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Irfan Kaymaz ("), Turkey

Vahid Kayvanfar (%), Qatar
Krzysztof Kecik (%), Poland
Mohamed Khader (%), Egypt
Chaudry M. Khalique {2, South Africa
Mukhtaj Khan (), Pakistan
Shahid Khan ("), Pakistan
Nam-Il Kim, Republic of Korea
Philipp V. Kiryukhantsev-Korneev (),
Russia

P.V.V Kishore(®, India

Jan Koci(2), Czech Republic
Toannis Kostavelis (), Greece
Sotiris B. Kotsiantis (=), Greece
Frederic Kratz(), France
Vamsi Krishna (9, India

Edyta Kucharska, Poland
Krzysztof S. Kulpa (), Poland
Kamal Kumar, India

Prof. Ashwani Kumar (), India
Michal Kunicki (%, Poland
Cedrick A. K. Kwuimy (), USA
Kyandoghere Kyamakya, Austria
Ivan Kyrchei (), Ukraine
Marcio J. Lacerda(»), Brazil
Eduardo Lalla(®), The Netherlands
Giovanni Lancioni (), Italy
Jaroslaw Latalski ("), Poland
Hervé Laurent (), France
Agostino Lauria (), Italy

Aimé Lay-Ekuakille (), Italy
Nicolas J. Leconte (#), France
Kun-Chou Lee ("), Taiwan
Dimitri Lefebvre (%), France
Eric Lefevre (I°), France

Marek Lefik, Poland

Yaguo Lei (), China

Kauko Leiviska (%), Finland
Ervin Lenzi (%), Brazil
ChenFeng Li(%), China

Jian Li(), USA

Jun Li(®, China

Yueyang Li(2), China

Zhao Li(»), China

Zhen Li(, China

En-Qiang Lin, USA

Jian Lin (%), China

Qibin Lin, China

Yao-Jin Lin, China

Zhiyun Lin (%), China

Bin Liu(®), China

Bo Liu(), China

Heng Liu (), China

Jianxu Liu (), Thailand

Lei Liu@®), China

Sixin Liu (), China

Wanquan Liu(#), China

Yu Liu(®), China

Yuanchang Liu (), United Kingdom
Bonifacio Llamazares (2, Spain
Alessandro Lo Schiavo (1), Italy
Jean Jacques Loiseau (), France
Francesco Lolli(1»), Italy

Paolo Lonetti (), Italy

Antoénio M. Lopes (), Portugal
Sebastian Lopez, Spain

Luis M. Lépez-Ochoa (%), Spain
Vassilios C. Loukopoulos, Greece
Gabriele Maria Lozito (1), Italy
Zhiguo Luo (), China

Gabriel Luque (), Spain
Valentin Lychagin, Norway
YUE MEI, China

Junwei Ma (>, China

Xuanlong Ma (), China
Antonio Madeo (1), Italy
Alessandro Magnani (), Belgium
Toqeer Mahmood (i), Pakistan
Fazal M. Mahomed (1), South Africa
Arunava Majumder (), India
Sarfraz Nawaz Malik, Pakistan
Paolo Manfredi (), Italy

Adnan Magsood (%), Pakistan
Muazzam Magqsood, Pakistan
Giuseppe Carlo Marano (), Italy
Damijan Markovic, France
Filipe J. Marques (), Portugal
Luca Martinelli(®), Italy

Denizar Cruz Martins, Brazil
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Francisco J. Martos (), Spain

Elio Masciari (), Italy

Paolo Massioni ("), France
Alessandro Mauro (1), Italy
Jonathan Mayo-Maldonado (), Mexico
Pier Luigi Mazzeo (1), Italy

Laura Mazzola, Italy

Driss Mehdi("), France

Zahid Mehmood (), Pakistan
Roderick Melnik (%), Canada
Xiangyu Meng (), USA

Jose Merodio (%), Spain

Alessio Merola (), Italy

Mahmoud Mesbah (), Iran
Luciano Mescia (), Italy

Laurent Mevel (), France
Constantine Michailides (), Cyprus
Mariusz Michta (), Poland

Prankul Middha, Norway

Aki Mikkola (%), Finland

Giovanni Minafo (1), Italy
Edmondo Minisci (), United Kingdom
Hiroyuki Mino (i), Japan

Dimitrios Mitsotakis (*), New Zealand
Ardashir Mohammadzadeh (), Iran
Francisco ]. Montdns (|2}, Spain
Francesco Montefusco (1), Italy
Gisele Mophou (%), France

Rafael Morales (%), Spain

Marco Morandini (), Italy

Javier Moreno-Valenzuela (2, Mexico
Simone Morganti (), Italy

Caroline Mota (), Brazil

Aziz Moukrim (i), France

Shen Mouquan (%), China

Dimitris Mourtzis(*), Greece
Emiliano Mucchi (), Italy

Taseer Muhammad, Saudi Arabia
Ghulam Muhiuddin, Saudi Arabia
Amitava Mukherjee (), India

Josefa Mula (%), Spain

Jose ]. Mufioz(2), Spain

Giuseppe Muscolino, Italy

Marco Mussetta (), Italy

Hariharan Muthusamy, India
Alessandro Naddeo (1), Italy

Raj Nandkeolyar, India

Keivan Navaie (), United Kingdom
Soumya Nayak, India

Adrian Neagu (), USA

Erivelton Geraldo Nepomuceno (), Brazil
AMA Neves, Portugal

Ha Quang Thinh Ngo (), Vietnam
Nhon Nguyen-Thanh, Singapore
Papakostas Nikolaos (), Ireland
Jelena Nikolic (%), Serbia

Tatsushi Nishi, Japan

Shanzhou Niu (), China

Ben T. Nohara (5, Japan
Mohammed Nouari (), France
Mustapha Nourelfath, Canada
Kazem Nouri(#), Iran

Ciro Nufez-Gutiérrez (1), Mexico
Wlodzimierz Ogryczak, Poland
Roger Ohayon, France

Krzysztof Okarma (1), Poland
Mitsuhiro Okayasu, Japan

Murat Olgun (), Turkey

Diego Oliva, Mexico

Alberto Olivares (), Spain

Enrique Onieva(:), Spain

Calogero Orlando (%), Italy

Susana Ortega-Cisneros(2), Mexico
Sergio Ortobelli, Italy

Naohisa Otsuka (%), Japan

Sid Ahmed Ould Ahmed Mahmoud (),
Saudi Arabia

Taoreed Owolabi (%), Nigeria
EUGENIA PETROPOULOU (5), Greece
Arturo Pagano, Italy
Madhumangal Pal, India

Pasquale Palumbo (1), Italy

Dragan Pamucar, Serbia

Weifeng Pan (%), China

Chandan Pandey, India

Rui Pang, United Kingdom

Jurgen Pannek (©), Germany

Elena Panteley, France

Achille Paolone, Italy
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George A. Papakostas(2), Greece
Xosé M. Pardo (), Spain

You-Jin Park, Taiwan

Manuel Pastor, Spain

Pubudu N. Pathirana (i), Australia
Surajit Kumar Paul (%), India

Luis Paya (), Spain

Igor Pazanin (2), Croatia

Libor Pekaf (), Czech Republic
Francesco Pellicano (1), Italy
Marecello Pellicciari (), Italy

Jian Peng (), China

Mingshu Peng, China

Xiang Peng (), China

Xindong Peng, China

Yuexing Peng, China

Marzio Pennisi(?), Italy

Maria Patrizia Pera (), Italy
Matjaz Perc(]), Slovenia

A. M. Bastos Pereira (1), Portugal
Wesley Peres, Brazil

F. Javier Pérez-Pinal (©), Mexico
Michele Perrella, Italy

Francesco Pesavento (1), Italy
Francesco Petrini (), Italy

Hoang Vu Phan, Republic of Korea
Lukasz Pieczonka (), Poland
Dario Piga (), Switzerland

Marco Pizzarelli (), Italy

Javier Plaza (), Spain

Goutam Pohit (), India

Dragan Poljak (i), Croatia

Jorge Pomares (), Spain

Hiram Ponce (2}, Mexico
Sébastien Poncet (), Canada
Volodymyr Ponomaryov (), Mexico
Jean-Christophe Ponsart (), France
Mauro Pontani (), Italy
Sivakumar Poruran, India
Francesc Pozo (2}, Spain

Aditya Rio Prabowo (©2), Indonesia
Anchasa Pramuanjaroenkij (), Thailand
Leonardo Primavera (), Italy

B Rajanarayan Prusty, India

Krzysztof Puszynski (%), Poland
Chuan Qin (), China

Dongdong Qin, China

Jianlong Qiu (), China

Giuseppe Quaranta (), Italy

DR. RITU RAJ (), India

Vitomir Racic(), Italy

Carlo Rainieri (), Italy
Kumbakonam Ramamani Rajagopal, USA
Ali Ramazani(), USA

Angel Manuel Ramos (%), Spain
Higinio Ramos (2}, Spain
Muhammad Afzal Rana (%), Pakistan
Muhammad Rashid, Saudi Arabia
Manoj Rastogi, India

Alessandro Rasulo (9, Italy

S.S. Ravindran (), USA
Abdolrahman Razani (), Iran
Alessandro Reali (), Italy

Jose A. Reinoso(2), Spain

Oscar Reinoso (2}, Spain

Haijun Ren (), China

Carlo Renno (19, Italy

Fabrizio Renno (1), Italy

Shahram Rezapour (), Iran
Ricardo Riaza ([, Spain

Francesco Riganti-Fulginei (), Italy
Gerasimos Rigatos (), Greece
Francesco Ripamonti (), Italy
Jorge Rivera(ls), Mexico

Eugenio Roanes-Lozano (2}, Spain
Ana Maria A. C. Rocha((?), Portugal
Luigi Rodino (9, Italy

Francisco Rodriguez (), Spain
Rosana Rodriguez Lopez, Spain
Francisco Rossomando (1)), Argentina
Jose de Jesus Rubio (i), Mexico
Weiguo Rui(), China

Rubén Ruiz (), Spain

Ivan D. Rukhlenko (1), Australia
Dr. Eswaramoorthi S. (%), India
Weichao SHI(%), United Kingdom
Chaman Lal Sabharwal (), USA
Andrés Séez (), Spain
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Bekir Sahin, Turkey
Laxminarayan Sahoo (), India
John S. Sakellariou (%), Greece
Michael Sakellariou (), Greece
Salvatore Salamone, USA

Jose Vicente Salcedo (), Spain
Alejandro Salcido (), Mexico
Alejandro Salcido, Mexico
Nunzio Salerno (i), Italy

Rohit Salgotra (), India
Miguel A. Salido (), Spain
Sinan Salih (), Iraq
Alessandro Salvini (), Italy
Abdus Samad (), India

Sovan Samanta, India
Nikolaos Samaras (), Greece
Ramon Sancibrian (%), Spain
Giuseppe Sanfilippo (1), Italy
Omar-Jacobo Santos, Mexico

] Santos-Reyes (), Mexico
José A. Sanz-Herrera(), Spain
Musavarah Sarwar, Pakistan
Shahzad Sarwar, Saudi Arabia
Marcelo A. Savi(), Brazil
Andrey V. Savkin, Australia
Tadeusz Sawik (), Poland
Roberta Sburlati, Italy
Gustavo Scaglia (2), Argentina
Thomas Schuster (), Germany
Hamid M. Sedighi (", Iran
Mijanur Rahaman Seikh, India
Tapan Senapati(), China
Lotfi Senhadji(®), France
Junwon Seo, USA

Michele Serpilli, Italy

Silvestar Sesni¢ (), Croatia
Gerardo Severino, Italy

Ruben Sevilla (%), United Kingdom

Stefano Sfarra(), Italy

Dr. Ismail Shah (%), Pakistan
Leonid Shaikhet (), Israel

Vimal Shanmuganathan (), India
Prayas Sharma, India

Bo Shen (), Germany

Hang Shen, China

Xin Pu Shen, China

Dimitri O. Shepelsky, Ukraine
Jian Shi(#, China

Amin Shokrollahi, Australia
Suzanne M. Shontz (), USA
Babak Shotorban (), USA
Zhan Shu(?), Canada

Angelo Sifaleras (), Greece
Nuno Simdes (2, Portugal
Mehakpreet Singh (1), Ireland
Piyush Pratap Singh (®), India
Rajiv Singh, India

Seralathan Sivamani(), India
S. Sivasankaran (i), Malaysia
Christos H. Skiadas, Greece
Konstantina Skouri (%), Greece
Neale R. Smith (%), Mexico
Bogdan Smolka, Poland
Delfim Soares Jr.(), Brazil
Alba Sofi(1»), Italy

Francesco Soldovieri (), Italy
Raffaele Solimene (1), Italy
Yang Song(5), Norway

Jussi Sopanen (%), Finland
Marco Spadini (), Italy

Paolo Spagnolo (), Italy
Ruben Specogna (), Italy
Vasilios Spitas(2), Greece
Ivanka Stamova (), USA
Rafal Stanistawski (), Poland
Miladin Stefanovié¢ (), Serbia
Salvatore Strano (1), Italy
Yakov Strelniker, Israel
Kangkang Sun (), China
Qiugin Sun(?), China
Shuaishuai Sun, Australia
Yanchao Sun (), China
Zong-Yao Sun(), China
Kumarasamy Suresh (%), India
Sergey A. Suslov (2, Australia
D.L. Suthar, Ethiopia

D.L. Suthar (%), Ethiopia
Andrzej Swierniak, Poland
Andras Szekrenyes (), Hungary
Kumar K. Tamma, USA


https://orcid.org/0000-0001-7464-451X
https://orcid.org/0000-0003-3027-8284
https://orcid.org/0000-0002-7276-2368
https://orcid.org/0000-0003-1577-5039
https://orcid.org/0000-0002-7485-3802
https://orcid.org/0000-0002-7203-1725
https://orcid.org/0000-0002-3282-1810
https://orcid.org/0000-0002-4835-4057
https://orcid.org/0000-0003-0717-7506
https://orcid.org/0000-0002-5825-1019
https://orcid.org/0000-0002-0343-2234
https://orcid.org/0000-0001-8201-7081
https://orcid.org/0000-0001-7467-2801
https://orcid.org/0000-0002-0657-3833
https://orcid.org/0000-0002-3758-9862
https://orcid.org/0000-0001-8371-3820
https://orcid.org/0000-0001-5454-5995
https://orcid.org/0000-0002-6054-550X
https://orcid.org/0000-0002-0188-0017
https://orcid.org/0000-0002-2667-8691
https://orcid.org/0000-0002-3852-5473
https://orcid.org/0000-0003-0399-7486
https://orcid.org/0000-0001-9434-6341
https://orcid.org/0000-0002-0485-4893
https://orcid.org/0000-0002-0061-6214
https://orcid.org/0000-0002-9354-4650
https://orcid.org/0000-0001-5005-6991
https://orcid.org/0000-0001-7354-1383
https://orcid.org/0000-0002-1467-1206
https://orcid.org/0000-0001-9074-3411
https://orcid.org/0000-0002-3604-545X
https://orcid.org/0000-0002-4874-0812
https://orcid.org/0000-0001-6838-7297
https://orcid.org/0000-0002-5933-254X
https://orcid.org/0000-0002-5696-7021
https://orcid.org/0000-0003-3418-0030
https://orcid.org/0000-0002-6392-6068
https://orcid.org/0000-0002-4450-1208
https://orcid.org/0000-0001-6636-7794
https://orcid.org/0000-0001-9443-7091
https://orcid.org/0000-0002-2596-1188
https://orcid.org/0000-0002-1477-8388
https://orcid.org/0000-0002-5756-9359
https://orcid.org/0000-0002-3575-2451
https://orcid.org/0000-0002-0377-3127
https://orcid.org/0000-0003-1808-4671
https://orcid.org/0000-0002-7699-5855
https://orcid.org/0000-0003-4371-1606
https://orcid.org/0000-0003-1720-8134
https://orcid.org/0000-0001-9129-9375
https://orcid.org/0000-0001-9278-7178
https://orcid.org/0000-0003-3999-7752
https://orcid.org/0000-0001-6723-2699
https://orcid.org/0000-0002-6014-3682
https://orcid.org/0000-0002-2681-0875
https://orcid.org/0000-0003-2697-2273
https://orcid.org/0000-0002-2017-0029
https://orcid.org/0000-0003-0732-5126
https://orcid.org/0000-0001-7392-4472
https://orcid.org/0000-0002-2102-9588
https://orcid.org/0000-0001-5618-2278
https://orcid.org/0000-0002-0998-2712
https://orcid.org/0000-0001-9978-2177
https://orcid.org/0000-0002-2018-4471

Yong (Aaron) Tan, United Kingdom
Marco Antonio Taneco-Herndndez
Mexico

Lu Tang(), China
Tianyou Tao, China
Hafez Tari{), USA
Alessandro Tasora
Sergio Teggi (), Italy

, Italy

Adriana del Carmen Téllez- Anguiano

Mexico
Ana C. Teodoro (), Portugal
Efstathios E. Theotokoglou
Jing-Feng Tian, China
Alexander Timokha
Stefania Tomasiello

, Norway
, Italy
, Italy

, Italy
Francesco Tornabene (), Italy
Mariano Torrisi(?), Italy
Thang nguyen Trung, Vietnam

Gisella Tomasini
Isabella Torcicollo

George Tsiatas (), Greece
Le Anh Tuan (), Vietnam
Nerio Tullini (), Italy
Emilio Turco (), Italy
Ilhan Tuzcu ("), USA

, Greece
, Spain

Efstratios Tzirtzilakis
FRANCISCO URENA
Filippo Ubertini (), Italy
Mohammad Uddin (), Australia
Mohammad Safi Ullah
Serdar Ulubeyli
Mati Ur Rahman
Panayiotis Vafeas (), Greece
Giuseppe Vairo (), Italy
Jesus Valdez-Resendiz
Eusebio Valero, Spain
Stefano Valvano (), Italy
Carlos-Renato Vazquez(2), Mexico
Martin Velasco Villa (), Mexico
Franck J. Vernerey, USA

, Turkey
, Pakistan

, Mexico

Georgios Veronis (), USA
Vincenzo Vespri(l), Italy
Renato Vidoni (), Italy

Venkatesh Vijayaraghavan, Australia

, Greece

, Bangladesh

>

>

Anna Vila, Spain
Francisco R. Villatoro (), Spain
Francesca Vipiana (), Italy
Stanislav Vitek (), Czech Republic
Jan Vorel (), Czech Republic
Michael Vynnycky (), Sweden
Mohammad W. Alomari, Jordan
Roman Wan-Wendner (?), Austria
Bingchang Wang, China

C. H. Wang (), Taiwan

Dagang Wang, China

Guogqiang Wang (), China
Huaiyu Wang, China

Hui Wang (9, China

J.G. Wang, China

Ji Wang (), China

Kang-Jia Wang (), China

Lei Wang (), China

Qiang Wang, China

Qingling Wang (), China
Weiwei Wang (5, China

Xinyu Wang(®), China

Yong Wang ("), China
Yung-Chung Wang (), Taiwan
Zhenbo Wang (), USA

Zhibo Wang, China

Waldemar T. Woéjcik, Poland
Chi Wu (), Australia

Qiuhong Wu, China

Yuqiang Wu, China

Zhibin Wu (), China
Zhizheng Wu (2, China
Michalis Xenos (), Greece
Hao Xiao (), China

Xiao Ping Xie(), China
Qingzheng Xu (), China
Binghan Xue (), China

Yi Xue(»), China

Joseph J. Yame(®), France
Chuanliang Yan ("), China
Xinggang Yan (i), United Kingdom
Hongtai Yang (2, China
Jixiang Yang (), China

Mijia Yang, USA
Ray-Yeng Yang, Taiwan



https://orcid.org/0000-0001-6650-1105
https://orcid.org/0000-0002-5051-8364
https://orcid.org/0000-0003-4809-3843
https://orcid.org/0000-0002-2664-7895
https://orcid.org/0000-0001-7375-0599
https://orcid.org/0000-0002-0945-2076
https://orcid.org/0000-0002-8043-6431
https://orcid.org/0000-0001-5770-5878
https://orcid.org/0000-0002-6750-4727
https://orcid.org/0000-0003-2830-7525
https://orcid.org/0000-0002-7431-7073
https://orcid.org/0000-0001-6374-4371
https://orcid.org/0000-0002-5968-3382
https://orcid.org/0000-0003-0386-6216
https://orcid.org/0000-0003-4808-7881
https://orcid.org/0000-0003-0208-9478
https://orcid.org/0000-0003-2378-5691
https://orcid.org/0000-0002-8263-7034
https://orcid.org/0000-0003-1075-8192
https://orcid.org/0000-0002-5598-564X
https://orcid.org/0000-0003-0258-8525
https://orcid.org/0000-0002-5044-8482
https://orcid.org/0000-0001-9171-5594
https://orcid.org/0000-0002-8889-7865
https://orcid.org/0000-0003-0871-7391
https://orcid.org/0000-0002-4166-2006
https://orcid.org/0000-0002-0896-4168
https://orcid.org/0000-0003-2597-6985
https://orcid.org/0000-0002-1889-1353
https://orcid.org/0000-0003-4349-1092
https://orcid.org/0000-0003-4191-4143
https://orcid.org/0000-0003-2953-0964
https://orcid.org/0000-0002-3274-3947
https://orcid.org/0000-0002-2684-8646
https://orcid.org/0000-0002-7429-0974
https://orcid.org/0000-0003-4314-6213
https://orcid.org/0000-0002-0791-9269
https://orcid.org/0000-0002-3185-1495
https://orcid.org/0000-0002-0733-4420
https://orcid.org/0000-0002-8318-1251
https://orcid.org/0000-0003-3616-5694
https://orcid.org/0000-0002-4066-2602
https://orcid.org/0000-0003-2979-3510
https://orcid.org/0000-0001-8213-1626
https://orcid.org/0000-0002-0724-7538
https://orcid.org/0000-0002-3905-0844
https://orcid.org/0000-0002-7014-2149
https://orcid.org/0000-0003-2045-2920
https://orcid.org/0000-0002-6985-2784
https://orcid.org/0000-0002-3019-1181
https://orcid.org/0000-0002-3166-8025
https://orcid.org/0000-0003-1405-2496
https://orcid.org/0000-0002-8979-9765
https://orcid.org/0000-0001-6438-4902
https://orcid.org/0000-0002-9372-0992
https://orcid.org/0000-0001-5427-2528
https://orcid.org/0000-0001-8441-1306
https://orcid.org/0000-0002-9368-1495
https://orcid.org/0000-0001-5592-177X
https://orcid.org/0000-0001-8212-1073
https://orcid.org/0000-0001-7409-2233
https://orcid.org/0000-0001-7728-1531
https://orcid.org/0000-0002-4349-6240
https://orcid.org/0000-0002-5184-5391
https://orcid.org/0000-0003-2217-8398
https://orcid.org/0000-0002-3608-1936
https://orcid.org/0000-0002-9631-2046

Zaoli Yang (), China

Jun Ye ("), China

Min Ye(, China

Luis J. Yebra (), Spain
Peng-Yeng Yin (1), Taiwan
Muhammad Haroon Yousaf (), Pakistan
Yuan Yuan, United Kingdom
Qin Yuming, China

Elena Zaitseva (2, Slovakia
Arkadiusz Zak(»), Poland
Mohammad Zakwan (), India
Ernesto Zambrano-Serrano (©5), Mexico
Francesco Zammori (), Italy
Jessica Zangari (), Italy

Rafal Zdunek (), Poland
Ibrahim Zeid, USA

Nianyin Zeng (), China
Junyong Zhai (), China

Hao Zhang (), China

Haopeng Zhang (), USA

Jian Zhang ("), China

Kai Zhang, China

Lingfan Zhang ("), China
Mingjie Zhang(2), Norway
Qian Zhang ("), China

Tianwei Zhang ("), China
Tongqian Zhang ("), China
Wenyu Zhang (), China
Xianming Zhang ("), Australia
Xuping Zhang (), Denmark
Yinyan Zhang, China

Yifan Zhao (), United Kingdom
Debao Zhou, USA

Heng Zhou(»), China

Jian G. Zhou (2, United Kingdom
Junyong Zhou (2, China
Xuegian Zhou (), United Kingdom
Zhe Zhou(»), China

Wu-Le Zhu, China

Gaetano Zizzo (19, Italy
Mingcheng Zuo, China


https://orcid.org/0000-0002-5157-8967
https://orcid.org/0000-0003-2841-6529
https://orcid.org/0000-0002-8301-5843
https://orcid.org/0000-0003-4267-6124
https://orcid.org/0000-0002-2835-9002
https://orcid.org/0000-0001-8255-1145
https://orcid.org/0000-0002-9087-0311
https://orcid.org/0000-0003-3015-1355
https://orcid.org/0000-0003-4295-004X
https://orcid.org/0000-0002-2115-0097
https://orcid.org/0000-0003-4931-5540
https://orcid.org/0000-0002-6418-7711
https://orcid.org/0000-0003-3323-6717
https://orcid.org/0000-0002-6957-2942
https://orcid.org/0000-0001-5122-3819
https://orcid.org/0000-0002-8821-8535
https://orcid.org/0000-0002-7898-8907
https://orcid.org/0000-0002-2432-8612
https://orcid.org/0000-0002-7584-4887
https://orcid.org/0000-0001-6872-7482
https://orcid.org/0000-0001-7210-654X
https://orcid.org/0000-0001-6777-1668
https://orcid.org/0000-0001-9603-3867
https://orcid.org/0000-0001-7350-0805
https://orcid.org/0000-0003-0691-5386
https://orcid.org/0000-0002-7498-495X
https://orcid.org/0000-0003-2383-5724
https://orcid.org/0000-0002-3742-3926
https://orcid.org/0000-0002-4262-1898
https://orcid.org/0000-0001-7417-583X
https://orcid.org/0000-0003-1583-414X
https://orcid.org/0000-0002-0445-2560
https://orcid.org/0000-0003-4413-4855

Contents

Collaborative Control Technology of Crosscut Floor Heave in Soft Rocks under Deep High Horizontal
Stress

Hongyang Liu (), Chengwei Liu (%), Minghua Zhai (), Peng Zhang (), Longjiang Wang ("), Feng Wang ("),
and Jiangang Liu

Research Article (13 pages), Article ID 8260169, Volume 2022 (2022)

Study on the Influence of Cracks on the Mechanical Performance of Tunnel Lining Structure Based on
Fracture Mechanics Theory

Taotao Hu(), Xiong Hu (), Jianxun Chen (), Chuanwu Wang (), and Yi Yang

Research Article (11 pages), Article ID 1998227, Volume 2022 (2022)

Risk Assessment of Water Inrush from Coal Floor Based on Karst Fractal-Vulnerability Index Method
Rui-Peng Li(%), Lulin Zheng (), Jing Xie (), Jian-Yun Lin (%), and Qing Qiu
Research Article (12 pages), Article ID 2124231, Volume 2022 (2022)

Experimental Study of 3D Micro-CT on Meso-Structure Evolution of Coal Samples with Different
Coal Grades under the Action of Temperature

Jianlin Xie (), Dong Zhao, and Pengwei Li

Research Article (10 pages), Article ID 7222370, Volume 2022 (2022)

Fractal Analysis of Failure Process and Damage Evolution of Jointed Sandstone Based on DIP
Technique

ZiQi Liu(®), LuLin Zheng ("), Hao Liu(, Chun Zhu, WenJiBin Sun, XiaoRong Liu, Qing Qiu (), and
ZhiBin Hao

Research Article (14 pages), Article ID 7528535, Volume 2022 (2022)

Long-Term Bearing Deformation Characteristics of Caved Gangue in Gob under Different Moisture
Conditions

Zhen Wang, Shanming Wei(2), Zhenhua Zhao, Liting Xing, Changsuo Li, and Hailong Wang

Research Article (12 pages), Article ID 6888916, Volume 2022 (2022)

A Study of Blast Vibration Propagation Law under Negative Altitude Terrains
Jing Gao(»), Cong Huang, Xiaomin Huang, Jian-Jun Ren (), and Na Wang
Research Article (11 pages), Article ID 4289057, Volume 2022 (2022)

Investigation on the Deformation and Failure Characteristics of Shale Samples Containing Circular
Hole considering the Bedding Angle Effect under Uniaxial Compression

Qinyuan Liang, Cheng Zhao, Yu Zhou (), Bo Li, and Ruyi Bao

Research Article (10 pages), Article ID 7100444, Volume 2022 (2022)



https://orcid.org/0000-0002-3360-6063
https://orcid.org/0000-0001-5323-6787
https://orcid.org/0000-0002-2570-7403
https://orcid.org/0000-0002-7704-7013
https://orcid.org/0000-0003-2627-9356
https://orcid.org/0000-0003-0252-429X
https://orcid.org/0000-0001-5553-2678
https://orcid.org/0000-0002-7177-9344
https://orcid.org/0000-0002-1642-7549
https://orcid.org/0000-0003-1440-3276
https://orcid.org/0000-0001-5267-5796
https://orcid.org/0000-0002-9018-8152
https://orcid.org/0000-0003-2861-8649
https://orcid.org/0000-0002-2948-1093
https://orcid.org/0000-0001-5298-8768
https://orcid.org/0000-0002-9410-7022
https://orcid.org/0000-0001-7736-1478
https://orcid.org/0000-0001-5741-5811
https://orcid.org/0000-0002-8979-1413
https://orcid.org/0000-0002-2948-1093
https://orcid.org/0000-0002-3847-5904
https://orcid.org/0000-0001-7736-1478
https://orcid.org/0000-0002-3155-5637
https://orcid.org/0000-0001-5259-1621
https://orcid.org/0000-0001-5019-135X
https://orcid.org/0000-0001-5871-8865
https://orcid.org/0000-0001-8436-8766

Hindawi

Mathematical Problems in Engineering
Volume 2022, Article ID 8260169, 13 pages
https://doi.org/10.1155/2022/8260169

Research Article

@ Hindawi

Collaborative Control Technology of Crosscut Floor Heave in Soft
Rocks under Deep High Horizontal Stress

Hongyang Liu ©,"* Chengwei Liu ®,' Minghua Zhai ®,? Peng Zhang ©®,"

Longjiang Wang (,> Feng Wang (®,” and Jiangang Liu ®'

ISchool of Mining and Mechanical Engineering, Liupanshui Normal University, Liupanshui 553004, Guizhou, China
2College of Energy and Mining Engineering, Shandong University of Science and Technology, Qingdao 266590, Shandong, China
*Planning and Construction Department of Heze High-tech Zone Management Committee, Heze 274047, Shandong, China

Correspondence should be addressed to Chengwei Liu; liuchengweil2@126.com
Received 29 June 2022; Revised 18 August 2022; Accepted 23 August 2022; Published 13 September 2022
Academic Editor: Fuqiang Ren

Copyright © 2022 Hongyang Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The repair rate of deep permanent roadways is about 90%, and most of which are projects treating floor heave. The deformation
behaviors of crosscut were analyzed in the work according to a trackage crosscut at the shaft station of Panyidong Coal Mine in
Huainan, China. Crosscut has complex characteristics such as globality, difference, and rheology under deep stress because that
crosscut passes through multiple strata. The mechanism of crosscut floor heave was studied based on on-site in situ stress tests and
surrounding rock composition tests. The floor heave of trackage crosscut is water swelling in the mudstone and sandy-mudstone
areas where the mineral components are mainly kaolinite and illite mixed layers. In the areas of fine and medium-fine sandstone,
trackage crosscut is in shear dislocation under high horizontal stress. The slip-line field theory was used to study the ultimate load
and maximum failure depth of crosscut floor heave. According to the deformation characteristics of crosscut floor heave, a
collaborative control technology enhancing the bearing structure of all-sided surrounding rocks was proposed, including filling of
the U-shaped steel supports, shallow grouting in the all-sided surrounding rocks and deep grouting in the floor and inverted
arches. A support scheme for repairing the floor was designed based on the specific engineering geology of trackage crosscut floor
heave at the shaft station of the Panyidong Coal Mine. After repairing, the crosscut floor heave was monitored for 70 d. The results
showed the following. (1) After repairing, the maximum cumulative floor heave was 45.3 mm, which was only 8.1% of that before
repairing. (2) Crosscut floor heave changed greatly within one week after repair, with a maximum floor heave speed of 4.7 mm/d.
The floor heave speed was maintained below 1 mm/d after 40 d, and the floor heave tended to be stable after 60 d. The collaborative
control technology enhancing the bearing structure of all-sided surrounding rocks could control the crosscut floor heave in soft
rocks under deep high horizontal stress.

1. Introduction

Coal plays a fundamental role in China’s energy security
strategy [1, 2]. China’s total energy consumption reached
5.24 billion tons of standard coal in 2021, an increase of 5.2%
over the previous year. The annual coal output of 4.07 billion
tons hit a new high, an increase of 4.7% over the previous
year. With the increased energy demand and mining in-
tensity, the mining depth of coal resources is increasing at a
rate of 10-25 m/a [3-5]. The underground rock masses show
the characteristic of “three highs and one disturbance” (high

in situ stress, high geo-temperature, high karst water
pressure, and a strong mining disturbance), and roadways
have large deformation, strong rheology, serious damage,
and difficulty in supporting [6, 7]. According to statistics, the
repair rate of deep permanent roadways is 90%, and most of
which are floor heave-treating projects. The floor heave
accounts for 2/3 to 3/4 of the roof-to-floor convergence of
the roadways, which seriously affects the ventilation,
transportation, and personnel passage of the mine [8-10].
Most roadways only support the roof and two sides instead
of the floor, which is the most vulnerable part of the
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surrounding rock-bearing structure. The floor strata bend
and expand under extrusion on both sides, the stress of
original rock masses, bearing pressures, and physical and
mechanical properties of water and floor, thus, forming a
floor heave [9].

The mechanism and deformation characteristics of floor
heave are complex due to the complexity of surrounding
rock properties, stress environment, and occurrence con-
ditions [11-14]. Scholars have studied the formation,
mechanism, and influencing factors of floor heave over the
years [15-18]. For example, Ma et al. summarized the
mechanism of floor heave under various factors and divided
it into types of squeeze flow, flexural fold, shear dislocation,
and water swelling. The main factors affecting the floor heave
of roadways are floor lithology, surrounding-rock stress,
hydraulic effect, and support strength [19]. Malkowski
P. et al. analyzed the in situ measurement data of floor heave,
the results showed that groundwater and fault zones
intersecting the excavations were considered as the key
factors that affect floor upheavals [20]. Moreover, for rocks
containing water-absorbed minerals such as claystones or
mudstones, the presence of water is more likely to increase
the floor’s propensity to the floor heave [21]. Sun et al.
analyzed the roadway’s deformation and failure mechanism
of different layered rock masses employing the Euler for-
mula, theory of pressure bar stability, Mohr-Coulomb
criterion, and the deflection failure mechanical model [22].
Based on the analysis of the main floor heave case of
Glencore Bulga underground operations, Sungsoon et al.
believed that main high horizontal stress with greater
covering depths and certain floor-lithology configuration is
likely to contribute to the failures of floor strata [23].

The control methods of floor heave in different situations
are also different [24, 25]. Zhang et al. proposed the grouting
reinforcement method for the large floor heave of the
retained goaf-side gate road [26]. Wang et al. analyzed the
influencing factors of the floor heave of the roadways in the
fault-fractured zone, including the influence of the fault-
fractured zone, the poor quality of floor rock masses, the
deterioration of soaked floors, and weak floor supports. A
comprehensive support scheme is proposed to optimize all-
sided supports using the anchor, reinforcing mesh, shot-
creting and concrete-filled steel tube support, and floor
supports are strengthened by reinforced-concrete floor
beams [27]. Zhang et al. proposed the combined bolting-
grouting support technology of all-sided anchor cables and
precast-block inverted arches to address the serious floor
heave problems of roadways in the complex environment of
deep high in-situ stress and weak interlayers [28].

To sum up, the two sides and bottom corners are
reinforced with bolts to control the floor heave in shallow
roadways rather than in deep roadways [29, 30]. At present,
there are two types of reinforcement methods for floors in
deep roadways. One is to use the all-sided support method of
retractable supports of U-shaped steel with floor arches
[31-33], and the other is to use the joint reinforcement
method of floor bolts and cables and floor grouting [34-36].
The first method has a significant control effect on the floor
heave of weak broken roadways; however, it has high costs,
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complicated processes, and low efficiency of construction.
Therefore, most mines adopt the second method, which
solves the problem of the floor heave of roadways under
different geological conditions.

The above analysis shows that each mechanism and
prevention technology of floor heave is proposed for certain
geological conditions due to the complex surrounding rock
properties and stress environment of roadways. Besides,
although scholars have studied the mechanism and control
technology of floor heave by theoretical analysis, numerical
simulation, and similar material simulation, there are few
studies on the deformation characteristics and mechanism
of crosscut floor heave at the shaft station. The main crosscut
at the shaft station is responsible for important tasks such as
transportation, ventilation, and pedestrians. It is an im-
portant channel connecting the main roadways and coal
seams and often passes through the inclined coal measure
strata with multiple lithologies [37-39]. Therefore, the
mechanism of crosscut floor heave cannot be explained by a
single type, and a single support technology is unavailable
for its control.

The deformation characteristics and occurrence mech-
anism of crosscut floor heave are more complicated, espe-
cially in deep mining. The deformation characteristics and
mechanism of deep crosscut floor heave in soft rocks were
analyzed by taking a trackage crosscut at the shaft station of
Panyidong Coal Mine in China as the research object in the
work. A collaborative control technology enhancing the
bearing structure of full-sided surrounding rocks was pro-
posed to control strong crosscut floor heave in soft rocks
under deep high stress.

2. Project Overview

2.1. Location of the Mine and Engineering Geological Con-
ditions of Crosscut. Pan Yidong Coal Mine is located in
Panji District, Huainan, Anhui, China, about 22 km away
from the urban area (Figure 1). The ground elevation is
+20.1m to +23.8m, and the elevation of the level 1 is
—-848 m, so the depth of the shaft station is 868.1 m to
871.8 m. The main trackage crosscut is located on the west
side of the shaft station, with a total length of about 300 m.
It is an important transport channel connecting the heavy
vehicle line of the shaft station and the —848 m trackage
roadway (Figure 2).

The excavated section of the trackage crosscut is located
in the coal-bearing rock series of the upper shihezi formation
in the Permian, passing through the F32 fault (Figure 3). On
the hanging wall of the fault, the surrounding rocks™ li-
thology of the roadway is mainly sandy and fine sandstone.
On the footwall of the fault, the lithology o is mainly
mudstone, coal, sandy mudstone, fine sandstone, and me-
dium-fine sandstone, and the average inclination angle of
the strata is about 7.5°. The section shape of the roadway is a
straight wall with a semicircular arch, and the size is
width x middle height=5,200 x 4,540 mm. The initial sup-
port method is the combined support of 36" U-shaped steels,
anchor cables, bolts, and shotcreting on the contour of the
roadway, with the floor unsupported (Figure 3).
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FIGURE 2: Location of trackage crosscut.

2.2. Characteristics of Crosscut Floor Heave. Obvious floor
heave occurred only one month after excavating trackage
crosscut. According to the on-site investigation, the de-
formation of the surrounding rocks of the roadway has the
following characteristics.

(1) Globality: all parts of the roadway occurred different
degrees of floor heave. The total length of the
roadway with floor heave exceeding 100 mm was

210m, and the maximum uplift reached 280 mm
within one month and 560 mm within two months.

(2) Differences: floor heave shows the swelling defor-
mation of mudstone and sandy mudstone
(Figure 4(a)); it shows shear-dislocation failure of
medium-fine and fine sandstone (Figure 4(b)).

(3) Rheology: the floor heave of the roadway is char-
acterized by the flow deformation over time. As the
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FIGURE 4: Two types of floor heave. (a) Expansion deformation in the floor. (b) Shear dislocation in the floor.

strata expand and deform to the depth of the floor,
the degree of floor heave gradually increases.

3. Mechanism of Crosscut Floor Heave

3.1. Reasons for Crosscut Floor Heave. According to the
deformation characteristics of crosscut floor heave, the on-
site in-situ stress test, and the laboratory surrounding-rock
component test, the reasons for the occurrence of crosscut
floor heave are analyzed as follows.

3.1.1. High Horizontal Stress. In situ stress measurements
were carried out at three different positions (Measurement
station “1~"3 in Figure 5) of trackage crosscut using the
stress-relief method. The measuring steps and main devices
used by the stress-relief method are shown in Figure 6.

The measurement results (Table 1) show that the
maximum principal stress direction is inclined to the hor-
izontal direction. Besides, the overall distribution is east-
west and in syncline to the roadway axis. Horizontal stress is
greater than the vertical stress, and lateral pressure coeffi-
cient A is about 1.7-1.8. The stability of the surrounding
rocks of trackage crosscut is significantly affected by hori-
zontal tectonic stress, and the surrounding rocks of the floor
are prone to the floor-heave deformation of shear-slip failure
under high horizontal stress. This is the case for the de-
formation of floor heave in the roadway where surrounding
rocks are fine-or medium-fine sandstone.

3.1.2. Mineral Composition of Surrounding Rocks. Four
groups of rock samples were selected at the locations with
different lithologies in trackage crosscut (Sampling location
*1~*4 in Figure 5), and XRD experiments were used to
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Sampling location #1 Sampling location #2 Sampling location #3 Sampling location #4
Sandy mudstone Fine[sandstone | Mudstone Coal #11-2 Sandy|mudstone Fine sandstone Middle-fine sandstone
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Measurement station #1 Measurement station #2 Measurement station #3

FIGURE 5: Location of in situ stress measurement and sampled surrounding rocks.
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FIGURE 6: Measuring steps of stress-relief method and the main devices.

TABLE 1: Measured results of field stress.

Measurement station Principal stress Measured results (MPa) Inclination angle (°) Azimuth angle (°)
(21 33.90 25.3° 183.5°
#1 [} 15.36 64.7° 0.8°
05 12.73 L1° 93.0°
o, 18.76
[} 35.82 20.5° 114.3°
# [} 20.38 67.5° 320.3°
s 18.39 9.1° 207.7°
o, 20.99
(2} 36.11 11.5° 103.5°
#3 [} 19.13 77.7° 263.4°
03 18.07 41° 12.7°
o 19.80

v

TaBLE 2: Mineral composition contents of rock samples.

Rock sample

Mineral . . . .
1" fine sandstone (%) 2" mudstone (%) 3" sandy mudstone (%) 4" middle-fine sandstone (%)
Kaolinite 29.5 63.2 43.1 24.7
Quartz 37.6 17.6 25.2 352
Illite 7.2 5.6 8.1 6.9
Smectite 2.6 2.4 2.2 2.8
Illite/smectite formation 13.8 7.3 14.7 16.8
Feldspar 1.8 0.4 3.1 2.4
Siderite 4.7 0.3 8.2
Calcite 0.5 0.3 0.3 0.6
Pyrite 0.6 11 0.2
Others Remain Remain Remain Remain
analyze the mineral components of the surrounding rocks.  reaches 43.1-63.2%, and the total content of illite, mont-

In Table 2, the floor and sandy mudstone are mainly  morillonite, and montmorillonite mixed-layer minerals is
composed of quartz and clay minerals. The kaolinite content ~ about 15.3-25%. In the roadway where the surrounding



rocks of the floor are mudstone and sandy mudstone, the
deformation of floor heave occurs with water swelling and
becomes more severe under high horizontal stress. It is
consistent with the results of field observations.

3.1.3. Low supporting intensity. The surrounding rocks of
trackage crosscut are typical soft rocks in deep engineering,
but the roadway supports are only supported by U-shaped
steels, anchor cables, and bolts. No support measures are
taken for the floor, which becomes the outlet for stress
release. Therefore, reasonable reinforcement measures need
to be taken for the floor.

3.2. Theoretical Calculation of the Ultimate Bearing Capacity
and Failure Depth of the Floor. According to the slip-line
field theory [40, 41], surrounding-rock stress is redistributed
after excavating the underground roadway and the two sides
of the roadway form the supporting pressure. If floor rocks
are soft, the roadway floor forms a slip-line field under the
support pressure of two sides (Figure 7, for the simplified
mechanical model).

In Figure 7, areas [, II, and III are called the active stress
area, transition area, and passive stress area, respectively; a is
the width of the roadway; b the width of the area affected by
floor heave; o, vertical stress in the area affected by floor
heave; a = n/4+¢/2 and 8 =/4-¢/2; « and § are the angles
between the plastic sliding surface and the horizontal plane
in areas I and III, respectively, and ¢ is the internal friction
angle of the strata in the floor. It is assumed that the
boundaries of the active area and the passive stress area are
isosceles triangles to simplify the calculation, and the
boundary of the transitioned stress area satisfies the loga-
rithmic-spiral equation. The waist length of the active area is
ro; h is the plastic failure depth at any position of the floor; w
is the included angle between spiral ry and r; £ is the included
angle between spiral r and the floor.

It is assumed that the rock masses of the floor are ideal
elastic-plastic mediums. When the strata in the floor are
unstable and floor heave occurs, the broken rock masses in
the floor meet the Hoke-Brown strength criterion [42]:

0, = \[m-0, - 04ts- 0 + 05, (1)

where m and s are the parameters related to the rock types
and the degrees of crushing of rock masses, respectively, the
value range of s is 0~1.0, for intact rocks, s=1.0, o, is the
uniaxial compressive strength of rocks, and ¢, and o5 are
maximum and minimum principal stresses, respectively,
when the rock masses are damaged.

Maximum principal stress o] in the active stress area is
vertical stress transmitted by the coal pillar of the roadway

and minimum principal stress is horizontal stress o}:

1 _ 1 2, 1
0,=\m-o.-05+s-0. +0;. (2)

Maximum principal stress o° in the passive stress area is
the horizontal thrust provided by the active stress area, and
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FIGURE 7: Mechanics model of the floor heave of the roadway.

minimum principal stress o3 is the free surface stress of the
roadway floor, which is equal to 0.
Then,

RN (3)

When floor heave is about to occur in the roadway, both
the active and passive stress areas of the strata on the floor
are in the limited equilibrium under vertical stress. At this
time, 0} = 3. (3) is substituted into (2) to obtain the ulti-
mate load of the rock masses of the floor, denoted as

o = (Y & s+ o (@

When maximum vertical stress o, in the area affected by
floor heave exceeds the ultimate load of the rock masses in
the floor, that is, when ¢, > 07", the rock masses have floor
heave.

The boundary of the transitioned stress area satisfies the
logarithmic-spiral equation (26).

Then,

r=ry-e’ " (5)
The geometric relationship in Figure 7 shows that failure
depth h at any position of the floor is
h=r-sin&=ry-e’""?. sin & (6)
From the angle relation in Figure 7,
3
(=—+f-w=—-Z-w. (7)
(7) is substituted into (6) to obtain
3n ¢
h=ry 7. sin(——f—w) 8
0 172 (8)
The maximum failure depth hy,, of the floor is at

w =7/4+ /2 by taking the derivative of (8) concerning w:
h

=7y e(rr/4+q)/2)tango . cos @. (9)

max

From the geometric relationship in Figure 7,

b a
=— =— 10
cos « cos f3 5 (10)

To
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Since a =n1/4 + /2 and f = /4—¢/2, (5), (9), and (10) can
be solved simultaneously to obtain

_ Vi1
h . =a-e?? e, sin(z—g) (11)

m;

The section width of trackage crosscut a=>5.2m; floor
frictional angles of the strata in the floor are as follows:
¢ =28, 30, 26, 27, and 23’ for mudstone, sandy mudstone,
fine sandstone, medium-fine sandstone, and coal, respec-
tively. After substituting into (1), the maximum failure ra-
dius of the floor is in the area where the surrounding rocks
are coal seams, and h,, =2.24 m.

The height of the heaving area of the floor is measured
on-site as hp=560mm, so theoretically, the maximum
failure depth of the trackage-crosscut floor is
H=hy +hy=2.8m.

4. Collaborative Control Technology of Crosscut
Floor Heave

The above analysis shows that trackage crosscut floor heave
belongs to the water swelling-shear dislocation. Control
technology of floor heave enhancing the full-section sur-
rounding rock bearing structure is proposed according to its
mechanism [18, 32, 33].

4.1. Filling behind U-Shaped Steel Supports. It is inevitable
that there are holes in the section formed during entry
excavation, which makes the U-steel support and the sur-
rounding rock present random point and line contact,
causing the U-steel support to suffer from concentrated load
or eccentric load, which reduces the bearing performance of
the support. The function of filling behind U-shaped steel
supports is that the hole space of the surrounding rock
behind the U-steel support is filled with grout to improve the
interaction between the surrounding rock and U-shaped
steel supports and reduce other inelastic deformations re-
quired to achieve the rated resistance of the U-shaped steel
supports, conducive to early supporting of U-steels. On the
contrary, the injection of grout into the shallow fissures of
the surrounding rock can increase the residual strength of
the surrounding rock and can effectively prevent the
weathering and deliquesce of the argillaceous soft rock.

A pre-embedded T-tube is used for filling (Figure 8). A
T-shaped grouting pipe is made of a steel pipe with a wall
thickness of 3.25mm and a diameter of 15mm, and the
grouting section of the T-shaped pipe is buried behind the
steel arches. Then, spray 50-80 mm concrete mortars on the
roadway surface as a slurry stopper to prevent the outflow of
the slurries after filling. Meanwhile, it isolates air and
moisture to prevent the corrosion of supporting components
such as U-shaped sheds and the water swelling of sur-
rounding rocks rich in clay minerals.

4.2. Shallow Grouting in All-Sided Surrounding Rocks and
Deep Grouting in the Floor. Sun et al. proposed a continuous
double-shell support of shallow grouting (shallow sup-
porting shell) and deep grouting of anchor cable bundles

(deep reinforcing shell) in the floor for the roadways under
high horizontal stress [34]. However, the uniformity of the
surrounding rock bearing of the roadway is ignored without
grouting in all-sided surrounding rocks, which cannot form
an effective bearing shell. On this basis, the work proposed
the supporting technology of shallow grouting in all-sided
surrounding rocks and deep-hole grouting in the floor
(Figure 9).

Shallow grouting cements the loose and broken all-sided
surrounding rocks into a whole, forming an effective bearing
shell, which can resist the deformation and failure of the
shallow surrounding rocks in all directions. The deep
grouting of the floor has the following advantages, e.g.,
improving the bearing range of the surrounding rocks,
blocking the transfer of deep surrounding rocks’ stress to the
roadway floor, and protecting the shallow bearing shell.

4.3. Inverted Arch. The inverted arch (Figure 10) can in-
crease the bending resistance of the floor, buffer the long-
term damage to the floor caused by high stress, and avoid the
plastic flow of the two sides of broken rock masses to the
floor [35]. The modifying effect of shallow grouting in all-
sided surrounding rocks and deep grouting in the floor on
the broken surrounding rocks can control the continuous
flow of crosscut floor heave.

5. Engineering Practice and Effect

5.1. Support Scheme of Trackage Crosscut in the Floor. The
support scheme for repairing trackage crosscut was designed
(Figure 11) according to the maximum failure depth of floor
heave calculated in Section 3 and the collaborative control
technology in Section 4.

(1) U-shaped steel supports: the 36" U-shaped steel
yielding supports were used, and the lap length of
each section was 500 mm, with the pre-tightening
torque of the clamps not less than 350 N m. The
distance between the U-shaped steels was 700 mm,
and support rods were installed between each row of
U-shaped steels. Then, the T-shaped grouting pipes
were pre-buried behind the wall for filling.

(2) Bolts: M24-®22-2400 mm left-handed high-strength
threaded steel bolts without longitudinal bar and
grouting bolts were used crosswise. A CK2335 (di-
ameter: 23 mm, length: 35 mm, and gel time: 8~40s)
and a K2360 (diameter: 23 mm, length: 60 mm, and
gel time: 41~90 s) anchoring agent were used for each
bolt, and the preload was not less than 70 kN.

(3) Anchor cables: ®21.6 x 6,300 mm anchor cables with
the strength of 1864 MPa and grouting anchor cables
were used crosswise. A CK2335, a K2360, and a
72360 (diameter: 23 mm, length: 35mm, and gel
time: 91~180s) anchoring agent were used for the
anchor cable. The design preload was not less than
150 kN.

(4) Inverted arch (Figure 10 for the specific parameters).
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FiGure 8: Filling behind the frame with the T-shaped grouting tube. (a) Pre-embedded T-tube. (b) The effect after spraying.

' Shallow grouting area
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Deep grouting area

FiGure 9: Shallow grouting in all-sided surrounding rocks and
deep grouting in the floor.

(5) Spraying layer of concretes: the roof and two sides of
C20 concrete layers with a spraying thickness of
150 mm were used to close the surrounding rocks,
and the initial spraying thickness was not less than
70 mm. After the bolts and anchor cables were in-
stalled, the secondary injection was performed.

(6) Filling: after the roof and the two sides were sprayed
with concretes, they could be filled behind the
U-shaped steel frames.

(7) Shallow grouting in all-sided surrounding rocks and
deep grouting in the floor: after the above procedures
were completed, grouting was performed using
grouting bolts and grouting anchor cables. The
slurries were cement-water glass, and 28.66 L water
glass was added to 1m’ cement slurry, with the
grouting pressure of 3-5MPa.

5.2. Control Effect of Floor Heave of Trackage Crosscut.
After the trackage crosscut was repaired according to the
new support scheme, the floor heave mass was monitored at
three monitoring stations with different lithologies (Fig-
ure 12). There were four monitoring points (A, B, C, and D)

138

#36 U-steel

C40 concrete

Figure 10: Inverted arch composed of U-shaped steel and
concretes.

at each monitoring station, and each monitoring point was a
bolt of length of 800 mm, which was fully grouted in the rock
mass to avoid movement during the observation period
(Figure 13). To determine the convergence, the distance AB,
CD, and AD (or BD) was measured with a tape measure or a
laser range finder. The floor heave mass variation with time
was obtained (Figure 14).

(1) During the monitoring time of 70 days, the cumu-
lative floor heave masses of trackage crosscut of the
three stations are 40.2, 45.3, and 35.1 mm, respec-
tively, and the maximum value occurs in the area
where the surrounding rocks are coal. During
monitoring, the maximum floor heave speeds of the
three stations are 4.2, 4.7, and 3.7 mm/d, respectively.
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Figure 11: Continued.
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FIGURE 11: Support scheme of trackage crosscut. (a) Section view of the bolt and anchor cable layouts. (b) Bottom view of the bolt and
anchor cable layouts in the roof. (c) Side view of the bolt layout in rib. (d) Top view of the bolt and anchor cable layouts in the floor.
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FIGURE 12: Location of the monitoring station.
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FiGure 13: Monitoring station.

The maximum speed also occurs in the areas where below 1 mm/d. After 60 d, the floor heave speed was
the surrounding rocks are coal. close to 0, and the floor heave mass remain un-
(2) Floor heave changes greatly only within a week after changed, indicating that the trackage crosscut had

the restoration. After 40 d, the floor heave remained become stable at this time.
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After adopting the new support scheme, the maximum
floor heave mass is only 8.1% of the maximum mass before
restoration. It shows that the control technology enhancing
the all-sided surrounding rock bearing structure has a good
control effect on crosscut floor heave.

6. Summary and Conclusions

Based on the trackage crosscut at the shaft station of Pan-
yidong Coal Mine, the work studied the control technology
of crosscut floor heave under deep high horizontal stress.

(1) Crosscut passed through multiple strata, and the
occurrence conditions of surrounding rocks were
complicated. Its deformation has complex charac-
teristics such as globality, difference, and rheology
under deep high horizontal stress.

(2) Crosscut floor heave showed water swelling in the
mudstone and sandy mudstone areas where the
mineral components were kaolinite and montmo-
rillonite mixed layers. It presented shear dislocation
under high horizontal stress in the areas of fine and
medium-fine sandstone.

(3) Based on the slip-line field theory, the ultimate load
of crosscut floor heave in the floor strata is
o™ = (yfm-+/s +s + +/s )o.. The maximum fail-
ure depth of floor heave without supports is
Py = @ - e 9270000 - gin (/4 — ¢/2).  According
to the calculation, the maximum failure depth of the
unsupported crosscut floor in theory is 2.8 m.

(4) Given the deformation characteristics and mecha-
nism of crosscut floor heave, a collaborative control
technology enhancing the all-sided surrounding
rock bearing structure was proposed, including the
filling of U-shaped steel supports, shallow grouting
in all-sided surrounding rocks, and deep grouting in
the floor and inverted arches.

(5) According to the trackage crosscut at the shaft sta-
tion of Panyidong Coal Mine, a support scheme for
repairing the floor was designed, and the crosscut

floor heave was continuously monitored for 70d.
The results showed the following. (1) After repairing,
the maximum cumulative floor heave mass was
45.3mm, which was only 8.1% of that before
repairing. (2) Floor heave changed greatly within one
week after repairing, and the maximum floor heave
speed was 4.7mm/d. The floor heave speed was
maintained below 1 mm/d after 40d, and the floor
heave mass was stable after 60 d.
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The problem of tunnel lining cracking is becoming more and more common. The existence of cracks changes the stress state of
lining structure and has an adverse impact on the safety of lining structure. In this paper, the mechanical properties of tunnel
cracked lining structure are studied. Based on the theories of structural mechanics and fracture mechanics, the performance
indexes of cracks in the arch waist of tunnel secondary lining are studied with the reference of stress intensity factor. The numerical
simulation calculation is carried out. Finally, the XFEM extended finite element method is used, the crack damage of secondary
lining under different crack depths is demonstrated and analyzed, and the theoretical value is compared with the numerical value.
The results show that, for the cracked model (the crack depth is 12 cm), the stress and displacement at the arch waist increase
greatly compared with the uncracked model and are the most significant with the increase of crack depth. In the initial stage of
crack development, the growth of stress and displacement of the structure is not obvious, and the small change of crack depth in
the later stage can also cause great growth of stress and displacement. Compared with the uncracked model, when the crack depth
is 3 cm, the maximum vertical stress increases by 4.3 times and the maximum settlement increases by 1.3 times. When the crack
depth is 18 cm, it increases by 21.2 times and 2.94 times, respectively. The research results can provide a theoretical basis for the

prevention and treatment of cracks in the arch waist of tunnel secondary lining during tunnel operation.

1. Introduction

The number and scale of tunnels around the world are
increasing, but various diseases and problems during tunnel
operation also follow, among which the most common
problem is the cracking of tunnel secondary lining. It is very
important to study tunnel lining cracks. Fracture mechanics
is a powerful tool to study cracks. It mainly studies the failure
of materials and structures with defects. This paper will study
the application of fracture mechanics theory in tunnel lining
cracks.

Many scholars [1-5] published various views about the
theory of fracture mechanics previously. Based on the de-
velopment of fracture mechanics theory, some scholars
[6-10] obtained the relevant physical and mechanical

parameters of rock mass through experimental research,
which provided a theoretical basis for the external force
factors affecting the stress state of tunnel lining, and more
and more scholars [11-15] pay attention to the influence of
cracks on the safety of tunnel lining structure through model
experiments and gradually improve the research system of
the influence of cracks on materials and structures. Huang
et al. [16] used extended finite element method to study the
distribution law, propagation process, appearance, and oc-
currence mechanism of cracks in lining under the action of
main influencing factors, providing a reference for the
analysis of causes of cracks in lining. Li et al. [17] used the
elastoplastic damage constitutive model of concrete to study
the stress, damage, and bearing capacity of tunnel lining
structure through simulation calculation and found that the
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crack of the vault is mainly caused by the tension of the
lining structure. Wang et al. [18] calculated the stress in-
tensity factor of lining crack tip based on fracture mechanics
theory and established a theoretical analysis method for
crack stability of plain concrete lining of highway tunnel. Yu
[19] discussed the influence of cracks on the safety of lining
structures and found that when the structure was fractured
in one part and could no longer bear the bending moment,
its overall stress distribution would change, and larger
bending moments would be generated in other parts, thus
inducing new cracking. Yuan [20] adopted the research
means of combining model test and numerical simulation,
revealing that the existence of cracks would have an impact
on the load, lining stress, and crack depth imposed on each
part of the lining when cracking.

At the same time, many scholars pay attention to the
influence of crack depth on the safety of tunnel lining
structure. Xu [21] applied the theory of fracture mechanics
to analyze the fracture behavior when longitudinal cracks
were located in the tunnel vault and obtained the influence
law of crack depth on the stress intensity factor. Liu et al. [22]
analyzed the influence of crack location, crack depth, and
formation resistance on the bearing capacity of lining
structure and found that the safety factor of tunnel vault
decreases linearly with the increase of crack depth, and
under the condition of the same crack depth, the crack is the
most unfavorable in the vault and has little impact on the
structural safety factor in the arch waist, side wall, and arch
foot. Zhang [23] applied finite element numerical analysis
and found that crack depth had a significant impact on the
safety of tunnel lining structure. Liu et al. [24] used finite
element software to conduct numerical simulation analysis
on the stress performance of tunnel lining cracks and found
that the greater the crack depth, the greater the displacement
and stress of tunnel structure, and the more obvious the
stress concentration at the crack tip. Zheng [25] proposed
that the crack depth should be used as a reference index for
the classification of lining cracking diseases. Wang et al. [26]
analyzed the impact of cracks of different lengths and depths
on the safety of lining structure and found that the damage
degree of arch crack to lining structure is much greater than
that of arch waist crack, and crack depth has a more sig-
nificant impact on the safety of lining structure than crack
length. Through numerical simulation software, Liu and
Han [27] found that when the lining vault cracks, the crack
depth is positively correlated with the stress intensity at the
crack tip and negatively correlated with the stability coef-
ficient. Based on fracture mechanics and concrete fracture
mechanics theory, Huang [28] obtained the variation rule of
stress intensity factor and stability factor at various positions
with crack depth and Angle. Yang et al. [29] studied the
effects of crack location, crack depth, and crack width on the
stress of lining structure. The results show that, with the
change of crack depth and width, the position of the most
dangerous section of tunnel lining also changes. Xiao et al.
[30] used finite element software to establish finite element
models of tunnel lining with different crack depths and
fracture positions and found that the arch crack is the most
harmful to the structure, and the crack depth has a
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significant impact on the bearing performance of the
structure. Zhao et al. [31] calculated the stress intensity
factor at the crack tip, indicating that the proportion and
influence of longitudinal cracks in lining diseases are the
largest, and the stability of lining cracks is closely related to
crack location, crack type, and crack angle.

A large number of studies show that the factor of tunnel
lining crack depth has a greater impact on structural safety,
but there is a lack of clear research on lining crack with crack
depth as a parameter. Therefore, based on the theory of
linear elastic fracture mechanics, this paper establishes the
calculation model of tunnel cracked lining structure with
different crack positions and depths, compares it with the
noncrack model, arranges and analyzes the calculation re-
sults, summarizes the relationship between crack depth and
structural safety, and then establishes a research and analysis
of tunnel lining cracking with crack depth as variable.

2. Study on Fracture Mechanics Theory of
Tunnel Lining Structure

2.1. Numerical Simulation Model of Concrete Cracks. The
fracture mechanics model mainly studies the crack propa-
gation and instability of existing structures and considers the
effect of crack tip stress concentration on crack propagation.
This model can simulate the width, length, and depth of
cracks, but only a single crack can be considered. This paper
mainly studies the crack propagation of cracked lining
structure and the residual bearing capacity after cracking.
Therefore, the fracture mechanics model is used to deal with
the cracks of the secondary lining structure in this numerical
simulation analysis.

There are many types of cracks with combined char-
acteristics in the actual tunnel structure, among which type
I-II composite crack is the most common and dangerous
crack form. The tunnel problem is simplified as a plane strain
problem. It is assumed that the main cracking modes of the
tunnel lining cracks are type I cracks and type I-II composite
cracks. Therefore, this paper mainly studies the fracture
mechanics theory of single open fracture (type I) [32].

2.2. Overview of the Tunnel Lining Structure. 'The authenticity
of the numerical analysis results of tunnel secondary lining
depends on whether the corresponding numerical model is
reasonable or not. In order to better compare and analyze
with the test data, this modeling only considers the sec-
ondary lining structure and studies the stress-strain at the
crack tip and the bearing capacity of the structure. The
thickness of the secondary lining of a tunnel is 40 cm, and an
inverted arch is set. The section of the lining structure is
shown in Figure 1.

2.3. Structural Mechanics Calculation of the Tunnel Lining
Structure. In the tunnel structure, the longitudinal cracks
have serious harm to the structure, and the arch waist of the
lining structure is stressed greatly and there are many cracks.
Therefore, this paper studies and analyzes the arch waist of
the secondary lining. The tunnel adopts curved wall lining
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FIGURE 1: Section of secondary lining.

form, which is composed of arch ring, curved side wall, and
bottom plate. When there is upward bottom pressure,
inverted arch is set. The arch ring and curved side wall are
calculated as a whole without hinged arch, and the influence
of inverted arch on lining internal force is generally not
considered [33].

2.3.1. Force Method Equation and Lining Internal Force
under Active Load. The basic structure is shown in Fig-
ure 2. The unknown forces are X;, and X,,. According to
the condition that the relative displacement of the arch
waist section is zero, the force method equation can be
listed:

X1p0y1 + Xopbyy + Dgp + fPaptug, =0,

(1
XipOyy + Xopbip + A1, + Bap =0,
where f,, and u,, are the displacement of wall bottom.
Calculate the effects of X1p, X2p, and external load, re-
spectively, and then add them according to the superposition
principle to obtain

Bap = XypPy + sz(Bz + fBl) + ﬁgp' (2)

Since the horizontal displacement is not considered at
the wall bottom, Ugp =0, substitute (1) to obtain

X1P(521 + fBl) + sz(522 + f231) + A+ fﬁgp =0,
X1p(511 + Bl) + X2P(612 +B, + fﬁl) +Ap + ﬁgp =0,

where §; and A;, are the element displacement and active
load displacement of the basic structure; 3, is the unit ro-
tation angle of the wall bottom (°); B2 is the load rotation

angle of the wall bottom of the basic structure (°); f is the
lining rise (m).

(3)

After calculating X1p and X2p, under the action of active
load, the internal force of lining is

0
NiP: sz + sz cos ¢; + Nip, @
0
Mip = le + szyi + Mip.

2.3.2. Calculation of Final Internal Force of Lining.
When the 0}, = 1 elastic resistance diagram is regarded as the
external load acting alone, the excess force X, X,, can be
obtained by referring to the calculation method of X1p and
X2p, and the output method equation is listed:

X10(521 + fB1) + Xzo(‘Szz + fZBI) + Ay, + fﬁZU =0,
X10(811 + Bl) + X20(512 + fBl) +A,+ ﬁza =0,

where A,,, A,, is the displacement of the basic structure in
X, X,, direction caused by the load in the unit elastic
resistance diagram (m); [30 is the rotation angle (°) of the
wall bottom of the basic structure caused by the load in the
unit elastic resistance diagram; g2, = M2 B, . The meaning of
other symbols is the same as above.

After solving X, X,,, the internal force of any section
of lining under the single action of load in the unit elastic
resistance diagram can be calculated:

(5)

0
Ni; = X,,€089;+N;;,

. (6)
Mia = chf + XZayi + Mia'
The final internal force value of any section of lining can
be obtained by using the superposition principle:

NizNip+0hNi0’ (7)
M, = My, + o.M,
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FIGURE 2: Basic structural stress diagram.

According to the above, the arch waist bending moment
M, and the arch waist axial force N, can be finally obtained.

2.4. Fracture Mechanics Calculation of Tunnel Lining
Structure. Most of the cracks in the tunnel lining structure
are longitudinal cracks. The cracks in the arch waist of the
longitudinal cracks do great harm to the lining structure.
Therefore, this paper only analyzes the longitudinal cracks in
the arch waist.

2.4.1. Fracture Mechanics Calculation Model. In this paper,
the thickness of the secondary lining of the model is
h=40cm. In order to analyze the crack at the arch waist
more conveniently, the arch lining structure is approxi-
mately linear on the left and right sides of the center line. At
present, the crack is mainly evaluated by the width of the
crack. The wider the crack, the greater the harm to the
structural safety. In the actual structure, the depth of crack
plays an important role in the structure, and the width is
considered to be the expression of depth. For the calculation
model in this paper, in order to discuss the influence of
different crack depths on the structure, the crack depth at the
arch waist is determined as a=3~18cm. The arch waist
bending moment M, and arch crown axial force N, of the
structure can be obtained from Section 2.3. The final cal-
culation model and crack simplified model are shown in
Figure 3.

2.4.2. Calculation of Stress Intensity Factor. The calculation
of the stress intensity factor of the model is divided into two
parts; that is, the results are calculated under the separate
action of the arch waist bending moment M, and the arch
waist axial force N, Then the stress intensity factor under
the load of the model is obtained according to the super-
position principle.

(1) Single Side Crack in Pure Bending [34]. The infinite
strip with width b has a unilateral crack with depth “a,”
which acts on the bending moment M per unit thickness, as
shown in Figure 4, and its stress intensity factor is

Ky = Fo/na, (8)

where

2b  ma 0.923 +0.199(1 — sin a/2b)*

F=1\—tg— ,
na gzb cos ta/2b
9
6M
Uzv.
Get
KIM:SM'M’ (10)
where
6

For the calculation model in this paper, when the sec-
ondary lining structure B=40cm, KIM is directly propor-
tional to the arch waist bending moment M,, while the
bending coeflicient SM is only related to the crack depth “a.”
When a=3~18 cm, the values of F and S, are obtained, as
shown in Table 1.

It can be seen from Table 1 that when the crack depth “a”
is small, the stress intensity factor changes slowly. When a is
greater than 9 cm, the stress intensity factor increases rap-
idly, which also shows that when the crack depth reaches a
certain value, the stress intensity factor mutates to reach the
fracture toughness and fracture.

(2) Unilateral Crack Under Tension [34]. The infinite
strip with width B has a unilateral crack with depth “a”,
which is subjected to unidirectional uniform tension, as

shown in Figure 5, and its stress intensity factor is

Ky = Fov/na, (12)
where
2b  ma 0.752 +2.02(a/b) + 0.37 (1 — sin 7ra/2b)’
F=1\—tg— 3
na ~ 2b cos ra/2b
SN
==
(13)
Get
Ky =Sy - N, (14)
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TasLE 1: F and Sy values under pure bending.
Crack depth a (cm) 3 6 9 12 15 18
F 1.42 1.47 1.48 2.37 3.74 4.82
S (m™?) 16.3 239 29.5 54.6 96.3 135.9

F1GURE 5: Pure tensile calculation model.

where

Sy =F—— (15)

For the calculation model in this paper, when the sec-
ondary lining structure B=40cm, KIN is directly propor-
tional to the arch waist bending moment M, while the
tensile coefficient Sy, is only related to the crack depth “a”.
When a=3~18 cm, F and Sy values are obtained, as shown
in Table 2.

It can be seen from Table 2 that when the crack depth “a”
is small, the stress intensity factor changes slowly. When a is
greater than 9 cm, the stress intensity factor increases rap-
idly, which also shows that when the crack depth reaches a
certain value, the stress intensity factor mutates to reach the
fracture toughness and fracture.

(3) Calculation of Stress Intensity Factor in Various
Cases. In online elasticity, when several loads act on an
elastomer at the same time, the stress and displacement
caused by the load group at a certain point are equal to the
sum of the stress and displacement components caused by
each single load at that point. This is the superposition
principle of linear elasticity theory [35]. Using this prin-
ciple, when calculating K under complex load, it can also be
decomposed into the sum of K under several simple load
conditions.

According to the above superposition principle, the
stress intensity factor under the joint action of arch waist
bending moment M, and arch waist axial force N, is

TaBLE 2: F and S, values under pure tension.

Crack depth a (cm) 3 6 9 12 15 18

F 155 160 213 396 621 937
Sy (m™?) 119 173 283 6.08 107 17.6
K=Ky +Kin=Sy-M;+Sy Ny (16)

When the arch waist bending moment M, and the arch
waist axial force N, are constant, b=40cm, and “a” takes
different values between 3 and 18 cm, the variation range of
stress intensity factor K; calculated from (12) is shown in
Table 3.

It can be seen from Table 3 that, in the initial stage of
crack development, the growth of stress intensity factor
caused by the propagation of crack depth “a” is slow, but in
the later stage, a small change in “a” leads to a huge change in
stress intensity factor, which eventually leads to crack

penetration and fracture.

3. Numerical Simulation of Tunnel
Lining Cracks

3.1. Finite Element Model Establishment. The total length of
the tunnel is 709 m, the geological condition is complex, the
calculated section buried depth is 50m, and the section
surrounding rock is grade III. In the calculation, considering
the symmetry of the structure, only the right half is taken to
establish the model for analysis. The actual thickness of the
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TaBLE 3: Calculation results of stress intensity factor.

Crack depth a (cm)

Ky

a=3 16.3M;+ 1.19N,
a=6 23.9M,+ 1.73N,
a=9 29.5M, +2.83N,
a=12 44.6M,;+ 6.08N,;
a=15 67.3M,;+10.7N,
a=16 93.3M,;+12.8N,
a=17 117.2M;+ 14.7Ny4
a=18 1359M,+17.6N,
TaBLE 4: Physical and mechanical parameters of surrounding rock and support.
Material Elastic modulus E~ Poisson’s  Bulk dengity (kN/ Cohesion Internal friction  Dilatancy angle
(MPa) ratio m”) (MPa) angle (°) )
f\‘gm““dmg rock (class 2630 0.35 23 0.45 30 30
Shotcrete 21000 0.2 25 2 60 60
Secondary lining 31000 0.2 25 3 60 60
concrete
Bolt 200000 0.3 78 — — —
soil layer above the top of the tunnel is 50 m, the left and
right is 100 m, and below the tunnel is 100 m. The calculation S, Mises
boundary conditions are: horizontal constraint on the right, (Avg: 75%)
vertical constraint on the lower, and symmetrical constraint +2.900e+03
on the left. +2.65%9+03
According to “the code for design of highway tunnels +2.418e+03
» ) +2.177e+03
[36],” the stress analysis of the tunnel should be analyzed +1.93606+03
according to the grade reduction of surrounding rock. +1.695e+03
Therefore, the section with a buried depth of 50 m of the +1.454e+03
. +1.213e+03
tunnel should be calculated and analyzed according to grade +9.7246+02
IV surrounding rock. The yield condition of surrounding +7.314e+02
rock and concrete is Drucker—-Prager criterion [37], and its +4.904e+02
physical and mechanical parameters are shown in Table 4. i%ggg‘éig%
The calculation model of surrounding rock and lining

structure model are shown in Figures 6 and 7, respectively.

3.2. Analysis and Comparison of Cracked and Uncracked
Models. In order to better analyze the displacement and
stress of the crack model, the finite element calculation
results of the lining structure in the uncracked model and the
crack model (crack depth 12 cm) are compared in this paper,
as shown in Table 5. The displacement diagrams and di-
rectional stress diagrams of the two models are shown in
Figures 8-11.

It can be seen from the results in Table 5 that, for the
cracked model, the displacement and stress at the lining arch
waist are much higher than those of the uncracked model. It
means that once longitudinal cracks appear in the lining, the
safety of the structure will be greatly endangered. The
maximum stress at the crack occurs at the crack tip; that is,
the crack tip is a dangerous point. The research on crack
body under plane stress state shows that [38], for type I
crack, when the lining concrete material meets K. > K_ or
0> 6, the model will fail and the crack begins to expand.

= Ue»

FIGURE 6: Calculation model of surrounding rock.

3.3. Analysis and Comparison between Models with Different
Values of Crack Depth. Under the same load conditions,
when the size parameters of the model are different, the
stress intensity factor KI of the lining structure is also dif-
ferent. The crack depth “a” at the arch waist is 3 cm, 6 cm,
9 cm, and 18 cm, respectively, for calculation. The calculated
stress intensity factor KI, vertical maximum stress, and
maximum settlement are listed in Table 6.

The stress and displacement nephogram in Y-direction is
shown in Figures 12-19.

Through the comparison of data in Table 6 and
Figures 12-19, it can be seen that, at the crack tip, the greater
the crack depth “a,” the greater the stress intensity factor, the
increase trend of vertical maximum stress and maximum
settlement at the arch waist, the more obvious the stress
concentration at the crack tip, and the final stress intensity
factor increases to the fracture toughness, resulting in
fracture and structural damage.
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FIGURE 7: Lining structure model and unit division.

TaBLE 5: Comparison of calculation results of finite element model.

Uncracked model Cracking model
Maximum settlement of lining arch waist (mm) 10.96 23.12
Maximum vertical stress of lining arch waist (MPa) 17.04 174.4

u, U2

+3.687e-08
-8.795e-07
-1.796e-06
-2.712e-06
-3.629e-06
-4.545e-06
-5.461e-06
-6.378e-06
-7.294e-06

-8.211e-06
-9.127e-06
-1.004e-05
-1.096e-05

FIGURE 8: Y-direction displacement diagram.

u, U2

+4.519e-08
-1.885e-06
-3.816e-06
-5.747e-06
-7.677e-06
-9.608e-06
-1.154e-05
-1.347e-05
-1.540e-05

-1.733e-05
-1.926e-05
-2.119e-05

-2.312e-05

FIGURE 9: Y-direction displacement diagram of uncracked model of cracking model.
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S, S22
(Avg: 75%)

+1.704e+01
-1.565e+01
-4.834e+01
-8.103e+01
-1.137e+02
-1.464e+02
-1.791e+02
-2.118e+02

-2.445e+02
-2.772e+02
-3.099%e+02
-3.426e+02
-3.753e+02

FIGURE 10: Y-direction stress diagram of uncracked model.

S, S22
(Avg: 75%)

+1.943e+02
+1.744e+02
+1.544e+02
+1.345e+02
+1.146e+02
+9.462e+01
+7.468e+01

+5.474e+01
+3.480e+01
+1.486e+01
-5.078e+00
-2.502e+01
-4.496e+01

FIGURE 11: Y-direction stress diagram of cracking model.

TaBLE 6: K; values under different crack depths.

Crack depth a (cm) alh Stress intensity factor KI Maximum vertical stress (MPa) Maximum settlement (mm)
3 0.075 0.35 74.37 14.21
6 0.15 0.77 123.8 18.41
9 0.225 1.14 152.6 20.20
18 0.45 5.35 362.2 32.21

S, S22

(Avg: 75%) +2.879-08
+1.399e+02 -1.158e-06
+1.235e+02 -2.344e-06
+1.071e+02 -3'531(;-06
+7.437e+01 -5 0040-06
+5.79%+01 23 0900-06
+4.160e+01 8976000
+2.522e+01 AR
+8.836e+00 -9.463e-06
-7.549e+00 ‘%-?gi";‘gg
= .")_"Je - . O -
G030t 01 -1.302e-05
-5.670e+01 -1.421e-05

FIGURE 12: Y-direction stress diagram of a =3 cm model. FIGURE 13: Y-direction displacement diagram of a =3 cm model.
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S, 522
(Avg 7 5%)

+2.110e+02
+1.892e+02
+1.674e+02
+1.456e+02
+1.238e+02
+1.021e+02
+8.026e+01

+5.848e+01
+3.669%e+01
+1.490e+01
-6.891e+00
-2.868e+01
-5.047e+01

FIGURE 14: Y-direction stress diagram of a =6 cm model.

+q 727e-08
—1 500e-06
-3.037e-06
-4.574e-06
-6.111e-06
-7.649e-06
-9.186e-06
-1.072e-05
-1.226e-05

-1.380e-05
-1.533e-05
-1.687e-05
-1.841e-05

FIGURE 15: Y-direction displacement diagram of a =6 cm model.

S, S22
(Avg 7 5%)

+2.210e+02
+1.982e+02
+1.754e+02
+1.526e+02
+1.297e+02
+1.069e+02
+8.409e+01

+6.126e+01
+3.843e+01
+1.561e+01

-7.219e+00
-3.005e+01
-5.287e+01

FIGURE 16: Y-direction stress diagram of a =9 cm model.

4. Comparison between Theoretical Value and
Numerical Value

The stress intensity factor KI of the secondary lining cal-
culation model is calculated according to Table 3, and
compared with the numerical value, the detailed results are
shown in Table 7, and the comparison curve is shown in
Figure 20.

-1.683e-05
-1.851e-05
-2.020e-05

+4 083e-08
-1.646e-06
-3.332e-06
-5.019e-06
-6.706e-06
-8.392e-06
-1.008e-05
-1.177e-05
-1.345e-05
-1.514e-05

FIGURE 17: Y-direction displacement diagram of a =9 cm model.

S, 622
(Avg 7 5%)

+3.622e+02
+1.205e+02
—1 213e+02
-3.630e+02
-6.048e+02
-8.465e+02
—1 0889+0J

30e+03
—1 5729+0_»

-1.814e+03
-2.055e+03
-2.297e+03
-2.539e+03

FIGURE 18: Y-direction stress diagram of a =18 cm model.
U, uz

+6.251e-08
-2.627e-06
-5.317e-06
-8.006e-06
—1 0709—05

e-05
—1 0079—05
-1.876e-05
-2.145e-05
-2.414e-05

-2.683e-05
-2 952e-05

-3.221e-05

FIGURE 19: Y-direction displacement diagram of a =18 cm model.

It can be seen from Table 7 and Figure 20 that the
difference between the theoretical value and the numerical
value is about 10%. Considering the coarse mesh division in
the model in this paper, some calculation parameters need to
be discussed. In order to make the calculation results more
accurate, more mesh seeds can be arranged near the crack
position and reduce the mesh size. It is believed that, with the
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TaBLE 7: Comparison between K; theoretical value and numerical calculation results.

Crack depth a (cm) K; numerical value (MPa-m'’?) K; theoretical calculated value (MPa-m'?) Error (%)
3 0.35 0.31 -11.43
6 0.77 0.85 10.39
9 1.14 1.25 9.65
12 213 2.04 —4.23
15 3.51 3.31 -5.70
18 5.35 4.93 -7.85
8 120 (2) The stress and displacement at the arch waist of
L uncracked model and cracked model are analyzed by
I 180 ABAQUS finite element analysis software. For the
6 cracked model, the displacement and stress at the
& + 40 arch waist of the lining are much higher than those of
E 3 the uncracked model. This means that once longi-
§ 4t 0 g tudinal cracks appear in the lining, the safety of the
550 = structure will be greatly endangered.
R 1-40 (3) By analyzing and comparing the stress intensity factor,
M2 vertical maximum stress and maximum settlement
L 1-80 between different crack depth models, it shows that, at
— 1 the crack tip, the greater the crack depth, the greater the
0 : L . - = m -120 stress intensity factor, the increase trend of vertical
Crack depth a (cm) maximum stress and maximum settlement at the arch

-a- K;Numerical value
-e— K Theoretical value

-a- Error

F1GURe 20: Comparison curve of KI theoretical value and calculated
value.

more and more precision of the mesh and the optimization
of the finite element model, the numerical calculation results
will be closer to the theoretical value.

5. Conclusion

Tunnel lining cracks seriously affect the safe construction
and operation of tunnel structure. With the development of
fracture mechanics and its wide application in concrete, this
paper mainly uses the theory of fracture mechanics to an-
alyze the crack problem of tunnel structure. Through nu-
merical calculation and theoretical analysis, the application
of fracture mechanics in tunnel lining cracking is studied,
and the following conclusions are obtained.

(1) The fracture mechanics model is used to simulate
and analyze the cracking of the secondary lining
structure, and the longitudinal cracks in the arch
waist of the secondary lining are analyzed by fracture
mechanics. The calculation of structural mechanics
and fracture mechanics of lining structure shows
that, in the early stage of crack development, the
propagation of crack depth has little effect on the
growth of stress intensity factor, but in the later stage,
the small change of crack depth will have a great
impact on stress intensity factor and eventually lead
to crack penetration and fracture.

waist, and the more obvious the stress concentration at
the crack tip. Finally, the stress intensity factor in-
creases to the fracture toughness, resulting in the failure
of the structure.
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Hidden karst structures are developed irregularly in the Middle Permian Maokou Formation aquifer from the northern part of the
Guizhou coalfield, China. Mining operations associated with the exploitation of coal seams from the lower part of the Upper
Permian Longtan Formation are threatened by karst waters from the underlying strata. To improve the accuracy of water inrush
risk assessment of the karst aquifer floor in the northern Guizhou coalfield, the karst fractal quantification technique is
implemented. In this study, the karst aquifer of the Maokou Formation located under the floor of the No. 15 coal seam from the
Honglin Coal Mine is considered as the research object. Based on the karst results predicted by geophysical exploration methods,
the fractal theory is used to quantify the degree of karst development, while the risk of water inrush from the floor of the coal seam
is evaluated by applying ArcGIS information processing technology combined with the vulnerability index method. The results
indicate the following observations: the mean fractal dimension of karst in the study area is 1.53, the karst structures are highly
developed, and the overall distribution of karst is characterized by an irregular NW-SE direction; the main controlling factors
affecting water inrush from the floor of the No. 15 coal seam are expressed by the water pressure of the aquifer, the abundance of
water in the aquifer, the degree of karst development, the thickness of the effective impermeable layer, the mining depth, the coal
seam dip angle, and the degree of fault complexity; the areas with the highest risk of floor water inrush are predominantly
concentrated in the northwestern and central parts, but there is also a risk of floor water inrush in the first mining area of the No.
15 coal seam. This study takes into consideration complex factors such as the typical karst aquifer and the hydrogeological
conditions in the northern part of the Guizhou coalfield, which results in a more realistic interpretation and can provide further
guidance for water control activities in the mining area.

1. Introduction

The karst water disaster of the coal seam floor is one of the
main hazards threatening the safety of mining operations of
coal resources in the northern Guizhou coalfield (1, 2]. In
this region, the coal-bearing strata of the Upper Permian
Longtan Formation lie on the limestones of the Middle
Permian Maokou Formation, which are characterized by
strong karst features and different volumes of water.
Moreover, the aquifer located between the Maokou For-
mation aquifer and the bottom mineable coal seam is thin
(less than 4 m), which seriously affects the safe and efficient
mining of the coal seam deposits. Therefore, the prediction
and evaluation of water inrush from the karst floor of the

coal seam beds are the major problem influencing the safe
production activities in the northern Guizhou coalfield.

In recent years, the methods used to evaluate the risk of
floor water inrush mainly include the water inrush coeffi-
cient method [3], the five-figure double coefficients method
[4], and the vulnerability index method [5, 6]. Among these,
the vulnerability index method comprehensively considers
multiple essential control factors and their relative weights of
floor water inrush, reflecting the nonlinear dynamic process
of water inrush. This method has been widely used [7, 8]
because it has a better solution for the problem of predicting
water inrush from coal floor strata. Floor karst water damage
is a typical geological hazard encountered during the pro-
duction of “karst” coal mines. The factors which led to its
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formation are complex and its distribution is extremely
irregular. The evaluation of the vulnerability index method
in this area considers the floor karst aquifer as a unified
aquifer and ignores the degree of karst development. Al-
though it has significance in guiding coal mining operations,
the accuracy has a certain deviation from the actual scenario
[9-11]. The karst development of the aquifer is an important
factor affecting the water inrush from the coal seam floor in
the northern part of the Guizhou coalfield. However, karst
development can be measured by applying indirect geo-
physical exploration or drilling techniques, while direct
observation or measuring methods are not applicable
[12, 13]. Additionally, the obtained data represents the
quantitative results of karst development and distribution
inferred from inversion, which cannot be combined with the
vulnerability index method for qualitative and quantitative
evaluation of water inrush from the coal seam floor.
Therefore, the scientific and rational quantification of karst
development and the integration of the vulnerability index
to comprehensively evaluate and predict the risk of water
inrush from the coal seam floor in the northern part of the
Guizhou coalfield have become an important subject.

To apply the vulnerability index method, domestic and
foreign researchers used the fractal theory to quantify the
complex structural characteristics of faults, which improved
the prediction accuracy of water inrush from coal seam
floors. Li et al. [14] substituted the fault fractal dimension
with the fault distribution density, size, and nature to im-
prove the accuracy of water inrush prediction by applying
the vulnerability index method. Qiao et al. [15] calculated the
fractal dimension index of the fault syncline and anticline
and combined the vulnerability index method to predict the
vulnerability zoning of the study area. The Maokou For-
mation limestone karst located at the bottom of the No. 15
coal seam in the Honglin Coal Mine is well developed;
however, the aquifer is thin, which means that there is a
possibility of water inrush from the floor. Therefore, based
on the results obtained from geophysical exploration
techniques, this study introduces the fractal theory to
quantify the degree of karst development, while the com-
prehensive evaluation of the floor water inrush was analyzed
in combination with the vulnerability index method. The
karst fractal-vulnerability index method thoroughly analyzes
the typical complex karst geology in the northern part of the
Guizhou coalfield, making the evaluation results more re-
alistic and providing a theoretical basis for water control
measures in this area.

2. Overview and Engineering Background of the
Study Area

The Honglin Coal Mine is in the northwestern part of
Guizhou Province, to the east of Wumeng Mountain and at
the junction of Qianxi and Dafang counties. The boundary of
the mining area represents an irregular polygon, with a
length of approximately 4 km from east to west and a width
of approximately 3.7 km from north to south, covering an
area equal to circa 12.55km’. The quasi-mining elevation
ranges from +1750 m to +1100 m above sea level. The overall

Mathematical Problems in Engineering

topography of the region is high in the northeast and low in
the southwest. It is a monoclinal structure that belongs to the
Zhongshan landform and develops an erosion-dissolution
landform. The existing structural features in the area are
mainly shaped by the Yanshan Movement tectonic events.
Small- and medium-sized faults are well developed in the
region. These are mainly distributed in the northeastern part
of the mining area, while the fault strike has a predominantly
east-west direction. The encountered strata from bottom to
top are represented by the Maokou Formation, Longtan
Formation, Changxing Formation, Yelang Formation, and
Quaternary sediments. The most important water-bearing
aquifers are the medium aquifers from the Changxing
Formation, the medium aquifers from the Yulongshan
section of the Yelang Formation, the weak aquifers from the
Longtan Formation, and the strong aquifers from the
Maokou Formation (Figure 1). In the mining area, the
Longtan Formation consists of coal-bearing strata. It is rich
in water and weak in water capacity, which represents the
direct water source of the mine, but it does not pose a threat
to mine production after long-term mining dredging. The
major coal seams of the entire area are the No. 9 and the No.
15 coal seams. The bottom plate of the No. 15 coal seam is the
limestone aquifer of the Maokou Formation, and the average
thickness of the impermeable layer (mainly aluminium
mudstone) is 4m. The water-bearing medium primarily
consists of pure carbonate rock karst water, with dissolved
pores and caves.

According to the hydrogeological drilling survey, the
water level of this aquifer has an elevation of 1599.7 m in
borehole 505, accompanied by the presence of a local water
head. At the same time, there is no water level in borehole
606, which is located not too far from borehole 505. This
indicates that the karst development of the Maokou For-
mation is strong, water-bearing, and irregular, which
threatens the safety of mining activities of the No. 15 coal
seam. Physical exploration has been performed in the first
and the second mining areas by using controllable audio
frequency magnetotelluric methods and seismic resonance
frequency imaging methods to better understand the karst
development of the existing aquifers. The analysis of the
development degree of limestones (elevation +1350 m) of
the Maokou Formation in the No. 15 coal seam floor was
carried out in combination with the hydrogeological con-
ditions. The results indicate that the karst fractures of the
Maokou Formation limestones in the floor of the No. 15 coal
seam may have various degrees of development in the survey
area, and the distribution area is different. A large, banded
karst fractured zone is developed in the northwestern,
southeastern, and southern parts of the survey area, and
several small elliptic karst fracture zones are extended in the
middle and western parts of the survey area (Figure 2).

3. Basic Theory

3.1. Fractal Theory. The fractal theory is a nonlinear disci-
pline founded by Mandelbrot. Its principle is to enlarge a
part of a complex object, whose type and complexity are like
those of the whole object [16-18]. It can be used to quantify
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FIGURE 2: Schematic diagram of the limestone karst development in the Maokou Formation in the Honglin Coal Mine research area.



complex structures and irregular structures and is widely
used in geological engineering applications. In recent years,
the box dimension method has been the main method used
to calculate the fractal dimensions. The process mainly in-
cludes the three following steps: (1) Cover the research object
with a grid composed of square blocks with the side length
equal to 7, and count the number of grids covered by the
research object N (7). (2) Reduce the side length of the grid
by applying the method of r = r,/2,r,/4,1ry/8y,1,/16 , re-
spectively, and count the number of grids N (r) covered by
the research object under different scale grids. (3) Plot the
results to the In r —In N (r) coordinate system, obtain a
straight line through function fitting, and consider the ab-
solute value of its slope as the fractal dimension D,. The
equation is expressed as

In N(r)=A-D,Inr, (1)

where 7 is the side length of the square grid; N (r) is the
number of grids covered by the research object; D, is the
fractal dimension; and A is a dimensionless constant.

3.2. Vulnerability Index Method. The application of the
vulnerability index method is based on ArcGIS software. It
analyzes and determines the main controlling factors of coal
seam water inrush, establishes each main controlling factor
thematic layer, uses the Analytic Hierarchy Process to de-
termine the weight of each main controlling factor, applies
the ArcGIS information fusion technology to establish a
comprehensive topic figure, and finally introduces the
vulnerability index to establish a regional evaluation model.
The formula is expressed as

VI = Zwkxfk(x,y), (2)
o

where VI is the vulnerability index; # is the number of main
controlling factors; k is the serial number of the factor; W is
the weight of the kth factor; and f (x, ) is the normalized
value of the kth element, where (x,y) are geographic
coordinates.

3.3. Application of the Karst Fractal Theory. The major
particularity of a fractal theory is self-similarity; that is, a
certain structure or process has similar characteristics on
different spatial scales [19]. In recent years, some researchers
consider that several geological phenomena show evident
self-similarity and iterative patterns in distribution and
geometric forms [20, 21]. Specifically, fault fractal tech-
nology has gradually advanced, which combined with the
vulnerability index method, has improved the prediction
accuracy of the vulnerability index method, and has been
widely used in the field of coal seam floor water inrush
hazard evaluation [22, 23]. Previous studies have shown that
karst development morphology has a wide range of complex
structures with iterative patterns, as well as irregular shapes
and phenomena, which correspond to the statistical analysis
of the fractal theory [24, 25]. At present, the fractal theory of
karst development is predominantly used in karst tunnel
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engineering operations and rarely applied in coal seam floor
water inrush evaluation methods [26, 27]. Therefore, this
paper aims to include the karst fractal and the fault fractal
theories into the vulnerability index method to improve the
accuracy of coal floor water inrush predictions.

Based on the map illustrating the karst geophysical
prospecting results, this paper divided the study area into
two regions, and, for the convenience of performing cal-
culations, as shown in Figure 3, grids i and ii consist of
200m x 200 m square blocks which were assigned distinct
numbers. The total number of blocks covering the karst area
is equal to 103. According to the previously mentioned steps,
the number of 100m x 100 m, 50m x 50 m, 25m x 25 m, and
12.5m x 12.5 m grids covered by each block in the study area
was counted in separate stages; then the linear fitting pro-
cedure was performed in accordance with equation (1) to
calculate the karst fractal dimension of all the blocks. The
results are illustrated in Tables 1 and 2. It is noticeable that in
both cases the mean value R? = 0.97, which indicates that the
fitting effect is reasonable.

After assigning the calculated fractal dimension values to
the center point of each block, the Surfer software tools were
applied to perform kriging interpolation and to draw the
contour maps, while the ArcGIS software was used to
perform statistical partitioning to obtain the karst thematic
map (Figure 4). It is observed that larger karst fractal di-
mensions generate stronger karst development character-
istics; therefore, the risk of water inrush from the floor
increases. According to Tables 1 and 2, the average value of
the karst fractal dimension in the study area is 1.53, and the
overall karst development is relatively strong. Based on the
ArcGIS platform software, the fractal dimension of karst in
the study area was calculated, while the threshold of karst
zoning was determined by applying the natural discontinuity
method, specifically: D, > 1.65 is a strong karst development
area; 1.25 < D, < 1.65 is a relatively strong karst development
area; 0.95< D, < 1.25 is a medium karst development area;
0.95<D,<1.25 is a weak karst development area; and
D, <0.65 is an underdeveloped area. The karst terrain of the
Maokou Formation aquifer presents an irregular distribu-
tion with a northwest-southeast direction (Figure 4).

4. Evaluation of Water Inrush from the Coal
Seam Floor

4.1. Calculation and Analysis of the Main Controlling Factors.
The rationality of the main controlling factors determines
the accuracy of the vulnerability index evaluation method.
The floor of the No. 15 coal seam in the Honglin Coal Mine is
primarily threatened by the karst aquifer of the Maokou
Formation, but the thin impermeable floor and the occa-
sional water heads are also important factors. The evaluation
method combines the hydrogeological characteristics with
the geophysical prospecting data of the Honglin Coal Mine
and considers the four aspects of the Maokou limestone
aquifer, the floor impermeable layer, the coal seam mining
conditions, and the geological structure. The comprehensive
analysis identified seven major controlling factors affecting
the water inrush from the floor of the No. 15 coal seam:
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FIGURE 3: Grid division map of the karst area of the Honglin Coal Mine.

TasLE 1: Calculation results of the karst fractal dimension of grid i
in the research area of the Honglin Coal Mine.

TaBLE 2: Calculation results of the karst fractal dimension of grid ii
in the research area of the Honglin Coal Mine.

No. D, No. Dy, No. D, No. D, No. D No. Dy, No. D, No. D, No. D; No. D,
i8 0.3170 i30 1.8311 i54 1.9486 i73 0.4170 i90 1.4195 ii4 0.9241 ii25 1.1955 ii42 1.7907 ii54 1.7370 ii79 1.7856
i9 1.6984 i34 0.7585 i55 1.9224 i74 1.7696 191 1.6618 iill 1.7903 ii26 1.9059 ii43 2.0000 ii61 1.9369 ii80 1.3078
i10 1.6087 i38 1.5590 i56 1.5066 i75 1.8930 192 1.8915 ii12 1.9422 1ii27 2.0000 ii44 1.8569 ii62 1.9447 ii86 1.4540
i17 12510 i39 1.5853 i58 1.6030 i76 1.9874 i93 1.8616 ii13 1.4219 1ii28 1.7152 ii45 1.7652 ii63 0.7585 ii87 1.9804
i18 1.6901 i41 1.6481 159 1.5567 i77 1.6595 194 1.9791 iil8 1.7903 ii29 1.7465 ii46 1.3497 ii69 1.7633 ii88 1.5662
i20 1.2634 i42 1.6962 i62 1.6723 i78 0.8644 195 1.8738 ii19 2.0000 ii30 1.7665 ii50 1.1592 ii70 1.9672 ii95 0.6755
i21 1.9802 i43 1.3726 163 1.3370 i79 1.9473 196 1.4485 ii20 2.0000 1ii34 1.2136 ii51 1.0147 ii71 0.8229
22 1.7872 i44 1.3229 i64 1.3196 i80 2.0000 i102 0.2000 ii21 1.9966 ii35 1.9672 1ii52 1.7926 ii77 0.5000
i25 0.9400 i46 0.7615 i66 1.6163 1i81 1.7585 i107 1.1170 ii22 1.7605 ii36 1.3081 ii53 2.0000 ii78 1.9383
26 1.8987 i50 1.2925 i67 1.8799 i82 0.9814 il108 1.4451
i27 1.2634 i51 1.8325 i68 1.6601 i88 1.0136
i29 1.7567 153 0.5000 i69 0.8229 i89 1.8585
water pressure will exist. If the water pressure in-
creases, the possibility of water inrush from the coal
seam floor also increases. The changing trend of the
aquifer water pressure, aquifer water richness, degree of water pressure in the aquifer occurs in the southeast
karst development, effective impermeable layer thickness, direction, and the water pressure in the northwestern
mining depth, coal seam inclination, and fault complexity. part has the highest values (Figure 5(a)).
The thematic map of each major controlling factor was (2) Water Abundance of the Aquifer. This controlling

created (Figure 5) and analyzed based on the mining data
combined with the Surfer and the ArcGIS software tools:

(1) Hydraulic Pressure in the Aquifer. When the aquifer’s
water level is higher than the coal seam floor, specific

factor is defined by the unit water influx. The unit
water influx in the study area is within the range of
0~0.0039 (¢ <0.1 L/s-m). Therefore, the mining area
is characterized by a weak water richness, and the
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F1GURE 4: Thematic map of the karst development zoning in the research area of the Honglin Coal Mine.
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FIGURE 5: Thematic map of the main controlling factors in the research area of the Honglin Coal Mine. (a) Thematic map of the hydraulic
pressure in the aquifer; (b) thematic map of the water abundance of the aquifer; (c) thematic map of the equivalent thickness of the effective
aquiclude; (d) thematic map of the coal mining depth; (e) thematic map of the dip angle of the coal seam; (f) thematic map of the fault
complexity.

fissure zones represent accessible paths for the water-
bearing karst areas, therefore increasing the possibility
of water inrush. The overall karst development of the
Maokou Formation aquifer in the study area is ex-
tremely irregular, indicating that the strong karst de-
velopment zones are concentrated in the northwest and
southeast (Figure 4).

(4) Equivalent Thickness of the Effective Aquiclude. This

relative water richness increases from east to west.
The changing trend is similar to the water pressure
trend (Figure 5(b)).

(3) Degree of Karst Development. It is characterized by
the karst fractal dimension. The aquifers of the
Maokou Formation predominantly consist of car-
bonate rocks and are susceptible to the dissolution of
groundwaters. Consequently, karst failure zones and

caves of varying sizes and shapes are created, which
become water storage facilities of different volumes.
During coal mining operations, the water-conducting

determines the strength of the water-blocking ca-
pacity. If the impermeable layer becomes thinner,
then the water-blocking effect is worse, which means



that it is easier to provoke a water inrush. The
thickness of the impermeable layer located below the
coal seam deposits is relatively thin, with a thickness
in the range of 0.75~12.25 m, which has an immense
impact on the water inrush from the coal seam floor
(Figure 5(c)).

(5) Coal Mining Depth. When the mining depth in-
creases, the stress on the two walls of the mining face
becomes more concentrated, while the bottom plate
is prone to damage and cracks, which increases the
number of water channels. Thus, the possibility of
water inrush from the bottom layer grows. The
overall trend of the mining depth in the study area
increases from north to southeast, and the maximum
mining depth located in the northernmost part is
equal to 415m (Figure 5(d)).

(6) Dip Angle of the Coal Seam. During the mining
process, as the inclination angle of the coal seam
increases, the mineral pressure formed on the
working face becomes more evident. Consequently,
the damage done to the coal seam floor is greater,
and the risk of water inrush increases. The inclina-
tion angle of the No. 15 coal seam is in the range of
5°~12°, which represents a gently inclined sedi-
mentary layer. The coal seam inclination angles are
relatively inclined in a sizable area in the south-
eastern part and a small area in the northwestern part
(Figure 5(e)).

(7) Fault Complexity. This controlling factor is charac-
terized by the fractal dimension of the fault, which is
identical to the method used for describing the
complexity of the karst system. The No. 15 coal seam
in the study area comprises a small number of small
faults and no large faults. Most of the small faults
are predominantly distributed in the northern and
eastern parts of the study area. Among these, there
are several normal faults, with a drop height be-
tween 0.5 and 2 m. The fractal dimension values of
the faults range between 0 and 1.075. Although the
complexity of the faults in the study area is rela-
tively low, it is still an important factor that affects
the possibility of water inrush from the floor
(Figure 5(f)).

4.2. Calculating Weights by the Analytic Hierarchy Process.
Analytic Hierarchy Process (AHP) is a practical subjective
decision-making analysis technique, which represents the
core method of the vulnerability index method [28]. The
method decomposes a complex problem into different
factors and forms a multilevel structure model according to
the mutual influence relationship and membership rela-
tionship between factors. By analyzing and comparing the
importance of each factor, the judgment matrix was created,
and, finally, the qualitative and quantitative analyses of
multiple factors were completed [29-31]. There are generally
four steps: (a) establishment of a hierarchical structure
model, (b) construction of a comparative judgment matrix,
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(¢) calculation of the largest eigenvalue of the matrix and the
corresponding eigenvector, and (d) hierarchical ranking and
consistency check.

4.3. Establishment of the Hierarchical Model. By analyzing
the main controlling factors affecting the water inrush
from the floor of the No. 15 coal seam, the research object
is divided into three levels, namely, A (target layer), B
(criterion layer), and C (index layer), as illustrated in
Figure 6.

4.4. Construction of a Judgment Matrix to Determine the
Weight of the Main Controlling Factor. By taking into
consideration the index system of the water inrush risk from
the floor of the No. 15 coal seam and associating it with the
analysis of the previously mentioned main controlling
factors, the importance of each factor was evaluated
according to the 1~9 scale method. This scaling method was
established by T. L. Saaty, by soliciting the experts’ opinions
and by analyzing data from the available literature. Thus, a
judgment matrix was constructed. The judgment matrix of
1 5/3 5/2 3/2
3/5 1 3/2 4/5
2/52/3 1 3/5
2/3 5/4 5/3 1
weight is w, = (0.375,0.218,0.15,0.257). The judgment

the first-level index is A; = , where the

1 4 2

matrix of the secondary index is B;; = [ 1/4 1 1/2 l, where
172 2 1

the weight is wp, = (0.513,0.182,0.305); B,y = [1], where

1 4/5
5/4 1
is wp, = (0.444,0.556); By; = [1], where the weight is
wg, = (1). At the same time, all the judgment matrices

the weight is wg, = (1); By; = ], where the weight

passed the consistency test. By applying the linear weighting
method, the weight value of the first-level index is multiplied
with the weight value of the related second-level index, and,
finally, the weight value of the influence of each main
controlling factor on the risk of water inrush from the floor
is obtained; namely, w = (0.192,0.068,0114,0.218, 0.067,
0.083,0.257). The weight of each main controlling factor is
illustrated in Table 3.

4.5. Data Normalization of Each Main Controlling Factor.
To eliminate the influence of the data of different main
controlling factor dimensions on the evaluation results and
to make the factors comparable, the data were normalized.
Considering the positive and the negative correlation of the
main controlling factors with the evaluation results, the
positive correlation factors (water pressure of the aquifer,
water aquifer, degree of karst development, mining depth,
coal seam inclination, and fault complexity) are unified by
applying the maximum value processing equation (3), where
the minimum value is 0 and the maximum value is 1. At the
same time, the negative correlation factor (effective water
barrier thickness) is normalized to the minimum value
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FI1GURE 6: Evaluation index of water inrush from the floor of the No. 15 coal seam in the Honglin Coal Mine.

TaBLE 3: Weights of the main controlling factors for water inrush.

Influential Hydraghc Water abundance Degree of karst Equivalent th1c.kness Coal mining Dip angle of Fault

factors pressure in the of the aquifer (,) development of the effective depth (w5) the coal complexity (w.)
aquifer (w;) 2 (w;) aquiclude (w,) 57 seam (wyg) 7

Weights 0.192 0.068 0.114 0.218 0.067 0.083 0.257

(w;)

processing equation (4), with the minimum value equal to 1
and the maximum value equal to 0. The formula is expressed
as

. X;; — min (X;) 3)
77 max(X;) - min(X;)’
max (X;) - X;; @

Y.< = .
7 max(X;) - min(X;)

7
VI= Zwkxfk(x,y) =0.192 x f,(x, ¥) +0.068 X f,(x,¥) +0.114 X f5(x,y) +0.218 x f,(x, y)

k=1

4.6. Creation of a Model of the Vulnerability Index of the Floor.
The vulnerability assessment model of the karst floor water
inrush of the Maokou Formation in the No. 15 coal seam of
the Honglin Coal Mine was proposed based on the appli-
cation of formula (2), on the vulnerability index VI, as well as
the weights of the main controlling factors determined by
the Analytic Hierarchy Process. The formula is expressed as

(5)

+0.067 x f5(x, y) +0.083 % fq(x,y)+0.257 x f,(x, y).

4.7. Water Inrush Hazard Zoning of the Coal Seam Floor.
The main controlling factors are normalized on the
thematic map by using the ArcGIS information fusion
and data processing functions. Consequently, a com-
prehensive evaluation model for water inrush vulnera-
bility of the coal seam floor is proposed. The natural
discontinuity method was used to assess the frequency
statistics of the vulnerability index of each block in the
study area (Figure 7), and the unified partition thresholds
for the vulnerability evaluation were determined to be
0.35, 0.41, 0.46, and 0.51. When the vulnerability index
has greater values, the possibility of floor water inrush
increases. According to the partition threshold, the re-
search area is divided into 5 areas, specifically: VI >0.51 is

the dangerous area; 0.46 <VI<0.51 is the less dangerous
area; 0.41 < VI<0.46 is the transition area; 0.36 <VI<0.41
is the safer area; and V1< 0.35 is the safe zone. Afterwards,
the risk assessment map of the No. 15 coal seam floor is
created (see Figure 8).

5. Results

As illustrated in Figure 8, the relative risk of water inrush
decreases from northwest to southeast. The floor water
inrush risk area is primarily concentrated in the middle,
northwestern, and western parts, which indicates a large area
of bands and a small area represented by an ellipse. The safe
zone is mainly concentrated in the southeastern and north-
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FIGUure 8: Water inrush risk zoning map of the No. 15 coal seam
floor of the Honglin Coal Mine.

central parts. The arguments for such conclusions are as
follows:

(1) In the northwestern part, the relative head pressure is
high, water is abundant, and the perimeter is
characterized by the presence of a karst fracture
zone. Therefore, it is easy to produce a water channel.

(2) The water abundance in the central part of the study
area shows a weakening trend, while the degree of
karst development is low. However, the thickness of
the effective impermeable layer becomes thinner,
which cannot adequately prevent the water pressure
accumulated below this layer.

(3) The aquifer and the water richness in the western
part of the study area also indicate a weakening
trend, while the thickness of the effective
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impermeable layer shows a thickening trend.
However, this area is characterized by the presence of
several complex faults and a karst fracture area,
which facilitates the formation of a water channel
and, consequently, may lead to water inrush.

(4) The mining depth of the No. 15 coal seam in the
north-central part of the study area is shallow. The
coal seam inclination angle is slow. The stress and the
mine pressure on the floor and the two sides are
small. Additionally, the effective impermeable layer
is thicker, and the depth of the flood damage is not
enough to penetrate the effective impermeable layer.
Therefore, this perimeter is considered a safe zone.

(5) Karst fractures exist in the southeastern part of the
study area. However, the water pressure and the
water richness of the aquifer show a weakening
trend, while the thickness of the relative aquifer is
increasing. Consequently, the possibility of water
inrush from the coal seam floor is negligible.

At present, there are no exploitation activities in the first
mining area of the No. 15 coal seam in the Honglin Coal
Mine, but the risk of water inrush from the floor in this area
is relatively high. The main concerns are related to the high
water pressure and the thin thickness of the impermeable
layer. Therefore, the exploration operations should be
strengthened, while the measures related to water explo-
ration, water release, and thickening of the floor concreting
should be adopted to ensure a safe mining environment.

6. Conclusions

(1) Based on the karst fractal-vulnerability index
method, the water inrush hazard of the No. 15 coal
seam floor of the Honglin Coal Mine is evaluated.
Complex factors such as the typical karst aquifer in
the northern Guizhou coalfield and the hydro-
geological conditions of the study area are fully
examined, which makes the evaluation results more
reasonable and practical.

(2) To improve the accuracy of the karst geophysical
prospecting evaluation results, the karst fractal di-
mension is used to quantify the degree of karst
development of the coal seam floor. The overall
fractal dimension value of the research area is equal
to 1.53, and the degree of karst development is
relatively high. By applying the natural discontinuity
method, the karst development is divided into five
categories: underdeveloped karst area, weak karst
development area, medium karst development area,
relatively strong karst development area, and strong
karst development area. Furthermore, the karst
development area is characterized by an irregular
northwest-southeast direction.

(3) The water inrush danger zone of the No. 15 coal seam
floor in the study area is primarily concentrated in
the middle, northwestern, and western parts, with a
large area of bands and a small area represented by
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an ellipse. The safety zone is concentrated in the
southeastern and north-central parts. There is a risk
of water inrush from the floor in the first mining area
of the No. 15 coal seam, and water prevention
measures should be improved and strengthened.
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In the three-dimensional micro-CT experiment system, the room temperature is set to 300°C when different coal samples (lignite,
anthracite, lean coal and gas coal) are observed for mesoscopic observation. The evolution regularity of mesoscopic structure is
analyzed according to the CT scan of coal samples under different temperatures and three sections of scanning images, and by
Image] image processing software, image processing, and analysis of the characteristics of the profile, the following conclusions
are obtained: (1) Coal specimen will have an overall expansion deformation along with the rise of temperature. The sample
expansion can be divided into two types: outward expansion and inward expansion. Outward expansion means that the expansion
of the skeleton extends outward from the adjacent pores, while inward expansion means that the solid skeleton intrudes into the
adjacent pores. When the temperature rises, the outward expansion and inward expansion occur simultaneously. The dominant
expansion mode is influenced by the type of coal sample and the temperature value. (2) With the increase of temperature, coal and
anthracite coal specimen pore fissure structure shows an expansion tendency before contraction, while gas coal and lean coal show
reverse patterns; in addition to the above the reason of the difference vitrinite differences, one must also consider selected
specimen original porosity and mechanical physical properties, such as a combination of other factors. (3) In the temperature
range of 100-200°C, when the temperature increases at the same rate, lignite porosity increases the most, followed by gas coal, lean
coal, and anthracite. (4) There are certain differences in the variation trends of the pixel proportions of the three sections of the
coal specimen, and the temperature values of the three curves at the maximum pixel point are also different, which indicates that
the expansion of each point in the coal specimen with the change of temperature is not completely synchronous, and the physical
and mechanical properties of the sample are heterogeneous.

1. Introduction

The pore and fissure structure of the coal body plays a vital
role in the permeability of the coal body. The fissure is the
main channel for seepage and connects countless pores
around it. In coal, the fissure degree is several to tens of times
smaller than the porosity, while the fissure permeability is
several orders of magnitude larger than the pore perme-
ability. Therefore, increasing the coal fissure degree can
greatly increase the coal permeability, thereby increasing
coal seam gas drainage efficiency [1-6]. Existing studies have
shown that temperature has a great influence on the gen-
eration, development, and expansion of pores and cracks in

coal. The effect of temperature on coal and rock is related to
coal type, physical structure of the section, components
involved, and heating temperature of coal. Many scholars
have carried out a large number of detailed experiments and
obtained valuable results from the genesis and classification
of coal pores and fissures based on the influence of tem-
perature on the pore structure and permeability of coal and
rock masses [7-12].

Gan et al. [8] classifies the pores of coal body by their
genesis and divides pores into intermolecular pores, coal
plant pores, crack pores, and thermogenic pores. Thermal
factors are regarded as a type of pores. Qi [9] divided coal
pores into: dissolution pores, mold pores, plant tissue
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pores, intergranular pores, and intercrystalline pores.
Zhang [10] studied a large number of coal samples by
means of scanning electron microscopy and divided the
coal pores into primary pores (a few to tens of microns),
metamorphic pores, exogenous pores, and mineral pores.
Primary pores refer to pores that have been formed when
coal is deposited, mainly including cell pores and inter-chip
pores. Metamorphic pores are the pores formed by various
physical and chemical processes during the metamorphic
process of coal. There are mainly interchain pores (the pore
diameter is between 0.01 and 0.13 ym) and pores (the pore
diameter is between 0.1 and 3 ym). Exogenous pores refer
to the pores formed by the influence of external factors after
coal is consolidated and formed into rock. It mainly in-
cludes horn-grain pores (aperture diameter of 2 ~ 103 ym),
granular pores (aperture diameter between 0.5 and 5 ym),
and friction pores. Mineral pores refer to the pores created
by the existence of minerals. The size of the pores is in the
order of micrometers, including dissolution pores, mold
pores, and intercrystalline pores. Yan et al. [11] applied the
uCT225kVFCB high-precision CT experimental system to
study the influence of coal rank, ash content, and coal
microscopic components on the pore structure of coal
through micro-CT experiments. The relationship between
the porosity, permeability, and fractal dimension of the coal
sample is obtained. It is pointed out that the coal type
minerals will affect the porosity and average particle size of
the coal body. Indicators of sexual evaluation. Zhang et al.
[12] analyzed the influence of structural deformation on
coal pore and fissure structure through CT scanning ex-
periments of four types of coal samples, and pointed out
that compared with primary coal samples, a large number
of exogenous pores and micro-fractures are easily formed
in the fragmentation stage of coal, and the average pore size
is. The mixed surface porosity is also the largest; the
mylonitic coal is prone to plastic deformation at the stage of
mylonitic coal, and the mylonitic material develops and fills
the pores, and the average pore size and surface porosity are
the smallest. Wang et al. [13] established a computational
digital model that simulates the pore structure of coal based
on CT three-dimensional reconstruction technology and
put forward many intuitive research methods in the use of
CT three-dimensional digital technology, which broadened
the application of CT technology. Chen Tonggang et al.
used X-CT technology to reconstruct the pore and fissure
structure of the experimental coal sample, including
minerals, and pointed out that the CT number and porosity
have a good correlation, which can be used to analyze and
evaluate the pores, fissures, and spaces in the coal form.
Yuet al. [14, 15] used CT technology to study the law of lean
coal pores and fissures with temperature and pointed out
that the small pores of lean coal connect and expand into
large pore clusters at 300°C, from 180°C ~. At 600°C, the
number of pores decreases first and then increases. Song
et al. [16] used micro-CT technology to test the seepage
pores of coal samples for mesoscopic characterization and
pointed out that the number of coal pores, surface porosity,
etc. increase with the increase of structural deformation,
and the local powdery mylonite of coal particles will be
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filled. Part of the coal body’s pores causes the average pore
size of the coal body to decrease.

To sum up, the evolution characteristics of meso-
structure of coal samples of different coal grades under the
action of temperature need to be further studied. In this
article, the microstructure evolution characteristics of lig-
nite, anthracite, lean coal, and gas coal during real-time
heating in the range of room temperature~300°C were
studied by micro-CT technique, aiming to reveal the mi-
crostructure evolution law of different coal grade samples
under the effect of temperature.

2. Experimental System and Process

2.1. Experimental Method. CT scanning can effectively
distinguish pores and solid skeleton. Even after the CT image
of the specimen is processed by gray level, it can be further
quantitatively analyzed with gray level 0-255 to quantita-
tively express the ratio of pores and solid skeleton on the
corresponding point of the specimen represented by a single
pixel point. That is, for the heating of the specimen, the
change of the shape of the internal pores and skeleton of the
tested object can be studied by the change of the sum of
pixels in different color scales of the image, and the change of
permeability can be studied indirectly.

The amount of data scanned by CT are relatively large.
Three fixed sections of the specimen are selected for analysis,
namely the section 5 mm from both ends of the specimen in
the radial direction and the midpoint section. The experi-
ments are carried out at room temperature, 100°C, 200°C,
and 300°C. The scanned pattern is grayed, and the influence
process of temperature change on the formation, connec-
tion, and expansion of pores and cracks of the specimen is
analyzed.

2.2. Experimental System. The test system adopts
uCT225kVFCB high-precision micro-CT system of Institute
of Mining Technology, Taiyuan University of Technology.
As shown in Figure 1, the scanning magnification of the
system is 1~400 times, the maximum sample size is 50 mm
and the spatial resolution is 0.5 ym. In addition, a self-made
atmosphere furnace is used to heat the sample slowly, and
the furnace is heated by 300 W furnace wire with temper-
ature control accuracy of +1°C.

2.3. Sample Preparation. Among the experimental samples,
lignite coal samples are selected from Ulanqab mining area
in Inner Mongolia, and gas coal, lean coal, and anthracite are
selected from Shanxi Coking Coal Zhengli, Ximing, and
Lutaishan mines, respectively. After the sample is sent to the
laboratory, it is processed into a cylindrical specimen with a
bottom diameter of 7mm and a height of 20 mm by rough
specimen and manual fine grinding.

2.4. Experimentation. In the experiment, the specimen was
first placed on the micro-CT turntable for CT scanning
observation at room temperature. Then the sample was
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FiGure 1: pCT225kVFCB high-accuracy micro-CT system. (a) Three-dimensional micro-CT experiment system. (b) Data acquisition and

analysis system.

placed in an atmosphere furnace and heated. When the
heating temperature was shown to a predetermined tem-
perature, the sample was kept at constant temperature for
30 min, and then cooled to room temperature. The atmo-
sphere furnace was removed to carry out the scanning ex-
periment of the sample at this experimental temperature.
During heating, constant temperature, and cooling process,
the sample was always under the protection of argon en-
vironment. The first temperature point of heating was set as
100°C, then 200°C, and finally 300°C. The change of meso-
structure of specimen with the increase of temperature was
observed by CT pattern. This experiment focuses on the
analysis of three specific faults scanned and studies the
changes of pores and fissures of the section under the
condition of temperature rise. By combining the changes of
its characteristic pores and fissures, the law of permeability
changing with temperature is reflected.

3. Meso-Statistical Analysis of Each Section of
Coal Sample under Temperature

3.1. Statistical Analysis Principle. For the analysis of CT
images, the image of the specimen is theoretically regarded
as composed of many very small square grids (pixels). In this
way, the different color order of each small grid can reflect
the characteristics and differences of solid particles and pore
distribution of coal and rock samples. By counting the
number of pixels of all color orders in the circle of the
specimen image and analyzing the percentage of pixels
under the fixed color order, the change of pore cracks in the
specimen can be reflected.

With the color level as abscissa and the percentage of
pixel number of different color levels as ordinate, it can be
obtained from the graph analysis that all pores and the
critical part of pores and skeleton can be summarized by
describing a pixel point with 0-50 color level value. That is,
pixels with a color level value of 0 represent pores, pixels
with a color level value of 255 represent solid skeleton, and
pixels with a color level value of 0-50 represent areas where
porosity and skeleton change critically, and pores are in the
majority in this area. The above experimental principles are
the basis of statistical calculations.

3.2. Statistical Analysis of Lignite Samples. The three
sections of the sample were selected for postprocessing of CT
scanning images, and the images of the three sections
varying with temperature (room temperature, 100°C, 200°C,
and 300°C) are shown in Figure 2.

It can be seen from Figure 2 that the formation, de-
velopment, and expansion of pores and fractures of lignite
coal samples are very obvious in the range of room tem-
perature~300°C, and some fractures even cross the coal
samples between 200 and 300°C.

Before 100°C, the coal sample is mainly formed by
cracks, and the shape of coal sample hardly changes; After
100°C, the pores and fractures are further expanded and
connected, and the expansion develops towards bedding,
forming many large channels. These large channels increase
the permeability of the coal body. The continuous expansion
of the large fractures drives the surrounding pores to further
aggravate the intensity of deformation, so that the small
fractures directly become pure pores from the transition area
between the pores and the coal skeleton. No solid particles
will be mixed during this period.

In addition, in the temperature range from room tem-
perature to 100°C, the shape of the coal sample has hardly
changed. After 100°C, the shape change of the sample in-
tensifies, but the deformation of the sample is still dominated
by internal pore expansion. Figure 2 qualitatively discusses
the pore fracture evolution process of lignite samples at
room temperature~300°C and carries out color scale
quantitative statistics and analysis on the above three sec-
tions. The results are shown in Figures 3-5.

Figures 3-5 show the proportion of pixels of each color
scale in the three sections of lignite sample at different
temperatures. Figure 4(a) shows the cumulative percentage
of 0~255 color scale pixels in each section image at room
temperature~300°C, and Figure 4(b) shows the percentage of
pixels at room temperature~300°C when the color scale
values are 20, 30, 40, and 50. It should be noted that when the
color scale is 0, it means that the study area is all pores or
fractures; when the color scale is 255, it reflects that the
research object is coal skeleton (continuum); if the color
scale is between 0 and 255, the analysis scope covers both
pore and skeleton structures. For the same specimen, the
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F1GURE 2: The CT scanned images of lignite test piece. (a) Room temperature section (sections 1, 2, and 3 from left to right). (b) 100°C section
(sections 1, 2, and 3 from left to right). (c) 200°C section (sections 1, 2, and 3 from left to right). (d) 300°C section (sections 1, 2, and 3 from

left to right).
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F1GURE 3: The statistical figure for the section 1 of the lignite sample. (a) Cumulative proportion of pixels with 0 ~ 255 color levels at different
temperatures. (b) Pixel ratio graph under specific color gradation with temperature change.

smaller the color order in the regional image range, the
larger the proportion of pore structure, and the more serious
the coal damage. On the contrary, the better the continuity
of the specimen.

According to the above analysis, it can be seen that in
Figures 3(a)~5(a), although the CT scanning sections of the
test piece are different, the cumulative proportion of pixels in
each color scale is generally the same, that is, for normal
temperature, the percentage change of pixel value in the range
of 0~50 and 200~255 color scale is not large, which means that
the color scale values below 50 and above 150 are relatively
constant at this time. Correspondingly, when the color scale is
between 50 and 200, the pixel cumulative curve rises faster and
the percentage ratio changes greatly. The reason is that when
the color scale is above 50, the research scope is dominated by

pore and fracture structure, while when the color scale is 200,
the coal skeleton structure (continuum) has a great advantage,
which makes it possible to take the color scale below 50 and
above 200 as the measurement standard of pore (fracture)
structure and skeleton (continuum) structure at room tem-
perature. In addition, by comparing the cumulative distri-
bution curves of pixels with different temperature scales, it can
be found that when the temperature is higher, the proportion
of pixels with color scales below 50 also increases It reflects that
choosing 50 as the critical level value is appropriate. Based on
the above analysis, it can be concluded that the proportion of
pore and fracture structures in the sample area below 50 color
level is relatively large, and the pore structure of the sample
changes rapidly with the increase of temperature in this area.
This phenomenon corresponds to the drastic change of
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FIGURE 4: The statistical figure for the section 2 of the lignite sample. (a) Cumulative proportion of pixels with 0 ~ 255 color levels at different
temperatures. (b) Pixel ratio graph under specific color gradation with temperature change.
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FIGURE 5: The statistical figure for the section 2 of the lignite sample. (a) Cumulative proportion of pixels with 0 ~ 255 color levels at different
temperatures. (b) Pixel ratio graph under specific color gradation with temperature change.

permeability of coal samples in macroscopic state. Obviously,
this phenomenon corresponds to the drastic change of coal
sample permeability in the macro state.

Next, the change trend of 50 and its nearby color order
under different temperature conditions is taken as an ex-
ample to illustrate the evolution law of pore and fracture
structure (Figures 3(b)~5(b)). Similarly, the proportion of
color scales in different CT scanning sections is basically the
same. Even in the same section, the change trend of each
color scale below 50 is almost the same. Before 200°C, the
percentage of pixels within the color scale increases grad-
ually with the increase of temperature, and when the

temperature exceeds 200°C, the percentage of pixels with
color scales of 50 and below shows a negative correlation
with the temperature. The reason is that the lignite specimen
expands and deforms with the increase of temperature,
resulting in the change of proportion. The sample expansion
involved here includes the increase of the overall porosity of
the specimen with the increase of the pores between some
skeletons with the increase of temperature, and the decrease
of the overall porosity of the specimen due to the decrease of
the pore area due to the intrusion of the solid skeleton into
the adjacent pores. With the increase of temperature, these
two phenomena occur at the same time. The dominant mode



is affected by coal type, physical structure of section, and
temperature factors. Between normal temperature and
200°C, the accumulation of temperature makes the pore and
fracture structure of lignite specimen produce, expand, and
connect, and the permeability of lignite specimen also in-
creases. When the temperature exceeds 200°C, the lignite
specimen skeleton invades the adjacent pores, the expanded
pores and fracture structures are squeezed, and the per-
meability of the sample decreases gradually with the increase
of temperature.

In the above analysis process, the cumulative proportion
of color scale pixels and temperature change trend of the
three sections are basically the same. It should be noted that
there are still some differences in the sum of pixels of each
section. According to the statistics of the total pixel size of
the three sections, as shown in Figure 6, it can be seen that
the overall pixel values of the three sections show a trend of
increasing first and then decreasing, which verifies the in-
ference that the porosity change is caused by the interaction
between the framework and pores of lignite specimen. In
addition, the temperature values of the three curves are
different when they are located at the pixel maximum point,
which reflects that the expansion of temperature changes at
each point in the lignite specimen used in the test is not
completely synchronous, which is caused by the nonuni-
formity of physical and mechanical properties of coal.

3.3. Statistical Analysis of Anthracite, Lean Coal, and Gas Coal
Samples. Due to the limitation of space, only the change of
the sum of pixels in different sections of the coal samples
with three coal grades with the increase of temperature is
analyzed. As shown in Figure 7, in the range of room
temperature to 300°C of anthracite, the total pixels of the
three sections are decreasing, indicating that the three
sections have a tendency to shrink with the increase of
temperature. In the temperature range of 100~200°C, the
section pixels have a slight rise, that is, the section area has a
slight increase in this temperature range. These phenomena
also reflect the law of sample deformation with temperature.
Obviously, this phenomenon is obviously different from that
of lignite specimens. In addition to the vitrinite difference,
the influence of other factors such as the original porosity
and mechanical physical properties of the selected speci-
mens should be considered.

As shown in Figure 8, in the range of room temper-
ature~200°C of lean coal, the total pixels of the three sections
almost have no change, indicating that with the increase of
temperature profile almost has no deformation, at 200°C to
300°C, the total number of pixels decreased sharply, indi-
cating that at this temperature range, the three sections of
the coal sample had a shrinkage effect, and the contour shape
changed greatly. That is to say, the three sections have a
tendency to shrink with the increase of temperature, and the
situation of the solid framework in the specimen invading
the pores is dominant.

As shown in Figure 9. In the range of room temperature
to 100°C, the total pixels of the three sections almost have no
change, indicating that the section almost has no defor-
mation with the increase of temperature. In the range of
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100°C to 300°C, the sum of pixels decreases sharply, indi-
cating that the three sections of the coal sample have a
shrinkage effect in this temperature range. The evolution
curves of the gas coal specimen and the lean coal specimen
are similar.

4. Variation Patterns of Pore Clusters
of Coal Samples of Different Coal
Ranks under Temperature

4.1. Analysis Principle. After the CT image is grayed, the
image within the range of 0 color order is extracted by the
graphics processing software. The analysis of the pixel
change can directly reflect the change of the area size. The 0
color order in the sample image is the extraction index, and
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the score of the 0 color order is the background. All of them
are set to 255 color order, so the counting of the 0 color order
pixels can reflect the scale change of the pores. The images of
lignite, anthracite, lean coal, and gas coal samples were
processed according to the standard, and the variation law
with temperature was analyzed.

4.2. Change Rule of Lignite Porosity. The change of 0 color
pixel of lignite with temperature is shown in Figure 10. From
the figure, it can be seen that the number of original and new
cracks in sections 1, 2, 3 increased from 7154, 4160, and 7492
at room temperature to 242561, 213543, and 228129 at
300°C, respectively, which increased by 30 times. It can be
seen that the temperature has an impact on it. The change of
fractures is positively correlated with the change of per-
meability. The formation, expansion, and connection of
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FiGure 10: Characteristic pore region pixel number of lignite with
the increasing temperature.

fractures merge into large fractures, which will inevitably
lead to the increase of coal permeability. From the figure, this
situation is very obvious at 200-300°C, so the increase of coal
permeability should be tens to millions of times between 200
and 300°C. The change law of pore fracture under the 0 color
order of lignite is consistent with that obtained by statistical
method in Section 2.2 above.

4.3. Variation of Pore Mass of Anthracite, Lean Coal, and Gas
Coal. As shown in Figure 11, there is a change of 0 color
pixels of low-value anthracite with temperature. From the
experimental data, the number of original and new fracture
pixels of sections 1, 2, 3 increases from 134, 606, and 254 at
room temperature to 12438, 16842, and 12135 at 300°C,
respectively. The pixel increases by 95%~98%, resulting in
great changes in macroscopic permeability. Analysis of the
reasons, coal samples at room temperature~100°C coal solid
particles due to the original cementation, pore fissure change
is not obvious, after 100°C, the temperature destroyed its
internal cementation structure, resulting in the generation,
development, and expansion of cracks, study the law of
temperature change is the key to study the anthracite per-
meability change with temperature.

As shown in Figure 12, the number of original and new
fracture pixels in sections 1, 2, 3 increased from 534, 245, and
968 at room temperature to 14783, 30182, and 72731 at
300°C, which increased by 50 times. On the one hand, with
the increase of temperature, a large number of micro cracks
are generated, developed, and connected, which leads to the
increase of the number of fracture pixels. On the other hand,
coal pores expand and increase in situ. The increase of
permeability at room temperature and 100°C is dominated
by the development and expansion of primary fractures.
Many new pore cracks were added to the specimens at
200-300°C, and the number of pore pixels was further
increased.

As shown in Figure 13, the number of 0 color pixels of gas
coal varies with temperature. From the experimental data, it can
be seen that coal pixels are large at room temperature~100°C.
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5. Discussion on the Evolution of Coal Pore
Structure under Temperature

The coal matrix has thermal expansion characteristics. If the
initial porosity of the coal is large under the effect of
temperature, the thermal expansion of the coal skeleton will
increase the porosity, which further increase the pore pixels
of the coal in the CT image. If the initial porosity is small,
then too many solid particles per unit volume will be heated
and expanded, and will quickly invade and squeeze the
adjacent pores, resulting in the decrease in porosity of the
specimen. With the increase of temperature, the pore and
fissure structure of lignite specimens and anthracite speci-
mens showed a trend of expansion first and then com-
pression, while gas coal and lean coal showed the opposite
law. The reason for the above differences except the dif-
ference of vitrinite. It is also necessary to consider the
combined effect of other factors, such as the original porosity
and mechanical and physical properties of the selected
sample, that means the change of the pore structure of the
coal sample under the action of temperature is related to the
coal rank.
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Jianlin and Yangsheng [17]used polarized light micro-
scope to observe the evolution of coal and rock mass pore
structure under the action of temperature and found that the
pore structure changes obviously under the coexistence of
solid matrix and pores, which is consistent with the con-
clusions of this article. Yaoqinget al. [18] adopted the ex-
perimental study of the influence of temperature on the
permeability characteristics of lignite and found that before
50°C, when the volumetric stress and pore pressure remain
unchanged, the permeability of coal samples will decreases
with the increase of temperature. The opposite pattern will
appear after 50°C. In addition, it is also found that the
permeability fluctuates at very low and very high points with
the increase of temperature. It is believed that this fluctu-
ation of permeability is the result of the comparison between
the thermal stress and the effective stress of the coal.

Liet al. [19] adopted the permeability of the coal body
changes with temperature and stress in the experimental
study, found that the permeability changes with the tem-
perature fluctuation, and explained the effect of internal and
external expansion caused by the heating of the coal body.
The conclusion is consistent with this article.

6. Conclusion

In micro-CT scanning, the three sections of coal samples
were scanned at three different temperatures, and then
images were processed and analyzed with the help of image
processing software. From the experimental results, it is
feasible to characterize the development and change of pores
and cracks by different color levels of pixel values, and the
change of pixels in pores and cracks can also reflect the
change of coal permeability. Experimental results show:
The solid skeleton of the coal sample will undergo ex-
pansion and deformation with the increase in temperature.
On the one hand, this inflated deformation will increase the
pores between some skeletons, which further increase the
overall porosity of the sample. On the other hand, the pore
area will reduce when the solid framework invades into the
adjacent pores, leading to the decrease in the overall porosity
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of the specimen. These two phenomena occur at the same
time as the temperature rises. Which method is dominant
depends on the combined effect of coal type, physical
structure of the section, and temperature. Ct scanning and
image analysis is an effective method to quantitatively de-
scribe these phenomena, which can quantitatively analyze
the law of porosity change caused by the expansion of solid
particles or the change of solid skeleton shape.

As the temperature rises, the pore and fissure structure of
the lignite and anthracite specimens appear expands first
and then shrinks, while gas coal and lean coal show the
opposite pattern. The reason for the above difference except
the difference in vitrinite group. The combined effect of the
original porosity, mechanical and physical properties, and
other factors of the selected specimen should be considered.

In the temperature range of 100-200°C, when the same
temperature is increased, the porosity of lignite increases the
most in four specimens, followed by gas coal, lean coal, and
anthracite.

There is a certain difference in the color-level pixel ratio
of the three sections of the coal sample. The temperature
values are different when the three curves are located at the
pixel maximum point, which explains that the various inside
points of coal sample expanded with temperature changes
are not completely synchronized, and the physical and
mechanical properties of the samples are heterogeneous.
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The Lannigou gold mine deposit is mainly composed of calcium-bearing sandstone and siltstone, and there are a lot of
microdefects such as joints and cracks in the sandstone. The mesostructure of jointed sandstone makes a difference to the fracture
process and mechanical properties. The REPA* software and Digital Image Processing Technology (DIP) were used to create a
real microscopic structural numerical model of jointed sandstone with varied dip angle prefabricated cracks. A digital image-
based rock microscopic scale fracture box dimension algorithm was established with MATLAB software. It is used to analyze the
fractal characteristics of the acoustic emission field of unique prefabricated fractured sandstone. This study demonstrates that the
mechanical parameter of jointed sandstone with different prefabricated cracks have manifest anisotropy, which includes elastic
modulus and compressive strength. When the leaning angle of the cracks increases, they all increase linearly. There are three
modes of starting-crack under uniaxial compression: from the peak of the prefabricated crack; from the middle of the pre-
fabricated crack; and from the joint. Damage degree and rupture model are quantitatively represented by the fractal dimension.
The more fractal dimensions there are, the more serious the damage, and the more complicated the rupture mode becomes. This
research offers a novel method for investigating the evolution of rock microscopic scale fractures. This has to have engineering
practical value for in-depth studies of rock fracture, instability, and failure, as well as the mechanisms that cause rock
engineering disasters.

rock under the engineering or the environment. It also
results in the formation of complex mesostructured sand-
stone, complicating its mechanical behavior and damage
evolution [3, 4]. The rock mass is distributed with fissures of

1. Introduction

The “Golden Triangle” of Dian, Qian, and Gui is one of
China’s Carlin-type gold deposit regions, with over 800 tons

of gold resources [1]. Lannigou Gold Mine is the largest
deposit in the region [2]. The ore types are mainly calcium-
bearing sandstone and siltstone, which has good exploration
and exploitation potential. Due to the long-term influence of
various geological processes, there are an abundance of
joints, fissures, and other microdefects in the sandstone in
the mining area. The crack initiation, propagation, and run
through in the rock are all part of a dynamic evolutionary
process. This process affects the strength and stability of the

different dips direction and dips, which will have a signif-
icantly affected on the fracture damage mechanism of the
rock mass [5]. The mesostructure and internal defects of
rock are closely related to the macroscopic deformation of
the rock mass during the rock failure process. As a result,
studying rock deformation and damage evolution from the
standpoint of micromechanics is an important and hot topic
in the field of rock mechanics today. This has significant
scientific significance and engineering practical significance
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for in-depth study of rock fracture, instability, and failure
and the occurrence mechanism of rock engineering disasters
[6].

Many scholars have been making the study of the ini-
tiation and propagation of cracks in rocks and have received
a lot of research results. Griffith proposed that the stress
concentration near the crack tip of a rock mass with an
opening type crack was the lead cause of rock mass rupture
[7]. Nemat-Nasse et al. used the method of linear elastic
fracture mechanics to study the initiation, propagation, and
penetration mechanisms of varying amounts and different
spatial arrangements of pretensioned cracks. It also reveals
the stress concentration phenomenon caused by the inter-
action between multiple cracks and free surfaces. A related
theoretical model was created. The strength of its interaction
factors was analyzed [8]. Liu et al. used the Geo-CAAS
system to study the deformation and strength characteristics
of rocks with single and multiple random defects under
uniaxial compression, and the influence of the position and
volume content of the defects on the strength of the rock was
analyzed [9]. Wong et al. carried out split failure test on a
rock sample containing a precrack. He combined numerical
simulation to examine the influence of factors such as
sample width, preset crack length, and inclination on the
crack initiation, propagation, and failure mode [10]. Liu et al.
used real-time laser holographic interferometry and other
methods to continuously and dynamically observe the crack
propagation and failure process of rock samples, and the
changes in the mechanical properties of rock cracks are
analyzed [11]. Zhao et al. performed uniaxial compression
tests on brittle rock-like specimens with precrack. The global
strain field evolution process diagram of the sample is ob-
tained by using digital technology [12-14]. In addition, the
crack propagation path and stress field distribution char-
acteristics at different stages of the loading process are
analyzed. Under uniaxial compression, Li et al. investigated
the acoustic emission characteristics and mechanical be-
havior of fractured coal samples with various dip angles [15].

Above research results have significant reference value
for understanding the failure and damage evolution of
fractured rock mass in macroscale. However, it rarely in-
volves the uneven distribution of stress and local failure
caused by rock microheterogeneity. Because the microscopic
heterogeneity of rock determines its macroscopic fracture
process, taking into account, the heterogeneity caused by the
material’s internal structure in the numerical model will help
to reveal the rock’s fracture mechanism more deeply.

The study used DIP technique to describe the microscopic
inhomogeneity of joint sandstone, which is then combined
with the RFPA®P software to create a real microscopic nu-
merical model that took into account different inclination
fractured sandstone. The impact of sandstone mesostructure
on the macromechanical properties and mesoscale fracture
process of fractured sandstones with different dip angles was
investigated. The fractal characteristics of sandstone mesoscale
fracture acoustic emission distribution and damage evolution
process in numerical experiments are discussed in depth. The
research results can not just merely enhance the understanding
of mechanism of single crack propagation in rock but also
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provide references for the related research of rock damage and
fracture.

2. Finite Element Method for Crack
Growth Simulation

2.1. Characterization of the Real Mesostructure. Digital image
processing is a new technology of image processing. It entails
converting study objects into digital photographs, then
analyzing and processing the image information by com-
puter to obtain the required research results. A rectangular
matrix of image elements (pixels) constitutes a digital image.
Each pixel is an area at which transverse and longitudinal
scan lines cross. Each scan line is of equal width, and the
brightness, also known as the grayness, of each pixel is
represented by an integer. Red (R), green (G), and blue (B),
the three basic colors, are comprised in each pixel. Each pixel
is made up of R, G, and B functions. As a result, three
discrete functions are necessary to mathematically charac-
terize image information in color space. Because it is closely
comparable to how humans see color, Hue, Saturation, and
Intensity ((brightness) HSI) space is also employed as a
substitute for true color space. The predominate wavelength
of the color, which is the major color property observed by
humans, is represented by the hue component H (with
values ranging from 0 to 360). The color purity is represented
by the saturation component S (which ranges from 0 to 1).
Only the brightness or color brightness is represented by
luminance component I (from 0 to 1). This is a more hu-
mane way of describing color.

The geometric shape and spatial distribution of the
material’s mesocomponent are differentiated by digital
image processing technologies using gray and color differ-
ences. The difference in brightness and color of distinct
media in the rock is thresholded using this approach. It can
divide each medium’s distribution to provide the material’s
nonuniformity characterization image [16, 17]. Figure 1(a)
shows a two-dimensional CT slice acquired from Tianjin
Sanying Company’s high-resolution CT scanning of a
sandstone sample. Found by CT scanning experiment that
sandstone mainly contains two kinds of mineral media,
named the sandstone matrix and calcite, and the image
pixels are 200 pixelsx500 pixels and the actual size is
40mm x 100 mm, and it is a 24bit color image in BMP
format. The color change of the image is not obvious. Thus,
image processing to stretch contrast in order to increase the
tonal differentiation between the features was conducted
using multithreshold segmentation by assessing the fluc-
tuation in values of Intensity (I) in the HIS color space.
Figure 1(a) shows the AA’ scan line passing through the
mineral medium, and Figure 1(b) shows the sandstone
surface scan curve. The I value of sandstone is below 150, and
the I value of calcite fluctuates is above 150. After a series of
observations and experiments, the study settles on I =150 as
the image splitting threshold. Figure 1(c) is the result of
performing threshold segmentation on the image of
Figure 1(a), where green represents joints (calcite) and dark
blue represents sandstone. The spatial distribution and shape
of calcite in the sandstone can be seen more precisely using
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F1GURE 1: Digital image characterization of jointed sandstone. (a) Two-dimensional CT'slice. (b) Variation in the I value along scan line AA".

(c) Threshold-segmentation characterization image of sandstone.

the characterization imagery derived through threshold
segmentation.

2.2. The Damage Constitutive Relation on the Mesoscale.
The change of elastic modulus of strain equivalence hy-
pothesis defines the damage variable in REPA*”. When a
material is damaged by an external force, the damage
constitutive relationship can be described as [18, 19]

E = (1 - w)EQ, (1)
where E, is the undamaged material’s elastic modulus, E is
the damaged material’s elastic modulus, and w is the damage
variable.

Because the sandstone’s tensile strength is much lower
than its compressive strength, we used the maximum tensile
stress and Mohr-Coulomb failure/shear strength as element
failure criteria, and Figure 2 shows the mesodamage con-
stitutive relationship. There is no damage at first because the
stress-strain curve is linearly elastic. Brittle damage occurs
when the maximum tensile strain is attained in the meso-
element. The principal failure mode of brittle rocks is tensile-
induced failure. When the tensile stress reaches the element’s
tensile strength (ft), damage occurs according to the main
damage criteria. The tensile damage function is written as
follows [20]:

F (0)=05+f, =0, (2)
where the primary stress vector is 0. Under uniaxial tension,
the mesoscopic element’s constitutive relationship is illus-
trated in the third quadrant of Figure 2, and can be expressed
as follows [21]:

0, £0<€<0,
Aet0
Ww=11-—7 ¢g<e<0, (3)
€
| L, e<¢gy,

where A denotes the element’s residual intensity coefficient,
which is defined as f,, = Af, (where f; is the mesoscopic
element’s tensile strength and f;, is the residual strength at
the element’s initial tensile failure), and &tl is the element’s
ultimate tensile strain. The element approaches the state of
tensile fracture when its uniaxial tensile strain reaches the
ultimate tensile strain, and # is the ultimate strain coefficient,
which is formally specified as etl = yet0. €t0 is the tensile
strain associated with the elastic limit, also known as the
tensile failure strain threshold, and it is calculated as follows
[22]:

(4)

&0 = E,

The Mohr-Coulomb criterion is employed as the second
failure criterion for mesoscopic elements under uniaxial
compression conditions, as seen in the first quadrant of
Figure 2, depicting damage to elements under compression
or shear stress [23]:

1+sin ¢
1—sin ¢

where ¢ represents the friction angle, o7 and o3 represent the
primary stresses, and f¢ represents the uniaxial compressive

F"(0) =0l -03 - fe=0, (5)

sin
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FIGURE 2: Constitutive Relation for mesoelement damage.

strength. Under uniaxial compression, the damage variable ¢
of element can be represented as follows [24, 25]:

0, £< €
w = (6)

L e
€

, €&y,

where A represents the residual strength coefficient, defined
as ftr/ ft = fer/ fc = A, and t0 represents the compressive
strain at the elastic limit, which can be calculated as [24, 25]:

fe

Eog ="
c0 E
0

(7)

2.3. Establishment of Numerical Simulation. The mesoscopic
fracture process of jointed sandstone was simulated using
RFPA2D software and digital image processing technology
(see Section 2.1 of this article) in this work. Through two-
dimensional FEM, RFPA®" can model the mesoscopic
failure mechanism of rock [16, 17, 22-25], and Section 2.2
shows the constitutive model of damage to the element. The
actual size of this experimental model is 40 mm x 100 mm.
The image is divided into 200 x 500 and 100,000 pixels, and
the whole characterization image is transformed into
100,000 finite element meshes. Each finite element grid can
characterize different mesoscopic materials in the sandstone
sample (see Figure 3). The higher the brightness, the greater
the elastic modulus. According to the characterized color
and brightness, each material component is assigned a
parameter value and the material parameters of each mi-
croscopic medium are shown in Table 1 [26]. This model
analyses the inhomogeneity of sandstone and calcite, while
the mechanical parameters of the mesoelements are assigned
using the Monte-Carlo technique [27, 28].

To investigate the differences in mechanical character-
istics of jointed sandstones with varying inclination angles
cracks, as well as the impact of sandstone mesoscopic
heterogeneity on the evolution of macrofracture damage. To
ensure that the image’s underlying medium remains un-
changed, this experiment created seven groups of cracks
with varying dip angles (a =07, 15°, 30°, 45°, 60°, 75°, 90°). « is
the angle formed by the horizontal direction and the fissure
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FIGURE 3: Mesh of finite element microscopic of rock samples.

that has been prefabricated (Figure 4). The prefabricated
crack is 14 mm long and 1 mm wide, which is contained in
the middle of the jointed sandstone (Figure 4). Figure 5 is a
simplified diagram of the numerical model loading. The
plane strain analysis is used to simulate. The numerical
model utilizes axial displacement loading, with the initial
displacement set to 0.001 mm, the single-step displacement
increment set to 0.0005 mm, and the loading stopping when
the specimen is failure. It is presumed that the elastic
modulus and strength of sandstone and calcite mesoscale
elements obey the Weibull random distribution [29]:

m—1 m
o) (). o

where 1, denotes the average of the mesoelement param-
eters; u represents the properties of the mesoelements, such
as elastic modulus or strength; m represents the homoge-
neity of material, the greater the homogeneity m, the more
uniform the material.

3. Results and Discussion

3.1. Sandstone Mechanical under Uniaxial Compression.
The distribution of primary stress and elastic modulus
during the initial stage of loading when a =45 is shown in
Figure 6. The brighter the figure, the greater the stress.
Through comparison, it is found that the stress distribution
in the microstructure of sandstone is uneven. At the tip of
the prefabricated fracture and the crucial surface (relatively
low mechanical surface) of the calcite vein and sandstone,
the stress concentration distribution is more visible. This
demonstrates that the presence of internal cracks in sand-
stone, as well as the heterogeneity of the mesostructure, has a
significant impact on stress distribution.

The elastic modulus and compressive strength simula-
tion results of seven sets of fractures with varied dip angles in
jointed sandstone are shown in Table 2. The elastic modulus
and compressive strength of numerical samples varied
significantly, as demonstrated in Figure 7, with increasing
crack inclination, the specimen’s compressive strength
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TaBLE 1: Material mechanical parameters of jointed sandstone.

Material  Elastic modulus (GPa) Compressive strength (MPa) Poisson ratio Compression-tension ratio Internal friction angle (C°)
Sandstone 108.2 118 0.16 14 35
Calcite 80.5 101 0.303 11 30

a=0° a=15° a=30°

a=45°

a=60° a=75° a=90°

FIGURE 4: Internal fissures in jointed sandstone with various dip angles.

FTINNNNE!

FiGURE 5: A schematic illustration of the numerical model’s me-
chanical loading model.

increases linearly. This is owing to the sandstone’s weak
calcite cementation, which generates significant anisotropy
in its compressive strength. The numerical simulation results
are consistent with the research conclusions of Li et al. [15],
indicating that the numerical simulation results obtained in
this study are reliable. Sandstone’s compressive strength
peaks at 64.32 MPa when the angle is 90% it reaches the
minimum when the angle is 0°, which is 32.27 MPa, and the
difference between the minimum and maximum is
32.05 MPa. The specimen’s elastic modulus grows linearly as
the crack inclination angle increases. The elastic modulus
reaches the maximum value at a = 90°, which is 107.74 GPa;
it reaches the minimum value at o =0°, which is 82.49 GPa,
with a difference of 25.25 GPA between the minimum and
maximum value.

3.2. Fracture Evolution Process Analysis. Figure 8 depicts the
progression of the numerical sample’s acoustic emission and
elastic modulus during the fracture process. The color green
denotes a compression-shear failure in the present loading
step element. The red indicates the tensile failure, and the
black indicates the complete failure. When a=0°, the cracks
began to sprout, extended perpendicular to the center of the
prefabricated fractures, and eventually penetrated, as seen in
Figure 8. Tensile stress causes wing cracks to form and
spread, as seen in the AE diagram, and ultimately resulted in
axial splitting failure. When a = 15°, the wing crack is located
about '/, of the distance from the tip of the prefabricated
crack. And the secondary wing cracks that have formed
around the lower-end wing crack are all propagating along
the weak surface. Tensile stress initiates and propagates wing
cracks, which dominate the macroscopic secondary wing
cracks on the specimen’s weak surface at the right lower
corner. As the load increases, upper secondary wing cracks
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(© (d)

FIGURE 6: Elastic modulus and internal principal stress distribution in sandstone during the initial loading stage. (a) Elastic modulus; (b)
max principal; (c) maximum shear stress; (d) minimum principal stress.

TABLE 2: Results of numerical sample simulations for compressive
strength and elastic modulus.

Crack dip angle =~ Compressive strength Elastic modulus

) (MPa) (GPa)
a=0° 32.27 82.49
a=15° 35.01 87.20
a=30° 40.33 93.54
a =45 42.71 98.62
a=60° 49.75 101.34
a=75 56.30 103.23
a=90° 64.32 107.74

begin to crack, and the wing cracks near the tips of the
prefabricated cracks eventually spread the joints in a straight
line. Moreover, the upper end near the wing cracks and the
cementation point (weak surface) of the sandstone produce
shear failure and cause funnel-shaped damage between
joints and cracks. The generation of macroscopic shear zones
in sandstone was associated with the accumulation of tensile
failure elements, as seen in Figure 8(b), and the fractures
finally penetrated. When a=30" and o =45", the wing crack
starts at the tip of the prefabricated crack and propagates
along the direction perpendicular to the tip of the pre-
fabricated crack. The crack development trend of the two
models in the early stage was similar. However, with the
increase of load, a wing crack was initiated near the weak
surface of the lower right part of the prefabricated crack at
a=45". Due to the hindrance action of the internal

sandstone matrix, the crack did not continue to expand.
Instead, the macro secondary wing crack was suddenly
initiated at the upper left part of the crack tip. Because tensile
stress is constantly acting at the tip of the wing crack, the
final specimens will undergo shear failure along the wing
cracks and joint ends. In the later stage, the secondary wing
cracks will penetrate the specimen, causing it to split axially.
When a=60°, the wing cracks begin to fracture along the
prefabricated crack’s tip and expand in the direction of the
maximum primary stress. With the increase of load, multiple
intermittent secondary cracks are initiated in the opposite
direction of the wing crack that has already expanded in the
lower part of the prefabricated crack. Furthermore, a
macroscopic shear zone is also generated, causing the crack
to penetrate. When « = 75 the propagation path of the wing
crack at both ends of the fracture is similar, but the crack
propagation at the lower part is faster. With the increase of
load, the lower left part begins to rupture in patches,
meantime the upper part breaks in shear. When a=90°,
cracks initiated at the upper and lower joints of the speci-
men, and the prefabricated crack tip did not produce a
significant mechanical response, which is different from the
research of Li et al. [15]. In the study by Li et al. [15], the
crack started along the tip of the prefabricated crack and
caused the final penetration to produce axial splitting failure.
Because this study considered the microscopic uniformity of
the rock, the crack along the weak surface initiation and
expansion occurs at the place, which eventually leads to
splitting and failure of the sample.



Mathematical Problems in Engineering

110
165 J413  J14
' .
105 / 4
B - 60
%:'v —4 1.2 =413
=455
100 = / 111 H12
= 1s50% =1 =
S a, S ﬁ
S| 'Y — 45 N S S}
=409 4 10
- 40
135 H08 A9
4130 —40.7 —48
80 " L " L " L L L " L
0° 15° 30° 45° 60° 75° 90°
a(®)
-m— O, —,— Lietal (E)
¥ E —o— Lietal (0)
FIGURE 7: Numerical model compressive strength and elastic modulus.
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FIGURE 8: The fracture process’ acoustic emission development and elastic modulus diagram. (a) Elastic modulus evolution diagram of
sandstone fracture process; (b) AE evolution diagram of sandstone fracture process.

3.3. Analysis on the Evolution Characteristics of Acoustic
Emission Distribution. Acoustic emission (AE) is a transient
elastic wave caused by the quick release of sound source
energy as microcracks in the rock form and expand. Every
microscopic fracture will produce acoustic emission phe-
nomenon, and it is a measurable response of rock defor-
mation under load, as a result, it is a useful tool for studying
how rock’s interior damage develops [30]. The failure of each

element is regarded to be the source of an acoustic event in
RFPA?P. RFPA?" can be utilized to model acoustic emission
activities because the rock discharges its stored elastic energy
all through the fracture process [16-18]. As the rock fracture
process can be characterized by the acoustic emission
evolution, the damage progression characteristics of the rock
can be investigated in depth by measuring the number of
damaged elements and the released energy. The relationship



among the AE energy, stress, and accumulated AE energy of
the specimen under different loading conditions with the
loading step is shown in Figure 9.

The load-step number and acoustic emission-step
number curve of the specimen is related to its failure mode.
At the initial stage of loading, since there is no element
damage, the accumulated AE energy and the AE count are
both 0. The stress increases linearly when the loading step is
increased. There is a visible stress reduction after peak
strength, yet there is still residual strength.

There are two situations in which the process takes place:
The rupture modes of «=0° and a =30 are roughly the same.
When the load is located in the elastic stage, the AE signal has
appeared. At the same time, element damage occurs inside the
sample, and a small sharp increase in AE occurs successively. As
the load increases, dense microcracks and acoustic emission
signals appear in the sample. When the load reaches the peak
stress, the microcracks extend and expand, and the cumulative
AE increases roughly exponentially. After the peak stress, stress
enters the falling stage, and the microcracks in the sample
rapidly expand until they penetrate. There are still many acoustic
emission events, and the sample is not completely destroyed.
There was no acoustic emission signal in the other samples at the
beginning of loading. With the load is continuously applied,
when the stress approaches its maximal value, the AE count rises
sharply and reaches its maximum. At this time, the crack extends
rapidly, the internal crack of the sample penetrates, and the
sample is completely destroyed. After the peak, there is still a
slight surge in acoustic emission. When «=90°, the sample
penetrates instantaneously at the peak stress, and the internal
damage is the most severe (Figure 9(g)).

3.4. Fractal Characteristics. Fractal damage theory is pro-
posed by [31]. Fractal theory can assist and explain the
failure mechanism of rock masses by quantitatively de-
scribing complex objects in nature [31-35]. Xie and Sun
study shows that the whole process of rock from crack
initiation to final failure has fractal characteristics [36].
Because the box dimension with self-similarity is simple to
compute, we used it to characterize the failure evolution of
rocks in the study, which is described as [31, 37]

lgNr, (A)

Igl/ry ©)

Ds = lim

k—00

where Ds is the rock damage area’s fractal dimension, ry is
the generated shrinking sequence with the square box size of
the element, and the number of grids required to cover the
target set A with a square box of size r; with the minimum
number of grids is Nri(A).

This study is based on the MATLAB platform, using the
self-developed digital image and data analysis system of
pores and fractures [17] to analyze the acoustic emission
graphs at various dip angles and stress levels (as shown in
Figure 10). The fractal dimension fitting curve of the rock
damage area is shown in Figure 11, the correlation coeffi-
cient R* =0.9730, and the fractal dimension Ds = 1.153. This
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demonstrates that the microscopic scale fracture distribu-
tion of sandstone has good self-similarity, and the fractal
dimension is very convincing. Table 3 shows the calculation
results of fractal dimension and acoustic emission energy of
numerical samples under different stress levels.

Figure 12 depicts the link between AE energy and
various levels of stress. Furthermore, if the stress level is less
than 60%, the AE energy curve’s amplitude in each set of
azimuth angles is quite gentle, and change tends to follow a
consistent pattern. When the stress level is greater than 70%,
the sample’s AE energy curve rapidly rises and maxima at
a=90°, followed by the sample, when « =75" and o =60". As
aresult, when a = 90°, the energy produced by the sandstone
sample’s fracture is the highest, internal damage is the most
severe, and ultimate damage is the most serious.

As seen in Figures 13 and 14, with increasing stress levels
at all azimuth angles, the fractal dimension continues to
increase. The fractal dimension and the load of the rock
damage zone have a positive association. In addition, the rise
in fractal dimension is timed to coincide with the change in
damage. Figure 14 describes and confirms the influence of
the prefabricated crack inclination on damage degree of
jointed sandstone from a fractal perspective. When the stress
level is 10%, Ds = 0, and the sandstone sample is in the linear
elastic stage, indicating that the sample has not been
damaged. When the stress level is less than 20%, the Ds of the
samples will rapidly increase. As the stress increases and the
Ds of each sample increases linearly when the stress level is
above 30%. Finally, the Ds value of a=90" is 1.86 when the
stress level is 100%, which is the crest value. The Ds value of
a=0"is 1.41, which is the least value. Analyzing Figures 9
and 12, it concludes that the final rupture mode of the
sample is the most complicated when a=90". Besides, it
releases the most energy (Figure 12), the internal damage is
the most severe, and the ultimate damage is the most serious,
so the Ds is the largest. At a = 0°, the crack is perpendicular to
the middle part of the prefabricated crack and starts to crack
and transfixion, the final fracture mode is the simplest with
the least energy released (as shown in Figure 12) and the least
damage, so the fractal dimension is the smallest. For other
samples with prefabricated cracks, the fractal dimension is
between a=90" and a =0". As a result, the bigger the Ds, the
more severe, the sample damage is, and the more complex,
the eventual failure mode is.

In summary, the fractal research results show rock me-
soscale failure evolution process is fractal, and the damage
degree of rock failure can be characterized by fractal dimension.
Thus, using the box dimension to the rock fracture process
analysis based on the acoustic emission field is very effective,
the presented method does not take into account a large
number of rock mechanics parameters, making it a simple and
effective new method for evaluating mesoscale rock damage
evolution. Therefore, we may use the method presented in the
study to calculate the fractal dimension and evaluate the
damage characteristics of rock mesoscale failure, so as to reveal
the understanding of the mechanism of rock crack
propagation.
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TaBLE 3: Calculation results of AE energy and fractal dimension of specimens under different stress levels.
Stress level
Numerical 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
sample
w=0 AE 0 1 18 22 33 65 73 78 82 102
B Ds 0.92 0.88 1.05 1.10 1.20 1.26 1.29 1.36 1.37 1.41
o=15 AE 0 7 28 42 63 71 86 91 98 116
- Ds 0.84 0.88 1.02 1.09 1.19 1.27 1.31 1.35 1.39 1.47
o= 30° AE 0 18 19 24 38 55 67 88 92 106
B Ds 0.83 0.90 1.04 1.12 1.18 1.24 1.28 1.34 1.39 1.45
o = 45° AE 0 7 18 34 49 66 71 80 95 102
B Ds 0.83 0.86 0.92 0.96 1.06 1.153 1.27 1.35 1.42 1.48
o= 60° AE 0 5 9 11 14 30 32 72 96 149
B Ds 0 0.54 0.95 1.14 1.24 1.31 1.40 1.64 1.76 1.70
— 750 AE 0 5 7 12 16 33 51 92 112 177
*= Ds 0.85 0.82 0.86 0.93 1.05 1.20 1.34 1.41 1.50 1.59
o = 90° AE 0 2 5 10 24 44 58 114 154 193
B Ds 0.87 0.84 0.89 0.99 1.13 1.27 1.40 1.50 1.60 1.86
1.0 -

AE energy (J)

0 20 40 60 80 100
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FIGURE 12: Relationship between stress level and AE energy at various azimuths.
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4. Conclusion

To systematically explore the mesoscopic damage evolution
mechanism of jointed sandstone, DIP, micro-CT scanning, and
numerical simulation experiments were used. Using DIP and
RFPA*” software, a numerical model based on real meso-
structure is created to investigate the fractal behavior of me-
soscale failure in sandstone, and the model is applied to
characterize the damage evolution, crack propagation, and
failure mode of rock fracture. The following are the primary
conclusions:

(1) Anisotropy is seen in the elastic modulus and
compressive strength of jointed sandstone with
varied prefabricated cracks. As the inclination of the
crack increases, they all change linearly. There are
three types of final cracking modes of the sample
under uniaxial compression: from the tip of the
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prefabricated crack (a=15", a=30°, a=45", a=60",
a=75"); from the middle of the prefabricated crack
initiation of cracks (a«=0"); cracks from the joints
(=90°).

(2) A digital image-based rock microscopic scale frac-
ture box dimension algorithm was written with
MATLAB software. It can quantitatively evaluate the
damage evolution process of jointed sandstone with
different prefabricated fractures. The conclusion is
that as the fractal dimension gets larger, the crack
propagation gets more fully, and the rock damage
degree gets higher.

(3) In this study, the Ds value of & =90" is 1.86, and the
failure mode is the most complicated. The Ds value of
a=0"is 1.41, and the fracture mode is the simplest.
Fractal dimension of other prefabricated fracture
angle specimens is between these two values. The
fractal dimension can be efficiently used to charac-
terize the samples’ final failure mode. The bigger the
Ds, the more severe the sample damage is, and the
more complex the eventual failure mode is.

(4) In a further stage of the research, a three-dimensional
numerical model of the true microstructure of sand-
stone with various prefabricated cracks will be created,
and its macroscopic failure and mesoscopic evolution
mechanisms will be thoroughly investigated.
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In gob, the caved gangue is in a state of long-term bearing deformation with obvious time-dependent effect, even though the coal
seam has been mined for a long time. As time goes on, because of the excessive deformation of caved gangue, the gob surrounding
rock will easily aggravate the structural instability and cause dynamic disasters, such as mine water inrush and surface collapse. If
the gob is filled with water, the bearing capacity of the caved gangue in waterlogged environment will be worse than that in dry
environment, which will greatly increase the possibility of disasters. In order to study the bearing deformation characteristics of
caved gangue under different moisture conditions, a testing system used for bearing deformation testing of caved gangue is
developed. The typical caved gangue is chosen for samples. In view of the particle size distribution characteristics and stress state of
caved gangue, the size distribution of caved gangue obeys the law of normal distribution and the load pattern is designed to step
load. With the increase of axial load, the axial deformation of caved gangue increases gradually, the residual bulking coefficient
decreases gradually, which are more obvious in load stage than in constant load stage. In the early constant load stage, the axial
deformation of caved gangue grows rapidly, then tends to be slow and steady gradually; the relationship between strain and time
meets the logarithmic relationship. In load stage, the D-value of axial strain decreases gradually along with the increase of axial
load, whereas in constant load stage, it is opposite; the bearing deformation of caved gangue is consisted of two parts: in-
stantaneous compression deformation and long-term deformation. For instantaneous compression deformation, the water acting
as the lubricant promotes the compressive strain of caved gangue specimen and is conducive to rotation and slipping between each
rock block. For long-term deformation, meanwhile, the water acting as the softening agent reduces the strength of the rock block
and is conducive to the crushing of the rock block. The newborn rock blocks may slip and fill the gap between rock blocks, which
also promotes the compressive strain of caved gangue specimen. The research results have important significance for forecasting
and controlling the movement and deformation of overlying strata caused by mining.

1. Introduction

There are three distinct zones (caved zone, fracture zone, and
continuous deformation zone) of disturbance in overlying
strata when the coal seam roof is controlled by caving
method, based on the deformation and failure characteristics
of overlying strata [1-7]. The caved zone is filled by the caved

gangue composed of an immediate roof and part overlying
strata [8, 9], as shown in Figure 1. The vertical height of the
caved zone with a highly irregular shape and different
granular caved gangue can reach 4-11 times the mining
height [10, 11]. The caved gangue is gradually compressed by
the overburden load resulting from mining disturbance,
which supports the deformable upper rock strata [12, 13].
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FIGURE 1: Overlying strata failure mode after mining.

Therefore, the variable load compaction of caved gangue in
gob directly determines the movement of the upper strata.

The caved gangue in gob can be treated as a porous
medium consisting of caved gangue blocks generated by
caving, pilling, and recompressing [14]. Due to the non-
uniform stress distribution in a gob, the degree of com-
paction of caved gangue mass varies with location and time,
resulting in a variable load compaction. It is well known that
the mining-induced gob stress profile near the working face
region varies with the mining direction [15-17], as shown in
Figure 2. Apparently, the gob close to the working face has a
relatively low-stress situation due to the existence of hy-
draulic supports and the overburden hinge structure.
Moving away from the working face towards the gob, the
load carried by the caved gangue gradually increases, which
results in a progressive compaction of the loosely packed
rocks. The stress level of the caved zone far away from the
working face almost recovers back to the original in-situ
value and the gob was fully compacted. The caved gangue is
in a state of long-term bearing deformation with obvious
time-dependent effect, even though the coal seam has been
mined for a long time. As time goes on, because of the
excessive deformation of caved gangue in gob, the gob
surrounding rock will easily aggravate the structural in-
stability and cause dynamic disasters, such as mine water
inrush and surface collapse [18-20]. If the gob is filled with
water, the bearing capacity of the caved gangue in water-
logged environment will be worse than that in dry envi-
ronment, which will greatly increase the possibility of
disasters. Thus, it is essential to study the bearing defor-
mation characteristics of caved gangue in gob under load,
especially with different moisture contents. The results are
difficult to obtain by field observation. Because of the
concealment of underground excavation engineering, lab-
oratory testing becomes an effective way to solve this
problem [21-33].

In the process of laboratory testing, the bearing defor-
mation characteristics of caved gangue are mainly influ-
enced by the own characteristics of specimens and the
properties of experimental device. The own characteristics of
specimen include compressive strength, particle size, par-
ticle size distribution, and moisture content. The properties
of experimental device include the size of test vessel, load
method, and measuring accuracy. Based on partial influ-
encing factor, some scholars have carried out a series of
studies on the caved gangue [34-39]. These studies signif-
icantly contribute to the understanding of bearing
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deformation characteristics of caved gangue. However, the
small effective volume of the existing experimental devices is
the common defect. With the increase of particle size of
caved gangue, the problem of boundary effect will become
more and more prominent. Moreover, the patterns of
particle size distribution of caved gangue are varied, and the
existing studies are mainly focused on single particle size
distribution, uniform particle size distribution, and con-
tinuous particle size distribution. In this study, in order to
study the bearing deformation characteristics of large-size
caved gangue, a testing system used for bearing deformation
testing of large-size caved gangue was developed. The typical
sandstone from the roof was chosen for specimens. In view
of the particle size distribution characteristics and stress state
of caved gangue in caved zone, the size distribution of caved
gangue obeyed the law of normal distribution, and the load
method was designed to step load. The research results have
important significance for forecasting and controlling the
movement and deformation of overlying strata caused by
mining.

2. Testing System and Scheme

2.1. Testing System. The testing system used for bearing
deformation testing of large-size caved gangue is consisted
of load support bracket, load head, testing chamber, servo
control system of displacement and load, servo control
system of water pressure and water yield, and operating
deck, as shown in Figure 3. (1) Load support bracket is
consisted of base, frame, supporting structure of hydraulic
cylinder, reaction frame, which plays the role of fixed, and
supporting action. (2) Load head is connected to hydro-
cylinder by connecting rod. (3) Testing chamber is cylindric,
the effective size are 400 mm diameter and 680 mm high. In
order to facilitate the filling of caved gangue specimens, the
testing chamber is composed of two compartments. (4)
Servo control system of displacement and stress can control
the load head by setting displacement or load. The meter full
scale of displacement is 400 mm, and the accuracy is
0.01 mm. The maximum load is 600 KN, and the accuracy is
0.01KN. (5) Servo control system of water pressure and
water yield can fill the testing chamber with water by setting
water pressure or water yield. The maximum water pressure
is 2MPa, the maximum water supply is 150 L/h, and the
accuracy is 0.01 MPa. (6) Operating deck is fully automated,
five basic parameters can be collected into a database in real
time, such as time, displacement, load, water pressure, and
water yield. The maximum sampling frequency is 10HZ.

2.2. Testing Scheme

2.2.1. Particle Size Distribution. The rock specimens are
sandstone from the gob of Daizhuang coal mine, which is
located near Jining city, Shandong Province, China. Some
basic parameters are shown in Table 1. Considering the scale
effect, the ratio between the diameter of caved gangue
specimen and the maximum particle size of caved gangue
should be greater than or equal to 5 [40-42]. Because the
internal diameter of testing chamber is 400 mm, the
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FIGURE 3: Testing system used for bearing deformation testing of large-size caved gangue.

TaBLE 1: Basic parameters of sandstone.

Moisture Uniaxial compressive Tensile strength Modulus of elasticity ~ Poisson’s  Density (kg/ Moisture content
condition strength (MPa) (MPa) (GPa) ratio m>) (%)

Dry 96.78 7.5 16.1 0.199 2565.6 0

Water saturated 87.21 7.2 15.2 0.209 2578.8 0.516

maximum particle size of caved gangue could be tested is
80 mm. In order to minimize the influence of size effect on
the testing results, the maximum particle size of the caved
gangue selected in the test is determined to be 40 mm. The
caved gangue is divided into 7 categories by the particle size,
which are 5-10mm, 10-15mm, 15-20 mm, 20-25mm,
25-30 mm, 30-35 mm, and 35~40 mm, as shown in Figure 4.
In this article, the size distribution of caved gangue speci-
mens for testing obeys the law of normal distribution. In a
complete caved gangue specimen, according to the particle
size of caved gangue from small to large, the mass fraction of
7 categories is 5%, 10%, 20%, 30%, 20%, 10%, and 5%, re-
spectively, as shown in Figure 5. For the caved gangue with a

certain particle size, the relation between the mass fraction
and particle size is as follows:

ﬂe—zw—z)z/w]él2 (1)
10.761v/7/2 ’

where A is the mass fraction of the caved gangue with a
certain particle size (%) and D is the minimum of the caved
gangue in a certain particle size (mm).

The actual height of caved gangue specimen is 655 mm,
and the total mass is 110kg. The initial bulking factor of
caved gangue specimen is 1.901, and the voidage is 0.901. The
assembled caved gangue specimen is shown in Figure 6.

The initial bulking factor of caved gangue (K) is given by

A =4.885+
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where K is the initial bulking factor of caved gangue, V| is
the volume of complete rock, and V, is the volume of caved
gangue produced by complete rock in the state of natural
accumulation.

The initial voidage of caved gangue (P) is given by

=K-1, 3)

where P is the initial voidage of caved gangue.
The residual height of caved gangue specimen after the
bearing deformation testing (h,) is given by

hy =hy-u, (4)

where h, is the residual height of caved gangue specimen
after the bearing deformation testing (mm), h, is the initial
height of caved gangue specimen (mm), and u is the de-
formation of caved gangue specimen (mm).
The residual bulking factor of caved gangue specimen
after the bearing deformation testing (K,) is given by
hy-S
K, = ,
Vo

(5)

where K, is the residual bulking factor of caved gangue
specimen after the bearing deformation testing and S is the
area of testing chamber, 125600 mm?®.

FIGURE 6: Assembled caved gangue.

2.2.2. Load Method. The pressure acting on the caved
gangue in gob is mainly from overlying strata. The pressure
value is directly related to the height of the fractured
overlying strata and increases with the increase in the height
of the fractured overlying strata. In the time interval of two
adjacent roof weightings, the pressure acting on the caved
gangue in gob is basically unchanged, which is equal to the
self-weight stress of total fractured overlying strata. During
the roof weighting, the pressure acting on the caved gangue
in gob will increase rapidly, and the increment is equal to the
self-weight stress of generated fractured overlying strata. So
the pressure acting on the caved gangue in gob is stair
stepping, which provides evidence for designing the load
method in the bearing deformation testing of caved gangue
in gob. The load method is divided into 2 stages, namely,
load stage and constant load stage. In load stage, the load
speed is 0.5 kN/s. In constant load stage, the constant load is
100kN, 200kN, 300kN, and 400 kN, respectively; the du-
ration of each constant load is 4 hours. Before the formal
testing, a preload of 20 kN is applied to the caved gangue in
gob specimen until the deformation is constant, which needs
about 15 minutes. The load method of a complete testing is
shown as Figure 7.

3. Testing Results and Analysis

3.1. Bulking and Deformation Characteristics. The parame-
ters of caved gangue specimens during different testing stage
are shown in Table 2. With the increase of axial load, the
axial deformation of caved gangue specimen increases
gradually, as shown in Figure 8(a). The final deformation of
caved gangue specimen under dry condition and water-
saturated condition is 74.07 mm and 91.00 mm, respectively,
and the corresponding strain value is 113.1x10-3 and
138.9x10-3, respectively. The residual bulking factor of
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TaBLE 2: Parameters of caved gangue specimens during different testing stage.

. . Residual
. Deformation Strain bulking factor
Moisture Testing stage Initial Final
condition § stg futd na D-value  Accumulated Fitting formula of Initial ~ Final
value value . 3 - R-square
(mm) strain/10 strain-time value  value
(mm) (mm)
20-100 kN load 0 20.82 20.82 31.8 — — 1.901 1.840
100kN 20.82 23.01 2.19 351 £=33.77+0251Int 0.982 1.840 1.834
constant load
100-200kN 23.01 38.38 15.37 58.6 — — 1.834 1.789
load
200 kN 38.38 42.23 3.85 64.5 £=59.72+0.851In ¢t 0.970 1.789 1.778
constant load
Dry 200-300kN 42.23 54.47 12.24 83.2 — — 1.778 1.743
load
300 kN 54.47 59.67 5.20 91.1 £=86.37+091Int 0.973 1.743 1.727
constant load
300-400kN 59.67 68.88 9.21 105.2 — — 1.727 1.701
load
400kN 68.88 74.07 5.19 113.1 £=10990+0.591Int 0.941 1.701 1.686
constant load
20-100 kN load 0 21.27 21.27 32.5 — — 1.901 1.839
100 kN 21.27 25.30 4.03 38.6 £=34.24+0.80 In ¢t 0.996 1.839 1.827
constant load
100-200 kN 25.30 45.10 19.80 68.9 — — 1.827 1.770
load
200kN 45.10 53.19 8.09 81.2 e=71.64+1751Int 0.995 1.770 1.746
Water constant load
Saturated 200;3:(;) kN 53.19 64.26 11.07 98.1 — — 1.746 1.714
300kN 64.26 72.61 8.35 110.9 £=101.66+1.691Int 0.995 1.714 1.690
constant load
300-400kN 72.61 81.75 9.14 124.8 — — 1.690 1.663
load
400kN 81.75 91.00 9.25 138.9 £=12863+192Int 0.994 1.663 1.637

constant load

Notes: ¢ is the accumulated strain of caved gangue specimen, x107>, ¢ is the hold time in each constant load stage, min.

caved gangue specimen under dry condition and water-
saturated condition decreases gradually, which changes from
1.901 to 1.686 and from 1.901 to 1.637, respectively, as shown
in Figure 8(b). The axial deformation in load stage is more
obvious than that in constant load stage, which accounts for
77.8% of total deformation under dry condition and 67.6%
of total deformation under water-saturated condition. The

testing results indicate that the water promotes the com-
pressive strain of caved gangue specimen obviously.

In order to show the change of the axial deformation of
the caved gangue specimens in constant load stage intui-
tively, the axial strain-time curves are made, as shown in
Figure 9. The fitting formulas of strain-time curves in dif-
ferent constant load stages are shown in Table 2. The



6 Mathematical Problems in Engineering

1.90 4
80 -
E — | 1.85 4
‘E’ 60
| B
5 £ 1.80 4
= &
E 40 2 175 4
g 2 -
< 3
= A 170 4
% i
Z 20
1.65 -
04
T T T T T 1 160 T T T T T 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (min) Time (min)
—— Dry condition —— Dry condition
—— Water-saturated condition —— Water-saturated condition
(a) (b)

FIGURE 8: Axial deformation-time curve and bulking factor-time curve of caved gangue specimens. (a) Axial deformation-time curve. (b)
Bulking factor-time curve.

36 -

& o
5 5
£ 11 z
233410 g
» g 7
i
]
329 ¢
31 T T T T T 1 58 T T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)
—o— Testing curve —o— Testing curve
—— Fitting curve —— Fitting curve

(a) (b)

FiGure 9: Continued.



Mathematical Problems in Engineering 7

92 ~ 114 -
113
112 A
111 A
5 T 110 4
£ FRURE
5 8 g
& % 108 4 &
107 4 §
106 - ¢
105
82 T T T T T 1 T T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)
—o— Testing curve —o— Testing curve
—— Fitting curve —— Fitting curve
(© (d
39 82
38 1 80 4
37 - 78
S 361 2 76 -
g k=
g %] £ 74 -
w w
34 |
i 72 4
33 i 8
! 70 4 ¢
32 A
T T T T T 1 68 T T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)
—o— Testing curve —o— Testing curve
—— Fitting curve —— Fitting curve
(e) ()
112
140 -
110
138 -
108 ~ 136 4
T 106 o ‘7:3 134
E 104 - E 132 4
& £
< 102 4 @ 130 4
100 - 128 -
126 -
98 4
T T T T T 1 124 T T T T T 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)
—-— Testing curve —-— Testing curve
—— Fitting curve —— Fitting curve
® (h)

FIGURE 9: Strain-time curve of caved gangue specimens in constant load stage. (a) I00kN constant load (dry). (b) 200kN constant load (dry).
(c) 300kN constant load (dry). (d) 400kN constant load (dry). (e) 100kN constant load (water saturated). (f) 200kN constant load (water
-saturated). (g) 300kN constant load (water saturated). (h) 400kN constant load (water saturated).



relationship between strain and time meets the logarithmic
relationship. The R-square of each fitting formula is greater
than 0.94. In the early stage, the axial strain increases rapidly,
then becomes gently. In the late stage, the axial strain is
unchanged basically.

The strain D-values of the caved gangue specimens in
different stages are shown in Figure 10.

(1) In load stage: From 20kN to 100kN, the axial
strain D-value is 31.8x10and 32.5x107°, re-
spectively, under dry condition and water-satu-
rated condition, which are equal basically and
indicate that the water has no effect on the
compressive strain of caved gangue specimen.
From 100kN to 200kN, the axial strain D-value
under water-saturated condition is 6.7x107
greater than that in dry condition, which indicates
that the water acting as the lubricant promotes the
compressive strain of caved gangue specimen and
is conducive to rotation and slipping between each
rock block. From 200kN to 300kN, the axial
strain D-value under dry condition and water-
saturated condition is 18.7 x10™> and 16.9x10~,
respectively; the latter is less than the former,
which is because the previous accumulated strain
under water-saturated condition is greater than
that under dry condition, and is 81.2x 107> and
64.5x 1077, respectively. From 300kN to 400 kN,
the axial strain D-value is 14.1x10’and
14.0x1073, respectively, under dry condition and
water-saturated condition, which are equal
basically.

(2) In constant load stage: In 4 constant load stages, the
axial strain D-values under water-saturated condi-
tion are all greater than these under dry condition.
According to the load from small to large, the in-
crement of the axial strain D-values is 2.8 x 1072,
6.5x107%, 4.8x107 and 6.2 x 107>, which indicates
that the water acting as the lubricant promotes the
compressive strain of caved gangue specimen and is
conducive to rotation and slipping between each
rock block. Meanwhile, the water acting as the
softening agent reduces the strength of the rock
block and is conducive to the crushing of the rock
block. The newborn rock blocks may slip and fill the
gap between rock blocks, which also promotes the
compressive strain of caved gangue specimen. It is
worth noting that the crushing of the rock blocks will
appear only when the crushing stress is greater than
the strength.

3.2. Particle Size Distribution Characteristics. After the
testing, the caved gangue specimens under dry condition
and water-saturated condition are screened and weighed
again. The changes of mass fraction of caved gangue with
different particle sizes are shown in Table 3 and Figure 11.
Under dry condition and water-saturated condition, the
mass fraction of caved gangue with the particle size of
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0-5mm increases by 5.25% and 5.85%, respectively, while
the particle size of 5-10 mm increases by 2.46% and 3.09%,
respectively. The mass fraction of caved gangue blocks with
the particle size of 10-20 mm is basically unchanged, so the
particle size of 10-20 mm can be defined as the stable particle
size. It does not mean that the load has no effect on the caved
gangue blocks with the particle size of 10-20 mm because
some caved gangue blocks have obvious new fracture marks
after rescreening, which indicates that the mass fraction of
caved gangue blocks with the particle size of 10-20 mm is
dynamically stabilized, that is, the weight of newborn caved
gangue blocks is basically equal to the weight of diminished
caved gangue blocks. Under dry condition and water-sat-
urated condition, the mass fraction of caved gangue with the
particle size of 20-25mm decreases by 3.19% and 3.32%,
respectively, while the particle size of 25-30 mm decreases
by 3.65% and 4.95%, respectively, and the particle size of
30-35mm decreases by 0.98% and 1.14%, respectively. The
mass fraction of caved gangue with the particle size of
35-40 mm is unchanged basically. The particle size distri-
bution of caved gangue specimen provide a strong evidence
that many rock blocks are broken into smaller blocks during
testing.

3.3. Bearing Deformation Mechanism. During the bearing
deformation testing of the caved gangue specimen, there will
be a greater frictional force between the inner wall of testing
chamber and the caved gangue specimen, which weakens the
transfer of axial stress, so the pressure acting on these caved
gangue blocks near the bottom of testing chamber is less
than that near the top of testing chamber [43]. Because the
diameter and height of the caved gangue specimen are
400 mm and 655 mm, respectively, the specimen is narrow
and high. The distribution of compressive stress is shown in
Figure 12.

The compressive stress of side wall of caved gangue
specimen (0,,) is given by

_PgA 1

where 03, is the compressive stress of side wall of caved
gangue specimen, p is the density of caved gangue, g is the
gravitational acceleration, y is the frictional factor between
the inner wall of testing chamber and the caved gangue
specimen, ' is the specific value of lateral compressive stress
and average vertical compressive stress, n' = 0p/0cp> Ogp 18
the average vertical compressive stress, A is the bottom area
of caved gangue specimen, L is the perimeter of caved
gangue specimen, and h is the height of caved gangue
specimen.

The vertical compressive stress of caved gangue speci-
men (o) is given by

4x°
a:ab[1+2y§+2 (l+y§)(u§—u27)], (7)
where y, is the internal friction coefficient of caved gangue
specimen p, = tan ¢, ¢ is the deflection angle of principal
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FIGURE 10: Strain D-values of the caved gangue specimens in different stages. (a) Different load stages. (b) Different constant load stages.

TaBLE 3: Changes of mass fraction of caved gangue with different particle sizes before and after the testing.

Mass fraction (%)

Particle size Dry Water-saturated

Before testing After testing D-value Before testing After testing D-value
0-5 0 5.25 5.25 0 5.85 5.85
5-10 5 7.46 2.46 5 8.09 3.09
10-15 10 10.21 0.21 10 10.43 0.43
15-20 20 20.08 0.08 20 20.25 0.25
20-25 30 26.81 -3.19 30 26.68 -3.32
25-30 20 16.35 -3.65 20 15.05 -4.95
30-35 10 9.02 -0.98 10 8.86 -1.14
35-40 5 4.82 -0.18 5 4.78 -0.22
axis in the polar stress diagram near the side surface of caved
30 1 gangue specimen, b is the diameter of caved gangue spec-
- imen, and x is the distance between the calculation point of
vertical compressive stress value and the center of caved
g 20 - gangue specimen.
g Caved gangue in gob is noncohesive materials and their
g s particles are generally of convex polyhedron shape. The
P contact between particles can be categorized as angle to face
S 10 contact and angle to angle contact [44, 45]. A single rock
block represented by letter “j” is taken as the object of study,
5 | assuming that there are n contacts between rock block “”
and other rock blocks in the caved gangue specimen. Under
0 . . . . . . . . , load, the force and contact area of the ith contact are P; and

0~5 5~10 10~15 15~20 20~25 25~30 30~35 35~40 d;, respectively (i=1, 2, .. ., n). If there are m contacts on one
contact surface labeled “A” of rock block “”, then m <n, as
shown in Figure 13.

The normal stress (0 ,) and shear stress (7,) acting on the

contact surface labeled “A” are given by

Particle size (mm)

—m— Before testing
—o— After testing (Water-saturated)
—a— After testing (Dry)

P,
—sin a;,
d;

M§

(8)

FiGURre 11: Curves of mass fraction of caved gangue with different
particle sizes before and after the testing.
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FiGURre 12: Compressive stress distribution of side wall and bottom
of caved gangue specimen.

FIGURE 13: Acting force on the certain contact surface A of rock
block j.

where a; is the angle of intersection of normal of contact
surface and acting force.

As a whole, the total normal stress acting on the rock
block manifests as compressive stress, which is less than the
crushing strength (o,) of rock block in the general case;
therefore, there will be no crushing between rock blocks. But
for some weakness planes, the crushing strength (o,,,) is less
than the bearing stress (o0;,,). Assuming that a total of K
weakness planes will be crushed into smaller blocks.

g 2d% (k=1,2...K). )

m =

The total of strain (¢;) caused by crushing of weakness
planes is given by
K

(= [(oh - ob )t (10)

k=1

where (} is equal to the ratio of strain to crushing stress.
In addition, the shear stress will form the tangential

stress (7;) on the surface of rock block “”. But because the
contact area is very small, the tangential stress is
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approximated as a uniform distribution. On the kth contact
surface, the moment (T';) about the barycenter of rock block

«s

j” produced by tangential stress is given by
Ty =11k O (11)

where 1, is the distance between the kth contact surface and
the barycenter of rock block “j”.

Around the barycenter of rock block “j”, a local coor-
dinate (£-7 plane) is created, the sum of tangential stress

moment vector is given by

K K
Tne = ) Tiby = ) Pysin agriy

k=1 k=1

< « (12)
Ty = Z Tyt = Z Py sin o1t

k=1 k=1

where & and 7, are the projection coeflicients of the local
coordinate, which are equal to the ratio of projection value to
original value of all shear stress, respectively.

Under the action of moments, the newborn small rock
blocks will slide and fill the gap between rock blocks, and the
resulting strain (e,) is given by

K

6=y JTk(fkdeg") + 7, d09), (13)
k=1

where 0; and 6, are the compliance in shear, which are equal
to the ratio of strain to shear stress.

So, during the bearing deformation testing of the caved
gangue specimen, the plastic deformation (,) is given by

K K
emare=Y [(dh-dh)atr Y [ Ti(5d0® + ndo)
k=1 k=1
(14)

It can be seen from the order of magnitude of the
strain that ¢, is greater than ¢, so the deformation caused
by slipping and filling the gap between rock blocks is
greater than that caused by the crushing of weakness
planes of rock blocks. That is, the major cause of bearing
deformation of the caved gangue specimen is that the
newborn small rock blocks slip and fill the gap between
rock blocks.

The bearing deformation of the caved gangue specimen
can be divided into two stages: instantaneous compression
deformation and long-term deformation. (1) Instantaneous
compression deformation: As the increase of load, the caved
gangue specimen becomes compacted gradually. The axial
deformation in load stage is more obvious than that in
constant load stage, which accounts for 77.8% of total de-
formation under dry condition, and 67.6% of total defor-
mation under water-saturated condition, the time of load
stage is short, the axial deformation will stop basically with
the stop of load, but it is inadequate and only relatively
stable. The contact between caved gangue blocks is brittle-
elastic, the changes of caved gangue blocks mainly include
crushing, slipping, and filling, which is more and more
prominent with the increase of load. (2) Long-term
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deformation: In constant load stage, the impacted crushing
of caved gangue is over, but the redistribution of stress
between rock blocks will also lead to the crushing of
weakness planes of rock blocks, causing the slipping and
filling. Under dry condition, the axial deformation in
constant load stage accounts for 22.2% of total deformation,
and under water-saturated condition, the axial deformation
in constant load stage accounts for 32.4% of total defor-
mation. By comparison, the water promotes the compressive
strain of caved gangue specimen obviously, especially in
constant load stage. The bulk strain of the caved gangue mass
is controlled by the rock particle rearrangement, including
rotation and slipping between each rock block, and the bulk
deformation of a single caved gangue block.

4. Conclusion

(1) The testing system used for bearing deformation
testing of caved gangue is developed, which is
consisted of load support bracket, load head, testing
chamber, servo control system of displacement and
load, servo control system of water pressure and
water yield, and operating deck. In view of the
particle size distribution characteristics and stress
state of caved gangue, the size distribution of caved
gangue obeys the law of normal distribution, and the
load pattern is designed to step load.

(2) With the increase of axial load, the axial deformation
of caved gangue increases gradually, the residual
bulking coefficient decreases gradually, which are
more obvious in load stage than in constant load
stage. In the early constant load stage, the axial de-
formation of caved gangue grows rapidly, then tends
to be slow and steady gradually; the relationship
between strain and time meets the logarithmic rela-
tionship. In load stage, the D-value of axial strain
decreases gradually along with the increase of axial
load, and in constant load stage, which is opposite.

(3) The bearing deformation of caved gangue is con-
sisted of two parts: instantaneous compression de-
formation and long-term deformation. For
instantaneous compression deformation, the water
acting as the lubricant promotes the compressive
strain of caved gangue specimen and is conducive to
rotation and slipping between each rock block. For
long-term deformation, meanwhile, the water acting
as the softening agent reduces the strength of the
rock block and is conducive to the crushing of the
rock block. The newborn rock blocks may slip and fill
the gap between rock blocks, which also promotes
the compressive strain of caved gangue specimen.
The research results have important significance for
forecasting and controlling the movement and de-
formation of overlying strata caused by mining.
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The propagation characteristics of blast waves and the prediction accuracy of blast vibration velocities along negative slopes are
important because those can be used to guide engineering application and theoretical research. In this paper, the wave theory was
applied to better understand the propagation mechanism of blast waves along negative slopes. Regression analysis was used for the
Sadovsky and the CRSRI blast vibration velocity prediction models during on-site operations. The magnification of peak blast
vibration velocity along a negative slope was introduced to determine the threshold altitude difference for the magnification effect
to occur. Based on this parameter, the relative errors between the two prediction models were compared. The obtained results
indicate that the superposition of incident and reflected blast waves on a negative slope creates the “slope effect” which locally
amplifies the blast vibration velocity. The relative error of the CRSRI prediction model was as small as 17.53%, demonstrating a
greater accuracy than Sadovsky’s prediction model. The magnification effect of a negative slope was observed at specific altitude
differences and was more noticeable in the perpendicular direction. This paper creates a theoretical basis for studying the

propagation mechanisms of blast vibration waves along negative slopes as well as predicting the blast vibration velocities.

1. Introduction

Blasting operations usually induce a topographic change
within the investigated area. These modifications decrease
the accuracy of the Sadovsky formula which is commonly
used for predicting the blast vibration velocity. The slope
magnification effect caused by the propagation of blast waves
over undulating terrain has become an essential part of
studying the propagation of blast vibrations during rock
slope excavations [1].

Previous studies focused on the propagation mechanism
of blast waves in rock slopes have laid the foundation for an
accurate prediction of the blast vibration velocity. Chen et al.
[2] suggested that the altitude magnification effect is caused
by the “whipping effect,” as the main frequency of the blast
wave load is equal to the natural vibration frequency of the
bench. Guo et al. [3], Soltys et al. [4], and Man et al. [5]

combined theoretical analyses with field tests and confirmed
the “slope effect” for both negative and positive slopes,
leading to an increase in the slope blast vibration velocity.
Qiu [6] considered the rock slope as a multilayered envi-
ronment and suggested that the blast waves would be
superimposed by refraction and reflection after propagating
to the interfaces of different layers. In consequence, this
would create the “interface group effect” and lead to the
altitude magnification effect.

Several studies have been carried out to accurately
predict the blast vibration velocity in terrains of varying
altitudes. Liu et al. [7], Roy et al. [8], Elevli and Arpaz [9],
and Torres et al. [10] applied Sadovsky’s formula with
modifications in the altitude difference to predict the blast
vibration velocity based on a large volume of field data. The
conclusions showed that the modified formulas generated
safer prediction results, but their solutions were not good
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supported by theoretical analysis since no normalization was
implemented. Zhu et al. [11], Faradonbeh et al. [12], and
Himanshu et al. [13] proposed a modified formula for
predicting the blast vibration velocities for sloped terrains
based on field data analysis and comparison experiment.
They performed dimensional analyses on the altitude
difference and obtained acceptable results when they ap-
plied the modified formula to practical situations. Tang [14]
and Ainalis et al. [15] used dimensional analysis and de-
duced a formula for predicting blast vibration velocity
based on the altitude difference. After applying the results
to real-life scenarios, they concluded that the prediction
error of the formula was as little as 10%. Li et al. [16] and
Kumar et al. [17] studied the blast vibration of a shaft. Their
results indicate that the altitude magnification effect had an
elevation threshold above which the blast vibration velocity
would be attenuated. Wu et al. [18] and Kim and Lee [19]
implemented the linear regression approach to generate a
predictive model for the blast vibration velocity in benched
terrains based on numerical simulations and field tests. The
results suggest that the correlation coefficient of the ob-
tained formula was higher compared to the other formulas
and could better reflect the influence of altitude difference
on the blast vibration velocity. Liu et al. [20] used field tests
as well as theoretical analyses and concluded that their
modified prediction formula performed better than
Sadovsky’s formula for terrains with a negative slope when
the altitude difference was taken into consideration. Lei
et al. [21] and Roy et al. [22] applied an already known
altitude difference correction formula and regression fitting
analysis approach and concluded that the slope coefficient
(B) decreased during the initial stage but afterwards rapidly
increased. Lu and Huetrulid [23], Agrawal and Mishra [24],
and Hudaverdi [25] analyzed the issue from different
theoretical angles and proposed a modified formula that
was better theoretically adjusted and more comprehensive
in predicting blast vibration velocity. Zhang [26] obtained a
high-precision prediction formula for bench blast vibra-
tions by analyzing the propagation mechanism of blast
waves and by associating it with the elastic wave mechanics.
Yang et al. [27] and Avellan et al. [28] studied the seismic
topographic effect of blasting on the follow-wave slope and
derived a model for predicting the blast vibration velocity
of a follow-wave slope with higher differential elevations.

The previously mentioned studies focused on the effi-
ciency of the blast waves and the prediction of blast vibration
velocities, but only some of them considered the negative
slopes. Therefore, there is a need for further research. In this
study, we investigated the propagation mechanism of blast
waves along negative slopes using the elastic wave theory.
Afterwards, we applied the regression analysis approach to
two prediction models based on the altitude difference, and
it was concluded that the prediction results of the CRSRI
model were more accurate than those of the Sadovsky
model. Finally, we introduced the magnification of peak
vibration, so that the threshold altitude difference of the
magnification effect of a negative slope could be quantified.
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2. Analysis of the Mechanism of the Negative
Slope Effect

2.1. Generation Mechanism of Seismic Waves. When ex-
plosives are detonated in rocks, a large amount of energy is
instantaneously released. The generated energy is dissipated
by shock wave overpressure, compressive stress waves, as
well as seismic waves. This causes the formation of a
crushing zone, fracture zone, and vibration zone spreading
outward from the explosion center (Figure 1). Within the
vibration zone, seismic waves will cause elastic vibrations of
the rock matrix, resulting in damage or even destruction of
the matrix structure. Therefore, it is important to investigate
the propagation mechanisms of blast waves in the vibration
zone [29].

2.2. Basic Classification of Seismic Waves. The propagation of
seismic waves in various media is affected by many factors,
and the variety of seismic waves is extremely complex.
Seismic waves propagating within a medium are called body
waves, while those propagating near the surface are known
as surface waves. The body waves can either be longitudinal
or transverse. The longitudinal waves, whose propagation
direction is aligned with the vibration direction of the
medium, cause tensile and compressive damage to the
medium, while the transverse waves, which propagate
perpendicularly to the medium vibration direction, cause
shear damage. Surface waves, on the other hand, are gen-
erally considered secondary waves which are generated by
multiple reflections of the body waves from stratigraphic
interfaces. The surface waves include Love waves and
Rayleigh waves [30] (Figure 2).

2.3. Propagation Mechanism of Seismic Waves along a Neg-
ative Slope. According to the Fermat principle, the blast-
generated seismic waves propagating in the negative slope
direction will travel along the shortest path between the blast
center and a measurement point, instead of a straight line
[31] (Figure 3).

When the seismic wave propagates along a negative
slope, the incident wave will be completely reflected from the
slope, thus forming a reflective stretching area. Assuming
that the slope is made of a homogeneous matrix, the
propagation velocity of the incident wave can be expressed
accordingly [32] as follows:

vi(t) = A f(2). (1

The propagation velocity of the reflected wave can be
expressed as follows:

v () = A f (D). )

By integrating the vector sum of the propagation ve-
locities of the incident and the reflected wave, the dis-
placement of slope particles can be calculated as follows:
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FIGURE 1: Damaged zones caused by the explosion B-charge; R,-charging radius; R,-crushing zone; R;-fracture zone.

Rayleigh wave
— Surface wave
Love wave

Blasting seismic wave
Longitudinal wave

SH wave

——> Body wave

Transverse wave
SV wave

Ficure 2: Classification of blast seismic waves.

Measure point
P Hole

Incident wave

<
Propagation direction
of blasting seismic waves
FIGURE 3: Propagation mechanism of seismic waves along a negative slope.
t In equations (1)-(3), A, is the amplitude of the incident
Ut = J o [vi (1) = v, ()]dx, wave vibration velocity, v, (t) is the propagation velocity of
. (3)  the incident wave, and v, (¢) is the propagation velocity of
=2 J. A, f (x)dx. the reflected wave. It can be observed from equation (3) that
0

a superposition of the incident and the reflected wave occurs



when they travel along the negative slope direction, resulting
in a local increase in vibration intensity.

3. Predictive Models for Negative Slopes and
Their Coefficients

Sadovsky’s and CRSRI formulas are widely used in practical
activities to predict blast vibration velocities. In this study,
regression analysis is applied to these two common models
to obtain the relative errors between the two prediction
models.

3.1. Sadovsky’s Predictive Model Coefficients
3 o
)e K( \/@) ,

R
where v is the particle peak vibration velocity, m/s; Q
represents the amount of explosive, kg; R is the distance
from the observation point to the explosion center, m; K is a
coefficient related to topographic and geological conditions;
« is the attenuation coefficient.
By applying the logarithm for both sides of equation (4),
the following formula is obtained:

\3/6
R .

If we consider that y =lgv, a=1gK, b=a, and x=Ig
(</Q/R), (5) can be transformed into a single-variable linear
function as follows:

(4)

lgv =1gK + (xlg< (5)

(6)

y =a+bx.
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The least squares method can be used to calculate the
coeflicients a and b as follows:

_n it (x::) - et Vi D1 X

a n 2 n 2 >
nyi x — (X x)
, (7)
b= e (i) Xty % = Xty Vi 2 xi.
(X xi)2 -nyi, xi2
3.2. CRSRI Predictive Model Coefficients
3 X/ 3 B
(%) (%) ®

where H is the bench height; f8 is the influence coefficient of
elevation difference; the other parameters have the same
definition as in the previous equations.

By applying the logarithm on both sides of equation (8),
the following formula is obtained:

lgv =1gK + oclg( ?) + ﬁlg( \3/1_16) (9)

If we consider that z=1gv, a=1gK, b=a, x=1g (~/Q/R),
c=p, and y=1g((~/Q/H)), equation (9) can be transformed

into a two-variable linear function as follows:
z=a+bx+cy. (10)

The least squares method can then be used to obtain the
following equations:

(11)
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When A #0, the only valid solution for M can be ob-
tained by solving the system of linear equations as follows:

M=A'B. (12)

4. Case Study

4.1. Geographical Location. The test site is in Guiyang City,
Guizhou Province, China. The surroundings are complex,
mainly comprising the low Zhongshan erosion residual hills
and depressions. Overall, the terrain is relatively flat, and the
ground elevation varies between 1330 m and 1350 m, that is,
the maximum height difference is 20 m.

Based on information from drilling logs and field
observations, the site profile consists of soil, red clay, and
plain fill. The thickness of the upper layer is 0.5-2 m, with
an average thickness of 1.0 m. The bedrock is the first and
the second section of Tszl + 2. The layers are consisted of
argillaceous dolomite, claystones, tuffaceous claystones.
The rocks are usually fractured. The site is located 60 m
away from the Guizhou e-commerce industrial park to the
east, 65 m away from a small-sized pig shed to the south,
72 m away from a single residential house, and 113 m away
from the Binyang Road to the southeast, in proximity to
residential areas to the west, and 331 m away from resi-
dential houses to the northwest. There are industrial parks,
roads, high-intensity residential housing areas, and other
similar elements located around the blasting area (Fig-
ure 4) [33].

4.2. Blasting Procedures. According to the on-site geological
conditions and blasting requirements, this test adopts a
multirow deep-hole blasting method, a hole-by-hole initi-
ation technology, and the relevant [34, 35]. Rock powdery
emulsion explosives and bulk ammonium nitrate explosives
are used in the field, and the specific blasting parameters are
shown in Tables 1 and 2.

This design points out that it is allowed to use the above
parameters in the indicated area only if the maximum single
dose of explosives is less than 21 kg. The specific delay design
is shown in Table 3.

In multirow deep-hole blasting, the triangle hole ar-
rangement is selected on the step flat plate, as shown in
Figure 5.

The initiation sequence is illustrated in Figure 5. The
numbers in the figure represent the delay time. Based on the
delay network, the movement and the throwing direction of
the explosive pile are indicated in Figure 6.

The network has a parallel connection. It registers the
electronic detonator, as well as the number of the main line
of the network. The electronic detonator clip of each hole is
connected to the main line and is firmly attached to it. After
the registration is completed, the detonation network ex-
tension is pressed. The time difference can be set manually,
and a special detonator is used for charging and detonation.
The schematic diagram of the connection between the
electronic detonators is illustrated in Figure 7.

4.3. Field Monitoring. TC-4850 and NUBOX-8016 blast
vibration meters were used during on-site operations. Both
instruments can collect data from tangential, vertical, and
radial channels (Figure 8).

Two rounds of data collection were carried out when the
test was performed. Five measurement points were selected
for each round, and ten field data records were obtained, as
shown in Table 4.

4.4. Analysis of Blast Vibration Monitoring Results. Group 1
experimental data were selected from Table 4 to plot the
vertical, tangential, and radial peak velocities according to
the distance from the blast center (Figure 9).

It can be observed from Figure 9 that for the studied
terrain with a negative slope, the peak velocities of blast
vibrations in each of the three directions generally decreased
with the increase in the distance from the blast center.
However, when the distance from the blast center was equal
to 150m and 80m, the peak velocities of blast vibration
showed local magnification in the vertical and tangential
direction, respectively. The magnification effect in the ver-
tical direction was bigger than that in the tangential
direction.

5. Analysis of the Negative Slope Effect on
Blast Vibrations

The negative slope magnification effect on blast vibration
velocity was analyzed in detail by considering that the
magnification effect in the vertical direction was more
pronounced. The first mid-vertical monitoring data were
selected for the linear regression analysis of the Sadovsky
and the CRSRI formulas.

5.1. Regression Analysis of Sadovsky’s Predictive Model.
The results of the linear regression approach for Sadovsky’s
formula are illustrated in Figure 10.

By including the regression parameters into equations
(5) and (6), equation (4) can be expressed as

5 1.05598
v= 15.9945(?) ) (13)

5.2. Regression Analysis of the CRSRI Predictive Model. To
obtain a more accurate blast vibration prediction model, the
linear regression approach was applied to the CRSRI for-
mula, and the resulting model coefficients are illustrated in
Table 5.

By including the parameters from Table 4 into equations
(9) and (10), equation (8) can be expressed as

sy —0.3571 ;5= 1.6458
I
H H

v =0.5476 ><<

The experimental data from Table 4 are included in
equations (13) and (16) to obtain predicted values by using
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FIGURE 4: Blasting area surroundings.
TaBLE 1: Layout parameters of the deep-hole blasting.
Rock type Density (t/m?) Aperture mm Hole arrangement Piercing mode Bench height H (m)
Dolomite 2.8 90 Triangle Vertical 6~8
TaBLE 2: Parameters used for the deep-hole bench blasting procedure.
E;nch}i H Resistance line Depth Ah Pitch row  Array Loaded Unit consumption  Packing One charge of
(m)g w; (m) (m) a(m) pitchb(m) length L, (m) (kg/m3) height (m)  explosives Q (kg)
6 2.5 0.5 2.5 2 2.23 10.5
7 2.8 0.5 2.8 2.5 3.41 0.35 >3.0 17.2
8 3.0 0.5 3.0 2.5 4.37 21
TaBLE 3: Delay combination scheme of hole-by-hole initiation technology.
Bench Pitch row Delay in the Array pitch Delay between the Rock properties
height H(m) a (m) hole (ms) b (m) rows (ms) prop
6 2> 20 2 30 The argillaceous dolomite has developed joints and cracks; the
7 2.8 25 2.5 40 . s .
3 3.0 25 25 45 rock mass is brittle; it is primarily weathered when crushed.

Resisitance line

0 ms 25 ms 50 ms 75 ms
O O O QO eeee
L —
£
8 — 70 ms 95 ms 120 ms 145 ms
<
i — O O O Qeee
4
115 ms 140 ms 165 ms 190 ms
O O O QO esee

FIGURE 5: Schematic diagram of the shot hole layout and the delay settings.
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~
~
0 ms 25 ms 50 ms

166 & oy

/ Schematic diagram of blasting

(5}
£ — Throwing and moving direction
(5}
2 — 70 ms 95 ms 120 ms 145 ms
<
— £7C><D O oos
%]
m —
/ 115 ms 140 ms 165 ms 190 ms

////_ O O Q O (YY)

70 ms blasting travel time line

FIGURE 6: Schematic diagram of the throwing and the moving direction of the explosion.

Connecting bayonet

The network main line

Connector L /

Detonator crural

dOoooooooo

Electronic detonator

FIGURE 7: Schematic diagram of the electronic detonator connection.

FIGURE 8: Field monitoring system.

the Sadovsky and the CRSRI formulas. The relative errors of According to Figure 10 and Table 6, the R* value for
the two formulas were calculated as Sadovsky’s prediction model is 0.526, with the average

|Predicted value — Measured value| relative error of the predicted velocity equal to 28.47%. This
Relative error = | | 100% indicates a poor correlation and large errors for this pre-

M dval . .
casuredvate diction model. In contrast, according to Tables 3 and 4, the

(15) g value for the CRSRI prediction model is 0.918, and the
and are illustrated in Table 6. average relative error is equal to 17.53%, which means that
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TaBLE 4: Blasting parameters and monitoring data.

Distance . PPV, v (cm-s™})
Data Measurement . . 6 . . 6 Max. charge weight
collection point Horlzc?ntal distance from Vert{cal distance from per delay, Q (kg) v v Y
blasting center, R (m) blasting center, H (m) v ¢ r
1 60 -4 14 0.689 0.394 0.543
2 70 -6 12 0.383 0.233 0.260
Group 1 3 80 -8 10 0.256 0.237 0.252
4 150 -8.5 12 0.321 0.200 0.207
5 155 -12 10 0.127 0.095 0.092
1 60 -4 14 0.636 0.391 0.435
2 70 -6 12 0.373 0.249 0.245
Group 2 3 80 -8 10 0.315 0.224 0.213
4 150 -8.5 12 0.407 0.248 0.217
5 155 -12 10 0.287 0.126 0.127
1.0
£
= 0.8
Ey
3 06 -
15
>
2
£ 0.4 A
o3
o
~
S 0.2 4
o
0.0 T T T T T T
60 80 100 120 140 160
Distance from blasting center R/(m)
—=— Vertical
—e— Tangential
—a— Radial
FIGURE 9: Peak vibration velocity vs. distance from the blast center.
® Equation y=a+b*x
02} ot S
Weight No Weighting
03L Intercept 1.20387 +0.739
Slope 1.05598 + 0.452
Residual Sum of 0.10161
-0.4 - Pearson’s r 0.80296
R-Square (COD) 0.64475
. 05k - Adj.R-Square 0.52633
o0
-0.6 u
-0.7 +
0.8 |
-2.0 -1.8 -1.6 -1.4 -1.2 -1.0
Ig {(Q"?)/R}
FI1GURE 10: Regression analysis based on Sadovsky’s predictive model.
TaBLE 5: Multiple regression parameters for the CRSRI predictive model.
Intercept lg{{Q1/3}/R} lg{{QUS}/H} Analysis
Value Standard error Value Standard error Value Standard error Adjusted R?

Ig v, —-0.261 5 0.4851 —-0.357 1 0.407 4 1.6458 0.420 8 0.9179
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TABLE 6: Relative errors of the predicted velocities.

PPV, v (cms™))

Predicted velocity

Predicted velocity

Relative error of Relative error of

cDozii[:ction Measzlirrelrtnent from Sadovsky’s from the CRSRI Sadovsky’s the CRSRI
P ! 4 Vr formula, (cm/s) formula, (cm/s) formula, (%) formula, (%)
1 0'%89 0%94 0'%43 0.536 7 0.749 7 22.11 8.81
2 0'%83 0%33 0%60 0.432 0 0.380 4 12.78 0.68
Groupl 3 0'%)56 0%37 0'%)52 0.351 8 0.229 8 37.44 10.24
4 0%21 O%OO 0%07 0.193 2 0.281 5 39.82 12.31
5 0.127.0.095 0.092 0.175 0 0.149 3 37.79 17.56
0 0 0
1 0'%36 0%91 0'%35 0.536 7 0.749 7 15.62 17.88
2 0'173 0'%)49 0%45 0.432 0 0.380 4 15.81 1.98
Group 2 3 0':;14 0%24 0%13 0.351 8 0.229 8 11.80 26.98
4 0407 s 0T 0193 2 0.281 5 52.54 30.84
5 0%87 0'1)26 0'1027 0.175 0 0.149 3 39.03 47.98
Average error 28.47 17.53
TaBLE 7: Peak vertical vibration velocity magnification. 0.6
Measurement Altitude (8.5, 0.4573)
4, 0. h
point difference, (m) va Vi € 0.4 | -( 0.39657)
1 4 07490536 396 97 =
7 7 2 02
2 -6 0.380 0.432 -0.119 =
4 0 38 S
3 " 0229 0351 -0.346 g 0or
8 8 91 < .
]
4 -85 0'?1 0'1293 0.457 30 0.2
0.149 0.175 -0.146
> 2 3 0 79 041
4 6 8 10 12

the CRSRI prediction model of blast vibration is more ac-
curate for negative slopes.

5.3. Analysis of Peak Velocity Magnification for the Negative
Slope. The peak velocity magnification parameter () was
used to calculate the threshold slope difference for the
negative slope magnification effect. Since the values of v,
and v4 are always positive, it is observed from equation (16)
that when v,,, > v4, then values where ¢ > 0 result in the slope
magnification effect. The formula for ¢ is expressed as [36]
Vi — V4

£ =——x100%,

v (16)

where v,, is the peak velocity calculated by the CRSRI
prediction model, and v, is the peak velocity calculated by
the Sadovsky’s prediction model. The peak blast vibration
velocities predicted using the Sadovsky and the CRSRI
models listed in Table 4 were introduced into equation (16)

Elevation difference H /(m)

FIGUure 11: Variation in peak velocity magnification with the al-
titude difference.

to calculate the peak velocity magnification at the mea-
surement points (Table 7). This allowed establishing the
relationship between the peak vertical velocity magnification
and the altitude difference (Figure 11). For visualization
purposes, all negative altitude differences were plotted as
absolute values.

As seen in Figure 11, except for the edge point (where the
altitude difference was —4 m, and the peak velocity mag-
nification was 0.3970 > 0), only when the altitude difference
was —8.5m, the peak velocity magnification was 0.4573 >0,
and the peak velocity magnification corresponding to the
other altitude differences was smaller than 0 in all cases. This
means that the altitude magnification in the vertical di-
rection occurred solely when the altitude difference reached
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—-8.5m, that is, the altitude threshold for the altitude
magnification effect was equal to —8.5m. According to
Figure 9, the magnification effect of the negative slope was
produced only for certain altitude differences, and it was
more pronounced in the vertical direction.

6. Conclusions

This study applied the wave theory to analyze the propa-
gation mechanism of blast waves along negative slopes. The
linear regression approach was used for on-site data for the
Sadovsky and the CRSRI blast vibration velocity prediction
models. To compare their relative errors, the magnification
of peak blast vibration velocity along a negative slope was
introduced to determine the threshold altitude difference for
the magnification effect to occur. The conclusions are as
follows:

(1) In terrains with a negative slope, the superposition of
incident and reflected blast vibration waves on the
slope results in the local amplification of blast vi-
bration velocity.

(2) The influence of the negative slope on the peak blast
vibration velocity should be acknowledged. The
predictions of the peak blast vibration velocity using
the CRSRI formula are more accurate when com-
pared to the other formulas.

(3) The magnification effect of the negative slope appears
only for certain altitude differences above a threshold
and is more obvious for the vertical vibration
velocity.
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The drilling and blasting method (DBM) is widely used in the excavation of tunnel engineering, and it is essential to first drill
circular holes. This paper experimentally explored the influence of bedding angles on crack propagation of shale containing a
circular hole. Specifically, the uniaxial compression tests were carried out on shale samples with a single prefabricated hole
combined with digital image correlation technology (DIC) to obtain the real-time deformation process near the macro damage.
The results show that the peak strength, global shear strain field, failure mode around the circular hole and macro crack failure
mode of shale with prefabricated circular hole are closely related to the bedding dip angle. The strength generally increases with the
decrease of the bedding angle. Two transitions of failure mode were observed at the point of 45° and 75: tensile shear mixed failure
around the circular hole (less than 45°) first transits into no damage around the circular hole (60° and 70°), and then, tensile failure
occurs around the circular hole (90°). In addition, for the cases of 60° and 75°, tensile failure away from the circular hole occurs
along the weak surface of bedding, while for the other cases, the tensile failure through the circular hole mainly occurs. These
findings have implied that the bedding angle is one essential parameter that needs to be considered for the stability of tunnel

surrounding rock.

1. Introduction

Compared with traditional rock crushing mechanical
methods (tunnel boring machines, rock breakers), the
drilling and blasting method (DBM) has the advantage of
low initial investment and cheap explosive energy and the
possibility to construct openings with different shapes and
sizes, so it is widely used in tunnel excavation [1-4]. To bury
explosives, the DBM method usually needs to drill round
holes, then clean the holes, and bury explosives for initiation
excavation [5, 6]. However, on the one hand, the manually
drilled holes can change the mechanical properties of the
rock. On the other hand, due to unavoidable factors, the site
selection of the tunnel must cross the active fault zone, where
the geological structure is strong, and the manually drilled

holes are easy to induce engineering geological disasters.
Therefore, it is of great significance to study the deformation
and crack propagation law of hole rock for the stability of
tunnel surrounding rock [7-17].

At present, the researches on the mechanical response of
rock materials with prefabricated voids mainly focus on
exploring the crack initiation, propagation, and penetrating.
Wong etal. [18] have carried out a series of experimental and
numerical uniaxial compression tests on granite samples
containing a single hole with different sizes of hole and
granite samples to study the influence of hole on the failure
modes and strength characterizations. It was found that
cracks generated near the holes do not seem to tend to
extend towards the free boundary, while first propagating
outward from the free boundary and then parallel to the free
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boundary, resulting in buckling failure. Li et al. [19] studied
the influence of preformed holes with different geometries
(i.e., size, shape, and angles) on the strength and fracture
behaviour of marble using digital image correlation (DIC). It
was found that the propagation of tensile cracks around the
holes was mainly affected by the nucleation and propagation
of cracks in the strain localization zone. Fan et al. [20]
carried out a uniaxial compression test of sandstone with a
single hole. The results showed that the hole significantly
disturbed the internal stress distribution of the hole wall and
internal stress was always intensively distributed at both
sidewalls of the hole, especially at the midpoint of sidewalls;
therefore, the spalling of rock cuttings on the sidewall can be
first observed. Wang et al. [21-23] carried out experimental
and numerical simulation studies under multiaxial stress
conditions with the help of transparent resin materials
containing spherical voids. It was found that the main
feature of three-dimensional crack propagation under
uniaxial compression is the formation of wing cracks
wrapped around the initial circular hole. In biaxial com-
pression, the shape of three-dimensional crack propagation
is qualitatively affected by the intermediate principal stress.
When the intermediate principal stress is relatively low, a
large wing crack will also be formed, and its propagation
degree is enough to split the sample. Based on DIC and wave
velocity tests, Han et al. [24] studied the effect of hole size on
the deformation and failure of 90° shale. The results found
that large hole diameter (10 mm) and medium hole diameter
(6 mm) were dominated by tensile failure, while a small hole
diameter (2 mm) exhibited mixed tension and shear failure.

Many scholars have selected granite, marble, sandstone,
and rock-like materials as their research objects to study the
influence of prefabricated cavities on the deformation and
crack propagation laws of rock materials, but few works have
considered the influence of cavities on shale with different
bedding angles. However, in tunnel engineering, shale is one
common surrounding rock material [25, 26]. Because of its
obvious layered structure, it shows significant anisotropy,
which seriously affects the safety and stability of the tunnel
[27-29]. Given this, domestic and foreign scholars have
developed the law of the influence of bedding dip on the
mechanical behaviour of intact shale. Niandou et al. [30]
summarized the failure modes of shale under compressive
load into three categories, namely, bedding plane sliding
failure mode, sliding failure mode, and shear zone failure
mode. Zhang et al. [31] conducted uniaxial compression
tests on shales in Western Hubei and Eastern Chongqing
with different bedding plane angles and found that the
failure mode varies with bedding plane angles: the tensile
failure dominates at 0" and 90°, while the failure mode is
mainly shear failure when the loading direction is at a certain
angle with the bedding plane, that is, 22.5%, 45°, and 67.5".
Hou et al. [29] conducted SEM and uniaxial compression
test on shale with different bedding angles and found that the
uniaxial compressive strength curve was approximately in
the shape of “U”: the maximum values occur with the shale
bedding angles of 0° and 90°, and the minimal value is 30°.
Yin et al. [32] summarized eight factors affecting UCS of
shale and concluded that the bedding plane has a significant
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impact. Zhang et al. [33] studied the anisotropic charac-
teristics of mechanical parameters of shale through uniaxial
compression of shale with different bedding angles. It was
found that with the gradual increase of bedding angle, the
uniaxial compression strength curve exhibits a common “U”
shape.

To date, the existing research systematically analyzes the
influence law of bedding dip angle on the mechanical be-
haviour of intact shale, but less work considers the influence
caused by the existence of holes. This paper took shale with
different bedding angles as the research object and con-
ducted uniaxial compression tests on shale samples with a
prefabricated circular hole. With the help of digital image
correlation (DIC), the changes in the global strain field
during sample loading were monitored. The influence of
bedding dip angle on the crack propagation law of shale with
a circular hole was discussed, to further provide some
technical support for the safety and stability of surrounding
rock in tunnel engineering.

2. Test Preparation

2.1. Sample Preparation. The rock samples used in the test
were collected from Changning County, Yibin City, Sichuan
Province. The rocks in this section belong to the shale of the
long-1 submember of the formation of the Lower Silurian
system. To explore the influence of bedding dip angle on the
crack propagation law of shale with a single circular hole, the
rectangular plate samples (150 x 75 %20 mm) with the in-
cluded angles between bedding plane and horizontal lines of
0°, 15%, 30°, 45°, 60°, 75°, and 90° were prepared (as shown in
Figure 1). To simulate the blast hole in DBM, the pre-
fabricated single circular hole with a diameter of 6 mm is
drilled in the geometric centre of the samples using a glass
bit. To reduce individual differences, the above samples are
prepared and processed from the same rock block. Before
the DIC test begins, considering the natural black appear-
ance of the shale, white paint of the Tamiya brand was
sprayed on the surface to form random black and white
speckles.

2.2. Introduction to DIC and Test

2.2.1. Introduction to DIC. The basic idea of the digital
image correlation method is to quantify the specific sub-
domains before and after the deformation of the sample, to
obtain the full-field deformation and strain of the sample.
Assuming that the image grayscale eigenvalue functions
before and after deformation of the sample are f, (x, y) and
f,(x',y"), respectively, and the object displacement field
functions are u(x, y) and v(x, y). Then, the coordinates
before and after image deformation are (x, y) and (x, y),
and the relationship is

x'=x+u(xy),
) (1)
y =y+v(x ).

To evaluate the similarity between the reference image
and the current image, it is necessary to compare the grey
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FIGURE 1: Schematic diagram of bedding angle of samples.

values between the two images and introduce the correlation
coefficient C to represent the similarity between the current
image after deformation and the reference image without
deformation.

C= Y1106 9) = fiml X [f2 (x5 5") = fom]
VEL &) = F VI () = fa)’

where f,(x,y) and f,(x',y') are the grey eigenvalue
functions of the image before and after the deformation, and
fim and f,,, are the grey mean values of the subregions of
the image before and after the deformation. The range of
correlation coefficient C is in the range of 0-1. The smaller
the correlation coeflicient C is, the more irrelevant the two
subdomains are; the larger the correlation coefficient C is,
the more relevant the two subdomains are. In general, when
correlation coeflicient C is at its maximum value, the op-
erator region is the target subregion. The global displace-
ment field can be obtained by calculating different
subdomains. According to the global displacement field, the
global strain field can be calculated by the Cauchy equation.
This is the basic principle of digital image technology to
obtain object displacement and strain fields [34].

(2)

2.2.2. DIC Test. The test equipment (Figure 2) consists of a
loading system, observation system, and analysis system. The
loading system adopts servo-hydraulic control, and its
maximum loading force is 600 kN. To weaken the end effect,
the vaseline was smeared on the upper and lower ends of the
sample before loading. The displacement control mode is
adopted in the test with a loading velocity of 0.2 mm/min.
The observation system consists of halogen lamps arranged
on both sides of the sample and a set of the high-speed
camera system to capture the real-time image of crack in-
cubation and evolution during loading. 300 original images
shall be taken before loading, and the post-trigger mode shall
be opened during loading at 600 frames per second. Finally,
the global strain field can be measured based on the open-
access Ncorr software [35]. Unless otherwise stated, the
calculation parameters used herein are shown in Table 1.

. 600 kN Testing
machine

camera control ||

} B

Test machine
\'|" High-speed || control system
system —

High-speed| . #f}
camera

F1GURE 2: Test equipment.

TaBLE 1: Main calculation parameters used in Ncorr.

Subset Subset Difference vector Strain
radius spacing cutoff radius
20 pixels 0 1.00E-08 5 pixels

3. Test Results and Discussion

3.1. Uniaxial Compressive Strength. Figure 3 shows the re-
lationship between uniaxial compressive strength and
bedding angle of shale with prefabricated circular holes. It
can be seen that the uniaxial compressive strength generally
shows a downward trend with the increase of bedding angle.
The compressive strength of the 15° sample is the largest, and
the uniaxial compressive strength is 147.12 MPa. The uni-
axial compressive strength of 30°, 45°, 60°, and 75° specimens
decreases gradually with the increase of bedding dip angle.
Among them, the uniaxial compressive strength of the 75
specimen is the smallest, and the test value is 40.78 MPa. The
peak strength of 90° bedding is 3.37 MPa higher than that of
75° bedding. This is different from the results of Zhang et al.
[31], He et al. [36], and Xie et al. [37] (the uniaxial com-
pressive strength is the smallest when the bedding angle is
50°, 60°, and 45, respectively). The mechanisms behind this
phenomenon are as follows: on the one hand, the mechanical
properties of shales in different regions are different [33]; on
the other hand, it is significantly affected by the prefabricated
circular hole set in the geometric centre of shale, which will
be discussed in the following section.

According to the test, the variation trend of uniaxial
compressive strength of shale with prefabricated circular
holes with bedding dip angle is obtained, and the fitting
curve is as follows:

o, = 0.000350° — 0.035626” — 0.74690 + 149.31139,  (3)

where o, is uniaxial compressive strength; 0 is the angle
between bedding and horizontal plane.
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FIGURE 3: Relationship between uniaxial compressive strength and bedding angle.

3.2. Deformation and Failure Characteristics. To explore the
influence of bedding dip angle on crack propagation of shale
with a circular hole, the global strain field evolution at the
moment of shale failure is quantitatively analyzed by using
the digital image correlation method. What should be noted
is that, for the case of 75°, a large area of the spalling area
appears along the weak bedding surface at the upper right of
the test surface, resulting in the lack of speckle data; thus, the
global strain field cannot be captured and has not been listed.
Given this, this paper only analyzes the strain of shale
samples with prefabricated circular holes at 0°, 15°, 30°, 45",
60°, and 90° and obtains the cloud charts of tensile strain field
evolution and shear strain field evolution (as shown in
Figures 4-15). The t value represents the time before
fracturing.

As can be seen from Figures 4 and 5, for the specimen
with a bedding angle of 0°, a tensile concentrated strain
region appears at the upper left, and the value of the shear
strain field corresponding to this region is large. Therefore, it
can be judged that the macro crack at the upper left is a
tensile shear failure. A tensile strain concentration area
passes through the circular hole and gradually expands along
the compressive stress direction. When it tends to fail, the
shear strain concentration appears near the circular hole.
Therefore, it can be judged that the macro crack passing
through the circular hole is dominated by tensile failure,
while the mixed failure is dominated around the circular
hole.

By observing the tensile strain field in Figures 6 and 7, it
can be seen that for the sample with an angle of 15°, at
5000 ms, the crack initiates at the upper part of the circular
hole. At 3000 ms, the tensile strain concentration area also
occurs at the upper right of the circular hole. As loading time
increases, the tensile strain concentration area gradually
extends along the loading direction. Two independent cracks
finally merge on the right side of the circular hole, and then,
instability failure occurs. By observing the shear strain field,
it can be found that the global shear strain of the sample is

large, and there is a shear strain concentration area around
the circular hole. Therefore, it can be judged that the macro
crack through the circular hole is dominated by tensile
failure, and the failure around the circular hole is dominated
by tensile shear mixed failure. Combined with the peak
strength date, when the bedding dip angle is 0° and 15°, that
is, the loading direction and bedding dip angle are large, the
mixed failure of bedding plane and shale matrix occurs. At
this time, the peak strength largely depends on the shale
matrix itself, reflecting the compressive capacity of the shale
matrix.

It can be found that when the bedding angle reaches 30°
(shown in Figures 8 and 9), the macro crack penetrating the
circular hole is mainly dominated by tensile failure, and the
global shear strain of the sample is large. With the bedding
angle further increasing to 45° (Figures 10 and 11), the
spalling failure occurs at the upper right end of the sample,
the macro crack through the circular hole is dominated by
tensile failure, and the global shear strain of the sample is
large. By comprehensively comparing the 30° and 45 strain
fields, the cementation of bedding planes with weak strength
begins to significantly affect the deformation process of rock.
In particular, when the bedding dip angle is 45°, a local
concentration area of tensile strain is generated along the
bedding angle, and as loading time increases, the local area of
tensile strain slides along the bedding angle and finally runs
through the weak bedding plane, resulting in rock instability
and failure. Therefore, the uniaxial compressive strength
decreased significantly.

Figures 12 and 13 show the cloud charts of tensile strain
field and shear strain field evolution of the sample with a
bedding angle of 60°, respectively. A tensile concentrated
strain zone is generated at the upper right side of the sample
and extends to the outside of the sample in the direction of
approximately 60°, while the shear one is relatively homo-
geneous. Therefore, it can be judged that the macro crack is
tensile (the failure mode of the sample with a bedding angle
of 75° is similar to that of 60°).
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F1GURE 4: Cloud charts of tensile strain field evolution of shale sample with bedding angle of 0° (where red represents tensile strain, blue

represents compressive strain).
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FIGURE 5: Cloud charts of shear strain field evolution of shale sample with hole bedding angle of 0° (where the t value represents the time
before fracturing, red represents positive shear strain and blue represents negative shear strain).
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F1GURE 6: Cloud charts of tensile strain field evolution of shale sample with bedding angle of 15° (where the f value represents the time before
fracturing, red represents tensile strain and blue represents compressive strain).

Observing the strain field of the 90" specimens shown in
Figures 14 and 15, it can be found that a vertical tensile strain
concentration zone penetrating a circular hole is first generated
in the centre of the shale, and then, a short vertical tensile strain
concentration zone appears on the upper right side of the
specimens, both of which are parallel to the shale bedding
angle. Since the loading direction is parallel to the bedding

plane and the bedding plane is in a tension state, a vertical
tension strain concentration zone is generated. Therefore, the
peak strength largely depends on the strength of the bedding
plane, reflecting the compressive capacity of the bedding plane.
In summary, it can be inferred that when the bedding dip angle
is greater than 45°, the specimen will slip along the weak plane
of bedding, and the peak strength is small.
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FiGgure 7: Cloud charts of shear strain field evolution of shale sample with hole bedding angle of 15° (where the ¢ value represents the time
before fracturing, red represents positive shear strain and blue represents negative shear strain).
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F1GURE 8: Cloud charts of tensile strain field evolution of shale sample with bedding angle of 30° (where the t value represents the time before
fracturing, red represents tensile strain and blue represents compressive strain).

| t = 5000 ms | | t = 1500 ms | | t = 600 ms |

F1GURE 9: Cloud charts of shear strain field evolution of shale sample with hole bedding angle of 30° (where the ¢ value represents the time
before fracturing, red represents positive shear strain and blue represents negative shear strain).
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F1Gure 10: Cloud charts of tensile strain field evolution of shale sample with bedding angle of 45° (where the ¢ value represents the time

before fracturing, red represents tensile strain and blue represents compressive strain).
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FiGure 11: Cloud charts of shear strain field evolution of shale sample with hole bedding angle of 45° (where the ¢ value represents the time
before fracturing, red represents positive shear strain and blue represents negative shear strain).
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F1Gure 12: Cloud charts of tensile strain field evolution of shale sample with bedding angle of 60° (where the t value represents the time
before fracturing, red represents tensile strain and blue represents compressive strain).
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F1GURE 13: Cloud charts of shear strain field evolution of shale sample with hole bedding angle of 60° (where the f value represents the time
before fracturing, red represents positive shear strain and blue represents negative shear strain).
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F1GURE 14: Cloud charts of tensile strain field evolution of shale sample with bedding angle of 90° (where the t value represents the time
before fracturing, red represents tensile strain and blue represents compressive strain).
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F1GURE 15: Cloud charts of shear strain field evolution of shale sample with hole bedding angle of 90° (where the t value represents the time
before fracturing, red represents positive shear strain and blue represents negative shear strain).

4. Conclusion The results provide theoretical support for the stability of

tunnel surrounding rock. The main conclusions are as follows:
In this paper, the influence of bedding angle on the strength (1) The peak strength of shale with prefabricated circular
characteristics and failure deformation of shale was explored holes is closely related to bedding dip angle. With the

through the uniaxial compression tests combined with DIC. increase of bedding angle, the peak strength first
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increases, then dramatically decreases, and finally
slightly increases. When the bedding angle is small
(0° and 15°), the peak strength of the shale mainly
depends on the strength of the shale matrix. When
the bedding angle is large (60°, 75°, and 90°), the peak
strength of shale mainly depends on the strength of
the shale bedding plane, and thus, the peak strength
is small.

(2) The global shear strain field of shale with pre-
fabricated circular holes is closely related to the
bedding dip angle. When the bedding angle is 0° and
90°, the global shear strain is small. When the
bedding dip angle is between 0° and 90°, the global
shear strain caused by the joint action of rock in-
ternal friction and bedding plane is large, and the
global shear strain is the largest when the bedding
dip angle is 30" and 45".

(3) The failure mode around the circular hole of shale
with a prefabricated circular hole is closely related to
the bedding dip angle. When the bedding angle is 0°,
15°, 30°, and 45°, the failure mode around the circular
hole is tension shear mixed failure; When the bed-
ding angle is 60° and 75, there is no damage around
the circular hole. When the bedding angle is 907,
tensile failure occurs around the circular hole.

(4) The macroscopic crack failure mode of shale with
prefabricated circular holes is closely related to the
bedding angle. When the bedding angle is 0°, 15°, 30°,
45°, and 90°, the tensile failure runs through the
circular holes are mainly produced. When the
bedding angle is 60° and 75, tensile failure away from
the circular hole occurs along the weak surface of
bedding. [37].
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