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clc;
clear;
close all;

%% Load Dat

i}

x=xlsread('in.xlsx");
yv=xlsread('cut.xlsx");

TrainInputs=x;
TrainTargsts=y;
TrainData=[TrainInputs TrainTargets]:;

m=xlsread('int.xlsx"');
n=xlsread('cutt.xlsx"'):;

TestInputs=ms
TestTargets=nr
TestData=[TestInputs TestTargets]:;

Options = genfisOpticons('SubtractiveClustering'):
%% Design ANFIS

nMFs=3;

InputMF="gaussmf’';

OoutputMF="'linear’';

fis=genfis (TrainInputs, TrainTargets,Options) ;

MaxEpoch=500;
ErrorGoal=0;
InitialStepSize=0.01;
StepfSizelecreassRate=0.5;
StepfizelncreassRate=2;
TrainOptions=[MaxEpoch
Erroricoal
InitialStepSize
StepSizeDecreaseRate
StepSizelncreaseRate];

Gl mas &Sl aS YV JSS

D




VPV lalb ) go o VY (G090 ¢ o) ) LS 9 Jigh (owaiin oode (gl fad g0

5 omas raSl Jols aS cunl oo oolaiwl 3445 F 5
laaSes 5l esliiul )3 g oo (omas-(55l slaass
ool oolaiwl Jigi VF 4y bogy e ools aws YV 5l cac
TAO g cand Gl TN ohige] sl oyl LY oS el
GoaSis jo ailazs )8 1,8 oolaiwl 0,90 (o Lael 5l
slass ;5 alide loceS 5 5l 900 To 5l Gl ) (orae
slaws Gl gl el oad solatul lagyg,s 5 layy
Gl 00 ool Uas g g0l 5l ¢ mas 4l sloayV
r PV oY sl b gbass o] o S
Felhl olaws asle lelge 4 Y slaws Gl asloays
@ azg b Lol ol atily dluse Sausen 50 5 69959
285 Sygo s 5 Gsel Grimes 5 LS Sl
LY L omas sboaSiis 5l oolaiwl a5 28,8 aml g5 o
ogs didles Cwlio zuls &l 4 o8 5 jlge iy ;o Y Y
Obey IRl e Wl oo i slaaY 5l skl
el po 008 Al cds el oo g aSld Sl
&S cowl ools &Il ass e Y F Al iagh
Celuy xe YA L plp aSis opl oles RMSE sllas
a3 sbeaSed 5l pgs gy 5o el oud il
5 Uhy9el sl ools atws YA 51 T o a5 ool eoliiwl
3aSis ol el oad oolaiwl islel (gl eols aiuws YV
Cool @285 18 isel o ) Ve g oo oS s
FaSed ol )3 w093 Glie (5 0mb @ o o b
plaS o (gly g sl ouls oolaiul LialS ganalgs b,
sl 00 oolatul Cugiae UVl 60555 sl il L )
RMSE ks sl «ajpel wisy ol 5l om <ales 5o

ALl gy A Camd &S Sl el o e < NY ol ]
Olose ol ools las 1) (650 o, Sles ilpe 4y v
Sl Juls «puac- 558 g, jo Al 4 4z g L caS
Omizeed g el oolaiul bB lioald soe ooy slp
@ 7o Febl alre )3 635y oyl Cugas
Al A S |y (65 0,8 1A) (s 380 O ja0

Byl gmas

o

—,_g)’lé (ks § ‘S.ua.cd.&mu Ao —#

‘s.fua.c

Gy )8 cdslie L3 sloyisy jo a5 jshiles
Ereae Gher laen (s, VOl 30k 25 it
Glp 6500k 5l mas GloaSll s, jo ol colaiul
shoeolaial b gile a4 cwl oad oolanl i
(8 Ly slaojgn 4 bge slaosls wozge (sloosls
B Al ajsal Sl am 5w Shjsel (oras 4SS
oolaiul gimien @l 0ad Jol muls 5l as 0 wals>
S35 gl odle s oras-sil sy 0 iled
90 opl anslie ol a5 cwl oal colal laosls o ,S
@l 4 42y b cwl saalie LB F Jguz o o] Uiy,
a5 aSs 8,91 sl 45 CiS g5 o F Jgan
ol yiaS omas a4 Cod

9 (e a3l ouls Jolo glas awlic -F Jguo
emas— (g3 el

Al g (m/h) RMSE stz

s A <IYA
Gl smas 4SS ANY

S 5 s =¥
ol (B 39k g5 Gt sladee m amlis
S s pac aile ol il b Jow ol a5 oo o
pae ol Gloyally 6T, Ba pas (Gnptn 50
W g0 5 asis gaiie 5 amlive ool ST 5l oolal
Soki 5 i Sl e sbdse (S sl
o350) el (3l Bigs sloo3gn ;o (sote Aliee (lizran
YL cds o 4 edisn 5 Wi sl Joe 5l eolatwl
OBl Gaizmen g (aSpd g odzn Jlaw > GG
30 Dal 4y dacaslad pae oy g Sl Quils cdlss

ot Slr Gy 99 5 dlie cal po ol (88 >



YE-1D o e 9 g yole Do ""sﬁ""_&}u S 9 (mas (asl )l coliw! L TBM dgdi & 4 SR

&zl -A
Adoko, A., & Yagiz, S. (2018). Fuzzy Inference System-Based for TBM Field Penetration Index
Estimation in Rock Mass. Geotech Geol Eng. doi.org/10.1007/s10706-018-0706-5

Adoko, A., Alipov, A., & Yabukov, K. (2019). A Comparative Study of TBM Penetration Rate
Assessment Rock Mass Properties. American Rock Mechanics Association. New York.

Cassinelli, F., Cina, S., Innaurato, N., Mancin, R., & Saopaolo, A. (1982). Power consumption and metal
wear in tunnel-boring machines: analysis of tunnel boring operation in hard rock. Tunnelling'82,
Jones, M.J.Ed., 73-81.

Farmer, 1., & Glossop, N. (1980). Mechanics of disc cutter penetration. Tunnels Tunnell, 22-25.
Farrokh, E. (2020). Tunnelling and Underground Space Technology. doi:10.1016/j.tust.2019.103219

Farrokh, E., Rostami, J., & Laughton, C. (2012). Study of various models for estimation of penetration
rate of hard rock TBMs. Tunnelling and Underground Space Technology, 110-123.
d0i:10.1016/j.tust.2012.02.012

Gholami, M., Shahriar, K., Sharifzadeh, M., & Khademi Hamidi, J. (2012). A comparison of artificial
neural networks and multiple regression analysis in TBM performance prediciton. Asian Rock
Mechanics Symposium, (pp. 15-19). Seoul.

Gong, Q., & Zhao, J. (2009). Development of a rock mass characteristics model for TBM penetration rate
prediction. International Journal of Rock Mechanics and Mining Sciences, 8-18.

Gong, Q., Yin, H., & Zhao, J. (2016). TBM tunneling under adverse geological conditions: An overview.
Tunneling and Underground Space Technology, 4-17.

Graham, P. (1976). Rock exploration for machine manufacturers. Bieniawski ZR Exploration for rock
engineering, (pp. 173-180). Balkema.

Grima, M., Bruines, P., & Verhoef, P. (2000). Modeling Tunnel Boring Machine Performance by Neuro-
Fuzzy Methods. Tunnelling and Underground Space Technology, 259-269.

Hassanpour, J., Rostami, J., & Zhao, J. (2011). A new hard rock TBM performance prediction model for
project planning. Tinnelling and Underground Space Technology, 595-603.

Hedayatzadeh, M., Shahriar, K., & Khademi Hamidi, J. (2010). An Artificial Neural Network Model To
Predict The Performance of Hard Rock TBM. ISRM International Symposium (pp. 23-27). New
Delhi: India.

Innaurato, N., Mancini, R., Rondena , E., & Zaninetti, A. (1991). Forecasting and effective TBM
performances in a rapid excavation of a tunnel in Italy. 7th international congress ISRM.
Aachen.

Khademi Hamidi, J., Shahriar , K., Rezai, B., & Rostami , J. (2011). Performance prediction of hard rock

TBM using Rock Mass Rating (RMR) system. Tunnelling and Underground Space Technology,
333-345.

oY



VPV lwsli ) goyloss Y (50490 ¢ S ) slad g Jigh W (ole 4ol bad g

Koopialipoor, M., Tootoonchi, H., Jahed Armaghani, D., & Tonnizam Mohamad, E. (2019). Application
of deep neural networks in predicting the penetration rate of tunnel boring machine. Bulletin of
Engineering Geology and the Environment. doi:10.1007/s10064-019-01538-7

Liu, Q., X. Huang, Q. Gong, L. Du, Y. Pan, & J. Liu. (2016). Application and development of hard rock
TBM and its prospect in China. Tunnelling and Underground Space Technology, 33-46.

Medel-Morales, R., & Botello-Rionda, S. (2013). Design and Optimization of Tunnel Boring Machines
by Simulating the Cutting Rock Process using the Discrete Element Method. Computacion y
Sistemas, 329-339.

Mobarra, Y., Hajian, A., & Rahgozar, M. (2013). Application of Artificial Neural Networks to the
Prediction of TBM Penetration Rate in TBM-driven Golab Water Transfer Tunnel. International
Conference on Civil Engineering Architecture & Urban Sustainable Development. Tabriz.

Mohammadi, S., Torabi-Kaveh, M., & Bayati, M. (2014). Prediction of TBM penetration rate using intact
and mass rock properties (case study: Zagros long tunnel, Iran). Arab J Geosci.

Moradi, M., & Farsangi, M. (2014). Application of the Risk Matrix Method for Geotechnical Risk
Analysis and Prediction of the Advance Rate in Rock TBM Tunnelling. Rock Mech Rock Eng,
1951-1960.

Ozdemir, L., Miller, R., & Wang, F. (1978). Mechanical tunnel boring prediction and machine design.
Colorado: Colorado School of Mines.

Ramezanzadeh, A. (2005). Performance analysis and development of new models for performance
prediction of hard rock TBMs in rock mass. Lyon: Ph.D. Thesis.

Report, G. (2020). Geotechnical Report of Glass Tunnel. Developing of Water Sources of Iran.

Rostami, J. (1997). Development of a force estimation model for rock fragmentation with disc cutters
through theorical modelling and physical measurment of crushed zone pressure. Colorado
School of Mines, Colorado: Ph.D. Thesis.

Salimi, A., Singh, T., Moormann, C., & Jain, P. (2015). TBM Performance Prediction in Rock Tunneling
Using Various Artificial Intelligence Algorithms. 11th Iranian and 2nd Regional Tunnelling
Conference. Tehran.

Sanio, H. (1985). Prediction of the performance of disc cutters in anisotropic rock. International Journal
of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 153-161.

Tarkoy, P. (1973). Predicting TBM penetration rates in selected rock types. 9th Canadian Rock
Mechanics Symposium. Montreal.

Wang, X., Lu, H., Wei, X., Wei, G., Behbahani, S., & Iseley, T. (2020). Application of Artificial Neural
Network in Tunnel  Engineering: A  Systematic  Review. IEEE  Access.
doi:10.1109/ACCESS.2020.3004995

Yagiz, S. (2002). Development of rock mass features and toughness in the CSM model basic penetration
for hard rock tunneling machine. Colorado School of Mines, Colorado: Ph.D Thesis.

oy



Y10 e o g (5 pole Mo oo mac— 55 (s g (mac Al 1 soliiw! L TBM 3945 & 35 St sions

Yagiz, S. (2008). Utilizing rock mass properties for predicting TBM performance in hard rock condition.
Tunnelling and Underground Space Technology, 326-339.

Yavari, M., & Mahdevari, S. (2006, April). TBM Penetration Rate Prediction Using Neural Networks.
Journal of The College of Engineering, pp. 115-121.

Zadeh, L. (1965). Fuzzy Sets. Information and Control, 338-353.

of



Tunneling & Underground Space Engineering

(TUSE)

JSC

tuse.shahroodut.ac.ir

Volume 12-Issue 1\Summer 2023 G0))) slaLad g Jig3 (waigs Sy

TBM penetration rate prediction using neural networks and neuro-
fuzzy systems

M. Ameri*!; E. Farrokh?; H. Molladavoodi®

1- MSc Graduate; Faculty of Mining Engineering, Amirkabir University of Technology, milad.a70@aut.ac.ir
2- Associate Professor; Faculty of Mining Engineering, Amirkabir University of Technology, e.farrokh@aut.ac.ir
3- Assistant Professor; Faculty of Mining Engineering, Amirkabir University of Technology,
davoodi@aut.ac.ir

Received: 1 Aug 2021; Accepted: 16 Jan 2022
DOI: 10.22044/tuse.2022.10987.1424

Keywords Extended Abstract

Penetration rate Summary

Neural network TBM penetration rate (PR) prediction is one of the most crucial issues for
Ne“fO'f“ZZ¥ system project cost and time estimation, although this issue has remained an
Tunnel boring machine important challenge for engineers and investors. Results of former

Machine parameters

R investigations in this regard show that there are different methods for PR
ock mass parameters

prediction, including theoretical and statistical models as classic methods and
neural networks, fuzzy logic systems and neuro-fuzzy models as intelligent and new or modern methods. The modern
methods are more capable of analyzing complex and non-linear relationships in comparison with the classic methods.
Accordingly, implementation of the modern methods for PR prediction will lead to a more precise outcome. In this
paper, a database, including 14 tunnels around the world, has been used. Chosen parameters are a combination of
machine and rock mass specifications, including normal mean thrust force (Fn), cutterhead revolution per minute
(Rpm), tunnel diameter (TD), rock mass rating (RMR), rock quality designation (RQD) and uniaxial compressive
strength (UCS). By analyzing and reviewing relevant results, it has been determined that omission or failure to use
appropriate parameters causes a significant decline in PR prediction. These results also show that the UCS and RQD
are among the most effective parameters. Furthermore, it has been concluded that using neuro-fuzzy networks (RMSE
= 0.13 m/h) is more accurate than neural networks (RMSE = 0.38 m/h).

Introduction

TBM penetration rate is one of the most important problems in tunneling projects, and has a significant impact on
project cost and time. Hence, an accurate estimation of this parameter can lead to an optimization in project cost and
time. In recent years, many studies have been carried out to assess the most important parameters affecting the PR.
These studies based on different methods, such as theoretical and statistical models as classic methods, and artificial
intelligence models as modern methods. Reviewing publications in this regard shows, for a better PR prediction,
machine parameters and rock mass parameters both will be needed. Besides, a good database, which contains various
projects, is very helpful for a better prediction.

Methodology and Approaches

A database of 14 tunnel projects around the world has been collected that includes 217 datasets of chosen parameters
for PR prediction. In this paper, the chosen parameters for the PR prediction are normal mean thrust force (Fy),
cutterhead revolution per minute (Rpm), tunnel diameter (TD), RMR, RQD and UCS, which cover both machine
parameters and rock mass parameters. The research methodology in this paper is the application of neural network and
neuro-fuzzy systems that are coded in MATLAB software. Among these 217 datasets, 70% are used for training, 15%
for testing and the remaining 15% for validation. In the applied neural networks, 30 different layer combinations have
been tested including networks containing 1 to 6 layers. For the neuro-fuzzy system, used in this study, 185 datasets
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have been used for training and 32 datasets has been used for testing. This neuro-fuzzy network uses hybrid
combination, which has been trained more than 1000 times. In this paper, root mean square error (RMSE) has been
chosen as a criterion for assessing the accuracy. The results have shown that neural networks method has an RMSE =
0.38 m/h and neuro-fuzzy system has an RMSE= 0.13 m/h, implying that the neuro-fuzzy system is more accurate than
the neural networks method.

Results and Conclusions

The results show that PR prediction using artificial intelligence methods are more precise than the classical methods.
That is because the artificial intelligence methods have more power to analyze the complex relationships between
different parameters. The results have also shown that most effective parameters in the PR prediction are UCS and
RQD as two rock mass parameters. Recent studies in the neural networks context show that in most cases, not only
using a network with more than 2 or 3 layers has not a positive effect on final results, but makes the network hyper-
complex and time consumable although the best result in this paper has been obtained from a 4-layer network.
Analyzing the data clearly shows that the more data exist the more precise result will be obtained. As the results show
the neuro-fuzzy system with RMSE = 0.13 m/h has a more precise PR prediction in comparison with the neural
network having RMSE = 0.38 m/h. This is because in the neuro-fuzzy system describing uncertainties can be
implemented by human knowledge.




