modes predictionifostrengthenec iR EHIE S

(8-E)
Strip - Epoxy
(C-E) Interface Failure
Concrete- Epoxy i

Interface Failure

e

«®

(FR)
Failure Rupture

(CC)
Crushing Concrete

68%
Debonding Failure (DF)
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- ENITENRTL Rl ellE ileiior Siftencinened RC beams

NMESSWeRcan® i i output

Failure mode

Logical Operations

and
@

not

Structure of the proposed (ANFI1S) to predict failure mode
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— Failure modes predictionpfo@sinengthEnediREREANS;

Inputs Failure Mode Output Inputs Failure Mode Output
Experimental ANFIS . Experi_mental ANFIS
Beam notation | f'd(MPa) | pe% | W/L eailure Failure Beam notation | fc(MFPa) | pLeg% | /L i{ﬂﬂm Failure
Mode Mode ode Mode |
ADlsh 33 0.9481 | 0.857 DF DF NILA/40/100 4175 05253 | 035 DF DF
AS2sh 33 2.0585 1 0.857 DF DF NILA/40/120 41.75 05253 | 036 DF DF
BS3sh 4277 | 0.8599 1 0.857 DF DF NILA/50/2*80 41.75 0.6266 | 0.34 DF DF
BT3sh 4277 | 1.0379 | 0.857 DF DF NILB/40/90 37.67 18413 | 0345 DF DF
§212-252NSM 33.1 0.6723 | 0.915 cc cc NILB/40/120 37 67 18413 | 036 OF OF
R-PL-15 313 0.4415 | 0.3 RF cc NILB/40/120p 437 1.8413 | 036 DF DF
R-PL-25 313 04624 | 09 DF ccC NILB/40/130pp 437 1.8413 | 0.365 DF DF
R-PL-25-2-5 31.3 05132 ] 0.8 DF DF NIILB/40/80p 3432 0.8065 | 034 DF DF
B-N-2-2 35 0.8038 | 0.855 C-E C-E NIILB/40/2*80 3432 0.8561 | 034 DF DF
NSM ¢ 2¥1.4*%10 1 21 1.081 0.905 DF DF NIILE/40/120 38.8 0.8065 0.36 DF DF
NSM ¢ 3*1.4%10 1 21 1.1462 | 0.905 DF DF S1 242 02775 0.0 oF OF
M251 30.5 0.6326 | 0.653 cc <c 442 0.4877 0.9 oF oF
F251 30.5 0.6326 | 0.833 . ﬁ@ 447 0.7316 0.9 OF oOF
B2 25 0.2949 1 :'|1“ r R E)@R@@m g@ 372 19265 095 cc cc
B3 25 0.3284 | 1 . ey F 372 20216 | 095 ce cc
B4 25 0.363 1 i . @ 4%17 372 1321 | 095 cc cc
LB2S1 31.4 0.6316 | 0.833 S-E st WUno e 372 00444 | 0.5 o s
LB2S2 314 0.6326 | 0.833 S-E S-E - 372 09915 | 095 e o
NSM2-32 30 0.486 | 032 DF DF B500 352 06349 | 0156 DF DF
ﬁziﬁ‘;z :g g:?g 064?8 EE EE B1200 352 06349 | 0375 DF DF
NSM2T0 20 oase | o7 e - B1800 352 0.6349 | 0.563 DF DF
NSM2-80 20 oass | os e - B2900 352 0.6349 | 0.906 cc cc
NSM2-96 30 0.486 | 0.96 cc cc E’li ';? ;? gg; g'zzg E‘F: E‘;
NISA/20/85 223 0.5263 | 0.507 DF DF . . -
NISA/20/130 235 05263 | 0541 DF DF p3 415 0.7788 | 0965 DF DF
NISA/20/170 23.5 05263 | 057 DF DF VIRZ 489 06826 | 0933 DF DF
NISA/20/85P 213 0.5263 | 0.507 DF DF V3RZ 42.8 0.9021 | 0.933 DF DF
NISA/20/130P 213 0.5263 | 0.533 DF DF V4R3 464 1.2957 | 0.933 DF DF
NISA/20/160P 213 0.5263 | 0.563 DF DF E4 60.7 09638 1 DF DF
NISA/30/80 32.5 0.5263 | 0.504 DF DF B1 48 10544 | 012 C-E C-E
NISA/30/120 32.5 0.5263 | 0.533 DF DF B2 48 1.0544 0.2 C-E RF
NISB/20/85 19.85 1.8413 | 0.507 DF DF B3 48 1.0544 0.4 DF DF
NISB/20/130 19.85 1.8413 | 0.541 DF DF B4 48 1.0544 0.6 DF DF
NIISB/40/80 41.58 0.7392 | 0.504 DF DF BS 43 10544 | 0.68 RE RE
NIISB/40/2*80 41.19 0.7941 | 0.504 DF DF B6 45 L0544 | o076 RE _E
NIISB/40/120 41.19 0.7392 | 0.533 DF DF B7 A8 Losas | o84 o o
NIISB/40/160 41.19 0.7392 | 0.563 DF DF g P Losas | 006 o i




O Conclusions

1 ) The study revealed that the predicted effective strain of FRP strips closely
— conforms to the experimental results, which confirms the efficiency of the
ANFIS model. The ANFIS system showed superior predictive accuracy and high
generalizability compared to the fuzzy logic and neural networking method
(ANN), The level of accuracy with ANFIS was achieved at RMSE = 0.0475.

The main benefits of the ANFIS model are an effective, highly
.. adaptable calculation with optimization and adaptation techniques.

2 | A comparison of the collecting experimental data with Barros’s formula and
Khalifa’s formula Where the highest accuracy of these equations reached
ﬂ RMSE=0.1333.

3 | Thus, statistical indicators gave ANFIS a preference in predicting effective
strain for FRP strips of RC beams flexurally-strengthened with NSM FRP
strips.
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Conclusions

/
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The main conclusions

It Is possible to use the proposed ANFIS model to
predict the value of the effective strain for FRP strips of
RC beams flexurally-strengthened with NSM FRP strips
and the failure modes of these beams, which saves us

My the high cost of experimental testing as well as time-

saving which is valuable in the end.

Mubarak. Nasser, Hwaija
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