Advances and Frontiers in

Geotechnical Engineering

Lead Guest Editor: Zhuo Chen
Guest Editors: Mukhiddin Juliev, Danging Song, Junfeng Tang, Fei Luo,
and Xiangang Jiang




Advances and Frontiers in Geotechnical
Engineering



Advances in Civil Engineering

Advances and Frontiers in Geotechnical
Engineering

Lead Guest Editor: Zhuo Chen
Guest Editors: Mukhiddin Juliev, Danqing Song,
Junfeng Tang, Fei Luo, and Xiangang Jiang




Copyright © 2023 Hindawi Limited. All rights reserved.

This is a special issue published in “Advances in Civil Engineering.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Chief Editor

Cumaraswamy Vipulanandan, USA

Associate Editors

Chiara Bedon (), Italy

Constantin Chalioris (%), Greece
Ghassan Chehab (), Lebanon
Ottavia Corbi, Italy

Mohamed ElGawady (), USA
Husnain Haider (©), Saudi Arabia
Jian Ji(®), China

Jiang Jin (%), China

Shazim A. Memon (), Kazakhstan
Hossein Moayedi (), Vietnam
Sanjay Nimbalkar, Australia
Giuseppe Oliveto (), Italy
Alessandro Palmeri(), United Kingdom
Arnaud Perrot (%), France

Hugo Rodrigues (%), Portugal
Victor Yepes (), Spain

Xianbo Zhao (), Australia

Academic Editors

José A.F.O. Correia, Portugal

Glenda Abate, Italy

Khalid Abdel-Rahman (i2), Germany
Ali Mardani Aghabaglou, Turkey

José Aguiar (), Portugal

Afaq Ahmad (), Pakistan

Muhammad Riaz Ahmad (%), Hong Kong
Hashim M.N. Al-Madani (), Bahrain
Luigi Aldieri (), Italy

Angelo Aloisio (), Italy

Maria Cruz Alonso, Spain

Filipe Amarante dos Santos (), Portugal
Serji N. Amirkhanian, USA

Eleftherios K. Anastasiou (), Greece
Panagiotis Ch. Anastasopoulos (), USA
Mohamed Moafak Arbili (), Iraq
Farhad Aslani(), Australia

Siva Avudaiappan (), Chile

Ozgur BASKAN (12, Turkey

Adewumi Babafemi, Nigeria

Morteza Bagherpour, Turkey
Qingsheng Bai (), Germany

Nicola Baldo (9, Italy

Daniele Baraldi (), Italy

Eva Barreira (%), Portugal

Emilio Bastidas-Arteaga (), France
Rita Bento, Portugal

Rafael Bergillos (%), Spain
Han-bing Bian (®), China

Xia Bian (), China

Huseyin Bilgin (%), Albania
Giovanni Biondi (), Italy

Hugo C. Biscaia (), Portugal
Rahul Biswas (), India

Edén Bojorquez (), Mexico

Giosue Boscato (1), Italy

Melina Bosco (1)), Italy

Jorge Branco (2), Portugal

Bruno Briseghella(®), China

Brian M. Broderick, Ireland
Emanuele Brunesi(), Italy
Quoc-Bao Bui(l®), Vietnam
Tan-Trung Bui (), France

Nicola Buratti, Italy

Gaochuang Cai, France

Gladis Camarini(), Brazil

Alberto Campisano (1), Italy

Qi Cao, China

Qixin Cao, China

Tacopo Carnacina (), Italy

Alessio Cascardi, Italy

Paolo Castaldo (), Italy

Nicola Cavalagli (), Italy

Liborio Cavaleri(), Italy

Anush Chandrappa (), United Kingdom
Wen-Shao Chang (%), United Kingdom
Muhammad Tariq Amin Chaudhary, Kuwait
Po-Han Chen (), Taiwan

Qian Chen(®), China

Wei Tong Chen (), Taiwan

Qixiu Cheng, Hong Kong

Zhanbo Cheng, United Kingdom
Nicholas Chileshe, Australia
Prinya Chindaprasirt (), Thailand
Corrado Chisari(), United Kingdom
Se Jin Choi (%), Republic of Korea
Heap-Yih Chong(), Australia

S.H. Chu(», USA

Ting-Xiang Chu (), China



https://orcid.org/0000-0003-3875-2817
https://orcid.org/0000-0001-8283-1382
https://orcid.org/0000-0001-5779-3046
https://orcid.org/0000-0001-6928-9875
https://orcid.org/0000-0002-8600-8315
https://orcid.org/0000-0002-7616-2685
https://orcid.org/0000-0001-5898-7387
https://orcid.org/0000-0001-6625-8811
https://orcid.org/0000-0002-5625-1437
https://orcid.org/0000-0002-1318-2988
https://orcid.org/0000-0001-8453-6619
https://orcid.org/0000-0002-7105-4212
https://orcid.org/0000-0003-1373-4540
https://orcid.org/0000-0001-5488-6001
https://orcid.org/0000-0003-0153-5173
https://orcid.org/0000-0002-8385-7258
https://orcid.org/0000-0003-3954-5721
https://orcid.org/0000-0001-9427-4296
https://orcid.org/0000-0002-1251-2316
https://orcid.org/0000-0002-7480-6977
https://orcid.org/0000-0001-9300-6804
https://orcid.org/0000-0002-6190-0139
https://orcid.org/0000-0002-5815-4622
https://orcid.org/0000-0002-5613-7722
https://orcid.org/0000-0002-1555-3308
https://orcid.org/0000-0001-6045-0255
https://orcid.org/0000-0002-0505-6068
https://orcid.org/0000-0002-4289-4298
https://orcid.org/0000-0001-5016-8328
https://orcid.org/0000-0002-9782-940X
https://orcid.org/0000-0002-5627-9763
https://orcid.org/0000-0001-5741-9775
https://orcid.org/0000-0002-1343-5578
https://orcid.org/0000-0002-7370-5218
https://orcid.org/0000-0001-8674-5043
https://orcid.org/0000-0002-6901-625X
https://orcid.org/0000-0002-4126-2117
https://orcid.org/0000-0002-5261-3939
https://orcid.org/0000-0002-4130-062X
https://orcid.org/0000-0002-4791-5123
https://orcid.org/0000-0001-8697-7565
https://orcid.org/0000-0001-6402-1693
https://orcid.org/0000-0001-6537-3084
https://orcid.org/0000-0002-6901-6612
https://orcid.org/0000-0002-3976-0360
https://orcid.org/0000-0002-8002-2298
https://orcid.org/0000-0002-9702-8186
https://orcid.org/0000-0002-9675-0038
https://orcid.org/0000-0002-8279-7230
https://orcid.org/0000-0003-4536-9699
https://orcid.org/0000-0002-8664-8996
https://orcid.org/0000-0001-5567-7180
https://orcid.org/0000-0002-7956-9392
https://orcid.org/0000-0003-1575-4844
https://orcid.org/0000-0002-9036-1912
https://orcid.org/0000-0002-0445-0530
https://orcid.org/0000-0002-2218-001X
https://orcid.org/0000-0003-4025-5414
https://orcid.org/0000-0003-1237-5873
https://orcid.org/0000-0001-9599-034X
https://orcid.org/0000-0003-1062-3626
https://orcid.org/0000-0002-1638-8017
https://orcid.org/0000-0002-2142-3745
https://orcid.org/0000-0002-6080-7530
https://orcid.org/0000-0001-8650-8056
https://orcid.org/0000-0002-4036-623X

Zhaofei Chu(»), China
Wonseok Chung (), Republic of Korea
Donato Ciampa (), Italy

Gian Paolo Cimellaro, Italy
Francesco Colangelo, Italy
Romulus Costache (), Romania
Liviu-Adrian Cotfas (), Romania
Antonio Maria D'Altri, Italy
Bruno Dal Lago (), Italy

Amos Darko (), Hong Kong
Arka Jyoti Das (), India

Dario De Domenico (1), Italy
Gianmarco De Felice (), Italy
Stefano De Miranda (), Italy
Maria T. De Risi(), Italy
Tayfun Dede, Turkey

Sadik O. Degertekin (), Turkey
Camelia Delcea (1), Romania
Cristoforo Demartino, China
Giuseppe Di Filippo (), Italy
Luigi Di Sarno, Italy

Fabio Di Trapani(), Italy
Aboelkasim Diab (), Egypt

Thi My Dung Do, Vietnam
Giulio Dondi (), Italy
Jiangfeng Dong ("), China

Chao Dou (), China

Mario D’Aniello (), Italy
Jingtao Du (), China

Ahmed Elghazouli, United Kingdom
Francesco Fabbrocino (), Italy
Flora Faleschini (), Italy
Dinggiang Fan, Hong Kong
Xueping Fan, China

Qian Fang (%), China

Salar Farahmand-Tabar (), Iran
Ilenia Farina, Italy

Roberto Fedele, Italy
Guang-Liang Feng (), China
Luigi Fenu (), Italy

Tiago Ferreira (), Portugal
Marco Filippo Ferrotto, Italy
Antonio Formisano (1), Italy
Guoyang Fu, Australia

Stefano Galassi(), Italy

Junfeng Gao (), China

Meng Gao (), China
Giovanni Garcea (1), Italy
Enrique Garcia-Macias, Spain

Emilio Garcia-Taengua (), United Kingdom

DongDong Ge(2), USA

Khaled Ghaedi, Malaysia

Khaled Ghaedi (), Malaysia

Gian Felice Giaccu, Italy
Agathoklis Giaralis (), United Kingdom
Ravindran Gobinath, India
Rodrigo Gongalves, Portugal
Peilin Gong((2), China

Belén Gonzalez-Fonteboa (%), Spain
Salvatore Grasso (), Italy

Fan Gu, USA

Erhan Giineyisi (), Turkey

Esra Mete Giineyisi, Turkey
Pingye Guo (), China

Ankit Gupta (), India

Federico Gusella (), Italy

Kemal Haciefendioglu, Turkey
Jianyong Han (), China

Song Han (), China

Asad Hanif ("), Macau

Hadi Hasanzadehshooiili (%), Canada
Mostafa Fahmi Hassanein, Egypt
Amir Ahmad Hedayat (%), Iran
Khandaker Hossain (), Canada
Zahid Hossain (), USA

Chao Hou, China

Biao Hu, China

Jiang Hu(®), China

Xiaodong Hu, China

Lei Huang (), China

Cun Hui (%), China

Bon-Gang Hwang, Singapore

Jijo James (2, India

Abbas Fadhil Jasim (1), Iraq

Ahad Javanmardi (), China
Krishnan Prabhakan Jaya, India
Dong-Sheng Jeng (), Australia
Han-Yong Jeon, Republic of Korea
Pengjiao Jia, China

Shaohua Jiang (%), China


https://orcid.org/0000-0002-8804-9583
https://orcid.org/0000-0002-8071-6820
https://orcid.org/0000-0002-2575-0049
https://orcid.org/0000-0002-6876-8572
https://orcid.org/0000-0002-4192-183X
https://orcid.org/0000-0002-3088-8376
https://orcid.org/0000-0002-7978-6039
https://orcid.org/0000-0001-7838-4735
https://orcid.org/0000-0003-1279-9529
https://orcid.org/0000-0002-0917-0220
https://orcid.org/0000-0002-9624-651X
https://orcid.org/0000-0002-8882-6127
https://orcid.org/0000-0001-8885-6468
https://orcid.org/0000-0003-3589-1969
https://orcid.org/0000-0002-0477-7701
https://orcid.org/0000-0002-7578-0633
https://orcid.org/0000-0003-2843-0099
https://orcid.org/0000-0001-5587-9436
https://orcid.org/0000-0002-0677-968X
https://orcid.org/0000-0003-4258-4481
https://orcid.org/0000-0003-1369-3013
https://orcid.org/0000-0002-5050-1570
https://orcid.org/0000-0001-8712-1048
https://orcid.org/0000-0003-2126-9300
https://orcid.org/0000-0002-8148-9228
https://orcid.org/0000-0002-7520-5452
https://orcid.org/0000-0001-9231-0732
https://orcid.org/0000-0002-1442-1311
https://orcid.org/0000-0001-6454-7927
https://orcid.org/0000-0003-3592-4011
https://orcid.org/0000-0003-2341-8031
https://orcid.org/0000-0003-4476-2296
https://orcid.org/0000-0001-7886-451X
https://orcid.org/0000-0002-0842-3521
https://orcid.org/0000-0003-2847-5932
https://orcid.org/0000-0003-2890-6552
https://orcid.org/0000-0002-3919-1479
https://orcid.org/0000-0002-2952-1171
https://orcid.org/0000-0002-1727-3641
https://orcid.org/0000-0002-8856-2002
https://orcid.org/0000-0001-6902-1676
https://orcid.org/0000-0003-2666-2769
https://orcid.org/0000-0003-4665-4803
https://orcid.org/0000-0003-1789-9502
https://orcid.org/0000-0001-7137-6783
https://orcid.org/%200000-0001-6719-2519
https://orcid.org/0000-0001-5071-4018
https://orcid.org/0000-0002-4318-7712
https://orcid.org/0000-0002-0944-6290
https://orcid.org/0000-0003-2962-7723
https://orcid.org/0000-0002-7686-6957
https://orcid.org/0000-0003-3395-564X
https://orcid.org/0000-0002-7862-7167
https://orcid.org/0000-0001-9991-0087
https://orcid.org/0000-0002-2604-4250
https://orcid.org/0000-0002-1167-8066
https://orcid.org/0000-0002-0259-9681
https://orcid.org/0000-0003-0678-5227
https://orcid.org/0000-0003-0199-0918
https://orcid.org/0000-0001-9646-5205

MOUSTAFA KASSEM (1), Malaysia
Mosbeh Kaloop (5, Egypt

Shankar Karuppannan (%), Ethiopia
John Kechagias (2), Greece
Mohammad Khajehzadeh (), Iran
Afzal Husain Khan (), Saudi Arabia
Mehran Khan (i), Hong Kong

Manoj Khandelwal, Australia

Jin Kook Kim (%), Republic of Korea
Woosuk Kim (%), Republic of Korea
Vaclav Koci(5), Czech Republic

Loke Kok Foong, Vietnam

Hailing Kong (), China

Leonidas Alexandros Kouris (%), Greece
Kyriakos Kourousis (), Ireland
Moacir Kripka (%), Brazil

Anupam Kumar, The Netherlands
Emma La Malfa Ribolla, Czech Republic
Ali Lakirouhani (), Iran

Angus C. C. Lam, China

Thanh Quang Khai Lam (1), Vietnam
Luciano Lamberti, Italy

Andreas Lampropoulos (%), United Kingdom

Raffaele Landolfo, Italy

Massimo Latour (), Italy

Bang Yeon Lee (), Republic of Korea
Eul-Bum Lee (), Republic of Korea
Zhen Lei(), Canada

Leonardo Leonetti (), Italy
Chun-Qing Li(®, Australia
Dongsheng Li(%), China

Gen Li, China

Jiale Li(®), China

Minghui Li, China

Qingchao Li(»), China

Shuang Yang Li(®), China

Sunwei Li(2), Hong Kong

Yajun Li(), China

Shun Liang (), China

Francesco Liguori (1), Italy
Jae-Han Lim (12, Republic of Korea
Jia-Rui Lin (%), China

Kun Lin (), China

Shibin Lin, China

Tzu-Kang Lin (), Taiwan
Yu-Cheng Lin (%), Taiwan

Hexu Liu, USA

Jian Lin Liu(®), China

Xiaoli Liu (), China

Xuemei Liu (), Australia
Zaobao Liu (), China
Zhuang-Zhuang Liu, China
Diego Lopez-Garcia (), Chile
Cristiano Loss (), Canada
Lyan-Ywan Lu (), Taiwan

Jin Luo(®), USA

Yanbin Luo (), China

Jianjun Ma (), China

Junwei Ma (), China
Tian-Shou Ma, China
Zhongguo John Ma(»), USA
Maria Macchiaroli, Italy
Domenico Magisano, Italy
Reza Mahinroosta , Australia
Yann Malecot (), France
Prabhat Kumar Mandal (), India
John Mander, USA

Iman Mansouri, Iran

André Dias Martins, Portugal
Domagoj Matesan (2}, Croatia
Jose Matos, Portugal

Vasant Matsagar (%), India
Claudio Mazzotti (), Italy
Ahmed Mebarki (), France
Gang Mei(»), China

Kasim Mermerdas, Turkey
Giovanni Minafo (), Italy
Masoomeh Mirrashid @9, Iran
Abbas Mohajerani(), Australia
Fadzli Mohamed Nazri ("), Malaysia
Fabrizio Mollaioli (), Italy
Rosario Montuori (), Italy

H. Naderpour (), Iran

Hassan Nasir (2), Pakistan
Hossein Nassiraei (), Iran
Satheeskumar Navaratnam (), Australia
Ignacio J. Navarro(:), Spain
Ashish Kumar Nayak (%), India
Behzad Nematollahi ("), Australia



https://orcid.org/0000-0003-2707-685X
https://orcid.org/0000-0002-8449-8883
https://orcid.org/0000-0001-5014-7885
https://orcid.org/0000-0002-5768-4285
https://orcid.org/0000-0002-4577-6836
https://orcid.org/0000-0001-8883-9019
https://orcid.org/0000-0003-2898-1827
https://orcid.org/0000-0001-6857-7824
https://orcid.org/0000-0003-2775-2459
https://orcid.org/0000-0002-6110-1214
https://orcid.org/0000-0002-0015-9906
https://orcid.org/0000-0002-4859-7382
https://orcid.org/0000-0003-0861-4931
https://orcid.org/0000-0002-1997-3414
https://orcid.org/0000-0001-5449-8420
https://orcid.org/0009-0004-2796-3170
https://orcid.org/0000-0002-0905-8263
https://orcid.org/0000-0001-9597-9503
https://orcid.org/0000-0002-7823-8663
https://orcid.org/0000-0001-8885-1798
https://orcid.org/0000-0002-0826-9763
https://orcid.org/0000-0001-5801-434X
https://orcid.org/0000-0001-5567-633X
https://orcid.org/0000-0001-8143-4449
https://orcid.org/0000-0001-8213-4755
https://orcid.org/0000-0001-7373-4046
https://orcid.org/0000-0002-2371-5039
https://orcid.org/0000-0001-5267-7396
https://orcid.org/0000-0002-5863-5821
https://orcid.org/0000-0002-2320-5936
https://orcid.org/0000-0002-2850-1160
https://orcid.org/0000-0001-7395-9886
https://orcid.org/0000-0003-2195-8675
https://orcid.org/0000-0002-3550-9443
https://orcid.org/0000-0002-2618-3832
https://orcid.org/0000-0001-6062-1325
https://orcid.org/0000-0002-7445-3518
https://orcid.org/0000-0002-6029-8721
https://orcid.org/0000-0001-6400-8608
https://orcid.org/0000-0002-2047-5463
https://orcid.org/0000-0001-6859-0009
https://orcid.org/0000-0002-2361-7498
https://orcid.org/0000-0003-1728-2860
https://orcid.org/0000-0002-7634-7380
https://orcid.org/0000-0002-0541-4208
https://orcid.org/0000-0002-2885-5620
https://orcid.org/0000-0001-8408-2821
https://orcid.org/0000-0001-8246-7605
https://orcid.org/0000-0001-7477-1818
https://orcid.org/0000-0003-3329-0385
https://orcid.org/0000-0002-8497-224X
https://orcid.org/0000-0002-7600-0520
https://orcid.org/0000-0002-5314-4687
https://orcid.org/0000-0002-3361-2594
https://orcid.org/0000-0003-0026-5423
https://orcid.org/0000-0003-1331-9080
https://orcid.org/0000-0002-2751-8585
https://orcid.org/0000-0001-9495-9535
https://orcid.org/0000-0002-0712-0705
https://orcid.org/0000-0002-1828-1459
https://orcid.org/0000-0002-6323-5419
https://orcid.org/0000-0002-4179-7816
https://orcid.org/0000-0002-3544-1944
https://orcid.org/0000-0002-8987-4657
https://orcid.org/0000-0001-7772-4531
https://orcid.org/0000-0002-6539-1626
https://orcid.org/0000-0002-3211-7065
https://orcid.org/0000-0003-2422-4589

Chayut Ngamkhanong (), Thailand
Trung Ngo, Australia

Tengfei Nian, China

Mehdi Nikoo (), Canada

Youjun Ning (), China

Olugbenga Timo Oladinrin (), United
Kingdom

Oladimeji Benedict Olalusi, South Africa
Timothy O. Olawumi(»), Hong Kong
Alejandro Orfila (), Spain

Maurizio Orlando (), Italy

Siti Aminah Osman, Malaysia

Walid Oueslati (), Tunisia

SUVASH PAUL (), Bangladesh
John-Paris Pantouvakis (), Greece
Fabrizio Paolacci(), Italy
Giuseppina Pappalardo (), Italy
Fulvio Parisi(?), Italy

Dimitrios G. Pavlou (), Norway
Daniele Pellegrini (i), Italy
Gatheeshgar Perampalam (1), United
Kingdom

Daniele Perrone (%), Italy

Giuseppe Piccardo (), Italy

Vagelis Plevris (), Qatar

Andrea Pranno (), Italy

Adolfo Preciado (2), Mexico
Chongchong Qi (), China

Yu Qian, USA

Ying Qin (%), China

Giuseppe Quaranta (], Italy
Krishanu ROY (i), New Zealand
Vlastimir Radonjanin, Serbia

Carlo Rainieri (), Italy

Rahul V. Ralegaonkar, India

Raizal Saifulnaz Muhammad Rashid,
Malaysia

Alessandro Rasulo (), Italy
Chonghong Ren(?), China
Qing-Xin Ren, China

Dimitris Rizos (2}, USA

Geoffrey W. Rodgers (), New Zealand
Pier Paolo Rossi, Italy

Nicola Ruggieri (), Italy

JUNLONG SHANG, Singapore

Nikhil Saboo, India

Anna Saetta, Italy

Juan Sagaseta (1), United Kingdom
Timo Saksala, Finland

Mostafa Salari, Canada

Ginevra Salerno (), Italy

Evangelos J. Sapountzakis (©), Greece
Vassilis Sarhosis (%), United Kingdom
Navaratnarajah Sathiparan (i), Sri Lanka
Fabrizio Scozzese (), Italy

Halil Sezen (), USA

Payam Shafigh (), Malaysia

M. Shahria Alam, Canada

Yi Shan, China

Hussein Sharaf, Iraq

Mostafa Sharifzadeh, Australia
Sanjay Kumar Shukla, Australia
Amir Si Larbi (), France

Okan Sirin (%), Qatar

Piotr Smarzewski (), Poland
Francesca Sollecito (), Italy

Rui Song (), China

Tian-Yi Song, Australia

Flavio Stochino (), Italy

Mayank Sukhija (), USA

Piti Sukontasukkul (), Thailand
Jianping Sun, Singapore

Xiao Sun (), China

T. Tafsirojjaman (), Australia

Fujiao Tang (), China

Patrick W.C. Tang (), Australia

Zhi Cheng Tang(}»), China
Weerachart Tangchirapat (), Thailand
Xiaxin Tao, China

Piergiorgio Tataranni (), Italy
Elisabete Teixeira (), Portugal

Jorge Ivan Tobon (2), Colombia
Jing-Zhong Tong, China

Francesco Trentadue (), Italy
Antonello Troncone, Italy

Majbah Uddin @), USA

Tariq Umar (), United Kingdom
Muahmmad Usman, United Kingdom
Muhammad Usman (), Pakistan
Mucteba Uysal (), Turkey


https://orcid.org/0000-0003-1321-9952
https://orcid.org/0000-0002-1765-1382
https://orcid.org/0000-0003-3511-7324
https://orcid.org/0000-0003-3555-2430
https://orcid.org/0000-0003-3380-4702
https://orcid.org/0000-0002-1016-8726
https://orcid.org/0000-0003-3277-3852
https://orcid.org/0000-0003-4267-6677
https://orcid.org/0000-0001-9997-2077
https://orcid.org/0000-0001-6584-8166
https://orcid.org/0000-0003-2724-4809
https://orcid.org/0000-0002-9793-1885
https://orcid.org/0000-0002-1374-0732
https://orcid.org/0000-0002-9522-583X
https://orcid.org/0000-0002-3416-771X
https://orcid.org/0000-0002-6595-998X
https://orcid.org/0000-0001-9080-2215
https://orcid.org/0000-0002-8983-8138
https://orcid.org/0000-0002-7377-781X
https://orcid.org/0000-0002-6925-2949
https://orcid.org/0000-0002-5430-2034
https://orcid.org/0000-0001-5189-1614
https://orcid.org/0000-0002-8541-5461
https://orcid.org/0000-0001-8295-0912
https://orcid.org/0000-0002-8086-3070
https://orcid.org/0000-0003-4854-0850
https://orcid.org/0000-0003-4911-1812
https://orcid.org/0000-0002-4266-0424
https://orcid.org/0000-0001-5764-7911
https://orcid.org/0000-0003-3907-0308
https://orcid.org/0000-0002-5675-1511
https://orcid.org/0000-0001-9714-3304
https://orcid.org/0000-0003-1926-8093
https://orcid.org/0000-0002-1677-3070
https://orcid.org/0000-0002-5748-7679
https://orcid.org/0000-0001-8570-0580
https://orcid.org/0000-0002-7378-1763
https://orcid.org/0000-0002-0907-5557
https://orcid.org/0000-0002-8576-3984
https://orcid.org/0000-0002-4532-7512
https://orcid.org/0000-0002-5124-1061
https://orcid.org/0000-0002-3230-4813
https://orcid.org/0000-0002-4699-5248
https://orcid.org/0000-0002-5439-5760
https://orcid.org/0000-0002-0786-9070
https://orcid.org/0000-0002-7062-1406
https://orcid.org/0000-0002-9580-7063
https://orcid.org/0000-0001-5059-0158
https://orcid.org/0000-0002-4801-6744
https://orcid.org/0000-0003-1713-3523
https://orcid.org/0000-0002-9305-116X
https://orcid.org/0000-0001-7554-0253
https://orcid.org/0000-0002-4917-1367
https://orcid.org/0000-0001-9358-1374
https://orcid.org/0000-0003-1435-0733
https://orcid.org/0000-0002-1451-1309
https://orcid.org/0000-0002-7028-8885
https://orcid.org/0000-0001-9925-3881
https://orcid.org/0000-0002-1197-8181
https://orcid.org/0000-0003-2262-6429
https://orcid.org/0000-0002-6827-9904

Ilaria Venanzi (), Italy
Castorina S. Vieira (%), Portugal
Valeria Vignali(?), Italy
Claudia Vitone (), Italy

Liwei WEN (), China
Chunfeng Wan (), China
Hua-Ping Wan, China

Roman Wan-Wendner (i5), Austria
Chaohui Wang(»), China

Hao Wang (2, USA

Shiming Wang (), China
Wayne Yu Wang (), United Kingdom
Wen-Da Wang, China

Xing Wang (), China

Xiuling Wang (), China
Zhenjun Wang (), China
Xin-Jiang Wei (), China

Tao Wen (2), China

Weiping Wen (2), China

Lei Weng(»), China

Chao Wu(2), United Kingdom
Jiangyu Wu, China

Wangjie Wu (2), China
Wenbing Wu (), China
Zhixing Xiao, China

Gang Xu, China

Jian Xu (), China

Panpan (), China

Rongchao Xu (), China

HE YONGLIANG, China
Michael Yam, Hong Kong
Hailu Yang ("), China

Xu-Xu Yang (), China

Hui Yao (), China

Xinyu Ye(), China

Zhoujing Ye , China

Giirol Yildirim (®), Turkey
Dawei Yin (), China

Doo-Yeol Yoo (s, Republic of Korea
Zhanping You (), USA

Afshar A. Yousefi(i»), Iran
Xinbao Yu(®, USA

Dongdong Yuan (), China
Geun Y. Yun (), Republic of Korea

Hyun-Do Yun (), Republic of Korea
Cemal YIGIT (9, Turkey

Paolo Zampieri, Italy

Giulio Zani(»), Italy

Mariano Angelo Zanini (), Italy
Zhixiong Zeng (1), Hong Kong
Mustafa Zeybek, Turkey
Henglong Zhang(®), China
Jiupeng Zhang, China

Tingting Zhang(»), China
Zengping Zhang, China

Zetian Zhang(»), China
Zhigang Zhang (2, China
Zhipeng Zhao (), Japan

Jun Zhao (), China

Annan Zhou ("), Australia
Jia-wen Zhou (), China
Hai-Tao Zhu (), China

Peng Zhu (), China

Quan]Jie Zhu (), China

Wenjun Zhu (), China

Marco Zucca, Italy

Haoran Zuo, Australia

Junqing Zuo (), China

Robert Cerny (), Czech Republic
Siileyman Ipek (9, Turkey



https://orcid.org/0000-0003-3858-9407
https://orcid.org/0000-0001-6328-4504
https://orcid.org/0000-0003-2143-9488
https://orcid.org/0000-0001-6529-4167
https://orcid.org/0000-0001-9323-3927
https://orcid.org/0000-0002-4236-6428
https://orcid.org/0000-0003-3616-5694
https://orcid.org/0000-0001-8975-0745
https://orcid.org/0000-0001-8666-6900
https://orcid.org/0000-0002-6956-0423
https://orcid.org/0000-0003-4375-303X
https://orcid.org/0000-0001-8044-0118
https://orcid.org/0000-0003-4690-1341
https://orcid.org/0000-0001-5445-775X
https://orcid.org/0000-0003-3384-2434
https://orcid.org/0000-0002-4588-3586
https://orcid.org/0000-0001-9354-344X
https://orcid.org/0000-0002-2981-5110
https://orcid.org/0000-0001-8258-3227
https://orcid.org/0000-0002-2694-6211
https://orcid.org/0000-0001-5473-1560
https://orcid.org/0000-0003-1728-9536
https://orcid.org/0000-0002-5932-1429
https://orcid.org/0000-0002-1542-5162
https://orcid.org/%200000-0002-3188-2013
https://orcid.org/0000-0003-1349-0881
https://orcid.org/0000-0001-8735-5207
https://orcid.org/0000-0002-4787-451X
https://orcid.org/0000-0003-1899-5379
https://orcid.org/0000-0002-8846-2001
https://orcid.org/0000-0003-2814-5482
https://orcid.org/0000-0002-9103-6599
https://orcid.org/0000-0002-1840-1887
https://orcid.org/0000-0002-5681-0390
https://orcid.org/0000-0002-7192-6711
https://orcid.org/0000-0002-9868-8776
https://orcid.org/0000-0003-4998-1543
https://orcid.org/0000-0002-1942-7667
https://orcid.org/0000-0001-9794-7820
https://orcid.org/0000-0001-9326-802X
https://orcid.org/0000-0003-4255-8267
https://orcid.org/0000-0002-8538-6381
https://orcid.org/0000-0002-1431-6327
https://orcid.org/0000-0002-7182-2787
https://orcid.org/0000-0002-7934-3027
https://orcid.org/0000-0002-6324-5895
https://orcid.org/0000-0001-6413-345X
https://orcid.org/0000-0001-5209-5169
https://orcid.org/0000-0002-6817-1071
https://orcid.org/0000-0002-5490-4473
https://orcid.org/0000-0002-8610-119X
https://orcid.org/0000-0003-3735-0744
https://orcid.org/0000-0002-3537-8228
https://orcid.org/0000-0002-5497-9854
https://orcid.org/0000-0002-0955-2886
https://orcid.org/0000-0001-8891-949X

Contents

Seepage Migration Process of Soluble Contaminants in Porous Medium considering Adsorption
History

Wenya Cai, Guogiang Zhang, Pengyuan Zhang, Siyang Zhang, Weixi Li, Zeyang Meng(2), and Shunli
You

Research Article (11 pages), Article ID 9919441, Volume 2023 (2023)

Theoretical Study of a Design Method for Underexcavation in Building Rectification
Jun-Hua Xiao (), Jian-Ping Sun (), Xin Zhang (%), Zong-Bao Jiang (), and Dao-Tong Guo
Research Article (10 pages), Article ID 9096839, Volume 2023 (2023)

Micro to Nanolevel Stabilization of Expansive Clay Using Agro-Wastes

Mehmood Munawar, Ammad H. Khan (%), Zia U. Rehman, Abdur Rahim (), Mubashir Aziz, Sultan
Almuaythir, Bothaina S. I. A. El Kheir, and Farhan Haider

Research Article (15 pages), Article ID 2753641, Volume 2023 (2023)

Experimental Study on the Flexural Behavior of Connected Precast Concrete Square Piles
Zhongji Dong (), Faning Dang ("), and Jun Gao
Research Article (12 pages), Article ID 5731841, Volume 2023 (2023)

The Effect of Different Fibers on Granite Residual Soil Reinforced with Alkaline Solution

Bingxiang Yuan (), Jianhong Liang, Jingkang Liang, Weijie Chen, Baifa Zhang ("), Wei Chen, and Tianying
Chen

Research Article (12 pages), Article ID 7305238, Volume 2023 (2023)

Analysis of Influence of Ultra-High Pressure Water Jet Cutting Pressure Sequence on Pressure Relief
and Reflection Improvement of Coal Seam

Shoulong Ma

Research Article (15 pages), Article ID 7738042, Volume 2023 (2023)

Effect of Eccentricity on Breakout Propagation around Noncircular Boreholes
Mohammad Bahrehdar () and Ali Lakirouhani
Research Article (14 pages), Article ID 6962648, Volume 2023 (2023)

Study on the Seepage Mechanism of Rainwater on Granite Residual Soil Cut Slopes
Yunhong Guo, Songtao Li(), Junzhen Zhang, Baolin Wang (), and Yanlong Gao
Research Article (7 pages), Article ID 1259527, Volume 2023 (2023)

Impact of Uniaxial Mechanical Perturbation on Structural Properties and Smectite Porosity Features:
Ion Exchanger Efficiency and Adsorption Performance Fate

Walid Oueslati(2), Chadha Mejri, and Abdesslem Ben Haj Amara

Research Article (16 pages), Article ID 4441705, Volume 2022 (2022)

Research on Mechanical Model of Canal Lining Plates under the Effect of Frost Heaving Force
Yantao Liang, Fuping Zhang, Mingming Jing, and Pengfei He
Research Article (17 pages), Article ID 8762382, Volume 2022 (2022)



https://orcid.org/0009-0000-8324-5764
https://orcid.org/0009-0007-4273-3906
https://orcid.org/0000-0001-5843-7051
https://orcid.org/0009-0004-3502-9492
https://orcid.org/0000-0001-8389-6997
https://orcid.org/0009-0003-2431-1372
https://orcid.org/0009-0006-2762-2864
https://orcid.org/0000-0003-0767-3032
https://orcid.org/0000-0001-6124-0444
https://orcid.org/0009-0001-1940-2259
https://orcid.org/0000-0002-1670-5481
https://orcid.org/0000-0002-0463-740X
https://orcid.org/0000-0001-5650-2374
https://orcid.org/0000-0002-7182-7596
https://orcid.org/0000-0001-5217-2101
https://orcid.org/0000-0002-7866-4048
https://orcid.org/0000-0001-5449-8420
https://orcid.org/0000-0002-0989-6283
https://orcid.org/0000-0001-9340-8096
https://orcid.org/0000-0003-4267-6677
https://orcid.org/0000-0002-8787-4928

The Effect of Length and Content of Fiber on Glass Fiber and Basalt Fiber-Reinforced Granite Residual
Soil

Weijie Chen, Jin Zhao, Litao Fan, Jia Li, Bingxiang Yuan (), Hongzhong Li, Guoping Jiang, Hanbo Li, and
Tianying Chen

Research Article (9 pages), Article ID 7803002, Volume 2022 (2022)


https://orcid.org/0000-0001-5650-2374

Hindawi

Advances in Civil Engineering

Volume 2023, Article ID 9919441, 11 pages
https://doi.org/10.1155/2023/9919441

Research Article

@ Hindawi

Seepage Migration Process of Soluble Contaminants in Porous
Medium considering Adsorption History

Wenya Cai,' Guogiang Zhang,” Pengyuan Zhang,” Siyang Zhang,' Weixi Li,"

Zeyang Meng (9,” and Shunli You (©?

!Beijing Guodaotong Highway Designe»Research Institute Co., Ltd, Beijing 100055, China
2Beijing Uni-Construction Group Co., Ltd, Beijing 101200, China
?School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China

Correspondence should be addressed to Zeyang Meng; 19125832@bjtu.edu.cn and Shunli You; 304957266@qq.com

Received 28 September 2022; Revised 28 January 2023; Accepted 4 April 2023; Published 3 May 2023

Academic Editor: Jiang Xiangang

Copyright © 2023 Wenya Cai 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.

By embedding a nonlinear nonequilibrium adsorption model considering the adsorption history (i.e., Bai model), a governing
equation for the three-dimensional model is extended, which discussed the influence of varying seepage velocity and injection
concentration. Compared with the previous linear adsorption model, the concentration peak value of the nonlinear non-
equilibrium adsorption history model is higher than that of the linear model, and the time to reach the peak concentration is
slightly earlier. In the case of horizontal seepage water, a pollution point source tends to migrate along the direction of water flow
and has less ability to diffuse in the vertical direction. Compared with the adsorption history model, the linear model has a stronger
blocking ability for pollutant migration, and the longer the time, the greater the gap between the two models. The longer the decay
period, the wider the spread of contaminants, and the longer it takes for them to migrate out of the model completely. The more
significant the head difference, the larger the diffusion area of pollutants in the main seepage direction, but it has no promotion
effect on the lateral diffusion. The pollutant concentration is higher than that of the point source case, and the diffusion range in
each section is wider. The closer it is to the center of the pollution source, the weaker the dispersion effect on the diffusion of
pollutants in the main seepage direction, and the pollutants will spread in the countercurrent direction, causing pollution

upstream.

1. Introduction

The migration of pollutants in the soil is affected by many
conditions, such as seepage velocity, dispersion conditions,
soil adsorption capacity, chemical factors, and biological
factors [1-3]. The adsorption mechanism of soil is com-
plicated for its complex nature [4, 5], and it also has specific
characteristics for desorption. Previous studies have shown
that the adsorption capacity of porous media does not
change after the initial adsorption [6-8], but in practice, the
residue of pollutants in porous media will weaken its ad-
sorption capacity [9-11]. Diverse soil conditions will result
in complex adsorption-desorption processes, which in turn
affect the migration of pollutants. To better investigate the
migration law of pollutants in soil, a more realistic

adsorption-desorption model is needed to support the
theoretical research [12, 13], which is the basis for the de-
velopment of pollutant purification technology [8, 14].
Kim et al. [15] studied the influence of hydraulic con-
ditions on the adsorption properties of porous media
through experiments. According to different chemical
conditions, it was found that the magnitude of particle
separation increased with the improvement of particle size.
Hosseini et al. [16] developed as an economical and alter-
native adsorbent to treat dye wastewater, in which the
magnetic chitosan nanocomposites possessed of excellent
adsorptive property for the recycle of wastewater contam-
inated by dye. Garcia-Garcia et al. [17] studied the effect of
temperature on particle aggregation dynamics under dif-
ferent pH values and ionic strengths. They found that the
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particle coagulation rate decreases with the temperature
increase when the environment is alkaline. Lake and Rowe
[18] found through laboratory tests that the diffusion co-
efficient is related to the concentration of the pollution
source. Cui et al. [19] explored the effects of particle sizes,
particle concentrations, penetration velocities, and pene-
tration directions on the dispersion and deposition mech-
anisms of suspended particles through cylindrical
penetration tests. Porubcan and Xu [20] discussed the mi-
gration characteristics of colloidal particles with different
particle sizes in the porous media of quartz sand mixed with
different particle sizes through experiments. They found that
when the proportion of fine sand in uneven quartz sand
increased, the adsorption of colloidal particles increased.
Mahmoodi et al. [21] investigated the hydration inhibitive
ability of surfactants by various experiments, including zeta
potential, XRD, FTIR, particle size, and SEM measures for
a dye removal by the surfactant-modified montmorillonite.
Cui et al. [22] found that different metal ions have
different migration characteristics through laboratory re-
search. The difference is mainly reflected in the adsorption
properties, resulting in apparent differences in the migration
process of different metal ions. Cui et al. [23] considered that
the attenuation of soil adsorption performance is affected by
its adsorption historical and temperature effect and con-
ducted a sensitivity analysis on relevant parameters [24].
Some researchers [9, 25, 26], based on the hydrodynamic
dispersion coeflicient and flow velocity under unstable
conditions, established their pollutant transport equations in
semi-infinite space concerning space-time changes and
obtained the analytical solution under the action of the
Gaussian pulse pollution source. Cui et al. [22] proposed
a short-time pulse pollution source by studying pollution
sources, established a pollutant migration model, and cal-
culated the migration and deposition characteristics of
pollutants in porous media. Leij et al. [27] studied the
migration law of pollutants during equilibrium adsorption,
established a semi-infinite equation, and obtained the an-
alytical solution of a unidirectional stable seepage field
through Laplace and Fourier transform. Dahaghi et al. [28]
deduced a new mathematical model of pollutant migration,
which considers the complex migration process of particles.
Rowe and Bookeret [29] proposed a two-dimensional finite
layer calculation method considering vertical and horizontal
directions and obtained the migration law of layered soil
under the condition of linear equilibrium adsorption.
Miracapillo and Ferroni [30] considered the nonuniform
groundwater flow to simulate the migration process of
nuclides in the geological repository. They discussed the
influence of distribution coefficient and hydraulic gradient
on pollutant migration, respectively. Trofa et al. [31] used the
arbitrary Lagrange-Eulerian method for numerical analysis
to solve the governing equation of pollutant transport and
numerically simulated the two-dimensional migration of
suspended particles at an infinite Reynolds number. Villone
et al. [32] used the arbitrary Lagrange-Eulerian method to
numerically analyze the model from a three-dimensional
perspective and obtained the corresponding numerical
analysis results. Mironenko and Pachepsky [33] considered
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the exchange process and biochemical reaction process of
solutes in immobile and movable water and established
a pollutant migration model under the condition of a one-
dimensional semi-infinite soil column. Tiraferri et al. [1] first
determined the functional relationship between particle
filtration coefficient and pore water ions through the de-
position test of particles in siliceous sand and then estab-
lished the corresponding model.

To explore the transport mechanisms of pollutants
under regular boundary conditions in three-dimensional
spatial, based on the in-depth analysis of typical ad-
sorption models, a nonlinear nonequilibrium adsorption
model (i.e., Bai model) [2] considering the adsorption
history is embedded to carry out the theoretical calcu-
lation of pollutant migration. Classified by pollution
source diffusion, the three-dimensional point source
model and three-dimensional volume source model were
discussed, respectively. This research analyzed the pol-
lution source changes and parameter changes and ob-
tained pollutant migration characteristics under the
corresponding model.

2. Theoretical Model

2.1. Governing Equations. The governing equation has been
derived as [2, 25]

w:v-(QD.VC—uC)—M, (1)

ot ot

where C is the concentration of pollutants in porous media
(ML™), s the porosity of porous media, ¢ is the time (T), D
is the hydrodynamic dispersion coefficient (T>T "), u is the
average velocity of cross section (LT ™), p,, is the volumetric
dry density of porous media (ML), and C, is the con-
centration of adsorption (MM™).

Equation (1) refers to the amount of solute adsorbed by
the porous medium per unit mass. In the governing
equation, the expression of the dispersion term is
V- (6D - VC). The mechanical dispersion coeflicient tensor
and the molecular diffusion coefficient tensor are combined
into the hydrodynamic dispersion coeflicient tensor, i.e.,

D;; = (D,);; + D1y, (2)

where D;; is the hydrodynamic dispersion coefficient
tensor (L*T7); (Dd)ij is the mechanical dispersion co-
efficient tensor (L2T%); D*7;;, represents the molecular
diffusion coefficient tensor (L*T™"), is the molecular dif-
fusion coefficient scalar, 7;; is the curvature tensor of
porous media.

For three-dimensional cases, assume that the seepage
direction of the fluid is horizontal, that is, v, =0, D can be
obtained D,, =D, =0, D,, =D,, =0, so the hydrody-
namic dispersion coefficient matrix is

ij

D,, D, 0
D;=|D,, D,, 0 | (3)
0 0 D

zz
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Initial adsorption

()

FIGURE 1: Schematic diagram of adsorption history model: (a) absorption-desorption process and (b) solution concentration variation of

a point with time.

The expression of hydrodynamic dispersion coeflicient
tensor can be obtained when the main direction of seepage
velocity in porous media [34-36] is consistent with the
selected coordinates, and molecular diffusion is ignored

av 0 0
0 apv 0 |, (4)

0 0 apv

D, =

where «; is the longitudinal dispersion of porous media (L),
and a; is the transverse dispersion of porous media (L),

It is assumed that the velocity in the plane direction is
mainly caused by pressure difference, and the velocity in
the vertical direction is mainly caused by gravity [25].
The adsorption term of the governing equation repre-
sents the adsorption/desorption of pollutants in porous
media [37], which has been discussed in previous lit-
erature [38, 39]. Actually, several important isothermal
adsorption models such as Langmuir, Freundlich, and
Dubinin-Radushkevich were reported previously, which
was already applied to dye adsorption/desorption pro-
cesses in environmental, biological, and chemical
industries [40].

Combined with the famous adsorption history model
proposed by Bai et al. [2, 3] (i.e., Bai model), we can get

oC _ (D v\ o Py
g =V (E VC_EC>7R_§kNF+1’

ac, koe P, (initial ads orption), )

k = — =
NE oC - B,clc .
k,ee 7!, (desorption process),

where v is the rate of penetration (LT™), R is the retardation
factor, k, is the adsorption equilibrium coefficient (LM "),
k, is the desorption equilibrium coefficient (L>M™"), kyp is
the equilibrium coefficient (L’M™"), B, is the attenuation
coefficient of initial adsorption (L>M ™), 3, is the attenuation

coefficient of desorption process (L*M™), C, is the char-
acteristic concentration (MM ™), and C, is the maximum
concentration before desorption (MM™).

When f, =, =0, it is a linear nonequilibrium adsorp-
tion process (Figure 1(a)). On the contrary, the adsorption
history effect can be considered as a nonlinear
nonequilibrium model.

In the past, the transport of pollution is generally
characterized by the first-order attachment kinetics [25].
Here, a nonlinear attachment-detachment model with
hysteresis is used. The attachment/desorption rate in
equation (1) can be written as [2, 3]

o(C
J§Q=A-m—cg, (6)

where 1 is the reaction rate (T™), and S is the equilibrium
concentration (MM ™).

The parameter A denotes the mass conversion between
moving and attached pollution under water flow and ac-
tually indicates the hysteretic effect of pollution attached
onto the matrix. The determination method of some pa-
rameters was discussed in some previous references [26, 41],
which is a very promising method for measuring migration
parameters.

2.2. Model Characteristics and Numerical Calculation.
Figure 1 shows that when the concentration in the solution
increases (e.g., from point O to point B and further to point
A), the adsorption rate decreases. There is a maximum
adsorption concentration (Cy, ax). When the concentration
decreases from a certain point (e.g., point B), a desorption
reaction occurs, and its magnitude is related to the maxi-
mum concentration of Cp. When adsorption occurs again
due to the increment of solution concentration, the read-
sorption process is reversed along the desorption process
(i.e., CB), and the readsorption capacity is weakened



4
TaBLE 1: Model parameters.
Po L r a, uo Ky Cy
Parameters g/lcm® cm cm " em cm/s m g mol/L
Value 265 30 40 0451 09 015 0.1 2

compared with the initial adsorption process (i.e., OB),
indicating that the model is related to the adsorption history
of porous media.

It is assumed that the concentration at a certain point in
the pollution space changes with time, as shown in
Figure 1(b). Then, in the stage OA, the pollutant concen-
tration increases, and the porous medium undergoes an
initial adsorption reaction. During stage AB, the concen-
tration of pollutants decreases, and the porous medium
undergoes a desorption reaction. In the later stage (e.g., stage
BC), when the concentration increases again, the adsorption
reaction occurs again, and the change path is opposite to that
of the desorption reaction in stage AB. During the numerical
calculation, it is necessary to record the concentration peak
(i.e., deposition history) during the concentration change
process. Of course, when the concentration is higher than
point A in the CD stage, it continues along the initial ad-
sorption process [41-43].

The coupling calculation is carried out using the physical
field of “dilute matter transfer in porous media” and the
mathematical field of “domain ordinary differential and
differential algebraic equations” in COMSOL Multiphysics
5.4. Special solution settings complete the numerical model
calculation. The time step algorithm uses the backward
difference formula (BDF). According to existed literature
[2, 3, 6, 24], the selected calculation parameters can be seen
in Table 1.

3. Adsorption History Effect of Pollutant
Migration under a Point Source

3.1. Model Establishment. Taking a point source case as an
example, the influence of adsorption history on the
pollutant migration process is analyzed. It is specified that
the positive direction of water flow is the positive di-
rection of x, and it is assumed that the model is a part of
the semi-infinite soil layer. Therefore, the six surface
boundaries of the cuboid model are set as the outflow
boundary. The pollutants can flow freely from the
boundary during the migration process. The pollution
source will be set in the cuboid formation and vary
according to schemes. To improve the calculation accu-
racy, the relative tolerance is set to 0.0001, the duration is
from 0 to 200d, and the time step is 1d.

For convenience, the point source of the pollution source
is set at the center of the plane, that is, the coordinates (25 m,
25m). The concentration can be set to exponential atten-
uation, i.e.,

c=10xe WD, (7)

where C is the concentration (in mol/l), and T represents
the attenuation period of pollutants.
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The initial value of concentration is set as 10 mol/l, and
the attenuation period is assumed to be 100 d. The migration
of point source pollutants in cuboid formation can be ob-
tained by calculating the model (Figure 2). Figure 2 indicates
that the diffusion trajectory of the point source is approx-
imately a cone, which gradually expands outward from the
pollution source. Here, we will explore the characteristics of
the adsorption history model from the two perspectives of
line and surface.

3.2. Case of a Line Segment. Take a line segment to analyze
the concentration change, and the coordinates at both ends
of the line segment are (0, 25, 15), (100, 25, 15). The change
of concentration with time at this line segment is taken and
compared with the previous linear model (Figure 3). From
the concentration change of the nonlinear adsorption his-
tory model, the pollutant distribution range is 30 m-40 m at
20d, and the concentration value is small. With the increase
of time, the diffusion range of pollutants gradually expands,
and the maximum concentration first increases and then
decreases. Thus, in the early stage of pollutant (point source
attenuation) migration, the peak concentration is higher, but
the pollutant distribution range is smaller. The peak con-
centration will decrease when the pollutant distribution
range increases. The concentration distribution of the
nonlinear model is similar to that of the adsorption history
model. However, the pollutants in the adsorption history
model are more significant, and the gap becomes larger and
more prominent with time. This shows that the adsorption
capacity of the adsorption history model is weaker than that
of the nonlinear nonequilibrium model.

Similarly, take another line segment in the model, and
the coordinates at both ends of the line segment are (0, 25,
35), (100, 25, 35). The concentration value at this curve has
decreased, which proves that the pollutant concentration at
the bottom of the model is higher than that at the top under
the action of gravity. From the perspective of concentration
changes, the peak concentration changes less, and the
concentration changes are more smoothly with time.

3.3. Changes of Pollutants at the Section. The z=10, 30m
plane is intercepted to study the changes of concentration
distribution with time. Compare the adsorption history
model with the linear model, as shown in Figure 4. For the
adsorption history model, at 30 d, the pollutant migrates to
the cross section at z=10m. At 60d, the pollutant propa-
gation area has reached 1316.7 m?, the propagation range in
the x direction is 29.5m-73.4m, and the maximum con-
centration in the center is 0.01 mol/l. With increased time,
the transmission area of pollutants gradually increases. Due
to the attenuation of the pollution source, the propagation
range moves with the seepage direction. In the case of
continuous seepage, pollutants will eventually flow out of the
model. Compared with the adsorption history model, the
linear model has a more vital ability to block the migration of
pollutants. For example, at 35 d, the pollutants diffuse to the
cross section, and at 60d, the pollutant propagation area
reaches 1173.4 m?, the propagation range in the x direction is
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FIGure 2: The diffusion trajectory of point source problem: (a) measurement point location and (b) diffusion process.
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FIGURE 3: Concentration distribution on the x-axis calculated by (a) adsorption history model and (b) linear equilibrium model.

28.5m-68.3m, and the maximum concentration in the
center is 0.01 mol/l. Compared with the adsorption history
model, the pollutant propagation range in the linear model is
more diminutive. For section x =30 m, its fundamental law
is similar to that of section x=10m.

3.4. Influence of Head Difference Change. The head difference
mainly controls the seepage velocity for the porous geo-
materials such as loose soil layer, soft rock, and fractured rock
mass. Hence, the calculation scheme considered the effect of
different seepage velocities (Figure 5). For example, comparing
the distribution of pollutants in 60 days vertically, when the
head difference is 10 m, the distribution range of pollutants is
1620.2m*. When the head difference is 25m, the pollutant
distribution range is 2759.8 m?, and the concentration value
basically remains unchanged. The head difference (seepage
velocity) significantly impacts the migration of pollutants. The
larger the head difference, the larger the pollutants migration

and diffusion area. From the comparison result, the head
difference only affects the pollutant migration in the seepage
direction but has no significant impact on the horizontal
diffusion. By horizontal comparison, the concentration value
decreases with the increase of pollutant transmission area. It
should be noted that the physical mechanisms can be attributed
to the head difference and gravity.

4. Volume Pollution Source

The established geometric model is 800 m long, 400 m wide,
and 400 m high, which is set as isotropic saturated porous
media. The volume source pollutants are simplified as
a sphere with a diameter of 20 m, and its central coordinates
are 200m, 200m, 200m, located in the middle of the
stratigraphic model near the left.

Assuming that there is a pollutant leakage in all di-
rections of the volume source, the boundary condition
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FiGure 4: Concentration change in section z=10m at t=30, 60, 100d: (a) adsorption history model and (b) linear model.

setting and meshing are consistent with the point source
model, and each side of the cuboid is set as the outflow
boundary condition. The specific geometric modeling is
shown in Figure 6. The spherical boundary is set as the
concentration boundary condition. To reflect the concen-
tration attenuation of pollutants, the concentration value is
set as

c=10x e—(t/3000d).

(8)

The concentration attenuation period is set as 3000 d.
The diffusion trajectory of pollutants obtained by calculation
is shown in Figure 6. The characteristic sections z =100,
300 m are intercepted, and the variation of the concentration
of each section with time is shown in Figure 7. The area of
pollutants is greatly expanded compared with the point
source model. The diffusion rate of pollutants is also sig-
nificantly increased. For example, at z=200 m, the pollutant
area is 97729 m” at 300 d, the maximum concentration value
is 7.41 mol/l, and the reverse migration distance of pollutants
along the x-axis is 53m. At 800d, the pollutant area is
234920 m?, the maximum concentration is 4.49 mol/l, and
the reverse migration distance of pollutants along the x-axis
is 70 m. This section is in the center of the volume source,
with a larger diffusion area and higher concentration of
pollutants. It is evident that although the diffusion area of
this section is larger, the propagation distance becomes
shorter. The closer to the center of the pollution source, the
weaker the influence of dispersion on the diffusion of
pollutants in the main seepage direction. Under the volume
source model, pollutants can propagate in the reverse

seepage direction, causing pollution upstream. Therefore, in
the actual process of pollutant prevention and control, we
should also pay attention to the pollution of the groundwater
upstream.

The characteristic sections y=100, 300m are inter-
cepted, and the variation of the concentration of each section
with time is shown in Figure 8. The maximum concentration
value at this section shows a trend of increasing first and
then decreasing. The maximum concentration value will also
decrease with the increase of pollutant area in the volume
source model. For example, at y = 100 m, the pollutant area is
50605 m* at 300 d, and the maximum concentration value is
0.2 5 mol/l. At 600 d, the pollutant area is 161300 m?, and the
maximum concentration is 0.31 mol/l. At 800d, the pol-
lutant area is 211270 m?, and the maximum concentration is
0.29 mol/l.

Comparing the two sections, it can be found that the
changes of pollutants in the symmetrical sections on both
sides of the center of the pollution source are the same. The
diffusion of pollutants in the direction perpendicular to the
main seepage is mainly affected by dispersion and is sym-
metrically distributed. The effect of countercurrent propa-
gation of pollutants can be seen from the migration of
pollutants in the section at y =300 m.

The characteristic sections x=300m, 400 m are inter-
cepted, and the variation of the concentration of each section
with time is shown in Figure 9. In the direction perpen-
dicular to the main seepage flow, the diffusion of pollutants
is mainly affected by dispersion. The range and concen-
tration of pollutants increase first and then decrease. Dis-
persion leads to the increase of pollutant area. However,
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FIGURE 6: Volume pollutant source geometric model and diffusion trajectory.

because the seepage effect is stronger than the dispersion
effect, the pollutant range and concentration value on the x
section will decrease with the attenuation of the concen-
tration of the pollution source. For example, at x =400 m, the
pollutant area is 7653m” at 150d, and the maximum
concentration value is 0.05 mol/l. At 300 d, the pollutant area
is 72047 m”, and the maximum concentration is 1.18 mol/l.
At 800 d, the pollutant area is 77171 m?, and the maximum
concentration is 1.28 mol/l. By comparison, the longer the
section is from the pollution source, the later the pollutants
appear, the faster the diffusion speed of pollutants, and the
lower the concentration of pollutants. In the volume source
model, the propagation of pollutants is still conical. The

closer the pollution source, the smaller the propagation
range, and the higher the concentration value. The farther
away from the pollution source, the larger the propagation
range, and the smaller the concentration value.

The three-dimensional nonlinear nonequilibrium ad-
sorption model that takes into account the adsorption
history can be used to reveal the diffusion law of pollutants
under regular three-dimensional boundary conditions. That
is, this model considers the probable increase or decrease of
seepage velocity as well as pollutant concentration in
practical engineering. The transport laws of pollution
sources in three-dimensional spatial are also of interest in
real pollution problems such as changes in the diffusion rate



800 ' A0.16
750
700
650 0.14
600
550 - 0.12
500
150 0.1
m 400 0.08
350
300 0.06
250
200 0.04
150
100 - 0.02
50
0 i vo ’
-200
m
£=300d
: . !
800 4018
750 0.18
700 £
650 0.16
600
550 | 0.14
500 |- 0.12
450
m 400 0.1
350 F 0.08
300
250 F 0.06
200
150 1 0.04
100 0.02
50 0
0 L L L v0
-200 0 200 400 600
m

550
500
450
400
350
300
250
m 200
150
100
50

-50

-100
-150

m 200

t=300d

40.25
0.25

0

100 200
m

300 400 500

600 700

+lvo

0

100 200
m

300 400 500 600 700

800 -

750

700 -

650
600

550 -

500
450

400

350
300

250 -

200
150

100 -

50

015 m

A\

750

350

350

150

-150

400 600

(b)

=600 d

0 160 260 300 400 500 600 700
m
()

=600 d

0 100 200 300 400 500 600 700

m

(®)

4029

lvo

4031
03

0.25

v0

4031
0.3

800
750
700
650
600
550
500
450
400
350
300
250
200
150
100

50

800
750
700
650
600
550
500
450
400
350

300 |

250

200 |

150
100

450
350
300
250

150

150

-150

Advances in Civil Engineering

0.25

0.2

0.15

0.1

0.05

Yo

=800 d

4029

Yo

-200

0

600

0

100 200 300 400 500 600 700

m

=800 d

0

100 200 300 400 500 600

m

700

4029

4029

0.25

0.2

0.15

0.1

0.05

v0

FIGURE 8: Analysis of pollutant migration characteristics in y-section at t=300, 600, 800d: (a) y=100m and (b) y=300m.



Advances in Civil Engineering

=100 d

400

350

300

250

m 200

150

100

0 100

200

s
300

400

- 4125

1 l 12

1 1
Hoos

0.6

0.4

m

400

100

s
300

400

350

300

250

200

150

100

=800 d

100

200

300

400

-al67
I Y
J I 14

| B¥]

08
+ 0.6

1 0.4
1 0.2
| 0

m

t=100d

m m

£40.04 400

m 200 -

400 -

200 -

n f L L s
0 100 200 300 400 0 100

FIGURE 9: Analysis of pollutant migration characteristics in

and concentration field of pollutants. The problem of pol-
lutant diffusion under complex boundary conditions (e.g.,
the variation of seepage direction and gravity effect) should
be discussed in the future.

5. Conclusions

A governing equation is obtained by embedding a nonlinear
nonequilibrium adsorption model (i.e., Bai model) consid-
ering the adsorption history in the three-dimensional situa-
tion, which can be easily applied to solve practical engineering
problems. The concentration peak of the nonlinear non-
equilibrium adsorption history model is higher than that of
the linear model, and the peak concentration appears slightly
in advance. The pollution source tends to migrate horizontally
along the water flow direction, and the diffusion capacity in
the vertical direction is small. Due to the influence of gravity,
the concentration changes at the symmetrical position of the
vertical distance are different, and the bottom concentration is
higher than the upper concentration.

In the early stage of pollutant migration, the peak con-
centration is high, but the distribution range of pollutants is
small. When the distribution range of pollutants increases, the
peak concentration will decrease. Compared with the ad-
sorption history model, the linear model has a more vital ability
to block the migration of pollutants. The longer the time, the
more significant the gap between the two models. Close to the
center of the pollution source, the gap between the two models
increases. By changing the attenuation period of the pollution
source, the longer the attenuation period is, the wider the
diffusion range is, but the longer the time it takes for the

N ' s L s
200 300 400 0 100 200 300 400
m m

()

x-section at t=100, 300, 800d: (a) x=300m and (b) x=400m.

pollutants to migrate out of the model entirely, and different
sections have different regular distributions.

For the volume source model, the pollutant concentration
is higher than that of the point source model, and the diffusion
range of each section is more comprehensive. The closer to the
center of the pollution source, the weaker the influence of
dispersion on the diffusion of pollutants in the main seepage
direction, and the pollutants will spread in the countercurrent
direction, causing pollution upstream. The diftusion of pol-
lutants in the direction perpendicular to the main seepage is
mainly affected by dispersion and is symmetrically distributed.

Notations

C:

Pollutant concentration in porous media

Cs Adsorption concentration

Cr Characteristic concentration

C,:  Maximum concentration before desorption
D: Hydrodynamic dispersion coefficient

kg Adsorption equilibrium coefficient

k,: Desorption equilibrium coefficient

kng: Equilibrium coeflicient

L: Length of soil column

r: Soil column radius

R: Retardation factor

t: Time

T: Pollutant attenuation period

u: Average velocity of cross section

v: Penetration rate

B Attenuation coefficient of initial adsorption
Ba: Attenuation coefficient of desorption process
V: Vector gradient operator
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Py Volumetric dry density of porous media
(Da)ij Mechanical dispersion coefficient tensor

D*r;: Molecular diffusion coefficient tensor

Tijt Curvature tensor

ar: Longitudinal dispersion of porous media
ar:  Transverse dispersion of porous media
Ay Tortuosity degree

0: Porous media porosity.
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For buildings with shallow foundations embedded in natural soil sediments, the underexcavation method is often used to correct
building inclination. Relying on engineering experience and close field monitoring, rectification has been conducted successfully.
However, theoretical studies are relatively scarce, resulting in an inadequately informed rectification design and procedure. Assuming
the soil is an ideal elastic-plastic body, a simplified analysis was adopted to study the issue theoretically. First, the redistribution of the
base contact pressure after building inclination was deduced. Second, according to the force balance between the total contact
pressure of the base and the total stress on the horizontal plane at the excavation hole, the limit hole spacing at the critical state of
building back tilt was obtained, which was also the preferable hole spacing for soil strip collapse. Third, because the amount of
anticipated forced settlement at a certain section of soil excavation is equal to the volume of soil hole collapse, an accurate formula for
the hole diameter was obtained. Combined with engineering experience, suggestions for the design procedure were proposed. Finally,
two case histories were introduced to verify the correctness and practicability of the theoretical formula for hole spacing and

diameter. These two key parameters provide a strong theoretical basis for building rectification in future engineering practice.

1. Introduction

In engineering practice, building inclination often occurs
due to design error, severe settlement, or surrounding un-
derground construction. For buildings with shallow foun-
dations based on natural sediment layers or reinforced soil
layers, underexcavation is the least intrusive and most
economical method for building rectification [1-3]. The
success of rectification and building safety heavily depend on
close monitoring and dynamic construction. Theoretical
guidance is urgently needed in construction design and
correction. Based on the small hole expansion theory and
Tresca yield criterion, a formula was reported to determine
the radius of the plastic zone [4]. By submitting the
Mohr-Coulomb failure criterion to an elastic solution of the

stress around the hole for the plane strain problem, an
analytical plastic zone around the excavation hole was ob-
tained [5]. The finite element method was also introduced to
further study the mechanism of building rectification [6, 7].

To directly observe soil deformations and obtain detailed
data, several scale model tests were performed [8], and the
test results indicated that the vertical stress decreased above
the holes while increasing between the adjacent holes,
showing the stress transfer law. Using the finite element
method, Xiao et al. further described the continuous stress
redistribution and displacement field [9] and the rectifica-
tion mechanism was revealed.

Previous research has focused on the plastic zone and
hole spacing. The consensus is that when the plastic zone
bridges the soil strip between neighbouring holes, the strips
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yield and produce plastic flow. At this moment, the building
starts to tilt reversely. Although the finite element method
can be used for inclination correction analysis, calculating
a preferable hole spacing with a numerical simulation is
excessively demanding for an engineer. Till to now, there is
no applicable formula for the rectification design. Fur-
thermore, there is a lack of research on the relations between
the contact pressure and the redistributed stress between soil
strips in the critical state of back tilt. The forced settlement of
building rectification by underexcavation derives from the
hole closure [3, 9], but few studies have focused on the
quantitative relationship between the parameters of soil
excavation and the expected base settlement.

A practical rectification design, given the expected
correction target (forced settlement), is to determine the
hole spacing, hole diameter, and plane layout of excavation
holes under certain building load and subsoil conditions. By
examining a number of rectification projects and studying
case histories, the authors have comprehended the re-
lationship between the design parameters and the rectifi-
cation target. In this study, the subsoil is assumed to be an
ideal elastic-plastic body. By using the simplified theoretical
analysis, the two formulas for ultimate hole spacing and hole
diameter are derived, which are the key parameters for
arectification design. The settlement can also be predicted by
the underexcavation configuration.

In the next section, the redistribution of contact pressure
is determined after the inclination of buildings. The third
section presents the derivation of the preferable hole spacing
and hole diameter. The fourth section describes the recti-
fication design procedure. In the fifth section, two case
histories are introduced to verify the design parameters.
Finally, conclusions are offered in the last section.

2. Redistribution of Contact Pressure

When the building is inclined, the contact pressure is
redistributed. For a building with a raft foundation, it is
assumed that the total height of the building is H, the length
of raft is L, and the width is B. The building tilt is often along
the direction of width. The horizontal displacement of the
building roof is AB, and the inclination of the building is i.
When the building has a regular shape and uniform weight,
it can be considered that the total structure load P of the
building acts on the centroid. The horizontal eccentricity
caused by inclination is e, as shown in Figure 1. The building
inclination can be expressed as follows:

. AB e
S gL (1)
H (H/2)
Solving for e, it can be expressed as
Hi
= —, 2
e=— (2)

Assuming that the subsoil is uniform, the redistributed
contact pressure caused by building inclination can be
calculated by
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FIGURE 1: Analysis sketch for redistribution of contact pressure.

Pl max p 6e\ P 3Hi
=—(1+—)=—(1+—). (3)
BL B/ BL B
pk,min

Taking (H/B) = f3, the formula can be written as

Px, max P .
= o7 (130, (4)

p k, min

Such a redistribution formula provides a basis for the
rectification design in a more concise way. According to the
“Code for Design of Building Foundation (GB50007-2011)”
[10], the maximum inclination of buildings is controlled
within 5%. Therefore, when the ratio of height to width
B<10 and the building inclination i<5%o, the contact
pressure changes within the range of +15%.

3. Ultimate Hole Spacing and Hole Diameter

3.1. Ultimate Hole Spacing. When rectifying the inclined
building, as the excavation proceeds, more holes are cut, the
bearing area of the soil strips between the holes decreases
gradually, and vertical stress is more transferred to the soil
strips. Taking the subsoil as an ideal elastic-plastic body,
when the vertical stress on the minimum section of the soil
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strips increases to the ultimate soil bearing capacity, the soil
strips will yield and collapse [3, 4]. The researchers simulated
the plastic zone evolution. Under the conditions of a contact
pressure of 90 kPa and an excavation hole spacing of 2.15d,
the maps of effective plastic strain are shown in Figure 2. For
analysis details, we refer to document [9].

Marking contact pressure as p, it is close to or equal to
the allowable bearing capacity of the subsoil when the raft
area of a building foundation is determined. Therefore,

P~y =22 %)
where p, is the ultimate bearing capacity of the foundation
that can be determined by property parameters or by un-
confined compressive strength of the subsoil and K is the
safety factor of the foundation bearing capacity.

Underexcavation is conducted from the less subsidence
side of the building. Taking the cutting length as 1.0 m, when
the hole spacing is 1, hole diameter is d, and the total number
of holes at the cutting section is #, the effective area for
transferring vertical stress to deep is n(l — d) at the cutting
section. If the horizontal plane for small holes is to reach the
crushing state, the vertical stress loading on the soil strip
between the holes must reach the ultimate bearing capacity
p,, of the subsoil, as shown in Figure 3. The excavation hole is
generally within 1.0m underneath the raft; therefore, the
diffusion of contact pressure to the depth of the excavation
hole can be ignored. According to the total vertical stress at
the horizontal plane in the middle of the hole being equal to
the total contact pressure under the raft, the following
equilibrium formula is obtained:

nlp =n(l-d)p, (6)

ie, nl(p,/K)=n(l-d)p,
The ultimate hole spacing is

K
- 4= 7
! _1d A, (7)

K

A= (8)
where A is the multiple of hole spacing to diameter,
depending on the safety reserve of the building foundation.
For an inclined building, its foundation bearing reserve
is somewhat lower with a safety factor of 1.5~2.0, so the
corresponding hole spacing is (2.0~3.0)d, which is consistent

with the previous engineering experience.

3.2. Applicable Hole Diameter. The finite element method
has been introduced to predict the building settlement
[11-13]. However, the simulated settlement caused by
underexcavation is often far less than the observed settle-
ment in the engineering practice. Taking the soil elastic
modulus as 15 MPa, when a pressure of 90 kPa is applied to
the ground, the soil is excavated at a spacing of 4.3 d and the
diameter of the excavation hole is 110 mm. The maximum

ground settlement caused by underexcavation is approxi-
mately 1.5 mm according to the finite element calculation, as
shown in Figure 4, whereas under the same excavation hole
configuration, the excavation settlement in the project is
approximately 20 mm. The reason is that the finite element
method is applicable to continuous bodies, and the calcu-
lated deformation only represents those caused by stress
redistribution. After the soil strips between the holes yield
and collapse, the finite element method is no longer ap-
plicable for a broken discontinuous body. Nevertheless, hole
collapse is the main source of forced foundation settlement
for building rectification. This conclusion was also sup-
ported by Ovando-Shelley and Santoyo [3] and Xiao et al.
[9]. Therefore, a simplified method is used to derive the hole
diameter given the target settlement.

Ignoring the elastic deformation caused by stress re-
distribution from soil excavation, a section perpendicular to
the soil cutting is taken for analysis. Assuming that the
amount of forced settlement at this section is s, the multiple,
i.e, A of the hole spacing to diameter is determined by the
above formula (8), the number of rows of soil excavation holes
is m, and the number of holes in each row is n, as shown in
Figure 5. If the settlement volume is equal to the amount of
extraction soil, the equation is obtained as follows:

2

ie, snl = mnﬂ, 9

4

2
ie,snAd = mn%. (10)

The hole diameter is
g=hs (11)
mn

Forced settlement can also be predicted according to
rectification design parameters as follows:

S_I’l’l?'[d
o4

It should be noted that the relationship between the
diameter of the excavation hole and foundation settlement is
derived under the condition of ignoring the raft stiffness.
According to the theoretical calculation, the settlement
along the cutting direction changes abruptly. Due to the
stiffness of the raft and structure, the settlement along the
cutting direction changes linearly with the maximum set-
tlement at the cutting side. In engineering projects, when
predicting the maximum settlement using the previous
formula, a coefficient should be introduced to modify the
difference between the theoretical value and site observa-
tions. According to the experience obtained from case
histories, the coefficient is in the range of 1.0~3.0.

(12)

mmd
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FIGURE 2: Maps of effective plastic strain of underexcavation.

«/

Building

p=f,=p /K

| Y YYVYY YVVYVYYYVYVYY Y |

DISPLACEMENT TY (mm)
+8.54e-001

o
+1.95e-001
10.5%
+6.76e-002
31.8%
—— +4.46e-003
15.5%
- -7.80e-002

6.6%
-1.86e-001
5.7%
-3.24e-001
7.7%
-4.67e-001
5.3%
-6.44e-001
10.7%
—— -8.17e-001

3.7%
-1.53e+000

FiGURE 4: Simulated settlement after underexcavation.

4. Recommended Practical Design Steps Step 1. we calculate A, the multiple of ultimate hole spacing
to hole diameter. According to the ultimate bearing capacity

With two key parameters of hole spacing and diameter,  of the foundation and contact pressure, the safety factor, K,
combined with engineering experience, the design steps are s determined by formula (8). For a concise rectification
recommended as follows: design, the redistribution of contact pressure can be taken
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FIGURE 5: Analysis sketch for diameter of the digging hole.

into account. For the convenience of subsequent in-
structions, we take A = 3.

Step 2. we determine the lengths of the excavation holes. For
ordinary residential buildings within 16 m in building width,
two drilling lengths can be appropriate for rectification.
According to many years of experience in rectifying projects,
the optimal maximum drilling length extends to the 3/4 of
the dimensions in tilt direction [14], which not only facil-
itates the building back tilt but also avoids unnecessary
settlement on the less subsidence side. The recommended
hole lengths are 0.75B and 0.5 B, as shown in Figure 6.

Step 3. we determine the hole diameter and the hole con-
figuration. The target maximum forced settlement at the
cutting side is s, ,.; when the foundation is completely rigid,
the settlement at the centerline is s, /2. Using formula (11),

the corresponding diameter of the excavation hole is

g2 Smax
mr 2

(14)
_ 6s

max
mn

When taking m = 1, we obtain

d= % (15)
n

Assuming the expected maximum settlement
Smax = 60mm, we obtain d = 115mm. According to the
available bit type in the present market, a hole diameter of
110 mm is applicable. For the convenience of construction,
the drilling diameters of the two types of holes with different
lengths are taken as the same. It is recommended to take 2/3
of the total number of excavation holes with a length of
0.75B and 1/3 of the total number with a length of 0.5B to
ensure that the theoretically calculated settlement area on
the inclination correction profile is equal to the settlement
area of the raft. The layout of the soil extraction holes is

shown in Figure 6.

Step 4. we dynamically modify the rectification scheme. For
each specific correction project, the building structure,
foundation, subsoil, construction technology, and accom-
panying measures are different and the design scheme
should be modified according to the site circumstances. For
example, if the basement is surcharge loaded on site, the
contact pressure increased. Correspondingly, the safety
factor K of the soil strips is decreased. Based on
A = K/(K - 1), the critical hole spacing should be modified
to be larger. For another example, water injection into an
excavation hole helps decrease the shear parameters of
cohesive subsoil, especially for those with a naturally low
water content; as a result, the ultimate bearing capacity of the
soil strip decreases. Therefore, when the measure of flushing
water is adopted in the field, a larger hole spacing can crush
the soil strip.

5. Verification by Case Histories

5.1. Case 1: An 11-Storey Building with a Frame Structure.
A residential building in Jiangsu Province in China has
a frame structure of 11 floors above ground and one floor
underground [15]. The building is based on a beam-
embedded raft of 450 mm in thickness. According to the
geotechnical survey report, the bearing stratum underneath
the raft is silt and silty clay, which have a characteristic
bearing capacity (allowable bearing capacity in design) of
100 kPa. After completing the structure, it was found that the
uneven settlement had occurred. Until building rectification,
the inclination had reached 6%. The building is 52.8 m in
east-west length and approximately 14.0m in south-north
width. A total of 76 excavation holes with three lengths were
set at the building’s north side, with a spacing of 600 to
800 mm; during onsite construction, 20 additional excava-
tion holes were drilled due to difficulties in back tilting the
building. The construction process was divided into three
stages as follows:

Stage 1: preparation of underexcavation, including
excavation of the working trench and dewatering to
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FIGURE 6: Sketch for rectification design.

lower the groundwater level below the working trench
bottom

Stage 2: underexcavation for building rectification,
during which the holes were cut uniformly and sym-
metrically along the building north side, with short
holes first, then long holes, and finally
supplementary holes

Stage 3: foundation reinforcement, including grouting
to fill the not completely closed holes and collapsed
loose soils upon accomplishment of correction and
then driving 188 micropiles as settlement reducers

The construction photos are shown in Figure 7. The
building exhibited relatively high rigidity during the back
tilting process. The curves of settlement versus time of
typical monitoring points are shown in Figure 8. To verify
the theoretical formulas, only the settlement data in the

excavation stage are investigated. Taking the monitoring
data of 4 points in the building middle, the induced average
settlement of M5 and M6 was 58 mm during the under-
excavation stage, while the south monitoring of M15 and
M16 presented slight uplift at the same time. The obser-
vations indicate that the building tilts back by rotating
around a certain axis, showing relatively high rigidity.

5.1.1. Verification of the Hole Spacing. According to the
allowable bearing capacity of the supporting subsoil given by
the site investigation report, we take the ultimate bearing
capacity p, as two times the allowable value, 200kPa.
Considering the dead load and live load, the 12 floors of the
building exert a contact pressure p =12 x 15 = 180 kPa.
Because the building was not decorated and not occupied,
the contact pressure was taken as 0.9 times the above
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FIGURE 7: Underexcavation of case 1. (a) The building. (b) Underexcavation field.
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FiGure 8: Settlement versus time of case 1.

estimated value, which is approximately 160kPa. At the
onset of rectification, the safety factor of the foundation soil
is K= (p,/p) = (200/160) = 1.25. Consequently, the ulti-
mate hole spacing is A = (K/(k — 1)) = 5, i.e., hole spacing is
I =5d. The adopted hole diameter is 110mm, and the
theoretical spacing is 550 mm. Amazingly, the average hole
spacing in the field is = (L/n) = (52800/(76 + 20))
= 550mm, which agrees well with the theoretical calculation.

5.1.2. Verification of the Relationship between the Hole Di-
ameter and Foundation Settlement. Using formula (12), the
theoretical settlement is
mrnd 1x3.14x 110
s = =
4) 4x5

= 17.27mm. (16)

During the whole operational process of the building
rectification and foundation reinforcement, the back
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inclination is 5.6%, perfectly achieving the target level of
building rectification. During the underexcavation stage, the
observed settlement is 58 mm, which is approximately
3.35 times the value of the theoretical calculation. Even
considering # = 3.0, the observed settlement at the soil
cutting side is still slightly larger. It is speculated that the
following factors existed:

(1) Consolidation settlement continued to develop
during underexcavation

(2) The foundation soil was soft, and the excavation of
working trench released the lateral earth pressure. As
a result, the soil creep deformation occurred, con-
tributing to the north side settlement

(3) Dewatering caused additional stress in the subsoils,
and additional settlement was induced

(4) Approximately one-quarter of the holes were re-

peatedly excavated, which brought more soil out
the hole

ersus time of case 2.

5.2. Case 2: A 6-Storey Building with a Masonry Structure.
A 6-storey masonry building in Shandong Province in China
is 41.2m in length and 12.8 m in width on plane [16]. The
north side of the building is based on medium to stiff plastic
silty clay, while the south side of the building is laid on
a backfill and muddy soil layer. To solve this problem, a lime-
soil cushion of 1.5m in thickness was adopted above which
a raft foundation was laid to strengthen the building stiff-
ness. Nevertheless, half a year after the completion of the
building, the measured inclination to the south reached
5.87%o. To correct the building, underexcavation beneath
the lime-soil cushion was conducted.

5.2.1. Verification of the Hole Spacing. According to the
geological survey report, the characteristic value f , i.e., the
allowable bearing capacity of silty clay is 150kPa and the
ultimate bearing capacity is 300 kPa. The building has 6
floors in total, and the estimated contact pressure, including
lime-soil cushion weight, is p = 15 x 6 + 1.5 x 18 = 117 kPa.
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TaBLe 1: Comparison between the practical value and the
calculated value.

Project Case 1 Case 2
Floor 11F+1F 6F
Design bearing capacity f, (kPa) 100 150
Adopted hole spacing (mm) 550 200
Theoretical hole spacing (mm) 550 180
Observed settlement (mm) 58 50
*Calculated settlement (mm) 17.27 47.45
Note. *5=1.0.

Therefore, the safety reserve of the foundation soil is
K = p,/p = 300/117 = 2.56; then, the multiple value of hole
spacing to diameter in the limit stateis A = K/ (K - 1) = 1.64.
The ultimate hole spacing is [ = 1.64d. With an applied hole
diameter of 110 mm, the theoretical hole spacing should be
180 mm.

After the raft south edge was pinned by micropiles, soil
extraction was conducted from the north side of the
building. The excavation holes were spaced at 600 mm and
extended to 7.0m or 9.0 m in the tilt direction underneath
the cushion. After the excavation was completed in accor-
dance with the rectification design scheme, the back in-
clination of the building could not achieve the expected goal
of less than an inclination of 2.0%. Therefore, supplementary
holes with a length of 10.5 m were cut obliquely with the raft
edge at a spacing of 600 mm. The conducted holes are shown
in Figure 9. There are actually 3 excavation holes within each
spacing of 600 mm, so the actual excavation hole spacing is
200 mm. This value is in good agreement with the theoretical
calculation of 180 mm.

5.2.2. Verification of the Relationship between the Hole Di-
ameter and Foundation Settlement. The actual multiple is

A=—=182 (17)

Using formula (12), the theoretical settlement is

mnd 1x3.14x 110
S = =
4] 4x1.82

= 47.45mm. (18)

The rectified settlement of the monitoring points is
approximately 50 mm, as shown in Figure 10, which is close
to the theoretical formula. The coefficient of settlement %
is 1.05.

Two case histories verify the correctness and practica-
bility of the theoretical formulas of ultimate hole spacing and
adoptable hole diameter. In addition, design modification
and dynamic construction are necessary for each building
with a specific foundation. The comparison of these two
typical case histories is shown in Table 1.

6. Conclusions

In the previous correction projects, the engineers had to rely
on experience to design and conduct rectification. The
success was severely dependent on close monitoring and
holding on underexcavating. Through simplified theoretical

analysis, the key parameters for inclination correction are
deduced and its validity and practicability are verified by two
case histories. The main conclusions are as follows:

(1) After the building is tilted, the base contact pressure
is redistributed. Under the condition of uniform
distribution of structural loads, a formula is pro-
posed to calculate the stress redistribution according
to the building incline. For a concise rectification
design by underexcavation, the redistribution of
contact pressure should be considered.

(2) Through simplified theoretical analysis, based on the
total contact pressure underneath the raft being
equal to the total pressure at the soil strips between
excavation holes, the ultimate hole spacing is ob-
tained. It is also the preferable hole spacing that
facilitates the hole crushing. According to the vol-
ume of induced settlement being equal to the volume
of soil extraction, the applicable hole spacing is
obtained. Meanwhile, the induced settlement could
be predicted by the determined parameters for
underexcavation.

(3) The verification of case histories shows that the
formulas are effective and applicable. These two
formulas provide a solid theoretical basis for the
design of rectification by underexcavation, but the
design scheme needs to be modified according to the
structure type, geotechnical conditions, and other
extra measures for promoting settlement. During the
process of building correction, close monitoring and
dynamic modification are still essential.

(4) With the formulas presented in this study as a guide,
the critical safety state and desired settlement can be
controlled and the excavation time can be reduced.
In this research, the ultimate crushing bearing ca-
pacity of soil strips between holes is not exactly the
same as the ultimate bearing capacity of the foun-
dation, which requires further study. When the
maximum settlement at the excavation side of
a building is predicted according to the parameters
for underexcavation, the coefficient requires further
accumulating empirical data.

Symbols
B: Raft width
L: Raft length

H: Total height of the building, including the
underground part

AB: Horizontal displacement of the roof caused by

building inclination

Inclination of building

Horizontal eccentricity caused by building

inclination

Ratio of building height to width, § = (H/B)

Nominal combination of building load

Contact pressure of the shallow footing

komax: Maximum contact pressure

Q =

DR I™
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: Minimum contact pressure

s: Building settlement caused by underexcavation
Maximum settlement at the cutting side

Pu Ultimate bearing capacity of the foundation
fak Allowable bearing capacity in foundation design
K: Safety factor of the foundation

A: Multiple of hole spacing to diameter

d Hole diameter

1 Hole spacing

m Number of rows of excavation holes

n Number of holes in the excavation section

n Coefficient of settlement.
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The circular economy encourages the production and consumption of sustainable embankment geomaterials and their blends
utilizing recycled waste materials in roads, railway tracks, airfields, and underground structures. Geomaterials comprising high-
plastic soft expansive clay pose excessive settlement during cyclic traffic/railway/airfield loading resulting in uneven geometry of
overlying layers. This paper demonstrates multiobjective optimized improvement of expansive clay (C) geotechnical charac-
teristics by cost-effective agro-wastes additives at microlevel (by 3% to 12% rice husk ash, i.e., RHA), nanolevel (by 0.6% to 1.5%
rice husk derived green nano-SiO,, i.e., NS), and synergistic micro to nanolevel (NS-RHA). The swell potential, resilient modulus
(MR), initial elastic modulus (Es), unconfined compressive strength (UCT), and California bearing ratio (CBR) of C and its blends
were determined. The chemical characterization of C and its blends were conducted through Fourier transform infrared
spectroscopy (FTIR) and optical microscopic tests. The outcome of this study depicted that the cost ratio for the optimized
composite, i.e., (1.2% NS-9% RHA)/(9% RHA) is 1.22 whereas stiffness ratio MR (NS-RHA)/MR(RHA) and Es (NS-RHA)/
Es(RHA) and strength ratio UCT(NS-RHA)/UCT(RHA) and CBR(NS-RHA)/CBR(RHA) were found to be 2.0, 1.64, 2.17, and
2.82, respectively. FTIR revealed the chemical compatibility between C, RHA, & NS from durability perspective. Cost-stiffness
results of this study can be applied by geotechnical experts to economize the green stabilization of C by use of agro-waste for
sustainable development.

1. Introduction

Sustainable embankment materials are desired globally by
geotechnical experts from durability, cost-effectiveness,
and optimization perspectives for civil engineering in-
frastructures [1-10]. Urbanization around the world is
going on fast-track [11] due to which the problematic soils
sites are also in demand for soils improvement
(stabilization).

All soils from A-1 to A-7 (AASHTO classification) can
be used as subgrades in pavements. High plasticity expansive
clays are one of the common problematic soils that need the
stabilization before its usage as bearing or construction
material under embankments. These expansive clays are
sufficiently strong in dry condition but with increase of
moisture, these soils loose strength drastically [12, 13].
Expansive clay subgrade of low bearing capacity is con-
sidered as a costly issue [14] for which stabilization is
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a feasible solution to increase shear strength and to decrease
water susceptibility [15]. Furthermore, the expansive clays as
subgrade are prone to large settlements resulting in for-
mation of uneven geometry around the embankment
[16-18]. From geotechnical perspectives in pavements
subgrades built with expansive clays, commonly the more
important parameters of interest are resilient modulus
(MR), elastic modulus (Es), unconfined compressive
strength (UCT), and California bearing ratio (CBR) index.
MR is used in pavement design to simulate dynamic
haversine traffic loading. Es estimated from stress-strain
curve of UCT can be used for conservative design of
pavements, [19] and it can be evaluated from straight line
drawn at stress-strain curve up to 50% of peak stress [20].
CBR is the vital parameter which is used in the estimation of
pavement thicknesses.

Flexible pavement components such as wearing course,
base course, and subbase course usually have enough elas-
ticity and transmit the overpassing vehicle loads to the
underneath layer of expansive clay subgrade for dissipation
[12, 13].

Traditional microstabilizers most notably cement, lime,
and fly ash are in frequent use worldwide to improve ex-
pansive clay for the last few decades [21-24]. The main
drawback of cement and lime stabilization is the emission of
harmful gases such as CO,, SO,, and NO, in the environ-
ment which outweighs their beneficial effects [25-27]. These
microstabilizers increase the pH of expansive clay up to 12
which creates environmental problems [17]. Fly ash (a coal
combustion product) due to its high value of the pH reduces
the nutrient access to plants when mixed with expansive
clays, so the adoption of green additives for stabilization is
trending amongst geotechnical and pavement engineers
[28-30].

Environmental friendly microstabilizers derived from
agro-wastes are rapidly replacing the traditional micro-
stabilizers for expansive clays [18]. Straw, bagasse, and husk
are popular form of agro-wastes used. The increase in the use
of expansive clays with agro-waste microstabilizers reduces
the expenditure on cement which is being used earlier in
abundance [12, 13]. Husk derived from rice (RH) showed
promising potential for microstabilization of expansive
clayey soils. Furthermore, the ash of rice husk (RHA) also
proved potential for expansive clay stabilization at micro-
level. RH is abundantly available in rice producing countries
all over the globe as waste product of rice milling process.
The chemical analysis shows that the 35% cellulose, 35%
hemicellulose, 20% lignin and 10-20% ash can be obtained
from of rice husk on dry weight basis [31]. RHA can be used
as green additives due to its high pozzolanic activity [32].
RHA is produced by the burning of rice husk at about 600°C
in which high quantity of silica, low quantity of oxide and
high specific surface is observed.

The common nanoparticles used with soils are alu-
minium oxide-Al,Os3, titanium oxide-TiO,, silicon oxide-
SiO,, carbon nanotubes etc. These nanoparticles can stabilize
(nanostabilization) the structure of soil at nanoscale
(100 nm). The use of nanoparticles takes significance from
the aspect of interparticle space concept, i.e., voids between
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soil particles. The nanoparticles cause transformation of
pore liquid to viscous gel resulting in enhancement of soil
shear resistance. The nanostabilization of soil improves its
structure, physical, and chemical properties due to filling of
voids at nanolevel [18]. In addition, the nanostabilization
causes enhancement of load bearing potential of soil [33].
Various earlier researches described the interparticle spaces
and potential of making the expansive clay denser with
nanosilica.

The stabilization of soil at the microscale (using RH/
RHA/cement/lime/fly ash/) does not change the properties
of parent material significantly. Because, microstabilizers
normally reduces plasticity of soils and facilitate in pozzo-
lanic action. Nanostabilization is very active and changes the
interlayer structure of parent soil and enhances the density
and intermolecular attractive forces ultimately causing the
increase in stiffness (resilient and elastic moduli) of blend.
These nanoparticles influence the microstructure, physical,
chemical, and geotechnical properties. Furthermore, the use
of nanoparticles imparts the pozzolanic action in the blends.

Cost-effective and eco-friendly extraction of nanosilica
from RHA can be accomplished by chemical and com-
bustion methods. Reference [18] presented the combined
effect of microlevel (cement) and nanolevel (nanosilica) on
marl clay and found that nanosilica was four times more
effective compared with cement stabilized marl clay.

The individual effects of nano and microparticles are
needed to be compared with combined effect of nano plus
microsynergy of particles. Previous studies present details of
improvement in strength and plasticity of soft expansive
clays by use of RHA and nano-SiO, independently. There are
rare studies on the effect of synergistic combination (green
and cost-effective) of micro and nanolevel particles on the
resilient modulus (MR), elastic modulus (Es), UCT, and
CBR of expansive clay. Followings were the objectives of the
study:

(i) Evaluation of optimal doses of micro, nano, and
micronano agro-waste additives for the synergistic
green stabilization of expansive clay

(ii) Determination of optimal ratios of MR, Es, UCT,
and CBR for nano to microlevel stabilization and
comparison with cost ratio for nano to micro-
synergistic mixing of RHA and NS in expansive clay

(iii) Characterization of expansive clay and its blends
with RHA and NS through Fourier transform in-
frared  spectroscopy  (FTIR) and  optical
microscopic tests

2. Materials and Methods

Expansive clay samples (C) were characterized in the lab-
oratory by specific gravity, natural moisture content, gra-
dation, Atterberg limits, engineering classification, shear
strength, consolidation, and modified proctor compaction
tests. All tests were carried out in accordance with the
relevant ASTM standards. Characterization of such types of
clay has been described by Lang et al. [25]. The rice husk was
collected from rice mill near Lahore, Pakistan. The rice husk
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FIGURE 1: Physical appearance of samples used (a) clay, (b) rice husk, (c) rice husk ash, and (d) nano-SiO,.

was ground in 1000 rpm grinder for 4 minutes to prepare
rice husk powder (RH). The particle sizes obtained ranged
from 0.6 mm to 0.063 mm. The rice husk ash (RHA) was
obtained by controlled burning of the RH at 600°C. RHA was
characterized in the laboratory by the specific gravity,
plasticity index, and loss-of-ignition tests. Commercially
available nano-SiO, (NS) was procured. The properties of
NS such as physical state, particle size, surface area, particles
density, purity, and pH were determined in the laboratory.

Figure 1 shows the physical samples of clay, rice husk,
rice husk ash, and nano-SiO, used.

RHA in the proportions of 3%, 6%, 9%, and 12% and NS
in the proportions of 0.6%, 0.9%, 1.2%, and 1.5% were mixed
in C to prepare samples for determination of swell potential,
unconfined compressive strength (UCT), resilient modulus,
and California bearing ratio (CBR). The proportion of RHA
and NS was selected keeping in view the typical guideline
range of these materials mixed with clay from previous
studies [12-14, 32]. Tables 1-3 show the test matrix details
used in experimentation.

C and its blends prepared with RHA and NS (Table 1)
were subjected to evaluation of swell potential (ASTM
D4546), unconfined compression (UCT) strength (ASTM
D2166), resilient modulus (AASHTO T-307), and California
bearing ratio (CBR) (ASTM D1883) tests. The length to
diameter ratio of 2 was used in samples preparation. The
strain rate of 1 mm/min in vertical axial direction was
employed during UCT tests. The elastic modulus (Es) was
derived from the initial portion of the stress-strain curves of
UCT test. The peak stress, i.e., unconfined compressive
strength (UCT), was also observed from the UCT stress-
strain curves which depict the shear strength of the clay
without any confining pressure. The resilient modulus (MR)
test was performed on cyclic triaxial test machine. Cyclic
haversine shaped load was applied for on each test specimen,
and the last five cycles were selected for the measurement of
load, horizontal deformation, and vertical deformation. In
CBR tests, during saturation and shearing phases, a standard
dead load of 10 Ibs. was applied. The samples of C, C + RHA,
C+NS, and C+RHA+NS prepared for UCT tests are
shown in Figure 2.

Crystallographic structure of C and RHA was also
evaluated by the X-ray diffraction (XRD) technique. The

TaBLE 1: Expansive clay plus rice husk ash composite tests matrix.

St Label Swell — yyope  Resilient  opp.
potential modulus

1 C X X X X

2 C+3%RHA X X X X

3  C+6%RHA X X X X

4 C+9%RHA X X X X

5 C+12%RHA X X X X

TaBLE 2: Expansive clay and nanosilica composite tests matrix.

St Label Swell — yope Resilient g,
potential modulus

1 C+0.6%NS X X X X

2 C+0.9%NS X X X X

3 C+1.2%NS X X X X

4 C+1.5%NS X X X X

characteristics compositions of C, RH, RHA, NS, and
C+RHA+NS (optimum blend) were also determined
through the Fourier transform infrared (FTIR) spectroscopy
and optical microscopy tests. The palettes of samples pre-
pared for the FTIR tests are shown in Figure 3.

In order to compare the cost impact of different additives
with clay, the stiffness to cost analysis was also carried out.

3. Results and Discussions

The geotechnical engineering characteristics of expansive
clay are summarized in Table 4.

The C sample primarily comprised of fines, i.e., clay and
silt in proportion of 73% and 23%, respectively. A fraction of
4% fine sand was also observed in the sample. The specific
gravity of C was found 2.68 with plasticity index (PI) of 43%.
The C was classified as medium to high-plastic clay (CH) in
accordance with unified soil classification system (USCS).
Such soils exhibit expansive nature, i.e., free swell potential
30% and swell pressure 232 kPa. The compression index of
0.44 was observed in C. The shear strength was found, i.e.,
cohesion of 61 kPa with friction angle of 100. The rice husk
ash (RHA) and nanosilica characteristic properties are
tabulated in Tables 5 and 6, respectively.
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TaBLE 3: Expansive clay, rice husk ash, and nanosilica composite tests matrix.

Sr Label Swell potential* UCT* Resilient modulus® CBR*
1 C+3%RHA +0.6%NS X X X X

2 C+3%RHA +0.9%NS X X X

3 C+3%RHA +1.2%NS X X X X
4 C+3%RHA + 1.5%NS X X X X

5 C+6%RHA +0.6%NS X X X X

6 C+6%RHA +0.9%NS X X X X

7 C+ 6%RHA +1.2%NS X X X X

8 C+ 6%RHA + 1.5%NS X X X X

9 C+9%RHA +0.6%NS X X X X
10 C+9%RHA +0.9%NS X X X X
11 C+9%RHA + 1.2%NS X X X X
12 C+9%RHA + 1.5%NS X X X X
13 C+12%RHA + 0.6%NS X X X X
14 C+12%RHA + 0.9%NS X X X X
15 C+12%RHA + 1.2%NS X X X X
16 C+12%RHA + 1.5%NS X X X X

* Average value of three replicates.

C+RHA+NS

F1GURE 3: Palettes for the FTIR tests, i.e., (a) soil, (b) rice husk, (c)
rice husk ash, (d) nanosilica, and (e) optimum blend of (a), (c), &
(d).

The RHA exhibits dark grey color and nonplastic be-
havior with typical loss of ignition (LOI) value of 1%.

The nanosilica powder shows neutral behavior with an
average particle density of 0.134 g/cm’.

The effect of RHA and NS on free swell potential of clay is
shown in Figure 4. It was observed that 3%, 6%, 9%, and 12%

TaBLE 4: Summary of geotechnical engineering characteristics of
expansive clay (C).

Value” Standard name
Constituent/property
Specific gravity 2.68 ASTM D854
Natural moisture content (%) 22.5 ASTM D2216
Gradation/classification
Sand (%) 4 ASTM D422
Silt (%) 23 ASTM D422
Clay (%) 73 ASTM D422
Atterberg limits
LL-liquid limit (%) 91 ASTM D4318
PL-plastic limit (%) 49 ASTM D4318
PI-plasticity index (%) 43 ASTM D4318
SL-shrinkage limit (%) 39 ASTM D4318
USCS chart classification CH ASTM D2487
Cohesion (kPa) 61 ASTM 4767
Friction angle (degree) 10 ASTM 4767
ASTM D1557
. . o
Optimum moisture content (%) 24.3 ASTM D1557
. . 3 ASTM 4546
Maximum dry density (g/cm”) 1.74 ASTM4546
Free swell potential (%) 30 ASTM4546
Swell pressure (kPa) 232 ASTM4546
Compression index 0.44

‘Average value of three tests performed.

RHA caused 16%, 24%, 28%, and 32% decrease in swell
potential of C. The C was also ameliorated with 0.6%, 0.9%,
1.2%, and 1.5% NS, which resulted in 24%, 40%, 44%, and
48% decrease in free swell potential. Moreover, the C was
also blended with RHA plus NS composites. Synergistic
composites of 3%, 6%, 9%, and 12% RHA with 0.6%, 0.9%,
1.2%, and 1.5% NS decreased the swell potential of C
substantially as compared with the individual blends of C
with RHA or NS as presented in Figure 4.

The optimal synergistic blend of 9% RHA plus 1.2% NS
showed 72% decrease in free swell amongst studied pro-
portions. The proportions blends showing the RHA and NS
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TaBLE 5: RHA properties.

Properties Percentage, %
Specific gravity 1.64
Color A Dark grey
Plasticity index (%) Nonplastic
Loss-on-ignition (%) 1

‘Average value of three tests performed.

TaBLE 6: Physical properties of nano-SiO,.

Parameters Values
Physical state Powder
Apparent particle size (nm) 27 to 36
Specific surface area (mz/g)A 187
Particle density (g/cm’) 0.134
Purity (%) 98.7
pHA 7

‘Average value of three tests performed.

beyond 9% RHA and 1.2% NS presented higher free swell
values due to dispersive effects of stabilizers.

The C was blended with different proportions of RHA,
and it was observed that 3%, 6%, 9%, and 12% RHA caused
1.36, 1.66, 2.3, and 1.92 times increase in unconfined
compressive strength (UCT). The C was also ameliorated
with 0.6%, 0.9%, 1.2%, and 1.5% NS, which resulted in
increase of 1.62, 2.23, 2.87, and 43 times UCT. Moreover, the
C was also mixed with RHA plus NS composites. Synergistic
composites of 3%, 6%, 9%, and 12% RHA with 0.6%, 0.9%,
1.2%, and 1.5% NS increased the UCT of C substantially as
compared with the individual blends of C with RHA or NS as
presented in Figure 5.

The combined effect of RHA and NS enhanced the UCT
from 53kPa (clay) to 265kPa, i.e., 5 times higher, by the
addition of optimized contents of 9% RHA and 1.2% of NS.

The stress-strain curves of UCT in Figure 6 show that the
stress with respect to strain enhances the linear portion with
increase in RHA and NS. The C was blended with different
proportions of RHA, and it was observed that 3%, 6%, 9%,
and 12% RHA caused 1.07, 1.17, 1.44, and 1.24 times in-
crease in elastic modulus (Es) of clay. The C was also mixed
with 0.6%, 0.9%, 1.2%, and 1.5% NS which caused an in-
crease of 1.15,1.28, 1.8, and 1.33 times the Es of C. Moreover,
the C was also ameliorated by synergistic composites of RHA
plus NS. Composites of 3%, 6%, 9%, and 12% RHA with
0.6%, 0.9%, 1.2%, and 1.5% NS increased the Es of C sub-
stantially as compared with the individual blends of C with
RHA or NS as presented in Figure 6.

The combined effect of RHA and NS enhanced the Es
from 54 MPa (native clay) to 128 MPa, i.e., 2.37 times as
compared with C, by the addition of optimized contents of
9% RHA and 1.2% of NS.

The effect of RHA and NS on resilient modulus (MR) of
clay is shown in Figure 7. The C was blended with different
proportions of RHA, and it was observed that 3%, 6%, 9%,
and 12% RHA caused 1.14, 1.2, 1.39, and 1.28 times increase
in MR. The C was also ameliorated with NS which resulted in

increase of 1.26, 1.43, 1.8, and 1.67 times increase in MR.
Moreover, the C was also mixed with RHA plus NS com-
posites. Synergistic composites of 3%, 6%, 9%, and 12% RHA
with 0.6%, 0.9%, 1.2%, and 1.5% NS increased the MR of C
substantially as compared with the individual blends of C
with RHA or NS as presented in Figure 7.

The optimal synergistic blend of 9% RHA plus 1.2% NS
presented the highest resilient modulus value in the studied
blends, i.e., 2.79 times as compared with C. The proportions
blends showing the RHA and NS beyond 9% RHA and 1.2%
NS presented lower MR values due to dispersive effects of
stabilizers as an effect of excessive quantities of RHA and NS.
Past studies like Lang et al. [25] show that the addition of
1.5% nano-SiO2 to native clay soil presents lower strengths
due to dispersive effects of excessive nanoparticles.

Increase in maximum dry density (Y4m.x) and decrease
in optimum moisture content (OMC) were observed be-
cause of addition of RHA and NS. The increase in Pgmax Was
seen as 20.7%, 29%, and 47.5% at optimized blends of 9%
RHA, 1.2% NS, and 9% RHA plus 1.2% NS blends, re-
spectively. Similar trends were observed in the case of soaked
CBR values.

The C was blended with different proportions of RHA,
and it was observed that 3%, 6%, 9%, and 12% RHA caused
1.04, 1.15, 1.28, and 1.19 times increase in CBR as shown in
Figure 8. The C was also ameliorated with NS which resulted
in increase of 1.23, 1.60, 1.85, and 1.43 times CBR as
compared with C. Moreover, the C was also mixed with
RHA plus NS composites. Synergistic composites of 3%, 6%,
9%, and 12% RHA with 0.6%, 0.9%, 1.2%, and 1.5% NS
increased the CBR of C substantially as compared with the
individual blends of C with RHA or NS as presented in
Figure 8.

The synergistic optimized blend of 9% RHA plus 1.2%
NS showed highest increase in CBR, i.e., 3.62 times higher
than C.

The data were validated by statistical analysis and found
in good health with no outliers.

Tables 7 and 8 summarized the chemical composition of
native clay (C) and rice husk ash (RHA) observed through
X-ray fluorescence analysis.

Both C and RHA materials primarily comprised of silica
with 48.6% and 78.2%, respectively. Aluminum oxide was
observed at 14.7% in C and 3.7% in RHA. Ferric oxide was
found 8.4% in C and 1.1% in RHA. Sodium oxide was 3.1% in
C while in RHA, it was 0.6%. In C, the potassium oxide was
0.67% while in RHA, it was 2.4%. 4.3% magnesium oxide
was present in C, and 0.9% in RHA. Calcium oxide was
12.3% in C sample and 1.5% in RHA sample. All major
compounds chemical composition in C and RHA samples
were found common; hence, good affinity between both
materials after mixing in blends was observed.

Figure 9 shows the individual Fourier transform infrared
spectroscopy (FTIR) profiling of C, RH, RHA, NS and
synergistic optimized blend of C with 9% RHA plus 1.2% NS.
The peak pickings labelled 1 to 12 in the FTIR test results
(Figure 9) were analyzed [34], and details of bonds, i.e.,
single, double, triple, and foot prints in C, RHA, NS, and
synergetic optimum blend are summarized in Table 9. The
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functional groups and their quantified frequencies were also

determined for C, RHA, NS, and optimum blend [34].
The interpretation details of the FTIR results shown in

Figure 9 and presented in Table 10 are explained as follows.
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Figure 5: UCT of clay and blends of clay plus RHA and NS.

In the range of 3650 and 3250 cm™", broad absorption bonds
were observed in all samples showing the presence of hy-
drogen bond. Sharp bonds were observed round 3500 cm™"
regions in all samples illustrating the presence of oxygen
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FIGURE 7: MR of clay and blends of clay plus RHA and NS.

related bonding. The peaks were observed in range of 3000
and 3200cm™" reflecting the presence of aromatic rings.
Single bond of carbon (C-C) was observed in NS due to peak
at 3000 cm ™. No aldehyde peak was found in typical range
of 2700 to 2800 cm ™. No significant peaks were observed

from 2000 to 2200 cm™", and hence, no carbon-carbon triple
bond was observed in any samples. At about 1700 cm™’,
sharp peaks were observed in all samples demonstrating
some carbonyl double bonds in the samples. At around

1600 cm ™', peaks were observed in all samples informing the
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TaBLE 7: Chemical composition of expansive clay (C) from X-ray
(ASTM D5381) fluorescence analysis.

Constituents Percentage, %

Si0,-silica 48.6
Al Osz-aluminium oxide 14.7
Fe,O5- ferric oxide 8.4
MgO-magnesium oxide 43
CaO-calcium oxide 12.3
K,O-potassium oxide 0.67
Na,O-sodium oxide 3.1
Others 7.9

TaBLE 8: Chemical composition of rice husk ash (RHA) from X-ray
(ASTM D5381) fluorescence analysis.

Constituents Percentage, %
SiO,-silica 78.2
CaO-calcium oxide 1.5
Al,O3-aluminium oxide 3.7
Fe,0;-ferric oxide 1.1
Na,O-sodium oxide 0.6
MgO-magnesium oxide 0.9
K,O-potassium oxide 2.4
Others 11.6

presence of carbon-carbon double bond. At 1500 cm™,

signals were observed showing the aromatic rings presence
also in double bond region. Vinyl related compounds were
also seen at about 1000 cm™" in the finger print region. The
similarity in peak trends was observed in all investigated
materials showing comparable composition in spectrum and
analysis regions (single bond, triple bond, double bond, and

100
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40

| single bond (OH, N-H, C-H) _ Double
Triple bond
20 bond ) (c—c,
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[Comments]
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Company JASCO ——— BIEND

Ficure 9: FTIR spectroscopy.

fingerprints). Out of all used materials and their combi-
nations, i.e., C, RH, RHA, NS, and optimum blend, chemical
compatibility was observed in FTIR spectroscopy except NS
where single bond of carbon was observed in single bond
analysis zone.

The optical microscopic images of C, RHA, NS, and
C+ RHA + NS optimal blend are presented in Figure 10. The
optical images interpretation was carried out in accordance
with guidelines of Pires et al. [36]. The results are sum-
marized in Table 11. Pore size distribution (small, medium,
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FiGure 10: Optical microscopic images.

and large), irregularity (angular, flaky, and elongate), ori-
entation (horizontal, circumferential, random), and mac-
ropore space and spatial distribution (bonded, intermediate,
and elongated) were evaluated. Small to medium pore size
distributions and voids were observed in the samples. In C

and its optimal blend with RHA and NS, angular, flaky, and
elongated fractions of irregularities were observed. The
major orientation of RHA and NS being powders was ob-
served circumferential/beadlike while C and its optimal
blend exhibited a combination of circumferential/beadlike,
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FiGgure 11: Cost versus stabilizer (RHA and NS) contents.

horizontal, and random orientations. Macropores can be
seen in all samples marked as inter and intra-assemblage
pores in Figure 10. The spatial distribution was observed in
the form of aggregation matrix comprising of combination
of bonded, intermediate, and elongated aggregates in C and
its optimal blend. The RHA and NS, however, pre-
dominantly exhibited bonded spatial distribution.

The optical microscope analysis showed that clay sta-
bilized with optimal dose of 1.2% of NS and 9% RHA
exhibited optimum filling of pore spaces of native clay.
Hence, the optimum values of density, stiffness, and strength
parameters are validated.

The cost evaluation of microlevel stabilization (RHA)
compared with nanolevel (NS) and micro plus nanolevel
synergistic blends (C+RHA +NS) based on resultant op-
timal stiffness was carried out. The RHA and NS rates were
used as $1.5/kg and $2.5/kg, respectively. In field, the cost of
construction equipment, mixing, spreading, and compac-
tion of both stabilizers, i.e., RHA and NS in expansive clay, is
almost same. Hence, the cost analysis in this research only
covered the cost of RHA and NS. The ratio of Cost(1.2%NS)/
Cost(9%RHA) for individual stabilizers, i.e., NS and RHA, to
achieve optimum stiffness and strength for treatment of one
ton of clay, is $30/$135 = 0.22, whereas the optimal ratio for
synergistic blend is Cost(1.2%NS-12%RHA)/Cost(12%
RHA), ie., $165/$135=1.22 which shows much higher
enhancement in stiffness and strength of clay as the opti-
mum ratios of MR (1.2%NS-9%RHA)/MR(9%RHA) = 2.0,
Es (1.2%NS-9%RHA)/Es(9%RHA) = 1.64, UCT(1.2%NS-9%
RHA)/UCT(9%RHA) =2.17, and CBR(1.2%NS-9%RHA)/
CBR(9%RHA) =2.82. It was observed that the optimal
blends of synergistic ratios show the RHA plus NS blends

showing higher stiffness and strength ratios as compared
with cost ratio of the corresponding blends. From
Figures 5-8, it is observed that the ratio of MR (RHA-NS)/
MR(RHA), Es (RHA-NS)/Es(RHA), UCT(RHA-NS)/
UCT(RHA), and CBR(RHA-NS)/CBR(RHA) is 1.6, 1.3, 1.8,
and 2.3 times higher than Cost(RHA-NS)/Cost(RHA), re-
spectively, for optimal dose of 1.2% of NS plus 9% of
microlevel RHA, validating the cost-effective solution for
biocompatible stabilization of subgrade expansive clay.

It is observed from Figure 11 that for optimal blend of
(1.2% NS+9% RHA)/9% RHA, the ratio of cost for this
blend is lower than the ratio of stiffness and strength pa-
rameters as presented in Figs. 5, 6, 7, 8. Beyond this optimal
blend, the stiffness ratio decreases and the cost ratio in-
creases making the blends uneconomical, e.g., 12% + 1.5%
NS blend is uneconomical as it shows lower stiffness and
strength ratios due to dispersive effects and higher cost ratio.

4. Conclusions

The purpose of this study was the sustainable stabilization of
the high-plasticity expansive clay by green agro-waste ad-
ditives at three levels, i.e., microlevel (by rice husk ash),
nanolevel (by rice husk-derived nanosilica), and synergistic
nano to microlevel (by blends of nanosilica and rice husk
ash). FTIR, XRD, optical microscopic, and cost analysis were
performed for each levels of stabilization for feasible blends
evaluation to be used in amelioration of expansive clay. The
following conclusions were addressed in this study:

(1) The optimal synergistic dose of micro to nano-
P ynerg

particles for stabilization of expansive clay was ob-

served to be 1.2% of nanosilica (NS) and 9% of rice
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husk ash (RHA) which resulted in improvement of
resilient modulus (MR), elastic modulus (Es), un-
confined compressive strength (UCT), and Cal-
ifornia bearing ratio (CBR) as 2.79, 2.37, 5.0, and 3.62
times, respectively, and free swell index was reduced
up to 72% as compared with native expansive clay.

(2) The ratio of optimized contents for RHA, NS, and
RHA-NS synergistic stabilization phases for MR, Es,
UCT, and CBR are observed to be more than one,
ie, MR (RHA-NS)/MR(RHA), Es (RHA-NS)/
Es(RHA), UCT (RHA-NS)/UCT(RHA), and
CBR(RHA-NS)/CBR(RHA) as 2.0, 1.64, 2.17, and
2.82, respectively. Hence, it results in more sus-
tainable stabilized mixes.

(3) The ratio of Cost(RHA-NS)/Cost(RHA) for optimal
dose was evaluated as 1.22. The analysis also depicted
that the ratio of MR (RHA-NS)/MR(RHA), Es
(RHA-NS)/Es(RHA), UCT(RHA-NS)/UCT(RHA),
and CBR(RHA-NS)/CBR(RHA) is 1.6, 1.3, 1.8, and
2.3 times higher than Cost(RHA-NS)/Cost(RHA),
respectively, for optimal dose of 1.2% of rice husk-
derived nanosilica plus 9% of microlevel rice husk
ash, validating the cost-effective solution for bio-
compatible stabilization of subgrade expansive clay.

(4) The Fourier transform infrared spectroscopy (FTIR)
revealed the chemical compatibility between C,
RHA, & NS for possible future durability perspective.
The optical microscope analysis showed that clay
stabilized with optimal dose of 1.2% of NS and 9%
RHA exhibited optimum filling of pore spaces of
native clay. Hence, it validates the optimum values of
density, stiffness, and strength parameters.

The study should be extended to explore the durability of
the proposed blends. The optimization of the strength and
durability is the function of C, RHA, and NS quantities of the
blends.
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Part of deep foundation pit support engineering needs to select connected precast concrete square piles (CPCSPs). Under the
premise that the quality of precast concrete square piles (PCSPs) meets engineering requirements, the quality of CPCSPs becomes
the key factor to ensure the safety of foundation pit support structures. This paper puts forward a new connection technology of
CPCSPs and carries out the flexural behavior experiment of unconnected precast concrete square piles (UPCSPs) and CPCSPs.
The distribution of crack and strain on different surfaces of UPCSPs and CPCSPs are measured by carbon fiber composite strain
sense optical cables, glass fiber composite strain sense optical cables, and fixed-point polyurethane strain sense optical cables. The
anti-crack load, ultimate load, bending moment, and flexural deformation of UPCSPs and CPCSPs are measured. The ex-
perimental results of UPCSPs and CPCSPs are compared. The results show that the anti-crack strength of CPCSPs is greatly
increased while the flexural deformation of CPCSPs is decreased before the occurrence of crack. With the development of crack
(failure stage), the outside areas of hoop steel plate exhibit cracks. At this moment, the strength of CPCSPs is no longer controlled
by the strength of middle areas. The ultimate strength of CPCSPs is basically equivalent to that of UPCSPs. The ultimate bending
moment of CPCSPs is higher than its design value (about 66%~76%). The selection of CPCSPs in the design of foundation pit

support has good reliability.

1. Introduction

The foundation pit support technologies in China mainly
include cast-in place pile, prestress anchor, diaphragm wall,
inner support, (composite) soil nail wall, and SMW con-
struction method. According to incomplete data statistics,
the above traditional support forms [1-5] are chosen by
more than 95% of foundation pits. However, with the de-
velopment of society and the progress of technology, the
problems of high cost, large construction space, long con-
struction period, high energy consumption, and serious
environment pollution of traditional support forms have
become increasingly prominent. Precast concrete piles are
more and more widely used in foundation pit support en-
gineering because of their advantages in short construction
period, reliable construction quality, high environmental

protection, and economic benefits [6-10]. Due to the limits
of production molds, transportation conditions, and piling
equipment, the length of precast concrete piles generally
does not exceed 15 m. Only the connected piles can meet the
requirements for the embedded depth of deep foundation pit
support structures.

In recent years, the bearing capacity performances of
precast concrete piles are researched deeply by engineering
and academic circles, and abundant research results have
been obtained. The connection method of bonded steel plate
weld for PHC piles in standard atlas was improved by Li et al.
[11]. It was found that the mechanical performance, con-
struction technology, and weld quality of improved con-
nection joint had significantly improved compared to
standard connection joint. On this basis, a new PHC uplift
pile with hold-hoop connection method was proposed by
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Zhang et al. [12, 13], which could significantly improve the
pullout capacity of piles. The new mechanic-connection
method was developed by Qi et al. [14]. It was found that
the compressive and tensile capacity of mechanic-
connection bamboo joint piles were significantly better
than those of common prestress piles. The flexural behavior
test of prestress concrete hollow square piles was carried out
by Liu et al. [15], and it was found that the ultimate bending
moment of weld joints met the requirement of inspection
value. At the same time, the axial tensile tests on the internal
buckle mechanic-connection joint of prestress concrete
hollow square uplift piles were carried out by Fan et al. [16].
The comprehensive detection ways and judgment of deflect
of precast square concrete piles were proposed by Zhang
[17]. An extensive evaluation of capacity interpretation
criteria was presented for driven precast concrete (PC) piles
under axial compression loading by Marcos et al. [18]. The
tensile and flexural behaviors of prestressed concrete square
pile connection joint with resilient clamping were studied by
Wang et al. [19, 20]. The flexural performance of prestressed
concrete solid square piles and resilient clamping connec-
tions were studied by Xu et al. [21]. The experimental results
indicated that the head of rebar and end of plate were the
weak parts of piles. The full-scale flexural behavior experi-
ments on the connection joints of composite reinforcement
concrete precast square piles were carried out by Xu et al.
[22]. The experimental results showed that the ultimate anti-
bending capacity of connection joint was greater than that of
pile shaft. Several widely used connection methods for
precast concrete piles from economic benefit, service life,
and field workload were summarized and compared by
Ptuhina et al. [23]. The influence of topographic and geo-
logical conditions was considered by Song et al. [24-30].

At present, the research of connected piles is focus on the
tensile and compressive strength of pile joints. There is little
research on the flexural behavior of pile joints. The research
work that has been carried out is either the small size or low
bending performance of test specimens. As the precast
concrete pile of foundation pit support, the main force
condition is anti-bending. The technology requirements of
connected piles are far higher than those of compression
piles and tension piles. Therefore, it has an important en-
gineering application value for foundation pit support to
carry out the research on connection technologies and
flexural behaviors of precast concrete piles. In this paper,
a new connection technology for precast concrete square
piles (PCSPs) is proposed. The tensile and compressive loads
are transferred by plate groove weld, and the flexural loads
are transferred by hoop steel plate. That is, the connection
technology of hoop steel plate after welding plate groove is
chosen to solve the complex force problems when PCSPs are
used for foundation pit support. The relationships between
flexural loads and displacement, ultimate load, and failure
mode are researched by the flexural behavior test of full-scale
CPCSPs and UPCSPs. The research results will provide an
important theoretical basis for the design and application of
CPCSPs.
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2. Connection Technology of Anti-Bending Pile

In order to solve the complex force problems of tension,
compression, and bending when PCSPs are used for
foundation pit support, the connection technology of hoop
steel plate after welding plate groove is chosen. Firstly, the
bevel of plate groove is chamfered to 8 : 20 before welding, so
as to increase the contact area of weld spot. Secondly, the
hoop steel plate is made into two symmetrical “L” parts. The
side length of pile section is 500 mm and 600 mm, re-
spectively, and the length of hoop steel plate is 1000 mm and
1200 mm, respectively. After a layer of adhesive steel
structural glue is evenly applied on the inner side of hoop
steel plate, the hoop steel plate is firmly fixed at the con-
nection joint of PCSPs with clamps. Finally, the hoop steel
plate is firmly welded by groove weld technology.

The section size at the connection joint of PCSPs with
side length of 500 mm is 480 x 480 mm, and the specification
of hoop steel plate is 480 x 480 x 8 mm. The section size at
the connection joint of PCSPs with side length of 600 mm is
580 x 580 mm, and the specification of hoop steel plate is
580 x 580 x 8 mm. The PCSP with side length of 600 mm is
taken as an example, and the connection technology pa-
rameters of PCSPs are shown in Figures 1 and 2.

3. Flexural Test Scheme of Precast Concrete
Square Connection Pile

The research on the tensile and compressive properties of
CPCSPs is relatively mature. In this paper, the flexural
behavior of CPCSPs is researched. The test includes two
groups of PCSPs with different side lengths, and each group
includes three CPCSPs and one UPCSP. Among them, Nos.
5-1, 5-2, 5-3, 6-1, 6-2, and 6-3 are CPCSPs, and 5A and 6A
are UPCSPs. The lengths of piles are 7.0 m. The connection
locations are located at the middle of PCSPs. The concrete
strength of 6 CPCSPs is 43.7~54.7 MPa, and the average
concrete strength is 49.08 MPa. The main parameters of
CPCSPs and UPCSPs are shown in Table 1.

3.1. Load Device and Measurement Device of Test. The dis-
tribution beam, hydraulic jack, and manual oil pump are
used for loading during test. The oil pressure gauge with
accuracy of 0.4 level is used to measure pressure. The load
device of test is shown in Figure 3. The digital dial indicators
are used to measure the deflection of PCSPs and erected at
the connection joint of PCSPs, with both sides of PCSPs with
0.8m and 1.6m away from connection joint, which are
shown in Figure 4. The carbon fiber composite strain sense
optical cables and glass fiber composite strain sense optical
cables are used to measure the strain crack of piles. The
fixed-point polyurethane strain sense optical cables are used
to measure the crack of piles. The sense optical cables are,
respectively, arranged on the top, upper and lower of front,
and upper of back of piles, which are shown in Figure 5. The
purpose that authors choose three different strain sense
optical cables is to ensure the reliability of experimental
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FIGURE 1: Schematic diagram of pile connection technology (unit: mm). (a) Connection location of pile. (b) Hoop steel plate.
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FIGURE 2: Scene diagram of precast concrete square pile. (a) Precast concrete square pile. (b) Precast concrete square connection pile.

results. The main performances of measure instrument are
shown in Table 2.

3.2. Load Method. Preload is loaded to eliminate virtual
contact strain before test. The load increases from zero to
80% of estimated anti-crack bending moment according to
the load with 20% of estimated anti-crack bending moment.
The duration of each load level is 3 minutes. Then, the load
increases from 80% to 100% of estimated anti-crack bending
moment according to the load with 10% of estimated anti-
crack bending moment. The duration of each load level is
3 minutes. During the test, observe whether there are cracks
and record the distribution and development of cracks. If
there is no crack at the load with 100% of estimated anti-
crack bending moment, the load continues increasing until
cracks appear according to the load with 10% of estimated
anti-crack bending moment. The duration of each load level
is 3 minutes. Then, the load continues increasing to the
ultimate state of PCSPs according to the load with 10% of
estimated anti-crack bending moment. The duration of each
load level is 3 minutes. Observe and record all data.

3.3. Anti-Crack Load and Ultimate Load. It is considered to
be the limit state of PCSPs when any of the following
conditions occur. The crack width of piles reaches 1.5 mm.
The tensile rebar is broken. The location of weld is broken or
detached. The concrete in compression zone is failure. The
load cannot increase or remain stable.

The anti-crack load is determined by following ways.
When the crack occurs at the first time during loading, the
previous load level is taken as the anti-crack load. When the
crack occurs at the first time within the required duration of
load level, the average value of the current load level and
previous load level is taken as the anti-crack load. When the
crack occurs at the first time after the required duration of
load, the current load level is taken as the anti-crack load.

The ultimate load is determined by following ways.
When the ultimate state is reached during loading, the
previous load level is taken as the ultimate load. When the
ultimate state is reached within the required duration of load
level, the average value of the current load level and previous
load level is taken as the ultimate load. When the ultimate
state is reached after the required duration of load, the
current load is taken as the ultimate load.

Before the test, the state of PCSPs is checked. All PCSPs
are complete without crack. During the test, each PCSP is
loaded to the ultimate state. The test results are as follows.

4. Test Results and Analysis

4.1. Distribution Law of Crack. During the test, each PCSP
shows cracks. 5-1 and 5A are taken as examples to illustrate
the distribution law of cracks in CPCSP and UPCSP, which
are shown in Figures 6 and 7.

Figure 6 shows the crack distribution sketch of 5A and 5-
1 under the last load level. Most cracks of piles are similar to
the inversive splay, which is consistent with the stress state of
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F1GURE 3: Schematic diagram of load equipment, where 1 is the CPCSP; 2 is the distribution beam; 3 is the rolling hinge support; 4 is the fixed
hinge support; 5 is the bottom plate; 6 is the reaction pier after loading; and 7 is the protection pier before loading.
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TABLE 2: Main performance of measurement instrument.

Name Type Range Degree of accuracy
Digital dial indicator MFX-50 50 mm 0.01 mm
Carbon fiber composite strain sense optical cable NZS-DSS-C09(CF) +15000 g, 14,

Glass fiber composite strain sense optical cable NZS-DSS-C09(GF) +£15000 p, 1y,
Fixed-point polyurethane strain sense optical cable NZS-DSS-C08 +15000 p1, 14,
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FIGURE 5: Actual layout of optical cable on the surface of CPCSP. (a) 500 mm. (b) 600 mm.
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FIGURE 7: Test diagram of crack distribution law on left and right sides of 5-1. (a) Left side. (b) Right side.

piles with upper side under tension and lower side under
compression. The crack density at the left side of 5A is 1.0/
10 cm, and the crack density at the right side of 5A is 1.1/
10 cm. The crack density at the left side of 5-1 is 0.7/10 cm,
and the crack density at the right side of 5-1 is 0.8/10 cm. In
comparison, the crack density of CPCSPs is significantly
lower than that of UPCSPs, which is the main reason that the
flexural deformation ability of UPCSPs is weakened.
Figure 7 shows the test crack distribution law of 5-1.
There are 4 obvious strain peaks on the left side of 5-1 and 3
obvious strain peaks on the right side of 5-1. The experi-
mental results show that the number and location of cracks
are basically consistent with those of actual cracks. During
the test, cracks first appeared at the middle of UPCSPs, while
the middle of CPCSPs is the connection joint, which is co-

affected by hoop steel plate and adhesive steel glue. The
ductility and crack of CPCSPs are enhanced and reduced,
respectively, by the coordination deformation of steel plate
and concrete. The experimental results of other groups are
similar to those of this test and will not be repeated.

4.2. Distribution Law of Stress and Strain. Since the stress
state of each CPCSP is relatively consistent during the
loading, 5-1 is also taken as an example to explore the stress
and strain distribution law of CPCSPs. The experimental
results are shown in Figures 8-10.

Figure 8 shows the strain diagram of glass fiber optical
cable on the top, back, and front of 5-1. Before the load of
360 kN, the change of strain is small (within 200 4,). The
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FIGURE 8: Strain diagram of glass fiber optical cable on the top, back, and front of 5-1. (a) Top. (b) Back. (c) Upper of front. (d) Lower

of front.

stress is also small, and the crack is in the initial development
stage. With the increase of load, the crack also starts to
develop significantly after the load of 360 kN. The strain and
stress increase significantly, and the stress concentration
appears. In terms of whole 5-1, the stress at both ends is zero,
and the stress increases gradually from both ends to

connection joint. The stress on the top, upper of front, and
back is positive, which is in tensile state. The stress on the
lower of front is negative, which is in compressive state.
Figure 9 shows the strain diagram of polyurethane
optical cable on the top, back, and front of 5-1. The test
results are relatively consistent with the strain diagram of
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FIGURE 9: Strain diagram of polyurethane optical cable on the top, back, and front of 5-1. (a) Top. (b) Back. (c) Upper of front. (d) Lower

of front.

glass fiber. Before the load of 360 kN, the change of strain is
small. The stress is small, and the crack is in the initial
development stage. With the increase of load, the crack starts
to develop significantly after the load of 360 kN. The strain
and stress also increase significantly. In terms of whole 5-1,
the strain at both ends is zero, and the strain increases

gradually from both ends to connection joint. The strain on
the top, upper of front, and back is positive, which is in
tensile state. The strain on the lower of front is negative,
which is in compressive state.

Figure 10 shows the strain diagram of carbon fiber
optical cable on the top (Figure 10 is the strain diagram of
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FIGURE 10: Strain diagram of carbon fiber optical cable on the top, back, and front of 5-1 (a) Top. (b) Back. (c) Upper of front. (d) Lower

of front.

carbon fiber optical cable in the middle of Figure 8), back,
and front of 5-1. The strain at the middle of connection joint
is relatively large and concentrated, and the strain at both
sides of connection joint is relatively small. In addition, the
strain on the top, back, and front (except the lower of front)
of the middle of connection joint is positive, which is in
tension state. The strain at both sides of connection joint is
negative, which is in compression state.

In summary, the pile has a tensile effect on the top, back,
and front of hoop steel plate before the load of 144 kN, and
the hoop steel plate is in tensile state. After the load of
144kN and with the increase of load, the pile has

a compressive effect on the back and upper of front of hoop
steel plate, and the hoop steel plate is in compressive state.
The pile has a downward tensile effect on the both sides for
the top of hoop steel plate, and the hoop steel plate is in
tensile state.

4.3. Comparison of Flexural Behavior between UPCSP and
CPCSP. The anti-crack load, ultimate load, bending mo-
ment, and flexural deformation measured by tests are
shown in Table 3. According to the test results of three
CPCSPs with the side length of 500 mm (Nos. 5-1~5-3), the
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TaBLE 3: Anti-crack load, ultimate load, bending moment, and flexural deformation.
Anti-crack Ma)_nmurlr(l Ultimate Maximum Design value
Number  State of pile Anti-crack bending arflltl—crai Ultimate bending  ultimate flexural of bending
of pile before test  load (kN) moment exural load (kN) moment deformation moment
(kN-m) deformation (kN-m) (mm) (kN-m)
(mm)
5A 332 257.9 16.36 577 454.7 40.95 260
6A 455 353.0 5.78 845 — 10.00 490
5-1 Complete 348 270.7 12.41 576 453.1 40.42
5-2 . 396 309.1 12.08 576 453.1 30.90 260
5-3 without 444 347.5 21.56 600 4723 49.46
6-1 crack 552 430.6 13.67 1072 846.6 40.42
6-2 528 4114 34.10 1056 833.8 39.17 490
6-3 552 430.6 11.99 975 769.0 47.94

range of anti-crack load is 348~444 kN, and the average
value is 396 kN. The range of anti-crack bending moment
and maximum anti-crack flexural deformation is
270.7~347.5kN-m and 12.08~21.56 mm, respectively, and
the average value is 309.1 kN-m and 15.35 mm, respectively.
The range of ultimate load is 576~600 kN, and the average
value is 584 kN. The range of ultimate bending moment and
maximum ultimate flexural deformation is
453.1~472.3kN-m and 30.90~49.46 mm, respectively, and
the average value is 459.5 kN-m and 40.26 mm, respectively.
According to the test results of one UPCSP with the side
length of 500 mm (No. 5A), the anti-crack load is 332 kN,
and the anti-crack bending moment and maximum anti-
crack flexural deformation are 257.9kN-m and 16.36 mm,
respectively. The ultimate load is 577 kN, and the ultimate
bending moment and maximum ultimate flexural de-
formation are 454.7 kN-m and 40.95 mm, respectively. It
can be seen that the anti-crack load and anti-crack bending
moment of CPCSPs are greater than those of UPCSPs, and
their value is increased by 19.28% and 19.85%, respectively.
The ultimate load, ultimate bending moment, and maxi-
mum anti-crack or ultimate flexural deformation of
CPCSPs and UPCSPs are basically equivalent. The strength
and deformation characteristics of test are consistent with
the results of mechanical theory analysis (the maximum
tensile stress occurs in the middle of piles and at the top of
cross section; because of the coordinated deformation of
hoop steel plate and the pile concrete, the anti-bending
strength and anti-crack ability of CPCSPs are enhanced,
and its flexural deformation is weakened before the oc-
currence of crack). Therefore, the anti-crack strength of
CPCSPs is greatly increased while the flexural deformation
of CPCSPs is decreased. With the development of cracks,
the outside areas of hoop steel plate show cracks. At this
moment, the strength of CPCSPs is no longer controlled by
the strength of middle areas, so it is shown that the ultimate
strength of CPCSPs is basically equivalent to that of
UPCSPs.

According to the test results of three CPCSPs with the
side length of 600 mm (Nos. 6-1~6-3), the range of anti-
crack load is 528~552kN, and the average value is 544 kN.
The range of anti-crack bending moment and maximum
anti-crack flexural deformation is 411.4~430.6kN-m and

TaBLE 4: Detailed data of flexural deformation (unit: mm).

Number of No. 1 No. 2 No. 3 No. 4 No. 5
piles

5A 23.88 34.52 40.95 36.99 24.52
6A 10 5.27 7.63 4.93 9.06
5-1 22.63 324 40.42 40.38 30.11
5-2 16.53 25.59 30.9 25.28 16.54
5-3 36.19 46.7 49.46 43.41 30.88
6-1 23.24 33.23 40.42 35.51 23.66
6-2 44.22 51.42 39.17 42.86 34.33
6-3 24.04 38.84 47.94 37.25 24.29

11.99~13.67 mm (the maximum anti-crack flexural de-
formation of 6-2 is not accepted), respectively, and the
average value is 424.2 kN-m and 12.83 mm, respectively. The
range of ultimate load is 975~1072 kN, and the average value
is 1034kN. The range of ultimate bending moment and
maximum ultimate flexural deformation is
769.0~846.6 kN-m and 40.42~47.94 mm, respectively, and
the average value is 816.5 kN-m and 44.18 mm, respectively.
According to the test results of one UPCSP with the side
length of 600 mm (No. 6A), the anti-crack load is 455 kN,
and the anti-crack bending moment is 353.0kN-m. 6A
shows crack under the load level of 520kN. The test
equipment produces deformation when the load reaches
845kN, and the test is terminated. It is seen that the anti-
crack load and ultimate load of CPCSPs are greater than
those of UPCSPs, which again shows that the anti-bending
strength of CPCSPs has been improved.

The flexural deformations of CPCSPs and UPCSPs are
shown in Table 4. With the increase of load, the flexural
deformation increases gradually. Except for 6-2 and 6A,
which are affected by the deformation of simply supported
beams, the flexural deformation at the center of other piles is
greater than that of other positions. The maximum flexural
deformation of 5-1~5-3 is between 30.90 and 49.46 mm, and
the average value is 40.26 mm. The maximum flexural de-
formation of 5A is 40.95mm. The maximum flexural de-
formation of 6-1 and 6-3 is 40.42 and 47.94 mm, respectively,
and the average value is 44.19 mm. In summary, the anti-
bending strength of CPCSPs is greater than that of UPCSPs.
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5. Conclusions

The following conclusions are mainly obtained by experi-
mental study on the flexural behavior of CPCSPs and
UPCSPs:

(1) Most cracks of piles are similar to the inversive splay,
which is consistent with the stress state of piles with
upper side under tension and lower side under
compression. The crack density of CPCSPs is sig-
nificantly lower than that of UPCSPs

(2) The anti-crack bending moment of CPCSPs is about
19.85%~20.17% higher than that of UPCSPs before
the occurrence of crack. The anti-crack strength of
CPCSPs is greatly increased while the flexural de-
formation of CPCSPs is decreased. With the de-
velopment of crack (failure stage), the outside areas
of hoop steel plate exhibit cracks. At this moment,
the strength of CPCSPs is no longer controlled by the
strength of middle areas, so it is shown that the
ultimate strength of CPCSPs is basically equivalent
to that of UPCSPs.

(3) The ultimate bending moment of CPCSPs is not
lower than that of UPCSPs and is about 66%~76%
higher than its bending moment design value.
Therefore, the selection of CPCSPs in the design of
foundation pit support has good reliability.
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This study explores the reinforcement effect of different fibers in an alkaline solution on the mechanical properties of granite
residual soil using the single variable method. The macroscopic mechanical properties of the reinforced samples were studied
using the unconfined lateral compressive strength test and the drop-weight load test, while the microscopic properties were
characterized using techniques such as SME and XRD. The results indicated that the greatest reinforcing effect was attained when
the ratio of SiO,/Na,O in the alkaline solution was 0.5mol with the compressive strength of 4402.85kPa. At the time, the
reinforcing effect of glass fiber in an alkaline solution on granite residual soil was superior to that of basalt fiber. The inclusion of
glass fibers and an alkaline solution of 0.5 mol SiO,/Na,O into the granite residual soil exhibited the best capacity for reinforcing,
with the maximum impact load and compression reaching 120kN and 12.1 mm, respectively. The findings of SME analysis
revealed that GRS included a significant amount of kaolinite, which, when decomposed in an alkaline solution, generated a gel
substance that bound the fibers and soil together and filled the pores between them, thereby enhancing the sample’s compactness.
XRD results demonstrated the formation of gel and a small amount of geopolymer in the soil under the alkaline solution of 0.5 mol

Si0,/Na,0, which tighten the binding between soil particles and fibers and increase the overall strength.

1. Introduction

As China’s economy is booming, the number of people
living in urban areas increases, necessitating a rise in public
transportation usage. Large public construction projects
produce substantial amounts of construction waste. Up to
two million tons of waste soil were generated in 2019 [1].
However, construction waste soil disposal has become
a cause for concern. In general, only a small proportion of
excavated waste soil can be utilized for low-level highways or
infrastructure pit backfill; the bulk must be transferred to
a landfill. This will inevitably result in a series of conse-
quences. The release of soil particles during transportation
endangers the local community’s health by contaminating
the road and the surrounding air environment. In addition,
a large number of waste soil landfills consume a great deal of

space, resulting in a tremendous waste of land resources.
Therefore, the sustainable utilization of construction waste
soil is a contemporary and environmentally-friendly topic
[2]. Investigating a suitable approach to utilize the soil has
major practical engineering significance because it can both
alleviate the issue of random waste soil disposal and min-
imize energy usage [3].

The recycling of waste soils is generally popular among
academics [4-6]. Several of these studies were instructive
and prospective. The compressive strength of the reinforced
kaolin clay samples significantly increased when industrial
wastes such as steel slag and slag were employed as raw
materials to strengthen the residual soil, together with ac-
tivated magnesium oxide and calcium oxide [7]. Using
scientific processes, cement blocks and waste granite cutting
slag were regenerated with comparable strength to cement
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blocks [8]. Construction waste has been converted into
geogrids with certain tensile strength using a special tech-
nique [9]. The addition of kaolinite-containing waste soil to
concrete increased its strength while decreasing the amount
of cement required [10]. All of them indicate that the sus-
tainable utilization of construction waste soil has attracted
considerable attention.

Due to the unique geographical location and climate of
South China, the majority of the construction waste soils in
this region, including Guangdong and Fujian, are granite
residual soils (GRS), which feature a very high bearing
capacity under dry conditions but tend to soften and the
bearing capacity decreases abruptly when exposed to water
[11-13]. The region of South China is characterized by a hot
and humid climate; hence, GRS is frequently regarded as
a waste soil since its bearing capacity falls below the re-
quirement upon contact with water due to its high porosity
and hydrophilic kaolinite content [14]. Because of this, GRS
is prone to soften in water, resulting in a loss of bearing
capacity [15], making it difficult to preserve its original form
[16-18]. In order to reuse GRS in a sustainable way, re-
searches on mitigating the water disintegration property of
GRS have been undertaken, including the use of polymer
SH, which attaches a layer of hydrophobic groups to the
surface of kaolinite to maintain its strength when exposed to
water [19-25]. Some domestic studies have shown that
transparent soil will also have similar characteristics to GRS
under the action of alkali solution and cement [26-30]. At
the same time, there is similar research abroad [31-34].
Others have used alkaline solutions to consume kaolinite in
GRS in order to essentially remove its hydrophilicity and
ensure its strength [35, 36]. Alternatively, numerous studies
have resolved the issue by reinforcing GRS with fly ash or
cement [37] to increase its compressive strength. Although
methods such as adding cement or fly ash to GRS can boost
its strength, they are rarely environmentally friendly enough,
and the process generates significant carbon emissions
[38, 39]. Therefore, it is essential to consider more sus-
tainable reinforcing solutions.

Environmentally friendly and nonpolluting, alkaline
solution is an inorganic solution that, at the right ratio, can
be used to consume kaolinite in GRS and generate a geo-
polymer or gel substances. Since kaolinite has been con-
sumed, this substance not only improves the soil to some
degree but also solves the problem of GRS disintegrating
rapidly in water [14, 40, 41]. Alkaline treatment of GRS has
anumber of advantages, but the treated GRS is exceptionally
brittle, which could lead to a brittle effect comparable to that
of cement reinforcement [42-44]. For this reason, the use of
this material for large-scale applications is discouraged.
[45-49]. Fiber has been studied as a potential solution for the
brittleness of treated GRS. The addition of fibers from waste
tire, sisal, cactus pulp, bamboo, and polypropylene has been
demonstrated to decrease brittleness and increase the stress
between soil particles and bearing capacity [50-55].

From the aforementioned literature, it is clear that al-
though these researchers have made contributions to the
field of reinforcing soils with fibers or other agents, there is
a dearth of studies on reinforcing granite residual soils with

Advances in Civil Engineering

fibers in alkaline solutions. In addition, the aforementioned
researchers have only investigated the static load com-
pressive strength of the treated granite residual soil, but little
research has been conducted on the dynamic impact load
performance of the reinforced soil and much less on its
micromechanical characterization. Therefore, in this study,
a comparison is made between glass fiber and basalt fiber in
terms of GRS reinforcement in alkaline solution and the
impact resistance of reinforced GRS under both static load
and dynamic load, and the reinforcement mechanism of
different fibers is examined from a microscopic perspective
using SEM and XRD techniques as well.

2. Test Method
2.1. Materials

2.1.1. Granite Residual Soil. Granite residual soil has a dis-
tinctive structure and considerable strength in its dry state,
but its strength drops rapidly after soaking in water or
shaking (even if exposed to air for an extended period of
time), causing engineering or geological disasters frequently.
Consequently, it is considered “regional soil” or “unique
soil.” This experiment utilizes the granite residual soil ex-
cavated from the foundation pit of a Guangzhou subway
station (Figure 1(a)). The soil is largely clayey and partially
gravel clayey. It is primarily dark yellow in color. Its main
soil mechanical properties are given in Table 1.

2.1.2. Sodium Hydroxide Analytical Reagent. Sodium hy-
droxide analytical reagent is a white (Figure 1(b)), uniform,
granular solid that is water-soluble, has a density of 1.09 g/cm’
and a molecular weight of 40, and forms a translucent aqueous
solution upon dissolution in water.

2.1.3. Sodium Hydroxide Analytical Reagent. Sodium silicate
analytical reagent is a white (Figure 1(c)), uniform, granular
solid that is water-soluble, has a molecular weight of 284.22,
contains around 64% of silicon dioxide and 22.5% of sodium
oxide, and forms a translucent aqueous solution upon
dissolution in water.

2.1.4. Basalt Fiber. Basalt fiber is an inorganic nonmetallic
fiber material that is primarily manufactured from basalt ore
that has been melted at a high temperature and then cast into
a particular mold. It possesses outstanding characteristics
such as high resilience strength, high modulus, resistance to
high and low temperatures, and corrosion resistance. Its
average length is 6 mm, and its diameter is 20 microns. The
specific parameters of basalt fiber are shown in Table 2.

2.1.5. Glass Fiber. The glass fiber employed as the reinforcer
in this experiment is an inorganic nonmetallic material with
excellent performance, having an average length of 6 mm
and a diameter of 10 microns, as shown in Figure 2.
Nonpolluting and eco-friendly, it possesses excellent insu-
lation, high heat resistance, superior corrosion resistance,
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FIGURE 1: Material diagram: (a) granite residual soil, (b) sodium hydroxide, and (c) sodium metasilicate.

TaBLE 1: Properties of granite residual soil samples.

Specific gravity (ds) Water content w (%) Density (g/cm3) Liquid limit w,; Plastic limit (wp)

2.67 13 16.5 48.3 27
TaBLE 2: Fiber parameters.

. . 3 Linear density Elastic modulus Tensile strength Melting point PN
Fiber type Density (g/cm’) (dtex) (Mpa) (Mpa) C) Elongation (%)
Basalt fiber 2.65 6.21 4500 330 958 30.0
Glass fiber 0.91 8.21 4286 346 169 36.4

FIGURE 2: Material diagram: (a) glass fiber and (b) basalt fiber.

and high mechanical strength. The specific parameters of
basalt fiber are given in Table 2.

2.2. Sample Preparation and Curing. In accordance with the
Chinese Standard GB/T 50123-2019 (a standard for the
geotechnical testing method), the samples were baked for 7 h
at approximately 105°C and then crushed and sieved at
1.18 mm after cooling to room temperature. The 13% op-
timal water content used in this experiment was obtained in
Yuan Bingxiang’s previous research.

Different fibers and alkali solutions were added to the
soil in varying amounts. The mixture was then well mixed,
compacted into a cylinder with a diameter of 100 mm and
a height of 50mm using a geo-compaction equipment
(Figure 3) in layers, and air-dried for 14 days in a well-
ventilated indoor environment. The total weight of a sample
is 1600 g.

2.3. Sample Numbering for the Unconfined Compressive
Strength Test and the Drop-Weight Test. The optimal re-
inforcement ratio of the alkaline solution was de-
termined by means of the unconfined compressive
strength test as depicted in Table 3. For reinforcement,
several molar ratios were used to prepare the alkaline
solution. “0.5mol” denotes an alkaline solution with
a Si0,/Na,O ratio of 0.5 mol.

Table 4 illustrates the results of the drop-weight
impact load test. The ideal content and length of glass
fiber for reinforcement are 3% and 6 mm, whereas those
of basalt fiber are 4% and 6 mm (chen et al). The optimal
ratio of the alkaline solution determined by the static
load test was 0.5 mol; hence, 0.5 mol alkaline solution was
selected as the principal item for examination in the
drop-weight test, alongside 0.7 mol and 0.4 mol alkaline
solutions for comparison. In order to investigate the
reinforcement effect of different fibers on granite residual
soil in alkaline solution, glass fiber and basalt fiber were,
respectively, incorporated into the soil based on the
given ratios of alkaline solution. There are three examples
for each condition. To label the samples, the drop-weight
test was designated as “LC,” the 0.7 mol alkaline solution
ratio “0.7,” and the addition of glass fiber and basalt
fibers, “G” and “B”, respectively. “GRS” refers to the pure
soil sample. For instance, “LC-0.5-G” represents a sam-
ple containing glass fiber and an alkaline solution with
a 0.5 mol ratio.
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FIGURE 3: (a) GRS size, (b) glass fiber sample, and (c) basalt fiber sample.

TaBLE 3: The unconfined compressive strength test plan.

Group Specimen number Na,SiO; (g) NaOH (g)
A GRS 0 0
B 2 mol 40 5.76
. C 1 mol 40 22.24
Unconfined compressive strength tests D 0.7 mol 40 38.72
E 0.5 mol 40 55.20
F 0.4 mol 40 71.68

2.4. Method

2.4.1. Unconfined Compressive Strength Test. The uniaxial
compressive strength of the sample was measured by a 4 W
uniaxial compressive test instrument (see Figure 4). In ac-
cordance with GB/T 50123-2019 Standard for geotechnical
testing methods, the sample was positioned in the exact
center of the pressure plate of the press to rule out the
possibility of eccentric loading at the loading rate of
0.5 MPa/s. The loading axial force at failure was recorded.
The uniaxial compressive strength of each sample was cal-
culated using the following formula:

P
R=-, (1)
R is the ultimate compressive strength of the sample, P is the
maximum load when the sample failed, and A is the cross-
sectional area of the sample.

Based on the principle that the limit load should not
exceed 15%, the average strength of three samples under the
same ratio was calculated. To determine the optimal con-
centration of the alkaline solution, the unconfined com-
pressive strength test was utilized to analyze the compressive
strength of the samples at various ratios.

2.4.2. Drop-Weight Impact Test. The drop-weight test was
conducted on an Instron Ceast 9350 floor-standingdrop-
weight impact tester with a falling weight of 3.06 kg and
aloading weight of 36.67 kg. The falling velocity was 4.5 m/s,
and the corresponding instantaneous impact energy was

403.13]. The pressure sensor on the surface of the falling
weight recorded the impact load of samples, and the de-
formation was calculated by a computer (see Figure 5).

3. Results

3.1. Unconfined Compressive Strength Test. The GRS samples
in Group A had a maximum compressive strength of
851.80 kPa. The maximum compressive strength of Group B,
C, D, and E was 761.40kPa, 1156.10kPa, 4112.55kPa,
4402.85 kPa, and 1750.70 kPa, respectively, when the alkali
content was 2mol, 1mol, 0.7mol, 0.5mol, and 0.4 mol.
Figure 6 depicts the maximum stress and error analysis of
samples with varying SiO,/Na,O ratios in each group.
Therefore, the effect of reinforcement on soil varies with the
SiO,/Na,O ratio and is notable at the optimal ratio.
Moreover, as seen in Figure 6, the addition of NaOH de-
creased the ratio of SiO,/Na,O by increasing the amount of
Na,O in the solution. A marked increase was witnessed
when the ratio of SiO,/Na,O was reduced from 2 mol to
0.5mol. The strength of samples comprising 0.7 mol and
0.5mol SiO,/Na,O was almost 280% greater than that of
samples comprising 2 mol and 1 mol SiO,/Na,O. However,
the strength reduced to 1750.70 kPa when the ratio of SiO,/
Na,O was increased to 0.4 mol, demonstrating that the ratio
of SiO,/Na,O greatly enhances the strength and re-
inforcement effect only within a defined range and is not
directly proportionate to the increase in strength. Based on
the results of the unconfined compressive strength test, it
was concluded that the ideal ratio of SiO,/Na,O for the
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TaBLE 4: The drop-weight test plan.

Group Specimen number Na,SiO; (g) NaOH (g) Glass fiber Basalt fiber
H LC-0.7-G 40 38.72 3 0
I LC-0.5-G 40 55.20 3 0
] LC-04-G 40 71.68 3 0
Drop-weight test K LC-0.7-B 40 38.72 0 4
L LC-0.5-B 40 55.20 0 4
M LC-0.4-B 40 71.68 0 4
N GRS 0 0 0 0

alkaline solution’s reinforcing effect on granite residual soil
was 0.5 mol SiO,/Na,O.

3.2. Drop-Weight Test. Figures 7(a)-7(c) illustrate the ulti-
mate bearing capacity of the specimens enhanced by dif-
ferent fibers under the differing ratios of alkali solution and
impacted at an initial velocity of 4.5 m/s and an initial energy
of 403.13], as well as the unreinforced GRS sample. As
demonstrated in Figure 7(a), GRS has a bearing capacity of
just 13.5kN and deforms by 14 mm when subjected to an
impact.

As shown in Figure 7(b), the addition of three molar
ratios of alkaline solutions considerably improved the ul-
timate bearing capacity of glass fiber samples (LC-0.7-G, LC-
0.5-G, and LC-0.4-G) in comparison to the GRS sample
(40.6 kN, 120.0kN, and 50.0 kN), with LC-0.5-G exhibiting
the best reinforcement effect. This implies that the samples
reinforced with an alkaline solution of 0.5 mol, SiO,/Na,O,
and glass fiber were the strongest. In comparison to the
deformation of the GRS sample (14.5 mm), the deformation
of the samples containing glass fiber and alkali solution in
three different ratios was reduced by 16.6% to 12.1 mm. The
LC-0.5-G showed the least amount of distortion among
them. It is possible to conclude that the addition of glass fiber
and an alkaline solution containing 0.5 mol of SiO,/Na,O
enhanced the reinforcing capacity of GRS in terms of both
strength and deformation.

Figure 7(c) displays the impact resistance performance
of GRS reinforced with basalt fiber in diverse alkaline so-
lution ratios. The ultimate bearing capacities of the LC-0.7-
B, LC-0.5-B, and LC-0.4-B increased by 211%, 507%, and
189%, respectively, compared to the GRS sample, to 42 kN,
82kN, and 39kN. LC-0.7-B exhibited the strongest rein-
forcing effect and the greatest ultimate bearing capacity.
Despite the fact that LC-0.5-B has a greater bearing capacity,
it appears that its deformation has not improved, as it has
remained at around 14 mm. Similar conditions exist in the
other two groups (LC-0.7-G and LC-0.4-G). Glass fiber has
more advantages in enhancing the deformation of the
samples than basalt fibers. In terms of bearing capacity, the
optimal ratio of Si,O/NaO, is 0.5 mol for the two kinds of
fibers. This suggests that the optimal alkaline solution ratio
for reinforcement is 0.5 mol Si,O/NaO,, which is consistent
with the conclusion of the unconfined compressive strength
test. The best reinforcement effect of the two fibers occurs in
a 0.5mol Si,O/NaO, alkaline solution, but the re-
inforcement effect of glass fiber is superior, as evidenced by

FIGURE 4: uniaxial compression test instrument.

the fact that the ultimate bearing capacity and deformation
of LC-0.5-G are 120kN and 12.1 mm, or 46.3% and 13.6%
higher than those of basalt fiber. In the optimal alkaline
solution, it can be observed that glass fiber has a stronger
reinforcing capacity than basalt fiber.

Figures 7(b) and 7(c) further demonstrate the re-
lationship between impact force and deformation when
a falling weight impacted the sample reinforced with various
fibers and alkaline solutions. In each impact test, the
compression deformation increased as the impact force
increased. However, the decrease in impact force also
resulted in a reduction in compression deformation. After an
impact load was applied to the sample, pore compression
and soil particle rearrangement would occur. These force-
displacement curves can be divided into four distinct phases:
the rearrangement phase, the increasing phase, the peak
phase, and the weakening phase. Even though different types
of fibers and an alkaline solution were employed to reinforce
GRS, their impact forces and deformation curves are
comparable as shown in Figures 7(b) and 7(c). In the de-
formation range of 0 to 2 mm, it is evident that the impact
load of glass fiber samples (except for LC-0.5-G) rose
sharply, reached the initial peak load, and then declined.
Following its initial descent, the load ascended once more to
an ultimate peak load of approximately 9mm of de-
formation before the load dropped to 0 and remaining there
ever since. The final deformation of the glass fiber sample
was 12.1 mm. Within the 0-2mm deformation range, the
curves for basalt fiber samples went straight up, reached the
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FIGURE 5: drop-weight tester.

first peak load, and then declined. After reaching the first
lower point, the load climbed again, reached the ultimate
peak load, and then dropped to 0 as the deformation in-
creased to 14 mm.

As a result of the occurrence of instantaneous elastic
deformation, the initial growth of the curves was ap-
proximately linear. At this point, the external force dis-
turbed the soil granules, causing them to move and
tumble, after which the granules rearranged and aggre-
gated. As the pores narrowed and the effective stress
between particles increased, the impact load increased
linearly. After the elastic deformation reached its maxi-
mum, the impact force began to diminish because cracks
in the samples exacerbated the compression deformation,
resulting in a gradual decrease in the impact load. The
impact load rebounded at approximately 2mm of de-
formation and then increased to its maximum peak. This
is because the soil was compacted, and its deformation
modulus increased after it cracked to a certain extent. The
mixture of glass fibers and soil absorbed the impact of the
falling weight, allowing the sample to be further com-
pressed without being destroyed.

However, the reinforcement effects of LC-0.5-G were
different from LC-0.7-G and LC-0.4-G in the glass-fiber
reinforced group, with LC-0.5-G being approximately 4 mm
deformed at the rearrangement stage and LC-0.7-G and LC-
0.4-G being approximately 1.5mm deformed at that stage.
This difference in reinforcement effects suggests that LC-0.5-
G was more densely compacted, so there is less chance that
the soil will move, roll, or tumble when resisting an external
stress. As a result, the Si,O/NaO, ratio of 0.5 mol produces
the strongest reinforcement effect of glass fiber since this is
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FIGURE 6: Compressive strength.

the ratio at which alkaline solution and glass fiber can work
together most efficiently. It is determined that glass fiber and
a 0.5 mol Si,O/NaQ, alkaline solution exhibit the maximum
GRS reinforcing effect.

The optimal reinforcement effects of the two types of
fibers added in the increase phase and the peak phase differ
noticeably from one another. In samples of basalt fiber, the
impact force gradually rose, and its deformation also dra-
matically increased to 14mm with a maximum ultimate
bearing capacity of just 82 kN. The final deformation of the
glass fiber group, however, was only 12.1 mm when its
impact force reached the maximum, over 13.6% lower than
the basalt fiber. This is due to the fact that kaolinite in GRS
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FiGUure 7: The diagram of impact force and compression deformation of the specimen.

was consumed and produced a gel substance under a 0.5 mol
Si0,/NaO, alkaline solution. Smaller glass fibers and the gel
substance tightly and more firmly bind the soil together.
Compared to glass fiber, which is assumed to have a better
reinforcement capacity, basalt fiber’s reinforcement effect is
weaker under the optimal alkaline solution environment.

3.3. Scanning Electron Microscope. The SME images of GRS
(Figure 8) reveal that the soil in the GRS sample is composed
of granular particles with weak interaction. Under a mi-
croscope, the shape of the particles is hexagonal flaky or
incomplete hexagonal flaky. This may be explained by the
large amount of kaolinite in GRS. Kaolinite is in a hexagonal

shape itself, and its incomplete hexagonal shape could be
attributed to the compression and destruction of the soil
during excavation that changes morphology. It was found
that GRS contains a large amount of kaolinite, which is
consistent with the results of XRD analysis.

The sample failed because it could not bear the impact
load due to the relatively weak connection between soil
particles in the original state of GRS. In contrast, the SEM
images of the glass fiber group and the basalt fiber group
(Figure 9) demonstrated that the soil mass remained rela-
tively intact after being subjected to an external load and that
a gel substance bound the soil particles and glass fibers into
a cohesive whole that collectively bears the external impact
load. The inclusion of fibers into the soil assisted in
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FIGURE 8: SEM images of material (GRS).

reinforcing the soil, thus enhancing the sample’s structural
integrity and, consequently, its ultimate bearing capacity.

In Figure 9, it is noticed that more glass fibers attached to
the soil compared to the basalt fibers. The gel substance that
formed after the addition of glass fiber to an alkaline solution
may have bonded the soil particles and fibers closely and
filled the pores, thereby increasing the compactness of the
sample. In addition, the mixture of gel, soil particles, and
fibers bears the load collectively, and the load can be
transferred from soil to fiber and gel. Due to the high tensile
strength of fibers and gel, the sample exhibits outstanding
deformation under impact load, which explains why LC-0.5-
G exhibits greater deformation than other samples. Due to
the close combination of gel, fiber, and soil particles,
a greater impact force is required to rearrange its particles
when subjected to stress, which translates to a higher bearing
capacity in mechanics. In comparison, basalt fiber samples
contained less gel substance and fewer soil particles adhering
to the surface of the fibers, resulting in a weaker connection
between fiber and soil and a lower resistance to impact loads
than glass fiber samples. The SME analysis provided addi-
tional understanding into the different reinforcing effects of
glass fiber and basalt fibers on GRS in alkaline solution and
revealed the reinforcement mechanism of the two fibers on
GRS from a microscopic perspective.

3.4. XRF and XRD. XREF (Figure 10) results suggest that GRS
(Figure 10(b)) contains a significant amount of silicon and
aluminum, similar to the composition of MK (Figure 10(a)).
In conjunction with the SEM and XRD analyses
(Figures 11(a) and 11(b)), it is evident that GRS contains
a significant amount of kaolinite, which was consumed and
formed a gel with adhesion upon alkaline solution
reinforcement.

Based on the results of the preceding analysis, the
reinforcing effect of glass fiber in an alkaline solution is
superior to that of basalt fiber; thus, only the group with the
best reinforcement effect (LC-0.5-G) is chosen for XRD
analysis. GRS is mostly composed of the minerals kaolinite,

quartz, and a little amount of illite and low sodium po-
tassium feldspar, according to the standard PDF of XRD,
with kaolinite accounting for more than 50% of the total.
Compared to the GRS sample, the kaolinite in sample LC-
0.5-G exhibits multiple reflections, the strongest of which
occurs at 12.3°. Although their reflection angle remained
unchanged, their reflection intensity reduced dramatically,
indicating a decrease in the crystallinity and content of
kaolinite. A plausible explanation is that the alkaline solution
consumes kaolinite particles, lowering the crystallinity of the
kaolinite as a result. Microscopically, soil particles become
more stable and solid, enhancing the sample’s overall
strength.

The quartz phase in LC-0.5-G was essentially similar to
GRS and was integral, but the reflection intensity was greatly
reduced, suggesting that the crystallinity and content of
quartz have decreased. The most likely reason is that when
kaolinite particles are mixed with alkali solution (0.5mol
Si0,/Na,0), the new substances formed had effect on the
quartz reflection peak. Consequently, the intensity of the
peak was diminished in XRD, but quartz is fundamentally
stable, hence no significant change was seen.

At the reflection of 27.8°, a considerable increase in
potassium feldspar content was observed, showing that the
addition of alkaline solution promoted the formation of
potassium feldspar in the sample, as evidenced by the sharp
and noticeable potassium feldspar reflection peaks. Potas-
sium feldspar belongs to the monoclinic crystal system,
whose main components are alumina, silicon dioxide, and
potassium oxide, and is distinguished by its high stability,
high strength, and outstanding compressive performance.
The majority of the substances in LC-0.5-G, quartz, and
potassium feldspar are stable. The gel substance and geo-
polymer formed in LC-0.5-G had high viscosity and
strength; they filled the pores of the particles and adhered
them more firmly, thus significantly increasing the effective
stress and enhancing the soil’s strength.

From a microscopic perspective, the addition of
a 0.5mol, SiO,/Na,O alkaline solution and glass fiber
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FIGURE 9: SEM of reinforcement soil of glass fiber (a), (c), and (e) and basalt fiber (b), (d), and (f).
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Figure 10: XRF patterns of MK (a) and GRS (b).
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produced more substances with greater strength and sta-
bility. Under the viscous envelopment of the geopolymer,
the soil mixture formed a whole with enhanced compressive
strength and stability.

The reasons for the distinct reinforcement effects of two
different fibers on GRS in alkaline solution have been de-
scribed from a macroperspective to microperspective. It was
concluded that the reinforcing effect of glass fiber with GRS
in an alkaline solution is superior to basalt fiber.

4. Conclusion

This article investigates the reinforcement effects of two
different fibers on GRS in an alkaline solution, the influence
of the SiO,/Na,O ratio in an alkaline solution on re-
inforcement performance, and the influence of glass fiber
and basalt fiber on the mechanical properties of GRS in an
alkaline solution and its microscopic mechanism using an
unconfined compressive strength test and a drop-weight
impact load test.

(1) The static load test showed that the samples’ ultimate
bearing capacity reached their highest value of
4402.85kpa under a 0.5mol SiO,/Na,O alkaline
solution compared to samples of pure soil. Therefore,
0.5 mol of Si0,/Na,O is the ideal concentration for
an alkaline solution.

(2) The drop-weight impact test demonstrates that the
ultimate impact bearing capability of GRS is greatly
enhanced after basalt fiber and glass fiber re-
inforcement in the optimal alkaline solution. Among
them, the reinforcement effect of glass fiber is the
most successful, as evidenced by the sample’s de-
formation decreasing by 13.6% to 12.1 mm and its
ultimate strength increasing by 789% to 120 kN.

(3) The significant increase in strength, as shown by
SEM and XRD, is a result of the relatively high tensile
strength of the glass fiber and the formation of a gel
near the glass fiber in the alkaline solution, which
binds the soil particles more closely and forms
a whole that collectively bears the external load,
thereby increasing the sample’s strength. The smaller
diameter of the glass fiber facilitates a better con-
nection between the fiber and the soil particle. Basalt
fiber, on the other hand, serves only as a connecting
component during reinforcement because it does not
produce an additional gel that binds the fibers to-
gether. Therefore, the reinforcement effect of basalt
fiber with GRS in an alkaline solution is inferior to
that of glass fiber.
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In order to explore the pressure relief effect of the two combined pressure relief and antireflection technologies of ultra-high
pressure water jet cutting before pressure and pressure before cutting, theoretical analysis, numerical simulation, and field test
were used to study the main control factors of the combined high-pressure water jet slit cutting and fracturing antireflection
technology. This paper introduces the combined technology of ultra-high pressure hydraulic fracturing, and analyses the
mechanism of pressure relief and transparency enhancement of the combination of cutting before pressure and pressure relief
after cutting. The results show that the starting pressure of the coal seam with ultra-high pressure water jet cutting and pressure
relief is 13 MPa, the influence radius of hydraulic fracturing is 45-55 m, the starting pressure of the coal seam with pressure cutting
and pressure relief is 16 MPa, and the influence radius of hydraulic fracturing is 35-45m. Compared with pressure cutting
combined pressure relief and permeability enhancement technology, cutting pressure relief and permeability enhancement
technology can improve the permeability of coal seams more evenly and effectively, and reduce the stress of coal seams near the
hole. The ultra-high pressure cutting and pressure combined technology can make the pressure relief of coal body uniform and
sufficient, and the overall permeability coefficient of the coal body is greatly improved. The drilling purity is 2.3 times of the
extraction purity of the ordinary single hole drilling, and the extraction influence range is increased, and the extraction effect is
significantly improved. At the same time, the stress of coal body is reduced after slitting, and the starting pressure of hydraulic
fracturing is reduced. The research results provide a scientific basis for the coal seam pressure relief and permeability enhancement
under similar conditions in the mining area and have a broad application prospect.

1. Introduction

At present, there are more than 2000 coal and gas outburst,
rock burst, and high gas mines in China, accounting for 30%
of the total number of mines. After entering deep mining,
the problems of high gas and high ground stress are
prominent, the permeability of coal seam is reduced, and the
difficulty of disaster management is increased [1-3]. Under
the condition of deep mining, the coal seam is upgraded to
the protruding coal seam. For the protruding coal seam
without protective layer mining or first mining, the anti-
protruding measures in the prepumping area of dense
conventional borehole are still the main measures. In order

to achieve efficient control of gas disasters in deep mines, the
conventional pressure relief and reflection improvement
technologies in coal mines in China at the present stage
mainly include hydraulic punching, hydraulic cutting, hy-
draulic fracturing, and deep-hole presplitting blasting [4-6].

Although the deep-hole presplit blasting technology can
significantly improve the pressure relief and antireflection
effect of coal seam, it is relatively less applied in the pressure
relief and antireflection improvement of coal seam, because
the long borehole coal seam is prone to collapse, resulting in
charging difficulties, and it is difficult to eliminate the risk of
misfiring and explosion refusal in blasting operation. In
recent years, the reflection improvement technology of
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hydraulic coal seam in China has entered a stage of rapid
development. The individual technology is constantly im-
proved, and the overall development is in the direction of
integration and diversification. The hydraulic measures such
as low-pressure hydraulic punching, hydraulic cavitation,
hydraulic fracturing, and hydraulic slotting have become the
hot spots of research in scientific research institutions, which
provide support for the control of coal mine gas disasters
and have achieved results under certain conditions [7-10].
The hydraulic technology is often used in the field, and the
hydraulic punching pressure is generally 5-20 MPa, which
has a certain effect on the pressure relief and reflection
improvement of soft coal seam, while the hydraulic
punching efficiency of medium and hard coal seam is low.
However, it is difficult to control the shape of punching holes
in soft coal seam, and the amount of slag is not uniform, so
there may be hole collapse, hole injection, or roadway gas
overlimit during operation. The hydraulic fracturing has
a large influence range and good antireflection effect, and is
mostly used in medium and hard coal seams. However, it is
difficult to control the fracture propagation direction in the
coal body [11-13]. Hydraulic cutting seam technology is
based on high-pressure water cutting technology of coal
seam, improve coal seam gas flow state, reduce the stress, can
effectively prevent coal, and gas outburst and the impact of
ground pressure disasters happen, suitable for high ground
stress, gas and low permeability coal seam (seam hardness
f>0.4) bedding face drilling, wear layer drilling, and shimen
uncovering coal unloading antireflection and so on [14-16].

The ultra-high pressure water jet cuts the coal body, and
the coal body around the slot produces deformation space so
that the coal body around the slot can be fully depressurized.
At the same time, because a part of the coal body around the
drill hole is transported out of the drill hole by the water jet,
a large number of cracks are generated in the expansion and
deformation of the coal rock, changing the permeability
conditions of the coal rock. Ge et al. established a fluid-solid
coupling gas drainage model of slotted borehole. Through
numerical simulation analysis, it is believed that the influ-
ence radius of the borehole drainage after hydraulic slotting
has a power function relationship with slot disc, perme-
ability, drainage time, gas pressure, and other factors.
Through model research, it is determined that the influence
significance of each factor from large to small is perme-
ability, drainage time, gas pressure, and slotting depth [17].
Li et al. used a dynamic damage model to study the cutting
process of soft coal rock by water jet. During the cutting
process, with the gradual release of stress around the slot, the
crack continued to expand in some directions. The tension
and shear fractures in coal and rock continue to develop
during the damage accumulation process, in which short
pulses with high peak stress can form relatively short
fractures, and long pulses with low peak stress can form
relatively long fractures. Under the continuous action, the
cracks around the slot cut by the jet gradually develop and
then connect to each other to form a breakthrough failure
[18]. Tang et al. conducted numerical simulation on the
influence of different hydraulic slotting arrangements on the
coal seam pressure relief and outburst prevention, and
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analyzed the influence of parallel, diamond, and staggered
pressure relief. The results show that the coal rock pressure
relief effect above the fracture groove is most obvious. The
results showed that the pressure relief effect of coal and rock
above the slot was the most obvious [19]. Through indirect
measurement of gas flow through similar material test, it is
confirmed that the pressure relief of coal seam has a sig-
nificant impact on permeability, and the permeability co-
efficient of coal and rock increases synchronously with the
degree of pressure relief. By studying the displacement and
stress changes of coal body under different slit widths after
high-pressure water jet slotting, the influence of slit depth on
coal rock disturbance is analyzed. Numerical simulation
shows that the pressure relief range of 1.0m, 1.5m, and
2.0m slotting on coal body reaches 2.6 m, 3.8 m, and 5.0 m,
and the influence range of slit on coal body increases with
the increase of slit width. The larger the slit depth is, the
more conducive to coal seam pressure relief.

The antireflection technology of hydraulic fracturing
was first used in the exploitation of oil and gas fields, as
a main measure of oil and gas well stimulation. In the 1960s,
the hydraulic fracturing technology began to be used in coal
mines to increase in coal seam permeability, mainly by
drilling deep into the coal body through injection of high-
pressure water, and fracturing the coal body with water as
the energy transmission medium. After high-pressure
water fracturing, the stress of surrounding coal body was
reduced, and the stress concentration was transferred to the
depth of the coal body, thus improving the permeability of
coal body around the borehole, providing a good condition
for drilling gas extraction [12, 20-22]. The research on the
hydraulic fracturing technology in coal mine mainly fo-
cuses on the theoretical research on the initiation and
extension laws of the hydraulic fractures, or the estab-
lishment of hydraulic fracturing mathematical model for
numerical calculation research, or the physical experiment
research of hydraulic fracturing in the laboratory. Hubbert
and Willis described the stress distribution law of hydraulic
fracturing wall and surrounding coal and rock mass based
on classical elastic mechanics, and thus obtained the the-
oretical calculation model of tensile failure fracture pres-
sure of coal and rock mass: P, =30 i — Omax + /1 (Omin> Omax
and f, are the minimum horizontal stress, the maximum
horizontal stress, and the tensile strength of coal rock,
respectively); the comprehensive effects of the tangential
principal stress og, straight principal stress o,, and radial
principal stress o, on the wall of the borehole are not fully
considered in this theory [23]. Ma et al. conducted an
experimental study on the influence of water pressure with
different water flow rates on the fracture initiation char-
acteristics of coal. The results show that the increase in
water flow rate makes the fracture morphology more
complex, and the research results have important theo-
retical significance for revealing the fracture initiation
behavior of boreholes [24]. According to the first strength
criterion, Lv deduced the critical value calculation formula
of pressure crack initiation pressure and successfully tried it
in Pingmei Ten Mine [25]. Bouteca developed a full 3D
morphological mathematical model of hydraulic fracturing
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by combining the 3D spatial fluid flow field model with the
elliptical fracture deformation model of Shah and Koba-
gashi [26]. Based on the fluid-solid interaction theory, Lian
et al. analyzed the problem of hydraulic fracture propa-
gation, took the critical stress as the criterion of the fracture
initiation and extension, deduced the pressure drop
equation expression in the fracture wall, and established the
calculation model. ABAQUS software was used to simulate
the influence of surrounding rock stress, rock mechanical
properties, fracturing fluid seepage characteristics, and
other external factors on hydraulic fracture propagation
[27]. Bjerrum et al. carried out hydraulic fracturing tests by
injecting high-pressure water into a small circular tube at
the bottom of the fracturing sample in a triaxial pressure
test device, and concluded that the propagation direction of
hydraulic fractures was generated along the minimum
principal stress surface [28]. Chen et al. used the true
triaxial test device to conduct AE monitoring on the
fracture of raw coal samples under fracturing. The research
results can reveal the source characteristics of the whole
fracture process of raw coal samples in the true triaxial
hydraulic fracturing process, and evaluate the safety of the
fracture process [29]. Deng et al. studied the control pa-
rameters of hydraulic crack propagation behavior by the
method of hydraulic fracturing under the control of ground
stress field, and conducted a systematic experimental study
on the relationship between the formation and expansion of
hydraulic crack and the change of coal permeability and the
action of hydraulic pressure. The research results have
practical significance for improving the design effect of top
coal precracking [30]. Liu et al. studied the internal mi-
crostructure evolution mechanism of different coals under
liquid nitrogen cooling. The experimental results show that
the total pore volume and pore surface area of coal are
increased after cold leaching, the heterogeneity of pore
structure is enhanced, the fractal dimension is increased,
and the development of porous structure of coal is pro-
moted by cold leaching [31]. Zhou et al. took Longhu coal
mine in Qitaihe mining area as the research object to study
the stability of roadway floor heave. The new support
scheme is adopted to reduce the floor heave of roadway by
81%. The research results can provide guidance for the
optimization of roadway support [32]. Surrounding rock
control and support stability of super high mining face was
studied by Wang Sheng. The results of this study can
provide guidance for the selection of scaffolds and the
adoption of measures to improve the stability of scaffolds
when they are used in ultra-high height conditions [33].
Taking Linyi mining area as the research object, Li Xuelong
studied the distribution law of ground stress in deep mines.
It is found that the relationship between principal stresses is
0 (H) > o (v) >0 (h), which belongs to the strike-slip stress
system. Under this stress condition, the soil lateral pressure
coefficients are all greater than 1, and the magnitude of the
three principal stresses increases with the increase in depth.
The research results have certain reference significance for
mine disaster prevention and safety production [34]. Liu
Haiyan studied the failure mechanism and control tech-
nology of cave-side stoping roadway in close distance coal

seam. It is proposed that U-shaped steel telescopic support
erection and backwall filling are used to control the sur-
rounding rock of goaf mining in the process of roadway
excavation, and the on-site monitoring results also meet the
engineering requirements. The research results can provide
guidance for roadway design of goaf under similar mining
geological conditions [35-51].

The application of ultra-high pressure hydraulic slot-
ting technology can realize the precise seam cutting, rapid
pressure relief, and efficient permeability increase, and
drilling engineering quantity is reduced on the basis of the
extraction standard time to shorten 30% of the effect. With
the application of hydraulic fracturing technology, the
impact area of hydraulic fracturing is more than 50 m, with
a large impact area and obvious antireflection effect in the
region. After the application of ultra-high pressure hy-
draulic slit technology and hydraulic fracturing technology,
the antireflection effect of coal seam is remarkable.
Therefore, in the hydraulic cutting seam technology and
hydraulic fracturing technology in the application process,
there exist the following problems: the super high-pressure
hydraulic cutting seam to improve the unloading antire-
flection effect at the same time, greatly reduce drilling of
quantities, as local antireflection measures that it is obvi-
ous, but for large area still needs to undertake a large
number of slotted drilling construction slot unloading
antireflection. Although the antireflection effect of hy-
draulic fracturing technology has a large influence range, it
is difficult to control the fracture propagation direction in
the coal body, and the pressure relief and antireflection
improvement are not uniform, and there is stress con-
centration phenomenon.

To sum up, to better carry out uniform permeability
improvement in low permeability coal seam, accurately
control the pressure relief and permeability improvement
area, greatly reduce the drilling engineering quantity, and
solve the technical problems of gas extraction and control in
low permeability coal seam. The combined technology of
ultra-high pressure hydraulic slit cutting and hydraulic
fracturing is explored, and the mechanism of pressure relief
and reflection improvement by cutting and pressure relief
and cutting is analyzed. The hydraulic cutting pressure
scientific model is established, and the influence range of
high pressure hydraulic cutting pressure is solved through
theoretical analysis. The PFC software based on the theory of
discontinuous media mechanics was used to simulate the
initiation and expansion characteristics of seam cutting and
fracturing fractures in coal seam, and the distribution rules
of fractures and stresses in coal seam were compared and
analyzed by hydraulic cutting before pressure and pressure
relief after cutting. Combined with the field research on
ultra-high pressure hydraulic cutting before pressure and
pressure before cutting and combined pressure before
cutting and permeability improvement, the influence law of
ultra-high pressure water jet cutting pressure sequence on
pressure relief and permeability improvement of coal seam is
further revealed. The research results are of great significance
to enrich the comprehensive gas control technology of low
permeability coal seam.



2. Ultra-High Pressure Hydraulics First Cut and
Then Pressure Combined with the
Principle of Permeation

The concept of hydraulics first cut and then pressurized joint
mode is to use ultra-high pressure hydraulic cuts to cut the
coal seam in the coal seam first, and then use hydraulic
fracturing to fracturing the coal seam after the gap is gen-
erated. The groove generated by the hydraulic cutting in the
early stage can guide the hydraulic fracturing so that the
extension direction of the fracture in the plastic zone is
basically the same as the direction of cracking. The crack
expansion is more uniform.

By forming a slot by hydraulic cutting in the coal body in
advance, the effective influence range of the single hole can
be expanded to a certain extent. The original stress balance of
the coal body can be destroyed. The coal body around the cut
hole is transported to the space of the slot space, and the
pressure relief, deformation, and expansion of the coal seam
can occur, further generating more cracks and expanding the
plastic area of the coal body near the cut hole. Combined
with the empirical formula of plastic theory, it can be seen
that the radius of the plastic zone is about 3 to 5 times the
radius of the cut groove, and the radius of the high-pressure
water groove is determined to be about 2.5 m through field
tests. It is inferred that the radial plastic zone range outside
the hydraulic groove is about 7.5 to 12.5m. After the hy-
draulic cut is formed into a crevice, a weak surface is
generated in the drilling hole, and after the fracturing water
enters the crack, it promotes the cracking, expansion, and
extension of the weak side crack, resulting in the full and
uniform development of the coal body fracture near the
borehole. Through the rational arrangement of the cut-
pressure joint hole, a three-dimensional fracture network
of interpenetration is formed between the drilled holes,
which effectively solve the problems of disorderly expansion
of the fracture in the coal body during the ordinary hydraulic
fracturing, local stress concentration, and pressure relief
blind zone after fracturing.

This joint mode not only solves the problems that the
direction of hydraulic fracturing crack is not easy to control,
but also the crack propagation in the fracturing area is
uneven. It is easy to form a high stress concentration area,
and there is a “blind zone” of fracturing, but also increases
the scope of impact of fracturing, which saves a lot of drilling
engineering compared with ordinary drilling holes and
improves the efficiency of pressure relief and antiextrusion.
At the same time, the problems of uneven pressure relief and
stress concentration in individual areas are supplemented by
fixed-point hydraulic cutting to achieve uniform and effi-
cient antipenetration purposes. A schematic diagram of the
first cut and then press joint is shown in Figure 1.
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3. Ultra-High Pressure Hydraulics First Press
and Then Cut and Increase the
Principle of Penetration

Hydraulics first press and then cut joint mode, that is,
hydraulic fracturing is used to supplement the fracture
within the influence range of hydraulic fracturing. The gap
fracture is formed in the blank zone of the hydraulic frac-
turing affected area, and the fracture formed by hydraulic
fracturing is conducted, and more fractures are formed.
Through hydraulic fracturing operations to rapidly improve
the permeability of the coal seam in the area and the gas
extraction effect, after the completion of the hydraulic
fracturing construction, the fracturing crack is un-
controllable. Although the cracks in the coal seam are
generated in a large range, the permeability of the coal seam
increases, and the coal body plays a decompression and
permeability effect within the scope of the crack. However,
the inhomogeneity of the physical and mechanical prop-
erties of the coal leads to the uncontrollable weak surface in
the coal seam, resulting in uncontrollable hydraulic frac-
turing cracks. There is a blank zone affected by hydraulic
fracturing within the scope of influence of the hydraulic
fracturing, and the area with poor pressure relief effect is
used as a “blind spot” of hydraulic fracturing, and there is
a stress concentration in the uncontrolled area of the crack.
The use of hydraulic cutting joints to accurately increase
penetration and strengthen extraction, under the action of
ground stress, and the fracturing cracks are connected with
the fractured area of the joints, forming an overall pressure
relief area, reducing the stress concentration, and effectively
improving the gas permeability of the coal seam. This mode
effectively combines the advantages of fracturing and
fracture, solves the problem of stress concentration and
uneven fracturing in the fracturing area, and realizes the
accuracy of antiprotrusion. The precise antiprotrusion mode
of pressing first and cutting is shown in Figure 2.

4. Ultra-High Pressure Hydraulics First Press
and Then Cut and Increase the
Principle of Penetration

Under the action of ultra-high pressure hydraulic force,
when the coal body around the borehole exceeds its own
strength, the hole wall is the plastic softening zone and the
elastic zone are from inside to outside. The drilling me-
chanical model is shown in Figure 3. The model assumes the
following:

® The borehole is subject to the stress P, of the original
rock, and the side pressure coefficient A =1 is treated
according to the axial symmetry problem, which is
simplified to planar strain
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® The coal around the borehole is homogeneous and
isotropic, and the influence of borehole pressure
relief on the borehole is not considered

® Ry is the drilling radius; o, is the peak intensity; o, is
the residual strength; the hydraulic fracturing pres-
sure p; acts evenly on the wall of the drilled hole

Assuming that the compressive stress is positive and the
tensile stress is negative, the deep borehole is subjected to
ground stress, at this time:wo;=0y 03=0, and
0,=0,=4(0g+0,). The strength characteristics of the elas-
toplastic state of the borehole wall are described by the
unified strength theory, and the expression is as follows:

0'6=Aj0'1,+Bj, (1)

_ (1+b‘u)(1+sin¢j)
1T (1 —sin</>j)(l +b) —by(l +sin¢j)
B - 2(1+b)cjcos¢j

a (1 —sin</>]-)(1 +b) —by(l + singbj)

where 0y, 0, are the tangential stress and radial stress of the
borehole wall, respectively. Since A;, B; are characterizing
the parameters of the coal body, representing the re-
lationship between the maximum principal stress and the
minimum principal stress. The y is for Poisson’s ratio; j is the
symbolic parameter; j=e represents the initial internal
friction angle ¢, and cohesion force ¢, of the coal body; j=p
represents the friction angle ¢, and cohesion ¢, of the plastic
softening region; b is the median principal stress coefficient,
0<b<l.

In the stress-strain curve, failure occurs when the
strength of the coal body exceeds its ultimate strength, and
this paper assumes that the residual friction angle ¢, and the
residual cohesion c, are unchanged. Plastic softening occurs
when the strength of the coal body exceeds its peak strength,
and the values of the friction angle ¢, and cohesion c, in the
plastic region gradually decrease with the increase in plastic
strain, assuming that ¢, and c, are linearly softened with the
initial internal friction angle ¢, and cohesion force c,. The
softening coefficients k, and k. are introduced, which are as
follows:

)

' Oes (rzRP),
¢p = < ¢
kypes <rsRPand¢T:sks 1>,
: (3)
Ce> (rgRP),
CP = < .
k.c,, (rstand—sgkc < 1>,
Ce

where k,, k. are the internal friction angle and the cohesive
softening coefficient. ¢., ¢,, and ¢, are the initial internal
friction angle, the friction angle of the plastic softening zone,

Advances in Civil Engineering

and the residual internal friction angle of the coal body,
respectively. c,, CpsCs are the initial cohesion of the coal body,
the cohesion, and residual cohesion in the plastic softening
area, MPa. R, is the radius of the plastic zone, m.

The drilled coal body is in the linear elastic state, p, is set
as the radial stress at the junction of the elastic zone of the
coal body and the plastic softening zone, and the elastic zone
of the coal body is regarded as a thick-walled cylinder under
the joint action of p, and ground stress p,. It can be seen that
the elastic zone stress is as follows:

( R’ R’
P P
0,e=py r2 +Po<1— 7’2 >)

1 (4)
R’ R’
14 14
Oge = —py—r2 +p0<1 +—r2 >,

where o,, is radial stress in the elastic zone, MPa. oy, is the
tangential stress of the elastic region, MPa. r is the distance
from any point in the coal body to the center of the circle, m.
Ppo is the ground stress, MPa. p,, is the stress at the elasto-
plastic junction, MPa.

At the elastoplastic junction r=R,, formula (5) satisfies
formula (1) and the radial stress is continuous, and the
finishing can be obtained as follows:

_2PO_B2
Py = 1+A, (%)

Any of the study unit points in the coal body satisfy the
equilibrium differential equation:

do, L9~ %

5 — = 0. (6)

Substituting equation (1) into equation (6) and in-
tegrating, take o,|r = R, = p; as the boundary condition, the
radial and tangential stresses of the plastic region can be
obtained as follows:

R lfAP
Opp =S + (pi - Sl)(TO) >
R l—A‘,7
4 09P=Sl+AP(p,~—Sl)(7O> . (7)
B
S =—~—.
1-A4,

The radial stress o, is continuous at the elastoplastic
junction, which is o,,|r = R, = 0,.|r = R;,.The radius of the
plasticity zone of the first type (7) and the first type of (4) of
the first type of plasticity zone is as follows:

(8)

p _Sl 1/1*AP
szRO.[y ] :

pi— S
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5. Numerical Simulation Analysis of Ultra-High
Pressure Hydraulics Combined with
Permeation PFC

Under the action of ultra-high pressure hydraulic force,
when the coal body around the borehole exceeds its own
strength, the hole wall is the plastic softening zone and the
elastic zone from the inside to the outside. The drilling
mechanical model is shown in Figure 3. The model assumes
the following:

The particle flow discrete element method (PFC) is based
on the mechanics of discontinuous media to study the
germination, expansion, and penetration of fractures, which
can truly express the geometric characteristics of jointed
rock masses, facilitate the handling of nonlinear deformation
and destruction, and reflect the different physical relation-
ships between multiphase media through a variety of con-
nection methods between cells, which can effectively study
noncontinuous phenomena such as cracking and separation.
There are countless mesoscopic cracks in coal rocks, espe-
cially soft coal bodies, showing obvious inelastic de-
formation characteristics, and these mesoscopic cracks
develop into macroscopic cracks or until they break down
under increased loads. In the particle flow discrete element,
when the contact point node is destroyed, the corresponding
particles will produce cracks, and new cracks will be gen-
erated at the initial crack tip as a sign of hydraulic fracturing.
The nonlinear deformation failure process of the fracture can
be analyzed by direct and indirect methods. The indirect
method uses the constitutive relationship to analyze the
failure process, generally assumes the fractured coal body as
an ideal uniform material, reflects the weakening of the
overall strength of the fractured coal body through a certain
constitutive relationship, and expresses the microstructure
failure process in the coal body in this way. The direct
method is a mesoscopic simulation method, which assumes
that the fracture coal material is a collection of various
microstructures, or some particle combinations connected
at the contact point. The failure process of the fractured coal
body can be directly simulated by the microstructure and
particle rupture, and the fractured coal body can be studied
mescologically without simulation through complex con-
stitutive models.

The PFC numerical calculation software is a kind of
software based on particle flow theory, which links the
microstructure of materials with macroscopic mechanical
reactions, and directly simulates material failure from
a mesoscopic perspective, which is suitable for materials that
are difficult to accurately describe their properties through
constitutive relationships based on uniform media, such as
fractured rock masses. The bonding parameters of the
particles determine the location and number of initial
microcracks, so microcracks can only be formed in the
connection contact model. The position and size of the two
particles determine the location and geometry of the cracks,
which can be simplified to a cylindrical surface represented
by the center point position, normal direction, thickness,
and radius parameters.

5.1. First Cut and Then Press Combined with Unloading Coal
Seam Fracture and Stress Distribution. The model adopts
a two-dimensional plane model. The direction length is
200 m, the height is 200 m, the drilling diameter is 113 mm,
the cutting pressure is 100 MPa, the test site elevation is
about 550m, the vertical stress reaches 17.7 MPa, the
pressure measurement coefficient is 1, and the horizontal
stress is 17.7 MPa. The model schematic diagram is shown in
Figure 4.

First, hydraulic cutting is used to form a slot, and
a pressure of 25 MPa is applied to the periphery of the groove
for fracturing, and the distribution of fracture, main stress,
and permeability of the coal seam after fracturing is ana-
lyzed. The fissure distribution of coal seam in the process of
drilling construction, hydraulic cutting, and hydraulic
fracturing is shown in Figures 5-7, respectively, and the
maximum main stress distribution curve on the midline of
the test borehole level is monitored in the simulation.

Figure 5 shows the distribution of coal cracks after
drilling construction. It can be seen from the figure that the
fissures in the coal body around the drilling hole are not
obvious after the construction of the borehole, and basically
maintain the original state. The stress of the coal body
around the borehole is evenly distributed and is basically in
a state of stress equilibrium. Only the drilling is excavated,
creating plastic deformation zones and elastic zones around
the borehole, resulting in reduced seam stress. Figure 6
shows the distribution of coal cracks after drilling and
cutting. It can be seen that after drilling and cutting, a cir-
cular gap is formed around the drilling hole, and the coal
body around the gap groove is damaged or plastically de-
formed, forming a crack. The stress of the coal body around
the trough is concentrated and transferred to the deep part of
the coal body, and a stress-reduced pressure relief zone is
formed around the slot area. Figure 7 shows the distribution
of fractures in coal with a fracturing pressure of 25 MPa, as
the water injection pressure increases, when the fissure
expands to a certain extent. The expansion rate begins to
slow down, and the secondary fissures are gradually inter-
connected to form a highly complex fracture network, but
with the continuous development of the fissures in the coal
seam, the degree of stress concentration is becoming more
and more serious.

In the affected area of fracturing, the fractures are mainly
elliptical in distribution. In terms of the degree of damage of
the coal body, the coal body in the area near the fracturing
hole is better than the coal body far from the fracturing hole
area. From the change of water injection pressure during the
fracturing process, it can be seen that the cracking pressure is
about 13 MPa, and the radius of influence of hydraulic
fracturing can reach 45-55m.

After hydraulic fracturing of the coal seam, the original
stress balance state of the coal seam is destroyed, resulting in
a decrease in the stress value of the coal seam in the area near
the fracturing hole, forming a pressure relief zone. However,
the stress value of the coal seam around the pressure dis-
charge zone increases, forming a stress concentration area.
Therefore, according to the stress distribution of the coal
seam after fracturing, the coal seam around the fracturing
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FIGURE 4: Joint numerical model of coal seam cutting pressure.
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FIGURE 5: Fracture and stress distribution of coal seam after drilling. (a) Distribution of fractures. (b) Stress distribution condition.
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F1GURE 6: Fracture and stress distribution of borehole after slit. (a) Distribution of fractures. (b) Stress distribution condition.

hole can be divided into stress reduction zone (pressure
relief area), stress concentration area, stress transition area,
and original stress area from near and far.

5.2. First Press and Then Cut Combined with Unloading Coal
Seam Fracture and Stress Distribution. The model adopts
a two-dimensional plane model, the direction length is
200 m, the height is 200m, and the drilling diameter is

113 mm, which is consistent with the model of Figure 4, as
shown in Figure 8. The central fracturing hole is located in
the center of the coal seam and is set to 113 mm in diameter.
The test site elevation is about 550m, the vertical stress
reaches 17.7 MPa, the side pressure coefficient is 1, and the
horizontal stress is 17.7 MPa. 25 MPa pressure is applied to
the periphery of the borehole for fracturing, and after the
completion of the fracturing, hydraulic fracture drilling is
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FIGURE 7: Fracture and stress distribution when fracturing pressure is 25 MPa. (a) Distribution of fractures. (b) Stress distribution condition.

carried out in the blank area of the fracture according to the
fracture and stress distribution. The distribution of fracture,
main stress, and permeability of the coal seam after frac-
turing and cutting is analyzed.

Figures 9-11 are the fissure distribution of the coal seam
and the maximum main stress distribution curve on the
midline of the drilling level of the ordinary borehole hy-
draulic fracturing process, respectively.

Figure 9 shows the distribution of coal cracks after
drilling construction. It can be seen from the figure that after
the construction of the borehole, the fracture of the coal
body around the borehole is not obvious and basically
maintains the original state. The stress of the coal body
around the borehole is evenly distributed and is basically in
a state of stress equilibrium. Only due to the excavation of
the drilled hole, the plastic deformation zone and the elastic
zone are generated around the drilled hole, resulting in
a reduction in the stress of the coal seam.

Figure 10 shows the fracture distribution of coal with
a fracturing pressure of 25 MPa. As can be seen from the
figure, when the fissure expands to a certain extent, the
number of new fissures decreases, and there is a stress-
concentrated area. In the affected area of fracturing, the
distribution of fracture fractures is mainly in the direction of
main stress, and the other regions have less fracture de-
velopment and there are blank areas. The fracture devel-
opment is uneven. After the use of hydraulic cuts, the
number of cracks increases, and the stress concentration
area caused by hydraulic fracturing is significantly relieved.
From the change of water injection pressure during the
fracturing process, it can be seen that the cracking pressure is
about 16 MPa, and the influence radius of hydraulic frac-
turing can reach 35~45m.

Figure 11 shows the fracture distribution and stress
distribution after hydraulic fracture in the nonformation
area of the coal seam after the fracturing pressure is 25 MPa.
As can be seen from the figure, after the hydraulic fracture is
carried out in the later stage, the fracture blank zone within
the influence range of the original hydraulic fracturing
generates a crack. The fracture that has been generated can

be further increased. The stress concentration area is
redistributed to play a role in depressurization.

Compared with the same model, there is a big difference
between the cutting sequence of ultra-high pressure water jet
and the fracture and horizontal direction of the discharge
coal seam:

(1) The cracking pressure of the coal seam with the
combined pressure of cutting first and then pressing
is 13 MPa, and the radius of influence of hydraulic
fracturing can reach 45-55 m. The cracking pressure
of the coal seam of first pressure and then cutting and
unloading coal seam is 16 MPa, and the radius of
influence of hydraulic fracturing can reach 35-45m.

(2) The first cut and then the combined pressure dis-
charge coal seam destroys the original stress balance
state of the coal seam, causing the stress value of the
coal seam in the area near the fracturing hole to
decrease, forming a pressure relief area. The stress
distribution is more uniform, at a low value, forming
a better pressure relief area, and the stress value of
the coal seam around the pressure relief area is in-
creased, forming a stress concentration area. In the
area affected by fracturing, the distribution of frac-
ture fractures is mainly along the direction of main
stress. The fracture development in other areas is less,
and there are blank areas. The development of
fractures is uneven, after the use of hydraulic frac-
tures, the number of fractures increases, and the
stress concentration area caused by hydraulic frac-
turing is obvious. But there are pressure fluctuations
and instability in the pressure relief area.

In summary, after the cutting pressure combination, the
pressure relief of the coal body can be uniform and sufficient.
The overall gas permeability coefficient of the coal body can
be greatly improved. The scope of influence of extraction can
be increased, and the extraction effect can be significantly
improved. At the same time, the stress after the coal body is
cut and the cracking pressure during hydraulic fracturing is
reduced.
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FIGURE 9: Fracture and stress distribution of coal seam after drilling. (a) Distribution of fractures. (b) Stress distribution condition.
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FiGure 10: Fracture and stress distribution of 25 MPa pressure fractured coal seam. (a) Distribution of fractures. (b) Stress distribution
condition.
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FIGURE 11: Fracture and stress distribution of seam after hydraulic fracturing. (a) Distribution of fractures. (b) Stress distribution condition.

6. Engineering Application of Ultra-High
Pressure Hydraulic Cutting Combined
Process Technology

6.1. Application of Combined Pressure Relief and
Antireflection after Cutting through Layer Drilling

6.1.1. Project Summary. 220106 working surface is located in
the 2201 mining area, the maximum gas content of 1 coal
seam is 6.8 m>/t, and the gas pressure is 1.22 MPa. The first
coal seam group includes 1 coal and 1 upper coal. The
average upper coal is 3.9 m, the average upper coal is 2.8 m,
and the average gangue lost between 1 coal and 1 upper coal
is 1.0 m. The inclination angle of the coal seam is 2°~12°, and
the average is 6°. The working surface is directly topped with
sandy mudstone with an average thickness of 6.7 m, and the
old top is quartz sandstone with an average thickness of
17.8m. 'The application site elevation is about
523.0--559.6 m, a total of 7 cut pressure combined drilling
holes are constructed, and the floor plan is shown in
Figure 12.

6.1.2. Application of Cutting Pressure Combined with Anti-
reflection Technology

(1) Cut-Pressure Combined Drilling Implementation. The
length of the seven cutting pressure combined drilling coal
hole sections is 11-16 m. The maximum pressure during the
cutting period is 90-100 MPa. The cutting gap is 3 m, and the
single knife cutting time is 5-10 min. During the cutting
operation, the drilling and rebating water and slag return is
smooth. The coal output of a single knife is 0.34-0.56 t. The
average single knife output is about 0.43 t, and the equivalent
radius of the average cut is 2.54 m.

After the completion of drilling and cutting, the hole is
sealed immediately. The hydraulic fracturing is carried out
after 48h. The maximum pressure of fracturing is
22-27 MPa. The number of fractures per drilling hole is 3

times. The fracturing time is 19-28h, and the total amount
of water injection per borehole is 109.6-132.4 m".

(2) Drilling Quantity Analysis. The spacing between the
layout of the extraction drilling holes in the application area
is 13 m x 13 m, and a total of 183 extraction drilling holes are
constructed, with a drilling volume of about 11800 m.
Compared with the conventional drilling arrangement of the
mine (the layout spacing is 10 m x 10 m, and 297 extraction
drilling holes need to be constructed, about 19200 m), the
drilling volume can be saved by about 38%.

(3) Pumping Volume Analysis, Pumping Pure Volume. The
concentration and extraction scalculus of the drilling hole in
the application area are shown in Figures 13 and 14.

It can be seen from the figure that the extraction con-
centration in the combined cutting pressure area is 10% to
40%. The concentration fluctuation is relatively stable. The
attenuation is small. The extraction purity is 5.12-10.13 m*/
min, and the average single-hole extraction purity is
0.0245 m>/min, which is 2.3 times that of the ordinary
drilling single-hole extraction purity of 0.0108 m*/min.

(4) Extraction Standard Time. According to the drilling and
extraction situation in the application area, when the ex-
traction drilling hole extraction is 47 days, the extraction rate
reaches 30%. A total of 14 residual gas content were tested,
and the test result was 3.98-4.75m’/t. The extraction
standard was achieved. The extraction time is 41% lower
than the 80 days of ordinary drilling and extraction.

6.2. Application of Combined Pressure Relief and Anti-
Reflection Improvement through Layer Drilling

6.2.1. Project Summary. The application site of the drilling is
220106, the working surface is located in the outer section of
the 2201 mining area (the strike length is about 170 m, and
the strike width is about 190m), a total of 3 fracturing
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FIGURE 14: The net volume change curve of extraction.

drilling holes are constructed, and the spacing is cut
according to the 26 m x 26 m spacing, and the floor plan is
shown in Figure 15.

6.2.2. Application of Compression Cutting Combined with
Antireflection Technology

(1) Cut-Pressure Combined Drilling Implementation. The
maximum pressure of fracturing is 22-27 MPa, and the
number of fracturing times for each borehole is 3 times. The
fracturing time is 21-32h, and the total water injection of
each borehole is 117.8-145.2 m”.

After the completion of fracturing, the drilling hole is
drilled according to the construction of 13 m x 13 m spacing
in the control area, and the hydraulic cutting measures are

constructed according to the 20mx20m spacing. The
maximum pressure during the cutting period is 90-100 MPa.
The cutout spacing is 3 m, and the single knife cutting time is
5-10 min. A total of 91 cut holes were implemented, and the
drilling reflow water and slag return was smooth during the
seam operation. The coal output of a single knife was
0.31-0.62 t. The average single knife coal output was about
0.41t, and the equivalent radius of the average cut was
2.52m.

(2) Drilling Quantity Analysis. The spacing between the
layout of the extraction drilling holes in the application area
is 13 m x 13 m, and a total of 183 extraction drilling holes are
constructed, with a drilling volume of about 11800 m.
Compared with the conventional drilling arrangement of the
mine (the layout spacing is 10 m x 10 m, and 297 extraction
drilling holes need to be constructed, about 19200 m), the
drilling volume can be saved by about 38%.

(3) Pumping Volume Analysis, Pumping Pure Volume. The
concentration and extraction scalarity of drilling in the
application area are shown in Figures 16 and 17. It can be
seen from the figure that the extraction concentration in the
combined cutting pressure area is 30% to 40%. The con-
centration fluctuation is relatively stable. The attenuation is
small. The extraction purity is 3.6-6.8 m>/min, and the
average single-hole extraction purity is 0.026 m>/min, which
is 2.4 times that of the ordinary drilling single-hole ex-
traction purity of 0.0108 m*/min.

(4) Extraction Standard Time. According to the drilling and
extraction situation in the application area, when the ex-
traction drilling hole extraction is 43 d, the extraction rate
reaches 30%. A total of 5 residual gas content were tested,
and the test result was 3.76-4.52m’/t, and the extraction
standard was achieved. The extraction time is 35% less than
the ordinary drilling and extraction time of 66d.

6.3. Economic Benefits

6.3.1. Direct Economic Benefit Analysis. After the 220106
working surface adopts the measures of cutting pressure
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FIGURE 17: The net volume change curve of extraction.

combined pressure relief and removal. The amount of
drilling engineering by 34000 m and the amount of drilling
by 10000m is reduced by 10000m. It can reduce the
maintenance of 33 d of drilling holes in the 220106 working
surface (length 860m) and 36d of maintenance of the
bottom plate lane (900 m long) extraction drilling, calculated
at 30 yuan/m-d.

Save engineering costs: (34000 + 10000) m x 300 yuan/
m =13.2 million yuan

Saving maintenance investment: 860 m X 2 x 30 yuan/
m-d x 33d+900m x 30 yuan/m-d x 36 d =2.6748
million yuan

In summary, a total of 15.8748 million yuan of direct
economic benefits have been generated.

6.3.2. Indirect Economic Benefit Analysis. 220106 working
surface drilling and extraction time are shortened by 33 and
25d. The working surface is returned to the production in
advance, and the early recovery of the working surface
produces indirect economic benefits:

25x 6000 t/d x 600 yuan/t =90 million yuan

Xinji No.2 mine generated a total of 90 million yuan in
indirect economic benefits.

7. Conclusions

(1) The coal seam initiation pressure of ultra-high
pressure water jet cutting pressure combined with
pressure relief is 13 MPa, and the influence radius of
hydraulic fracturing is 45-55m. The initiation
pressure of coal seam is 16 MPa, and the influence
radius of hydraulic fracturing is 35-45m. The
combined technology of cutting pressure can make
the pressure relief of coal body uniform and suffi-
cient, the overall permeability coefficient of coal
body is greatly improved, the influence area of ex-
traction is enlarged, and the extraction effect is
significantly improved. At the same time, the stress
after the coal seam cutting is reduced, and the
fracturing pressure during hydraulic fracturing is
reduced.

(2) After hydraulic slit, the initiation pressure of coal
seam decreases, and the influence radius of hydraulic
fracturing increases, with an influence range of
46-56 m. The permeability within the influence area
increases by 25 to 30 times. The permeability co-
efficient of coal seam is 0.775m*/MPa’d after the
process of cutting pressure combined with pressure
relief and permeability improvement, which is
23 times of the original coal body. The gas perme-
ability of coal seam is increased significantly by
hydraulic cutting first and then fracturing.

(3) The extraction concentration in the combined area of
drilling and cutting pressure is 10%-40%, and the
concentration fluctuation is relatively stable and the
attenuation is small. The extraction purity is
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5.12-10.13 m’/min, and the average single hole ex-
traction purity is 0.0245 m>/min, which is 2.3 times
of the single hole extraction purity of ordinary
drilling. The time to reach the standard of extraction
is 32.8d shorter than that of ordinary drilling. The
extraction concentration in the combined area of
borehole and pressure cutting is 30%-40%, the
concentration fluctuation is relatively stable and the
attenuation is small. The extraction pure volume is
3.6-6.8m’/min, and the average single hole ex-
traction pure volume is 0.026 m’/min, which is
2.4 times of the single hole extraction pure volume is
0.0108 m’/min of ordinary drilling. The time to reach
the standard of extraction is 25 d shorter than that of
ordinary drilling.

(4) The pressure cutting combined with pressure relief
and antireflection technology has been successfully
applied in Xinji coal mine, and has created good
economic benefits. This technology has a wide ap-
plication prospect.
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Investigating the shear failure caused by the concentration of compressive stress around noncircular boreholes is important both
in the field and in the laboratory. This article deals with the numerical analysis of elliptical boreholes under a nonisotropic in situ
stress field using the Mogi-Coulomb nonlinear failure criterion. The purpose of the presented numerical model is to simulate the
progressive shear failure (breakout) around the borehole and investigate the impact of the eccentricity of the borehole on the
stability and depth and width of the failure area. According to the obtained results, the breakout is V-shaped and is formed along
the minimum principal stress. As the eccentricity of the borehole increases, the final dimension of the breakout becomes smaller;
in other words, the increase in ellipticity strengthens the borehole against shear failure. However, as the eccentricity increases, the
stress concentration at the breakout tip increases. Another finding of the study conducted in this article is the significant re-
lationship between the width and the depth of the breakout failure, which makes the idea of estimating both horizontal in situ
stresses using breakout dimensions seriously doubtful. Also, the interesting result obtained is that the stress concentration factor at

the breakout tip for boreholes with different eccentricities is the same at the end of the breakout.

1. Introduction

Often 10-20% of the total drilling cost is related to borehole
instability, this causes a loss of about 500 to 1000 million
dollars in the oil industry worldwide. Therefore, maintaining
well stability is one of the main concerns of drilling engineers
in the oil and gas industry [1-4]. One of the instabilities of
the borehole is related to the shear instability of the rock in
the borehole wall, which is known as the borehole breakout.

When the shear stress of the material reaches its shear
strength in the borehole wall, the rock is crushed and falls
into the borehole. The main driver of this type of failure is
the concentration of compressive stress that occurs due to
the drilling of the borehole. This phenomenon was first
observed and reported by Cox [5] in Alberta wells and later
confirmed by Babcock [6]. As the degree of in situ stress
anisotropy increases, the intensity of stress concentration
increases, and as a result, the failure zone becomes wider and
deeper [7-14].

Breakout is formed symmetrically on both sides of the
borehole along the minor principal in situ stress where the
compressive stress is most concentrated. For this reason, in
the last two decades, breakout has been used as an indicator
to determine the direction and magnitude of in situ stresses
[15-17]. Also, several laboratory studies conducted on
predrilled rock samples show that the size of the borehole
(hole radii) has a significant effect on the breakout initiation
stress [9, 18-21].

In addition to physical models and laboratory studies on
borehole breakouts, various theoretical and numerical
models have also been conducted to investigate breakouts.
Although the first theoretical models presented for the
breakout had simple assumptions, the episodic progression
of the breakout was not investigated in them [7, 22], but in
the following, more complete numerical models based on
the finite element method and the discrete element method
were presented, which are able to predict the breakout in
a proper way [23-32].
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Setiawan and Zimmerman [33] presented a semi-
analytical method to investigate breakout progression and
stabilization using the conformal mapping procedure, and
the analysis carried out by them led to a correlation between
the breakout geometry, the properties of the rock materials,
and the in situ stresses.

Zhang et al. [34] investigated borehole breakout using
a finite element model based on the Mogi-Coulomb failure
criterion, and the results of their analysis showed that the
inverse analysis using the finite element model and neural
network can effectively determine the in situ stresses.

Li et al. [35] presented a hydromechanical finite element
model for sand production and erosion and observed that
sand production is mainly controlled by the plastic strain
magnitude and flow velocity in the vicinity of the borehole.

Ma et al. [36] presented a finite element numerical
simulation method based on elastic damage mechanics for
progressive sand production in inhomogeneous formations,
and the results obtained by them showed that the sand
production area is controlled by the rock formation het-
erogeneity and the expansive failure process.

In addition to various studies conducted on circular
boreholes, several studies have also been conducted on
noncircular and elliptical boreholes. By investigating the
tangential stresses around the elliptical boreholes, Aadnoy
and Angell-Olsen [37] observed that the fracture initiation
pressure in the elliptical borehole is different from the
circular borehole, but as long as the ratio of in situ stresses is
not greater than ellipticity, the position of fracture in the
elliptical and circular borehole is the same, and in their
study, ellipticity is the ratio of the small diameter of the
ellipse to its larger diameter.

Aadnoy and Kaarstad [38] presented an elliptic geometry
model to investigate sand production, and they observed
that the anisotropy of the in situ stresses is a critical factor for
the elliptic shape of the borehole.

Using the ellipsoidal solution of stresses acting on the
borehole wall and the Mohr-Coulomb failure criterion,
Aadnoy et al. [39] found that the ellipsoidal geometry
presents the collapsed borehole shape better than the cir-
cular Kirsch’s analytical solution.

Using an inverse analysis, Han et al. [40] estimated the
horizontal in situ stresses around the elliptical borehole
using data from the leak-off test, and their studies showed
that even a 2% difference in the axis of the elliptical borehole
causes a 5% to 10% difference in the estimation of horizontal
in situ stresses. Papamichos et al. [41] investigated hollow
cylinders with different geometries experimentally and
numerically, and their studies showed that holes with el-
liptical breakouts are more stable; in other words, the sta-
bility of the hole increases as the breakout depth increases.

What has not been addressed so far is the investigation of
the impact of the eccentricity of the borehole on the stability
of the borehole as well as its strength to shear failure. The
purpose of this article is to present a model based on the
finite element numerical method to investigate the episodic
progression of breakouts around noncircular boreholes and
specifically boreholes with an elliptical cross section. The
presented model is two-dimensional and assumes plane
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strain conditions, and by it, the effect of anisotropic in situ
stresses and borehole eccentricity on the final dimensions of
the breakout is investigated.

2. Problem Definition

There are various reasons that boreholes with noncircular
cross sections may also be formed. Possible causes include
the mechanical action of the drill string on the well after
drilling or the horizontal cross section of the deviated
boreholes becomes an ellipse.

An elliptical cavity with major axis a and minor axis b is
considered in a linear elastic medium under plane strain
conditions (Figure 1). o is the maximum horizontal prin-
cipal stress, 0}, is the minimum horizontal principal stress, and
o, is the vertical stress along the axis of the borehole so that
0, <0,<0gy. It is often assumed that the major axis of the
ellipse is along the minor principal stress (o},) and its minor
axis is along the major principal stress (o). This assumption
is suitable for examining holes that have previously had shear
failure and are again subjected to a new stress condition.

In these conditions, local stresses including tangential stress
(04g), radial stress (o,,), vertical stress (o,,), and shear stress
(7,¢) are obtained for the points around the borehole, and it is
observed that the highest concentration of compressive stress
occurs in the wall of the borehole at point A because this point
has the minimum radius of curvature. However, in the vicinity
of point A, the concentration of compressive stress may also
occur in other points and they may suffer shear failure
(breakout) as a result. To find all the failure points, it is
necessary to first calculate the principal stresses based on the
local stresses, and then by choosing an appropriate shear failure
criterion, the points that have failed can be found.

The failed points are removed from the borehole wall,
and a new cross section is obtained. The stresses are
redistributed around the borehole, which causes other points
to reach shear failure. Again, the points that have suffered
shear fajlure are removed and the new stresses in the en-
vironment are calculated. In this way, step by step, the
breakout proceeds so that no point will fail again.

As shown in Figure 1, in breakout, the rock is separated
from the borehole wall in spalls; although from a micro-
mechanical point of view, the failure mechanism may be
a combination of shear failure and tension failure.

In all breakout stages, to calculate the stresses of the
environment, the environment must first be divided into fine
elements, and then, using the appropriate numerical
method, the stresses in the center of each element should be
calculated. However, only in the wall of the borehole before
the initiation of the breakout can the stresses be obtained
using the analytical method that is given in the next section.

After completing the numerical analysis, the V-shaped
(dog-eared) breakout is observed on both sides of the
borehole symmetrically along the minimum principal stress.

The maximum breakout width (6,) is the same width
that is obtained in the first step of failure, and the final depth
of the breakout (r,) is obtained after the last step at the end
of the analysis. It can be seen in Figure 1 that (r,) is
measured from the center of the borehole.
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Figure 1: Elliptical borehole and shear failure around it.

2.1. Analytical Stress Distribution around the Elliptical
Borehole. In this section, the stress distribution around the
elliptical holes is presented [42]:
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0 and w are also shown in Figure 2.

2.2. Numerical Model for the Episodic Breakout. A two-
dimensional plane strain model is used to analyse the
progressive breakout phenomenon. The presented model is
solved numerically using the finite element numerical
method.

The finite element method, sometimes called finite el-
ement analysis, is a computational technique used to obtain
approximate solutions of boundary value problems.
Boundary value problems are also sometimes referred to as
field problems. The field is the domain of interest and often
represents a physical structure. The field variables are the
dependent variables of interest that are governed by the
differential equation. Boundary conditions are the specified
values of field variables at field boundaries. The finite ele-
ment method is a numerical technique for solving a system
of equations governing the domain of a continuous physical
system, which is discretized into simple geometric forms
called finite elements. Modeling a body is conducted by
dividing it into an equivalent system of finite elements that
are connected at a finite number of points on each element
called nodes. There are fundamental unknowns in engi-
neering problems, and if they are found, the behavior of the
entire system is predictable. The basic unknowns or field



variables encountered in engineering problems are dis-
placements. In a continuum body, these unknowns are
infinite. The finite element method reduces such unknowns
to a finite number by dividing the solution area into small
parts called elements and by expressing the unknown field
variables in terms of hypothetical approximate functions
(interpolation functions/shape functions) in each element.
Approximate functions are defined in terms of field variables
of specified points called nodal points. Thus, in the finite
element method, the unknowns are the field variables of the
nodes. Once these are found, the field variables at each node
can be found using the interpolation functions. After
selecting elements, the next step in the finite element method
is to collect element properties for each element; in other
words, the stiffness characteristics of each element must be
found. Mathematically, this relationship is as follows [43]:

(K] = h” (51" [DF] [B]dx dy, 3)

where [k°] is the element stiffness matrix, [B°] is the gradient
matrix, and A is the element thickness. [D¢] implies the elastic
stiffness matrix which in plane strain conditions is given by

- v S
1 0
1-v
q__EQd-v ¥ 0
Pl = i | 1-v @
0 0 1-2v
L 2(1-v)d

where E and v are the modulus of elasticity and Poisson’s
ratio, respectively.

Derivation of the element stiffness matrix is based on
equilibrium conditions. The same procedure can be applied
by writing the equilibrium equation for each node for all
connected elements in the model. This process is described
as “assembly” because the system equations are obtained by
taking the individual stiffness components and putting them
together; therefore, the main relation is written as follows:

[K]{U} ={F}, (5)

where [K] is the global stiffness matrix, {U} is the nodal
displacement vector, and {F} is the nodal force vector.

The criterion of shear failure used in this article is the
nonlinear Mogi-Coulomb criterion, in which the effect of
the intermediate principal stress is also present in the failure
function [44]:

Ty =a +b0,,,. (6)
In this equation,
0, +0;
Opr =———
m,2 2
(7)

1
Tae =3\ (01 =02 + (02 =03 + (03— 01,
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where 0,, 0,, and o; are the maximum, intermediate, and
minimum principal stresses, respectively, and

3 g+
br_Z\/Eq—l
3 g+1
(8)
1+sin¢
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_ 2ccos¢
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where o, is the uniaxial compressive strength of the rock
material. The failure function for the Mogi-Coulomb failure
criterion is defined as follows [45]:

Frg=To—a — b’am,z = 0. 9)

Figure 3 shows the Mogi-Coulomb failure criterion in
the principal stress space.

2.3. Algorithm, Problem Domain, Boundary Conditions, and
Meshing. To simulate the episodic breakout around the
elliptical borehole, a computer program was coded based on
the governing equations and failure criteria presented in the
previous section.

Coding is conducted in MATLAB software. To increase
the accuracy of the simulation, every element that fails is
removed from the borehole wall by 0.1 of its length. In this
way, the number of numerical analysis iterations increases
until the breakout reaches stability but the breakout ge-
ometry is obtained with proper accuracy. The problem
domain, boundary conditions, and meshing shown in Fig-
ure 4 are considered, in which only a quarter of the model is
analyzed due to symmetry.

The dimensions of the model are 40 cm x 40 cm, and
a fine mesh has been used around the borehole. The number
of 4-node quadrilateral elements for the model is equal to
2560. According to Figure 4, the bottom mesh boundary is
restricted for vertical displacement while it is left free for
horizontal displacement. Also, the right vertical boundary is
free to move vertically while its horizontal movement is
restricted. The maximum horizontal principal stress is ap-
plied to the right vertical boundary, and the minimum
horizontal principal stress is applied to the upper horizontal
boundary. For the numerical solution of the problem shown
in Figure 4 and the specifications given previously, the
following simple algorithm is presented:

(1) First, based on the finite element method formula-
tion, local stresses are calculated for each element

(2) Then, the principal stresses are calculated according
to the local stresses

(3) Using the principal stresses, the failure function is
calculated for each element according to the selected
failure criteria
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Ficurk 2: Elliptical borehole, global and local axes, and in situ stresses.
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(4) If the failure function for a certain element is greater
than one (F,;;)1), that element is removed from the
model geometry and the rest of the elements remain

(5) For the new geometry, steps 1 to 4 are repeated until
the failure function for all elements becomes smaller
than one and the breakout reaches stability

3. Validation

3.1. Stress around the Borehole and Comparison of the Nu-
merical Method with Analytical Solution. To validate the
presented numerical method, the stresses around the
borehole have been obtained using the numerical method as
well as the analytical relations presented in the section
“Analytical stress distribution around elliptical borehole.”
The comparison of the stresses is shown in Figures 5-8.
Stresses are presented for three different eccentricities, and
the eccentricity of an ellipse is equal to

2
m= 1_<—2>> (a>b), (10)
a

where according to Figure 1, a and b are the major and
minor axes of the ellipse, respectively.

m is between zero and one (0<m< 1), such that the
circular borehole has zero eccentricity. In this article, to
create boreholes with different eccentricities, the major axis
of the ellipse is assumed to be fixed (a = 5 cm) and its minor
axis is changed (Figure 1).

Figure 5 shows the tangential stress in the borehole wall
for different values of eccentricity, and as can be seen in the
figure, there is a good agreement between the stresses ob-
tained from the numerical model and the stresses obtained
from the analytical relations.

It should be noted that in Figures 5-8, the values of the
field stresses are as follows:

0, =20 MPa,
o, =25 MPa, (11)
0y =50 MPa.

Figure 5 also shows that the maximum tangential stress
or the highest compressive stress concentration occurs for
6 = 0% and 0 = 180°, that is, along the minor principal stress;
therefore, these two points will be the starting points of the
breakout. It can also be seen that with the increase of ec-
centricity, the concentration of compressive stress also in-
creases. The lowest tangential stress also occurs at 6 = 90°
and 6 =270°, and with the increase of eccentricity, the
tangential stress decreases at these points. In Figure 6,
similar results have been obtained for vertical stress. Fig-
ures 6 and 7 also show the stresses for 6 = 0°, and along the
minor principal stress for 0 and 0.6 eccentricity, respectively,
there is a good agreement between the numerical model and
the analytical relationships, and by moving away from the
center of the hole, the stresses converge to the field stresses.

3.2. Failure Shape and Comparison of the Numerical Method
with Other Models. Ma et al. [36] presented a numerical
simulation method for sand production in inhomogeneous
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formations, in which the effects of heterogeneity, progressive
fracture process, and borehole pressure were investigated.
Zhang et al. [34] also used the machine learning method to
invert the relationship between in situ stresses and borehole
breakout shape. Figure 9 shows the comparison between the
depth and the width of the breakout failure zone obtained
from the numerical model presented in this article with the
model provided by Zhang et al. [34] and Ma et al. [36] for
circular borehole (m = 0). The analysis of this section has
been performed for the mechanical and geometrical spec-
ifications presented in Table 1. According to Figure 9, the
failure width is formed in the first iteration and does not
increase in subsequent iterations. The half width of failure
(6,/2) obtained from the numerical model presented in this
article is 31°, and the half widths of failure obtained from
Zhang et al.’s model and Ma et al.’s model are 32.5° and 32°,
respectively, which can be seen that there is a relatively good
agreement between the models.

However, in all three models, the depth of failure (r,)
increases with increasing iterations until a stable state is
established. The evolution of r; is linear in the model
presented in this article, but it is nonlinear in other models.
This is because in the numerical model in this article, to
increase the accuracy of the results with the failure of each
element as much as one tenth of the element length, the
borehole wall is removed, but in other models, the failed
element is completely removed from the model. r; obtained
from the numerical method presented in this article is
26.80 mm and r; obtained from Zhang et al.’s model and Ma
et al.’s model is 22.4 mm and 20.75 mm, respectively. The
difference between the values obtained from different
models can be due to the different failure criteria used in
each of the models. The failure criterion used in this article is
the Mogi-Coulomb criterion, while the failure criteria used
in Zhang et al’s model and Ma et al’s model are the
Mohr-Coulomb criterion and the Drucker-Prager criterion,
respectively.

4. Results and Discussion

In this section, the results of the numerical analysis
performed using the program written in MATLAB
software are given. The properties selected in the analysis
for the rock materials are those provided for Tablerock
sandstone. The Tablerock sandstone belongs to the
Cloverdale Nursery area in the United States and belongs
to a group of sandstone layers in the Upper Miocene, the
Lower Idaho Group; this sandstone consists of 55%
quartz and 37% feldspar. Due to the high percentage of
feldspar, this sandstone is classified as arkosic. For this
type of rock material, the internal friction angle and
cohesion are, respectively, equal to ¢ =39.7° and
¢ =10.38 MPa [13].

For the borehole with different eccentricities, breakout
progression steps were obtained using the presented model and
some of these stages are shown in Figure 10. The cross section
shown in the last column is the final breakout shape after
reaching stability. The values of in situ stresses in this analysis
are equal to 0;, = 20 MPa, 0, = 25 M pa, oy = 50 M pa.
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TABLE 1: Geometric and mechanical parameters [34, 36].

Parameters Value Unit
Young’s modulus 144 GPa
Poisson’s ratio 0.2 —
Cohesion 20 MPa
Internal friction angle 40 Q)
Borehole pressure 20 MPa
Maximum horizontal in situ stress 100 MPa
Minimum horizontal in situ stress 60 MPa
Borehole radius 0.15 m

In the figure, it can be seen that for the borehole with ~ borehole with an eccentricity of 0.8, the number of iterations
zero eccentricity, the breakout reaches stability after 383 is reduced to 223. It can be seen that the final shape of the
iterations, and as the eccentricity increases, the number of ~ breakout is V-shaped, and its formation and propagation
breakout progress iterations decreases. For example, for the  occurred along the minor principal stress, and also, with the
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FIGure 10: Episodic breakout progression for holes with different eccentricities; the last column shows the final shape of the breakout.

increase in the eccentricity of the borehole, the final di-
mensions of the breakout became smaller.

Figure 11 shows the increase in the depth (r;) and width
(8,) of the breakout failure area as the breakout progressed
to stability. As can be seen in the figure, the failure width is
formed in the first iteration and does not increase in sub-
sequent iterations, but the depth of failure increases linearly
until the breakout reaches stability.

Figure 12 shows the final normalized breakout depth
(r4/(al2)) versus eccentricity, and Figure 13 shows the
breakout failure width (6,) versus eccentricity. In Figure 12,
the breakout depth is normalized to the semimajor axis of
the ellipse. It can be seen in the two figures that the di-
mensions of the breakout become smaller as the eccentricity
increases. The general result is that although the stress
concentration at the two vertices of the ellipse along the
minimum principal stress increases with the increase of
borehole eccentricity, the final dimension of the breakout
becomes smaller. In other words, increasing the ovality
strengthens the borehole against shear failure.

Another influencing parameter on the dimensions of the
breakout is the ratio of in situ stresses. Numerous numerical
analyses were performed with different in situ stress ratios
and eccentricities, and their results are shown in
Figures 14-16. In Figures 14 and 15, it can be seen that with
the increase in the ratio of in situ stresses, the normalized
breakout depth and the breakout width increase, re-
spectively. Also, for a certain in situ stress ratio, the depth
and width of failure decrease with the increase of eccen-
tricity. Figures 14 and 15 can also be used to determine the
final dimensions of the breakout after increasing the ratio of
in situ stresses to another given ratio. This application is of
particular importance in breakout laboratory studies.

Figure 16 is obtained from the combination of Figures 14
and 15. Figure 16 shows a significant relationship between
the final breakout failure depth and the breakout failure
width for a given eccentricity. The meaningful relationship
between the depth and the width of breakout failure in
geomechanics is important because if the horizontal in situ
stresses are to be determined based on the dimensions of the
breakout, only one of them can be determined. In other
words, the minimum principal stress can be obtained from
the hydraulic fracturing test [46, 47], and the maximum
horizontal principal stress can be determined based on the
dimensions of the breakout.

The stress concentration factor (SCF) is the ratio of the
tangential stress at the breakout tip to the maximum in situ
stress, which is as follows:

SCE = 284 (12)

oy

where 0gg 4 is the tangential stress at point A at the
breakout tip (Figure 1). Point A also moves as the breakout
progresses.

Figure 17 shows the evolution of the stress concentration
factor (SCF) versus the breakout depth for three different
eccentricities. The highest concentration of compressive
stress occurs in the borehole wall and at the tip of the
breakout, which is the cause of shear failure progression.

The remarkable point that can be concluded from
Figure 17 is that, before the breakout failure and at the
beginning of the analysis, the greater the eccentricity, the
greater the stress concentration factor, but with the
progress of breakout failure and at the end of the analysis,
it can be seen that the stress concentration factor for
boreholes with different eccentricities has become the
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same with a relatively small difference. This is due to the
fact that in the studied problem, the tangential stress in
the borehole wall is the only principal stress in the
Mogi-Coulomb failure criterion, and the breakout failure
progresses to the point where the tangential stress can no

longer satisfy the failure criterion. Therefore, the stress
concentration factor at the breakout tip, which is de-
pendent on the tangential stress, at the end of the
breakout, is the same for the boreholes with any eccen-
tricity, even though the breakout depth is different.
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5. Conclusion

The work performed in this article was the numerical analysis of
the progressive failure around noncircular boreholes. This
problem, which has an unconventional shape, was investigated
in the field of nonisotropic stresses and using a nonlinear failure
criterion. For these reasons, solving the problem had to be
performed numerically. In addition to the abovementioned, the
progress of failure occurs episodically, which means that at each
step, the geometry of the problem changes and meshing must
be conducted again. To solve this problem, a simple algorithm
based on the finite element method is presented. Using the
algorithm, a computer program is coded in MATLAB software.

To investigate the effect of the borehole eccentricity
parameter on the breakout, boreholes with different ec-
centricities are analyzed, and it was observed that with the
increase of eccentricity, the depth and width of the V-shaped

breakout failure area decrease, but the stress concentration
factor at the breakout tip becomes the same for all models.
Also, the rate of decrease in the breakout depth and width
with increasing eccentricity is low until m=0.3 and then
increases. In other words, eccentricity strengthens the
borehole against shear failure.

With the increase of the ratio of in situ stresses, the depth
and width of the breakout increase and the rate of increase of
the failure depth is higher for the borehole with smaller
eccentricity. Also, according to the obtained results, it was
observed that the depth and width of the breakout have
a significant relationship with each other. Therefore, by
using breakout dimensions, only one of the in situ stresses
can be obtained; for example, the maximum horizontal
stress (o) can be obtained using breakout dimensions, and
the minimum horizontal stress (¢;,) can be obtained using
the hydraulic fracturing test.
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1. Introduction
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In order to study the seepage process of rainwater on granite residual soil cut slopes, a numerical model for seepage analysis of
granite residual soil cut slopes was established. Then, by applying the rainfall boundary condition, the seepage path of rainwater on
the slope was analyzed under the condition of rainfall infiltration. Finally, during rainwater seepage, the volumetric water content
and pore-water pressure change characteristics inside the slope were analyzed, and the seepage mechanism of rainwater in the
granite residual soil slope was revealed. The results show that, under the condition of rainfall infiltration, the surface area of the
slope gradually forms a saturated area in a temporary stable state. As the saturated area in the temporary stable state gradually
extends to the inside of the slope, the area gradually increases and a groundwater level recharge area is gradually formed at the foot
of the slope. Rainwater infiltration changes the original stable state of the slope, causing the granite residual soil slope to change
from the two original distribution states of the unsaturated area and saturated area to the three distribution states of the
temporarily stable saturated area, unsaturated area, and saturated area from top to bottom. The volumetric moisture content of
slope-monitoring points increased gradually with an increase in the duration, and the overall distribution showed an “S” shape.
The infiltration of rainwater causes the pore-water pressure of the granite residual soil to increase gradually, and matric suction
gradually disappears. In particular, the disappearance of the matric suction at the foot of the slope will lead to the gradual
weakening of the shear strength of the slope soil, thus affecting the slope stability.

Taking the granite-disabled soil slope as the research
object, domestic and foreign scholars have carried out a lot

Granite residual soil is a special rock and soil mass formed by
long-term weathering of granite. In the world, granite re-
sidual soil is widely distributed. With the rapid development
of the transportation industry, in railway and highway
construction projects, in order to ensure the stability of the
route, some granite residual soil is often excavated, thus
forming a large number of cut-slope projects [1-3]. Granite
residual soil has good compressive strength, but its cohesion
is poor. Whenever the rainy season comes, the infiltration of
a large amount of rainwater further weakens the cohesion of
the granite residual soil, resulting in landslide disasters on
the slope, which seriously affect traffic safety.

of research. In terms of engineering characteristics of granite
residual soil, Tang et al. used a self-developed tensile strength
tester to analyze the variation law of the tensile strength of
granite residual soil with different moisture content during
humidification and drying and clarified the compressive
strength of granite residual soil during humidification and
drying [4]. Alias et al. analyzed the variation law of shear
strength of granite residual soil through a triaxial test and
revealed the formation characteristics of shear strength of
granite residual soil [5]. Ferreira et al. analyzed the effect of
cyclic loading on the interfacial cohesion between granite
residual soil and geogrids and studied the main control of
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the loading frequency, amplitude, and other influencing
factors affecting the interfacial strength [6].

In the aspect of granite residual soil slope stability, Yang
et al. studied the development and formation process of
fissures in granite residual soil slopes under the condition of
a dry-wet cycle and believed that the development degree of
fissures in granite residual soil slopes had a positive cor-
relation with the number of dry-wet cycles. The slope in-
stability time has been advanced [7]. Guo et al. believed that
rainfall is the key factor leading to the catastrophic occur-
rence of granite residual soil slopes. Therefore, the improved
Mein-Larson model was used to analyze the variation law of
the wetting front on the slope under the condition of rainfall
infiltration [8]. By burying the moisture sensor, Fei and Qian
measured the variation characteristics of matric suction and
moisture content of the granite residual soil slope during
rainfall. The results show that rainfall infiltration changes the
distribution of matric suction on the granite residual soil
slope, thus causing the slope stability to change, but this
effect decreases gradually with an increase in depth [9].
Wang et al. analyzed the variation law of the wetting front on
the granite residual soil slope under the condition of rainfall
infiltration and proposed a slope stability analysis method
considering the time-varying effect. The results show that the
probability of slope failure is controlled by the position of the
slip surface [10]. Wei et al. used a combination of numerical
and laboratory model tests to analyze the influence of dif-
ferent slopes and heights of cut slopes on the slope stability
under rainfall conditions, taking artificially cut slopes of
granite residual soil as the research object [11]. It can be seen
from the abovementioned research study that rainfall is the
key factor that induces the instability of granite residual soil
cut slopes. However, the existing research results are still not
deep enough to study the seepage mechanism of rainwater in
granite residual soil.

In view of this, this paper takes the granite residual soil
cut slope as the research object, focuses on the rainfall factor,
and uses numerical software to establish the seepage model
of rainwater on the granite residual soil slope. The seepage
evolution characteristics of the granite residual soil slope
during rainwater infiltration were deeply analyzed, the

Puw [vxdydz +v,dxdz + vzdxdy] - Puw |:<vx + E;L}:dx>dydz +<vy +

where 7 is the porosity and p,, is the density of water.
Through mathematical transformation, formula (2) can
be simplified to

ov, Ov, ov

X

0 (np,dxdydz)
Y 4 — w . 3
Pum+ 3 +—=2dxdydz dt (3)

0z ot

The change in water quality infiltrated into the granite
residual soil is related to the compressive modulus of the
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seepage path of rainwater on the slope was clarified, and the
seepage mechanism of rainwater on the granite residual soil
slope was revealed. This study provides theoretical reference
for the stability control measures of granite residual soil
slopes.

2. Seepage Model of Granite Residual Soil
Cut Slopes

2.1. Construction of Percolation Differential Units. Granite
residual soil has certain porosity. When rainwater infiltrates
into the interior of the granite residual soil slope, the flow of
rainwater in the void will break the original saturated-
unsaturated stable state in the slope, thereby affecting the
slope stability. The migration rate of rainwater in the granite
residual soil slope can be described by Darcy’s law [12-14].
oh

Vw = _kwa_;} > (1)
where V, is the Darcy velocity of rainwater seepage, k,, is the
saturated permeability coefficient, and oh,/0y is the hy-
draulic gradient in a Y direction. The seepage process of
rainwater in the granite residual soil slope is a complex flow
process. Under normal conditions, the water flow continuity
equation can be used to solve the problem by setting
boundary conditions. Any tiny space unit dxdydz in the
granite residual soil slope is selected to establish a differential
unit of rainwater seepage on the slope, as shown in Figure 1.
It can be seen from Figure 1 that, in any period of time dt, the
difference between the inflow and outflow of rainwater due
to the action of gravity and matric suction can be expressed
as the seepage flow in this period of time.

2.2. Theoretical Derivation of the Water Flow Continuity
Equation. Since the granite residual soil slope is an integral
structure, the seepage of rainwater on the slope is contin-
uous. Then, according to the principle of energy conser-
vation, the water flow continuity equation of rainwater on
the granite residual soil slope can be expressed as follows
[15-17]:

ov ov 0 (np,dxdydz)
2 2z = N Pwr P
3y dy)dxdz +<vz t 3, dz)dxdy] pn dt, (2)

granite residual soil, and the right end of formula (3) can be
expressed as

d(np,dxdydz) , 1 1\ou
Tdt = Pw f + ni deddedt, (4)

where T is the bulk compressive modulus of the soil, T'w is
the bulk compressive modulus of water, and u is the negative
pore-water pressure.
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The water head at the seepage differential unit of granite
residual soil can be expressed as (h —z)sou = p,, g(h - z).
Then, there is

ou oh
= - 5
ot P9 ®

In order to further simplify the seepage analysis model,
this paper does not consider the anisotropy of the granite
residual soil when analyzing the seepage characteristics of
rainwater on the granite residual soil slope.

ov, ov

Py O gedydz =0 6)
a‘l‘@"‘g X y zZ = 0U.

According to the water flow continuity condition, by
substituting Darcy’s law into formula (6), the partial dif-
ferential equation of water flow continuity of rainwater on
the granite residual soil slope can be obtained as follows:

3 oh,] @ on,] @ on,]
2 2] +2 [ @2 2[00 o)

2.3. Establishment of the Seepage Model. This paper takes the
granite residual soil cut slope on one side of a railway as the
research object and studies the seepage mechanism of
rainwater on the slope. The overall excavation height of the
slope was 16 m, and the excavation was divided into two
levels. The height of the first-level slope was 10m with
a slope ratio of 1:1.75, and the height of the second-level
slope was 6m with a slope ratio of 1:1.5. A 2m wide
platform is set at the intersection of the two-level slopes, and
the specific dimensions are shown in Figure 2. In order to
simulate the groundwater level, the groundwater level ele-
vation on the left side of the model was set to 6m and the
groundwater level on the right side was set to 3 m. In order to
ensure the calculation time and accuracy, the four-node grid
was used to divide the whole model into 7076 units, totaling
7286 nodes.

Reasonable boundary condition settings can accurately
simulate the seepage characteristics of rainwater on the
granite residual soil slope. Therefore, in the seepage

numerical model, the top and the slope surface of the granite
residual soil slope were set as the boundary conditions of
rainfall infiltration and the road structure on the right side of
the model was set as the impermeable boundary condition.
Other boundaries in the numerical model of seepage were
also set as impervious boundary conditions. In this paper, in
order to monitor the seepage characteristics of rainwater on
the granite residual soil slope, six monitoring points were set
up at the top, middle, and bottom of the two-level slope at
a depth of 1 m. At the same time, in order to monitor the
variation law of the matric suction on the slope with the
elevation, a monitoring section was set up at the top of the
second-level slope.

3. Seepage Numerical Model
Calculation Scheme

3.1. Physical Parameters of Granite Residual Soil. The granite
residual soil slope soil samples were selected from the site,
the saturated volumetric moisture content of the granite
residual soil layer on the slope was measured by relevant
laboratory tests to be 0.26, and the residual volumetric
moisture content was 0.11. The saturated permeability co-
efficient was 1.91 x 10~” cm/s. The parameters were obtained
by referring to the field survey data. The specific physical
parameters of granite residual soil are shown in Table 1.

The seepage of rainwater in the rock and soil body is
mainly carried out through the pores between soil particles,
and the size of the pores also affects the volumetric water
content and matric suction of the rock and soil body.
Numerous studies have shown that there is a negative re-
lationship between the volumetric water content in rock and
soil and matric suction; that is, with a gradual increase in
rock-soil matric suction, the volumetric water content of soil
gradually decreases. When studying the seepage mechanism
of rainwater on the granite residual soil slope, the classical
van Genuchten model was used to fit the curve of the
volumetric water content of the granite residual soil with
matric suction and the permeability coefficient with matric
suction [18-20]. The fitting results are shown in Figures 3
and 4.

3.2. Slope Rainfall Program. In this paper, in order to study
the seepage mechanism of rainwater on the granite residual
soil slope, the rainfall grade was selected as heavy rain, the
rainfall intensity was 8.7 x 10~ mm/s, the total duration was
set as 45 h, and the cumulative rainfall was 150 mm. In the
seepage numerical model shown in Figure 2, slope rainfall
infiltration in Table 2 was realized by applying the in-
filtration boundary condition.

4. Seepage Simulation Calculation Results

4.1. Slope Volumetric Water Content Distribution Law. In
order to analyze the distribution law of rainwater on the
slope, the cloud map of the volumetric water content of the
granite residual soil slope under different rainfall times was
drawn, as shown in Figure 5. As can be seen in Figure 5,
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TaBLE 1: Physical parameters of granite residual soil.
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FIGURE 3: Variation curve of the volumetric water content with
matric suction.

when there is no rainfall, below the overall groundwater level
of the slope is the saturated area and above the groundwater
level is the unsaturated area. When rainfall reaches 6 hours,
the rainwater has infiltrated from the surface of the slope to
the interior of the slope. With a gradual increase in the
infiltration amount, the volumetric water content of the soil
in the surface area of the slope gradually increases to
a saturated state, resulting in the surface soil of the slope. A
transient steady-state saturation region occurs. With
a gradual increase in duration, a large amount of rainwater
seeps downwards inside the slope and the area of the
temporary steady-state saturation area of the slope gradually
increases. When rainfall reaches 24 h, a large amount of
rainwater infiltrating into the inside of the slope gathers at

FIGURE 4: Variation curve of the permeability coefficient with
matric suction.

the foot of the first-level slope and seeps down to replenish
the groundwater level. When rainfall reaches 48h, the
volumetric water content at the toe of the slope reaches
a saturated state, which increases the overall bulk density of
the slope and weakens the shear strength of the soil at the toe
of the slope.

4.2. Distribution Law of the Wet Front on Slopes. Figure 6
shows the evolution law of the wetting front on the granite
residual soil slope with rainfall under the condition of
rainfall infiltration. As can be seen in Figure 6, in the early
stage of rainfall, with the infiltration of rainwater into the
granite residual soil slope, the soil particles on the surface of
the slope are gradually filled with rainwater and gradually
form a critical surface with the dry soil inside the slope, that
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TaBLE 2: Rain program.

Rain level Rainfall intensity (mm/s)

Rain duration (h)

Total accumulated rainfall

Rain stopped (h) (mm)
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Volume moisture content
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Volume moisture content
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(d)

FIGURE 5: Slope volumetric water content distribution law. (a) Slope initial state. (b) Rain lasted 6 hours. (c) Rain lasted 24 hours. (d) Rain

lasted 48 hours.
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[
e —

FIGURE 6: Distribution law of the wet front on slopes.

is, the wetting front. The overall tendency of the wetting
front is distributed along the slope. With a gradual increase
in duration, the wetting front gradually extends to the in-
terior of the slope. When the amount of rainfall infiltration
reaches a certain level, the wetting front curve will gradually
form a concave distribution at the foot of the slope and

a groundwater level recharge area will gradually be formed at
the foot of the slope.

4.3. Variation Law of Volumetric Water Content at Moni-
toring Points. In order to analyze the variation law of the
volumetric water content of the nodes on the slope under the
condition of rainwater seepage from a microscopic per-
spective, the water content of six characteristic monitoring
points was selected to analyze the seepage characteristics of
rainwater on the granite residual soil slope during rainfall.
Figure 7 shows the variation law of the volumetric water
content of the six monitoring points of the slope under the
condition of rainfall infiltration. As can be seen in Figure 7,
the volumetric water content of the 6 monitoring points
gradually increased to the saturated state with an increase in
duration, and the overall distribution showed an “S” shape.
The increase rate of the volumetric water content at the top
of the two-level slope is largest, and the increase rate of the
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FIGURE 7: Variation law of the volumetric moisture content at
monitoring points with duration.

volumetric water content at the foot of the slope is smallest.
The increasing rates of water content at the corresponding
monitoring points on the two-level slopes are different. The
increasing rates of the 6 monitored volumetric water con-
tents are as follows: monitoring point a > monitoring point
d > monitoring point f>monitoring point ¢ > monitoring
point e>monitoring point b. This is because with the
continuous infiltration of rainwater on the slope surface, the
pores of the granite residual soil at the monitoring points are
gradually filled with rainwater and the volumetric water
content gradually increases. Since the top of the second-level
slope also produces rainfall infiltration, the volumetric water
content of monitoring point a located at the top of the
second-level slope has the highest rate of increase. Since
a large amount of rainwater infiltrates at the platform,
rainfall there will be greater than that of other places.
Therefore, the increase rate of the volumetric water content
of monitoring point d at the top of the first-level slope and
below the platform is second only to that of monitoring
point a. Since the rainwater on the slope is affected by the
combined action of gravity and matric suction, the seepage
direction will follow the slope. Therefore, the volumetric
water content of monitoring point b located in the middle of
the first-level slope is smallest.

4.4. Variation Law of Pore-Water Pressure. During rainfall,
the pore-water pressure of a monitoring section was selected
to analyze the seepage characteristics of rainwater on the
granite residual soil slope. Figure 8 shows the variation law
of the pore-water pressure of the monitoring section of the
granite residual soil slope with the duration under the
condition of rainfall infiltration. As can be seen in Figure 8,
in the initial state, the pore-water pressure of the soil below
the groundwater level is basically positive and the pore-water
pressure of the soil above the groundwater level is basically
negative. As the elevation increases, the soil pore-water
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pressure gradually decreases, indicating that soil matric
suction gradually increases. In the early stage of rainfall,
rainwater gradually infiltrated through the slope surface and
the pores between soil particles at the top of the slope were
gradually filled with rainwater, resulting in a gradual de-
crease in soil matric suction and a gradual increase in the
pore-water pressure. With a gradual increase in duration,
a large amount of rainwater infiltrates into the interior of the
slope, resulting in a temporary stable saturation zone of the
surface soil of the slope. With the continuous infiltration of
rainwater, the temporarily stable saturated zone gradually
extends to the interior of the slope and the area gradually
increases. As a result, under the condition of rainfall in-
filtration, the original unsaturated area-saturated area dis-
tribution state of the slope from top to bottom evolves into
a temporary stable state of the saturated area-unsaturated
area-saturated area distribution state.

5. Conclusions

(1) Under the condition of rainfall infiltration, rainwater
first infiltrated into the surface area of the slope and
gradually formed a temporary stable saturation area
in the surface area of the slope. With the continuous
infiltration of rainwater, the temporarily stable sat-
urated area gradually extends to the inside of the
slope, the area gradually increases, and the
groundwater level recharge area is gradually formed
at the foot of the slope.

(2) Under the condition of rainwater seepage, the
granite residual soil slope changes from the two
original distribution states of the unsaturated area
and saturated area to the temporary stable state of the
saturated area and three distribution states of the
unsaturated area and saturated area from top to
bottom.
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(3) During rainfall, the volumetric water content of the
second-level slope of granite residual soil increased
fastest at the top and slowest in the middle. The
volumetric water content of the slope-monitoring
points all increased gradually with an increase in
duration, and the overall distribution showed an
“S” shape.

(4) The infiltration of rainwater causes the pores of
granite residual soil particles to be filled, the soil
pore-water pressure gradually increases, and matric
suction gradually disappears. In particular, the dis-
appearance of the matric suction at the toe of the
slope will lead to the gradual weakening of the shear
strength of the slope soil, thus affecting the slope
stability.
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The use of montmorillonite in the context of engineered barriers makes it possible to minimize the spread of heavy metals from
industrial and even radioactive waste. An evaluation of the performance of the mechanisms controlling the clay-environment
interaction and predicting the dynamics/configuration of the interlayer space (IS) is required. This work focuses on a quantitative
identification of the structural changes and porosity alteration in the case of heavy metal-exchanged montmorillonite samples
(Co** and Cd" cations) undergoing mechanical stresses (uniaxial oedometric test (loading/unloading)). Relationships between
mechanical stress strength, intrinsic structural response, ion exchanger efficiency, and adsorption performance fate are in-
vestigated. This goal is achieved through the correlation of in situ quantitative X-ray diffraction (XRD) analysis (under an
extremely controlled atmosphere reached by varying relative humidity rate %rh) and porosity investigation (assured by
combining outcomes from BET (Brunauer-Emmett-Teller) and BJH- (Barrett, Joyner, and Halenda-) PSD (pore size distri-
bution) analysis). Obtained results show an upsurge in the structural heterogeneities accompanying the theoretical increase in the
mixed layer structure (MLS) number and developing an unconventional hydration behaviour after stress relaxation regardless of
exchangeable cation nature. Experimental XRD patterns are reproduced using MLS, which suggests the coexistence of more than
one “crystallite” specie and more than one exchangeable cation indicating a complex cation exchange capacity (CEC) saturation.
For extremely low %rh value, a new homogeneous dehydrated state trend is observed in the case of the Co** cation. Porosity
analysis shows mesopore volume growth for the stressed sample and confirms crystallite exfoliation layer trends, results of the
layer cohesion damage, and subsequent constraint strength fluctuations.

1. Introduction

Waste disposal has become one of the most serious modern
environmental problems associated with the development of
countries. The architecture, design, and operation of the
waste disposal sites ensure adequate waste management with
respect for human health and the ecosystem. The geological
disposal, adopted as a safe solution for the long-term
management of radioactive waste, is delivered by a system
that (1) isolates waste from the biosphere for extremely
prolonged periods of time, (2) ensures that residual radio-
active substances reaching the biosphere will be at com-
paratively insignificant concentrations, and (3) provides

reasonable assurance that any risk of inadvertent human
intrusion would be extremely low [1-5]. The most common
problems of the landfill site are environmental degradation
and groundwater contamination [6].

The use of compacted clays, as part of the multibarrier
concept, ensures the previously cited requirements [7, 8].
Indeed, the most used materials in landfill disposal are
compacted clay liner (CCL) and geosynthetic clay liner
(GCL). The main reason for using such materials is their
intrinsic properties, such as the large specific surface areas
(SSA), the low permeability, the cation exchange capacity
(CEC), the high adsorption ability, and the low hydraulic
conductivity [6-11]. Compacted clay liners are less
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expensive, and it has good attenuation capacity. Clay
membranes can be used as toxic gases (originating from the
landfill site) eliminator and as a trap for radionuclide mi-
gration/diffusion (resulting from a pipeline leak or damage
due to various types of stress affecting installation) [12-15].
The clay mineral membranes are exposed to various
chemical, biological, and physical stresses, and they are
influenced by the subsequent leachate [16-21]. To evaluate
the consistency of these membranes, it is important to ex-
amine their chemical compatibility with the different fluids
or the leachate to which they are subjected [22]. Based on the
fine particle size, the homogeneous micropores and the high
surface charges, the low hydraulic conductivity, the high
adsorption capacity, and the low cost compared with geo-
synthetic clay (GC), natural bentonites are most prized in this
context [23-29]. Indeed, [30] studied the shear strength of
compacted clays as affected by the mineral content and wet-dry
cycles and demonstrated that the cohesion and frictional
strength properties were determined and linked to the pro-
portion of clay minerals and the number of wetting and drying
cycles. On the other hand, [31] demonstrated, in the case of
compacted clays mixed with a wide range of bentonite for
engineered barriers, that compressibility was affected by the
bentonite content on geotechnical characteristics.

The use of bentonite, especially as a buffer in the ex-
cavated escape galleries between the waste containers and
the tunnel walls, achieves important strategic outcomes.
Bentonite membrane is usually affected by the surrounding
temperature/humidity gradient fluctuation [32, 33]. How-
ever, compacted clays present problems with cracking and/
or desiccation, especially those containing an appreciable
amount of bentonite [34-36]. Numerous studies have shown
that compacted clays undergo large physicochemical
properties modifications when exposed to a cycle of swelling
and/or desiccation-wetting, which constitutes a surrounding
variable environmental constraint [28-39]. Montmorillonite
fraction, which is a dioctahedral species of the smectite
mineral group, can constitute up to 95% of bentonite. These
functional materials provide restriction of groundwater
access to radioactive waste, promote conditions for mass
transfer between waste and groundwater by diffusion,
overwhelm the migration of radionuclides in colloidal form
into groundwater, ensure effective sorption after possible
depressurization of radioactive waste containers, and so on
[40-45]. In addition to their presence in the formations
housing the storage facilities and their use as backfill ma-
terial or as sealing material to isolate parts of disposal facility,
montmorillonite is also present as a buffer material in the
empty space between the package and the host rock [46-48].
The montmorillonite layer structure is constituted by the
stacking of two types of sheet: an octahedral sheet O (MO,
(OH), with M is a metal cation (Al, Mg)) sandwiched be-
tween two tetrahedral sheet T (SiO,) often labelled T-O-T
with an average layer thickness around 10A. The layer
charge is related to existing isomorphic substitutions in the
tetrahedral sheet (AI’*, Si**) and/or octahedral ones (Mg**/
Li*, AP*/Mg*"). This charge deficit is compensated by ex-
changeable cations (Exc.Cat), coming from the soil solution
and incorporated in IS. The presence of solvent (water
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molecule) facilitates exchangeable cations insertion and
enables, respectively, layer thickness expansion, mineral
dispersion (colloidal properties) in the soil solution, and micro/
macroscopic clay swelling. The progressive layer thickness
expansion of the basal spacing value d (001) is done by
discrete hydration state going from the dehydrated state
ow, d001~10A) to the strongly hydrated ones (4 W,
doo; =21 A) passing, respectively, by 1W (dooy = 12.4A),2 W
(dooy ~ 154 A), and 3W (dg, ~ 18.2 A) hydration state [49-54].

Montmorillonite fraction interacts physically and
chemically with soil and the disposal packages over time,
which results in structural changes and alteration of the
intrinsic properties [48-60]. Depending on these operating
constraints (aggressive variable environment), a thorough
predictive study of the behaviour and montmorillonite
structural response is required. This response can vary from
significant structure transformation and properties to yield
affected by the nature of the stress.

The applied constraints (aggressive environment) can be
considered individually. In this case, they are divided into
three groups: (i) atmospheric (temperature, relative hu-
midity, and pressure) and hydrogeological (soil desiccation/
wetting cycles) constraints; (ii) chemical constraints (soil
solution composition, water chemistry, and soil solution
pH); (iii) mechanical stresses (phenomena of sliding/
shearing of soils, tectonics and fracturing, and natural
mechanical field) [50-53]. In reality, these constraints are
often coupled with combinations up to the third coupling
order inducing an enormous disruptive stress potential,
which affect necessarily the clay fraction efficiency. The
performances of the starting materials, according to the
initial objectives, are no longer guaranteed; the main
problem in this case becomes the effectiveness of these
stressed/disturbed materials.

In this work, structural changes, hydration behaviour
evolution, CEC alteration, and porosity fate of dioctahedral
smectite (Wyoming montmorillonite) subsequent to the
applied mechanical stress (uniaxial load/unload) are ex-
plored. An experimental investigation protocol, developed at
the laboratory scale, based on three main levels is realized.
Indeed, mechanical stress based on the loading/unloading
test is done to create material stress. An in situ XRD study,
under an extremely controlled atmosphere (variable %rh), is
directed. The strength of this structural analysis lies in the
use of the theoretical 00l diffraction profiles modelling
approach to define the relationship between mechanical
constraint and microstructure changes. Finally, the ad-
sorption measurement and the PSD analysis are done by
targeting the stress damage to the metal-exchanged mont-
morillonite porosity features.

2. Materials and Methods

2.1. Baseline Sample. Starting sample is a reference mont-
morillonite specimen (Swy-2) supplied by the Source Clays
Repository of the Clay Minerals Society. The intrinsic
characteristic properties of this reference sample can be
consulted in the literature data [61, 62]. The structural
formula per half unit cell is given by [62]
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. 4 3 2 2 2
(513.923Alo,077)(Al1,459T10,+o18F601)39F60T045M90,+382)010 (OH)z(CaonNa(J)r, 027)- (1)

2.2. Experimental

2.2.1. Na-Rich Montmorillonite. Raw material requires
NaCl pretreatment before application to ensure maximum
layer dispersion. This specific treatment is carried out by
respecting a classical protocol detailed by [60, 63] to
prepare the Na-rich montmorillonite suspension. Indeed,
the <2um fraction of Wyoming montmorillonite was
extracted by allowing larger particles to settle in water and
then decanting. The Na-rich montmorillonite was pre-
pared by equilibrating the colloidal fraction with NaCl
solution. This step consists of dispersing 40 g of solid in
500 mL of NaCl solution (1 M) and stirring mechanically
for 24h. A SIGMA laboratory centrifuge at 8000 rpm
speed is used for the solid fraction separation. To ensure
saturation of all exchangeable sites by Na* cations, this
equilibration was repeated five times. The clay was then
washed with distilled water and separated in a high-speed
centrifuge until the solution was free of CI". Chloride was
presumed to be absent when the supernatant liquid gave a
negative test with AgNO;.

2.2.2. Metal-Exchanged Montmorillonite. The same ionic
exchange procedure (used in the case of Na" cation) was
followed to prepare, respectively, Co-montmorillonite
(SWy-Co) and Cd-montmorillonite (SWy-Cd) suspension.
This goal is realized using metal chloride solution (1 M) and
Na-rich montmorillonite respecting the following chemical
reaction:

SWy — Na, + M*" +xCI” — SWy - M*" + xNaCl, (2)

where M** denotes Co”* and Cd** cations and SWy-M**
denotes SWy-Co and SWy-Cd.

2.2.3. Experiments. Before beginning the study of the
compaction/reswelling cycle effect on the stressed samples, a
study of the unstressed samples under the same controlled
atmosphere is essential. The detailed experimental protocol
is summarized in Figure 1.

2.3. Mechanical Tests: Materials Fatigue. The oedometer
testing device used is a front-loading oedometer (WF
24251) (Figure 2). The cell diameter is 50 mm. The
comparator race extends 12mm with an accuracy of 2
microns. A predetermined piston pressure can be applied
to the metal-exchanged montmorillonite sample, causing
fluid expulsion through the filter until the system reaches
equilibrium. The Linear Voltage Displacement Trans-
ducer (LVDT) measures the displacement of the piston
and records the change in the system volume during the
test. The measured equilibrium displacement permits the
determination of the equilibrium void ratio e, which is
defined as the ratio of the fluid volume to that of solid
particles. The sample was maintained in contact with an

external reservoir of deionized water until the experiment
ended. All pressures quoted are gauges; that is, they are
pressures relative to atmosphere and hence correspond to
the differential pressures causing filtration. Each test
consisted of a step-by-step loading and unloading
(compaction and swelling) of the clay suspensions. The
pressure sequences were 5, 10, 15, 20, 25, and 30 bar for
the clay suspension, the same pressures being used during
compaction and swelling. At the end of each test, the
pressure was totally released, and the sample allowed
swelling until equilibrium was reached [64, 65]. Then, the
final void ratio e was measured by drying the cake at 140~
overnight. From the known weight of clay fraction M (the
amount of suspension introduced in the cell was carefully
measured) and the measured piston displacementsAl, the
equilibrium void ratio at each pressure can be calculated
from the equation

Alp A

i (3)

e(P)=e it

In this equation, the Al values are taken relative to the

final position of the piston and may be positive or negative.

The dry clay density p, was taken as 2.75 g/cm” as previously

calculated. In both pieces of apparatus, the sample cell is of
cross-sectional area A =5.07 cm’.

2.4. Structural Analysis. Experimental XRD patterns
are obtained from a Brucker D8 Advance X-ray diffrac-
tometer with the following setting and scanning param-
eters: (i) 40kV and 20mA; (ii) Cu_Ka monochromatic
radiation A=0.15406 nm; (iii) 0.0426 as step size; (iv)
angular range 3, 5-60726; (v) 6s as counting time per
step. Diffractometer installation is equipped with an ad-
vanced Ansyco humidity (rh) generator connected to a
CHC + Cryo & Humidity Anton Paar Chamber. To decode
the structural impact of the applied mechanical constraint
on the possible deformations affecting the IS configura-
tion, a study of unstressed and stressed samples under
extreme values of %rh is carried out. This appeal targets
the understanding of the interstitial water retention
and release mechanisms. The environmental rh variation
extends from 3% to 97%. The desired rh rates are
maintained by equilibrating samples for 0.5hours with
their environment.

2.5. Qualitative XRD Analysis. The qualitative XRD anal-
ysis is achieved by QualX 2.0 program [66]. The com-
mercial PDF-2 database associated with the new freely
available database POW_COD is used. This analysis
targets to identify all present sample phases and provide
information, respectively, about the layer thickness
(hydrous indication), the 00l reflections positions, and
the diffracted profile geometry (based on the symmetry
and/or asymmetry peak observations). Additionally, the
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FiGure 1: Experimental process of the mechanical constraint details, the in situ XRD analysis, and the porosity characterization.
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calculation of “Full Width at Half Maximum” (FWHM)
and the rationality deviation parameters (&) related to the
00l reflection (calculated as the standard deviation of the
? X ?001 values for all ?; measurable reflections over the
explored 26° angular range) can provide information on
the degree of hydration heterogeneity [66-70]. However,
the qualitative interpretation of the XRD profile cannot
provide a detailed insight into the coexistence of the
different phases with their associated relative propor-
tions as well as their different hydration states, which
may coexist in the structure. On the other hand, it does
not make it possible to follow the evolution and/or the
fluctuations of certain structural parameters along the c*
axis. For these reasons, it is necessary to introduce the
quantitative XRD analysis based on the XRD modelling
approach.

2.6. Modelling (001) Reflection Profiles. The theoretical dif-
fracted XRD intensity by a disordered lamellar structure is
based on the Drits and Tchoubar [71] algorithm. Based on
the expression of the diffracted theoretical intensity, de-
tailed information going from the crystallite size to the
elementary tetrahedral or octahedral sheet and its com-
position can be reached [71]. By optimizing several
structural parameters (i.e., Z coordinates of the IS, ex-
changeable cation position and abundance, and water
molecule distribution) during the modelling process, the
agreement quality is improved [72-74]. R,,, is used as a
confidence factor to control this quality [74]. The existing
mathematical arsenal behind the modelling approach as
well as the details of the fit strategy adopted is exposed in
several earlier works [75-77]. It remains to be noted that
(per half unit cell) the IS exchangeable cation position
respects the provided literature data on similar samples
[78, 79].

2.7. Layers Interstratification: Probabilistic Description.
The layers stacking within crystallite is defined by the
probabilities of succession of the different layer type, which
is described according to the Markovian statistics model.
The probability of the presence of one layer is only de-
pendent on the types of layers that precede it. The rela-
tionship between the presence of a layer and the preceding
types of layers corresponds to the degree of order of the
interlayer or Reichweite (R). In soils, the most common
Reichweite is RO and R1; there are also interstratified R2 or
R3 whose probability of occurrence of a layer depends on
the two or three previous layers; the latter are not described
in the soils but in the diagenetic series. Equations have been
developed [70, 78, 79] to respond to clay interstratification
problems. We thus find the probabilistic model where we
represent (in a simple case) the stacking of two types of
layers A and B of proportions W, and Wy with the
probabilities that layer A follows layer B (Pp,). The fun-
damental equations governing this interstratification are as
follows:
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- (4)
Pps+Ppg = 1PW ,Pyp=WgPgy

Using a combination of the equation, three essential
limits for the layers stacking mode appear:

(i) The random stacking RO with Py4 =W, (ie., no
stacking sequence is forbidden; the probability of
appearance of a layer in a sequence does not depend
on its abundance).

(ii) Stacking with maximum order R1-MPDO pro-
hibiting the succession of two layers in the
minority.

(iii) In the case where it is forbidden for two layers of
different nature to follow one another
(Pap=Ppa =0), the probability that two layers of the
same nature do so is therefore equal to 1
(Paa=Ppp=1),and itis no longer interstratification
question but of a physical mixture or total
segregation.

It should be noted that the montmorillonite hydration
heterogeneities can be treated as layer interstratifications at
different hydration states within a clay particle depending on
the relative humidity. This can constitute the intermediate
hydration state (i.e., 0 W/1W, 1 W/2W, and 0 W/1 W/2 W).
Hydration heterogeneity is linked to the presence of layer
structure heterogeneity (proportion and charge localization
of charges) [70, 78, 79].

2.8. Adsorption Measurement and Porosity Investigation.
The relationship between mechanical stress and mont-
morillonite water content affects many geotechnical
properties of unsaturated soils, including permeability,
volume change, deformation, and shear strength. The main
clay properties are mainly controlled by their internal and
external surface [80, 81]. The investigation of montmo-
rillonite porosity fate, having undergone structural trans-
formations following the application of mechanical stress,
seems essential to confirm quantitative XRD results. Also,
the water retention properties are related to the pore
structure and the level of external relative humidity ex-
perienced. With compaction/reswelling cycles and in situ
study by variation of %rh, more layers of water molecules
can either be absorbed on the surface of the pores or
evacuated by drainage/diffusion by a new transport
mechanism.

Adsorption-desorption nitrogen by porous media
mainly targets the determination of the surface area (SA)
and the pore size distribution (PSD). Montmorillonite
powders are obtained by drying each sample. The porosity
characteristics are entirely determined by nitrogen sorption
[82]. The adsorbed gas amount gives a complete description
of the porosity state and even the overall structure [82-86].
Quantachrome NOVA 2000e series volumetric gas ad-
sorption instrument, which is a USA automated gas ad-
sorption system using nitrogen as the adsorptive, is used for
the BET-specific surface area and PSD measurement.

void ratio e

Pressure (bar)

—»— Compaction(SWy-Co)
—— Re-swelling (SWy-Co)

—a— Compaction(SWy-Cd)
—H- Re-swelling (SWy-Cd)

Figure 3: Equilibrium void ratio e for the compaction and
reswelling versus applied pressure for SWy-Co and SWy-Cd
samples. * * Zone of maximum applied pressure intensity.

Experience setting conditions are as follows: (i) adsorption
isotherms are obtained at 77K and at P/P0~0.95 (relative
pressure); (ii) the SA and PSD measurements require the
removal of adsorbed nitrogen and oxygen. This is carried out
under reduced pressure (vacuum) at 100°C for 10h. The
desorption isotherms section, assuming a cylindrical pores
model, is the basis of the application of the BJH method to
define the PSD [82-91].

3. Results and Discussion

3.1. The Oedometric Test: Compaction and Reswelling.
Several parameters control the clay material response to
mechanical stress. Montmorillonite fractions are charac-
terized by high porosity and a total volume which essentially
depends on the water content, the water saturation, and the
water retention mechanisms. Other intrinsic/multiscale
parameters ranging from the geological genesis to the in-
dividual layer nanometric properties influence the possible
deformations [92-95]. This work investigates the response of
metal-exchanged montmorillonite specimens (ie., ex-
changeable cations are Co”* or Cd*") to uniaxial mechanical
stress ensured by an oedometric test (loading/unloading).
The applied stress is confirmed by investigating the void
ratio e modification giving the applied pressure (Figure 3).
The reswelling curve is obtained following a release of the
applied pressure (Table 1). At first sight, the compaction/
reswelling curves show the deformation irreversibility
process and the nonlinear process, whatever the exchanged
cation nature, which agrees with [72, 91] works. This be-
haviour finds an explanation in [64], which attributes the
observed nonlinearity of the consolidation characteristics to
the correlation between the consolidation stress (¢,) and the
void ratio (e).

The observed nonlinearity during the loading/unloading
process concerns only a single stress cycle which resulted in
remarkable fluctuations in the void ratio values. The
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TaBLE 1: Equilibrium void ratio e for the compaction and reswelling data for SWy-Co and SWy-Cd samples. Zero bar corresponds to “free”

swelling.

Mechanical constraint P (bar) 0 5 10 15 20 25 30
Compaction SWy-Co 11.22 9.86 5.96 2.82 1.79 1.10 0.90
Reswelling SWy-Co 15.08 14.05 12.02 9.91 6.15 2.72 0.90
Compaction SWy-Cd 10.89 8.69 4.12 2.75 1.63 1.05 0.86
Reswelling SWy-Cd 12.58 11.31 9.64 5.66 3.54 1.13 0.86

microobjective here is to create material fatigue to examine
its hydric behaviour afterwards by varying %rh under a
controlled atmosphere. For the two samples, a gap sepa-
rating the void ratio values Ae in the absence of applied
pressure (pressure =0bar) is partly explained by the coex-
istence of two possible scenarios, respectively, irreversible
energy losses and interparticle friction, which is an intrinsic
phenomenon in lamellar structures and which occurs during
the progressive alignment of the particles/crystallites by
increasing constraint strength [87, 88].

To understand the obtained void ratio values fluctuations
during the reswelling process, the effective stress parameter,
the swelling index (Cs), and the compression index (Cc) are
introduced. Indeed, [64] uses the constant rate of strain CRS
test as a crucial parameter to explore the unloading be-
haviour of clay minerals. For that, the pore water pressure
excess during the unloading sequence is modelled by an
assumption based on a cubic polynomial equation. Indeed,
the Cc or Cs variations are very sensitive to the consolidation
time (at constant load before the unloading) consideration.
Along the compaction/reswelling sequence and the global
pressure range (0 to 30 bar), in the case of the SWy-Co
sample, Ae., = 3.86. This value decreases in the case of the
SWy-Cd sample to Ae.; = 1.69.

On the other hand, a maximum gap is observed for an
applied pressure of 15 bar and for which Ae jumps to 7.09
for Co**. For Cd*" cation, the maximum Cs and Cc
fluctuations are observed at 10 bar when Ae jumps to 5.52.
For a maximum applied pressure intensity (zone * * on
Figure 3) and whatever the nature of the exchangeable
cation, a similar behaviour of Cs and Cc is observed
during the loading sequence from 15 bar. During the
unload sequence (reswelling) and from 30 bar applied
pressure values, a divergence between the evolution of Cc
and Cs is observed.

This noted disparity is explained by the process ir-
reversibility at the nanoscopic scale, where the layer or-
ganization inside the crystallite depends essentially on the
composition of the interlamellar space (IS). The intrinsic
IS configurations are affected by the nature of the ex-
changeable cation, which afterwards will affect the layer
stacking and the crystallite geometry. In fact, the diffuse
ion layers around the particles lead to interparticle re-
pulsion ascribed to the osmotic activity of the ions. The
existing repulsion force decreases when increasing, re-
spectively, the distance between clay particles, electrolyte
concentration, and exchangeable cation valence. It should
be noted that the obtained data for the “free” swelling state
is realized when the sample is constrained only by the
friction of the piston.

swy-Cd
R, =4,13%

I(a.u)

SWy-C
R, =598%

L T g % 1T r T & T
10 20 30 40 50 60
26° (Cu-Ka)
—— Exp
—— Theo

FIGURE 4: Best agreement obtained between theoretical (red
scatter) and experimental (black line) profiles for all studied
samples.

3.2. XRD Analysis of Unstressed Samples. 'The best agreement
between the experimental and theoretical XRD profiles for
the stressed samples is summarized in Figure 4. Qualita-
tively, a classical homogeneous 1 W layer phase is observed
in the case of SWy-Na [67]. This hydration homogeneity is
confirmed by the low values of FWHM and & parameter
(Table 2) [74]. For the SWy-Co and SWy-Cd samples, an
interstratified 1 W/2W hydration character is observed
throughout the entire exploited angular range. The initial
doo; (A) value increased (Table 2) towards 13.95 and 13.69,
indicating probably the achievement of the cation exchange
process and a new IS configuration. For both cases, the XRD
profile geometry is characterized by an irrational 00l posi-
tion (¢ parameter) with a large 001 refection (FWHM (26°))
=1.02 and 1.23). The 001 reflection is accompanied by a
shoulder towards 7.48 (26°) attributed to 1 W hydration
phases (dyg; = 12 A). Generally, the observed asymmetric 001
reflection reflects the coexistence of several hydration states
within the stack and/or an incomplete (partial) cation ex-
change. Two possible interpretations arise in this case. Either
the cation exchange capacity (CEC) is fully saturated by the
exchangeable cations, or a minor fraction of the starting Na™
cation persists in the IS with partial cation exchange.
Compared with the work of [58-60] and considering the
ionic potential affinity of the two cations with optimized,
verified, and reproducible experimental conditions,
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FIGURE 5: Best agreement obtained between theoretical and experimental profiles for stressed SWy-Cd and SWy-Co studied under extreme

%rh value.

TaBLE 2: Qualitative XRD investigation in the case of unstressed and stressed samples.

Samples 26° door (A) FWHM (26) D (A) &A) Hydration characters
Unstressed sample
SWy-Na 7.16 12.34 0.69 25.13 0.086 Homogenous
SWy-Co 6.25 13.95 1.02 16.67 0.428 Interstratified
SWy-Cd 6.45 13.69 1.23 20.62 0.812 Interstratified
Stressed sample
SWy-Co_3%rh 9.53 9.27 0.64 11.86 0.151
5.10 17.32 Interstratified
- 0,
SWy-Co_97%rh 430 20.54 1.41 10.67 0.875
SWy-Cd_3%rh Z;i ig(z)i 0.78 12.56 0.127
5' 08 17' 38 Interstratified
§ o . .
SWy-Cd_97%rh 439 2011 1.33 11.14 0.788

obtained results in the case of Cd** and Co®" cation are in
concordance. More details can be given later by quantitative
XRD analysis. Quantitative XRD investigations are the so-
lution to decide with the predictions of the qualitative
analysis [70, 76]. Indeed, in the case of interstratified
structures, several hypotheses are necessary, whose resolu-
tion requires a more in-depth theoretical approach. In the
case of the SWy-Na sample, an agreement between the
experimental and theoretical profile is obtained with an
R,,=3.89% (Table 3). The position of the sodium and its
hydration sphere at the medium of the IS respects the lit-
erature data [57]. On the other hand, the experimental
profile is reproduced theoretically through a randomly
distributed two phases, qualitatively inapparent, between a
major contribution of the 1 W state (=75%) and a minor
contribution of (=25%) relative to the 0 W layer.

The 00! reflections modelling approach in the case of the
SWy-Co sample supposes the coexistence of three mixed
layers structure MLS saturated with the Co** cation. The-
oretical models exhibit variable hydration states (e.g., 1 W,
1W/2W, and 1W/2W). The used MLS (from the best

agreement) are decomposed into several layer populations
(Table 3) assembled according to a specific succession
probability law. The structural parameters released from
theoretical models are summarized in Table 3. The MLS are
obtained by weighted layer-type populations, which are
expected to have, respectively, identical chemical compo-
sition, identical layer thickness, and identical Z coordinates
of the atoms [67, 96-98].

The best fit of the experimental XRD pattern
(R,p=4.13%) (Figure 4) in the case of the SWy-Cd sample is
obtained through theoretical models mainly composed of an
interstratified structure using three MLSs including various
relative proportions of the hydrated layer (Table 3). The
foremost remark in this case is the presence of a reasonable
1 W phase weight (9.04%) attributable to the saturation of
the material CEC by starting Na* cation. This agrees with the
starting assumption concerning the observed experimental
001 reflection shoulder at 7.48 (26°). This result calls into
question the achievement of the cation exchange process
despite compliance with the reproducibility of the experi-
mental cation exchange protocol.
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TaBLE 3: Optimal structural parameters taken from quantitative XRD analysis for all studied samples.
Sample %MLS xW_Exc.Cat L.Th (A) M0 Wy Paa M Mot %R,
74.3 1W_Na 12.2 1.5 1 1 12
SWy-Na 257 OW_Na 12.2 0 1 1 5 ? 389
52.36 1W_Co 12.2 0.8 1 1 11
1W_Na 12.2 0.4 0.7
33.84 0.3 0.59 7
SWy-Co unstressed 2W_Co 152 0.3 0.3 9 3.98
1W_Co 12.2 0.4 0.5
13.80 2W_Co 15.2 gg 0.5 0.5 >
51.44 1W_Cd 12.2 0.9 1 1 12
1W_Cd 12.2 0.15 0.7
SWy-Cd unstressed 39.52 W Cd 152 gig 03 0.71 6 14 413
9.04 1W_Na 10 1.5 1 1 6
68.61 0W_Co 9.5 0 1 1 12
SWy-Co stressed 3%rh 31.39 oW_Co 93 8 07 072 5 10 4.08
’ OW_Na 9.3 0 0.3 '
65.21 1W_Cd 12.2 0.7 1 1 12
1W_Cd 12.2 0.1 0.7
- 0,
SWy-Cd stressed 3%rh 31.52 1W Na 123 8} 0.3 0.6 5 10 411
3.27 0W_Cd 9.8 0 1 1 4
70.20 3W_Co 18.1 1.5 1 1 8
3W_Na 18.2 1.5 0.7
- 0,
SWy-Co stressed 97%rh 23.50 AW Co 11 ; 03 0.7 5 7 5.76
6.30 2W_Na 15.2 1 1 1 4
3W_Cd 18.2 1.5 0.3
7047 aw_cd 212 - 07 03 8
SWy-Cd stressed 97%rh 3W_Cd 18.2 1.5 0.7 7 5.24
27.57 2W_Na 15.2 i; 0.3 0.7 >
1.96 2W_Na 10 1 1 1 5

Note. xW_Exc.Cat: layer type and the associated exchangeable cation; L.Th: layer thickness in A. 2 W, 1 W, and 0 W are attributed to the layer hydration state.
nao: the number of H,O molecules per half unit cell. Zy,o: position along ¢ * axis of H,O molecule is fixed to 10.5 A, 113A//13.6 A, 11.34//13.6 A//16.6 A,
and 11.3 A//13.6 A//16.6 A//19.3 A, respectively, for 1 W, 2 W, 3W, and 4 W hydration state. The position of exchangeable cations per half unit cell calculated
along the cx axis is fixed to 8.6 A, 1050 A, 12.4 A, 14.7 A, and 16.8 A, respectively, for 0OW, 1W, 2W, 3W, and 4 W hydration state [78]. —nigxc cat: the
number of exchangeable cations per half unit cell is fixed to 0.33 (for Na* cation) and 0.165 for (Co*" and Cd** cation), indicating full saturation of the cation

exchange capacity (CEC).

3.3. XRD Analysis of Mechanically Stressed Samples

3.3.1. Qualitative Investigation. The effect of the applied
mechanical stress on the hydration properties of Cd** and
Co’" exchanged montmorillonite is addressed by varying the
%rh rate under a controlled atmosphere. The goal is to see
the structural evolution of the studied specimens under
extreme %rh values (3%rh and 97%rh) (after environment
equilibrium), which then allows us to simulate real IS
changes affected using clay as a geological membrane. Ex-
perimental XRD patterns obtained in the case of SWy-Cd at
3%rh show a dgo, = 12.23 A indicating probably a 1 W hy-
dration state. An interstratified hydration trend is confirmed
by the elevated FWHM and & parameter value (Table 2).
Indeed, a left-handed profile asymmetry towards the low
angles (20=5.84" doo; = 15.04 A), which is ascribed to a

minor 2 W hydration state phase, was observed despite the
conditioned dry environment. The dpo; basal spacing value
shows conservation of the 1 W hydration state regardless of
the experimental equilibrium achieved at 3%rh (one hour of
equilibrium with its environment before starting the XRD
recording).

For the SWy-Co at 3%rh, the sample seems more sen-
sitive to the %rh level drop, and the dyg, =9.27 A indicates a
basically dehydrated 0 W state. The observed result is a real
manifestation not only of the %rh fluctuations effect but also
of the mechanical stress already applied through the com-
paction and reswelling cycle. The conclusion that can be
drawn by qualitative comparison between these two samples
(having undergone the same stresses) lies in the modification
of the IS organization. Indeed, the basal spacing shift is
directly related to the new IS organization, which is very
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sensitive to the electrostatic and chemical bonding forces
governing the IS equilibrium.

The IS water molecules insertion/release mechanism is
interpreted by a hypothesis based on three freedom degree
fluctuations, including, respectively, the positions, the
abundances of the IS species, and the associated layer stacking
probabilities. All cited structural parameters, treated indi-
vidually or coupled, complicate and/or facilitate the water
molecule release process, which can be established when
decreasing the %rh rate. This hypothesis is since interpreted in
the case of the SWy-Cd sample by the free water transfor-
mation (supporting cation exchange process) from the sur-
rounding environment into structural water (intrinsic layer
composition), incorporated in the internal and external pore
surfaces, which complicates its loss by dehydration [60, 68]. It
is noted that, in the case of the SWy-Co sample, an un-
complicated release of an IS water molecule is observed.

At 97%rh, SWy-Cd and SWy-Co are characterized by an
asymmetric 00l reflection profile (Figure 5). Both samples
present a high hydration state with do; equal, respectively,
to 17.38 A and 17.32 A, indicating probably a transition to
the 3 W hydration state. A shoulder towards the small angles
(dooy =20.54 A), which is attributed to a beginning
3W—4W hydrous transition state, is observed. An
interstratified global character is confirmed by the high
values of FWHM and the rationality parameter.

3.3.2. XRD Profile Modelling Approach. The best agreement
between theoretical and experimental XRD patterns ob-
tained at a variable %rh rate is confirmed by an acceptable
R,, that did not exceed 5.71%. Optimum structural pa-
rameters used to imitate experimental XRD profile are re-
ported in Table 3.

The theoretical IS water molecule distribution and the
compensator cation position follow a discrete distribution
consistent with [57, 67, 74] works. For each accepted
theoretical model, several layer types with variable
stacking modes are used to improve the agreement. The
partial segregation (R1) is the main MLS distribution
adopted for all studied samples. At 3%rh, the experimental
profile of the SWy-Cd sample is reproduced by mixing
three MLS mainly composed of a major 1 W layer fraction
(saturated by Cd** cation). For the same sample, a minor
proportion of the Na™ saturated layer is used. Generally,
the absence of a monohomogeneous 1 W phase at 3%rh
and an R1 stacking mode type is the main conclusion. In
the case of the SWy-Co sample, which presents a O W
hydration state at 3%rh, the diffracted intensity is
reproduced by two MLS (0 W) mainly saturated by Co**
and Na" cations (Table 3). At 97%rh and regardless of the
exchangeable cation nature, the OW and 1W phase
contribution in the MLS disappears. The experimental
profiles are entirely reproduced by a three-MLS combi-
nation characterized by variable weighted layer pop-
ulation. For SWy-Co, a minority bihydrated phase related
to Na™ cation is introduced, and the major layer fraction
saturated by Co®" cation (extremely hydrated 3W or 4 W
water layers) is used to obtain a good fit.
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FIGURE 6: SAggr single and multipoint BET for unstressed and
stressed samples.

For SWy-Cd, the structure is completely matched by
combining three MLS. Indeed, theoretical models contain a
major contribution of 3 W/4 W phase, and the sample re-
tains its interstratified character, which is in accordance with
the qualitative description mentioning an interstratified
phase. Among the strengths of the modelling approach, the
accurate structural heterogeneities identification is related to
the coexistence of variable layer populations within the clay
particle. Subsequently, it allows us to show the structural
changes affecting the IS after applying stresses (Table 3).

3.4. Adsorption and Porosity Features. The clay properties
are mainly monitored by their internal and external surface.
The total surface includes the external surface, between the
clay particles, and the inner surface, relating to the IS. In-
ternal and external layer surfaces are affected during the
compaction and reswelling process. The surface modifica-
tion will probably influence the chemical and physical bonds
with the IS content and the adsorption properties. The layer
stacking distribution is affected by the applied mechanical
constraint (results obtained from XRD analysis), and a
possible consequent porosity disturbance may be conducted.
In fact, after stress release, the configuration theoretically
leans towards a new equilibrium, which differs from the
starting configuration [99, 100].

The montmorillonite porosity is still poorly character-
ized because of the difficulty of visualizing hydrated samples
in their original condition. The potential relation between
porosity, CEC, crystallite shape/size, and applied mechanical
stress is assured by the correlation of BET adsorption
measurement and BJH pore size distribution analysis.
Single-point and multipoint BET methods (based on the
surface area (SA)) are used to assess the possible chemical
transformation affecting the external clay layer surface. This



10

purpose is achieved from nitrogen isotherms [90]. To
measure the average pore diameter for each sample, a BJH
method is applied. The obtained results from adsorption
measurement and porosity for all studied samples are
summarized in Figures 4 and 7. Results show an increase in
the calculated external surface for samples having undergone
mechanical stress, whatever the nature of the exchangeable
cation and the constraint type (compaction or reswelling).

By comparing SA value evolution, after applying me-
chanical stress, a logical values boost is observed for the
stressed samples, whatever the applied %rh rate. This is
probably interpreted by a crystallite exfoliation tendency
which results in a decrease in the average number of layers
per crystallite following the layer cohesion damage. Also, it
can be interpreted by the diffusion coefficient alteration in
relation to the packaging density of the montmorillonite. For
saturated CEC by Co?* cations, high SA values are obtained,
suggesting the effect of the exchangeable cation nature on
the new IS configuration (Figure 6). The average nanopore
diameter (Figure 7) respects the same trend with values
boost after stress regardless of the cation exchanged.

For all examined samples, an isotherm of nitrogen ad-
sorption- (ads-) desorption (des) was presented (Figure 8). A
type II adsorption isotherm [84, 86, 90] is closer to the shape
of the obtained curves. This allocation is due to the meso-
porous texture described by coexisting of large pores with
nanopores, which agrees with the pore sizes distribution for
the porous materials. Large pore sizes obtained in the case of
stressed SWy-Co sample are justified by the coupling of
three essential parameters, respectively, the loading/
unloading cycle, the %rh fluctuations (which constitutes a
hydrous constraint), and the nature of the exchangeable
cation. The Co’" ions exchange promotes the exfoliation
process and thereafter increases the porosity degree.

The SA concept does not permit a full textural de-
scription extending from 2D to 3D in the case of lamellar
structures. The failures and limitations of SA results inter-
pretation involve improvements established on the PSD
analysis to access IS information. The PSD analysis is di-
rected based on several approximations summarized in
Table 4. The V-r (cumulative pore volume versus pore ra-
dius) plots or the mesopore PSD are given in Figure 9. A
considerable disparity between SWy-Co and SWy-Cd
sample pore size evolution was obtained. For unstressed and
stressed samples, the saturated SWy-Co specimen varies in a
very close way to the SWy-Cd sample, provided that the
diameter of the pores does not exceed 3nm. For higher
values, a divergence appears with a “gap” in favor of Co*"
cation, which reaches 0.0068 mL/g (Figure 9). The obtained
V-r variation proves, initially, the achievement of the cation
exchange process, which is confirmed by specific V-r curve
trends yet showing the same appearance. In addition, an
increase in the V-r “gap” for stressed samples seems like the
direct effect of the application of mechanical stresses. The
V-r curve radius derivative for all samples is given in
Figure 10.
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The maximum mesopore volume (0.00620 mL/g)
reached at 3.99nm is obtained for the stressed SWy-Co
sample. In this case, the determined V-r values are far greater
than those relating to SWy-Cd. The gap between the two
stressed samples exaggerates until it reaches gap values of
0.0030. This variation is consistent with the XRD modelling
profile, which predicts layer exfoliation and presence of a
highly hydrated rate (4 W) for both SWy-Co and SWy-Cd.
Commonly, the applied mechanical stress affected the vol-
ume of the mesopores, which are in any case greater than
those determined for the starting sample. For all samples, the
mesopore radii varied between 1.598 and 16.828 nm (Fig-
ure 10). The porosity investigation using the BET-BJH
method confirms obtained results from XRD modelling
approach indicating, respectively, high hydration rate layer
exfoliation trends and crystallite size fluctuations induced by
stress.

The maximum mesopore volume (0.00620 mL/g) is
obtained for the stressed SWy-Co sample. The determined
V-r values, in the case of SWy-Co, are far greater than those
relating to SWy-Cd. For the stressed SWy-Co sample, the
maximum mesopore volume is 0.00620 mL/g and obtained
at 3.99 nm. The gap between the two stressed samples ex-
aggerates until it reaches gap values of 0.0030. This variation
is consistent with the XRD modelling profile, which predicts
layer exfoliation and presence of a highly hydrated rate
(4 W) for both SWy-Co and SWy-Cd. Commonly, the ap-
plied mechanical stress affected the volume of the meso-
pores, which are in any case greater than those determined
for the starting sample. For all samples, the mesopore radii
varied between 1.598 and 16.828 nm (Figure 10). The po-
rosity investigation using the BET-BJH method confirms
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TaBLE 4: The basic physical approximations adopted for the PSD analysis.

Technical side Fundamental side

Py is the vapor pressure of the bulk liquid nitrogen at the liquid
nitrogen temperature (~77 K)

P is the equilibrium pressure of desorption at the liquid nitrogen
temperature (~77 K)

The volumes of micropores, mesopores, and macropores, including
nanopores in one gram solid, are labelled, respectively, Vi, Ve, and
Vua (all in mL/g)

Specific micromesopore volumes (V= Vyj; + V) is determined using
the desorption data (at the relative equilibrium pressure P/P,)

Cylindrical pores shape
Cylindrical pores radius (r) approximatively half of its width

Cylindrical mesopores with radii () corresponding to V values
calculated from the corrected Kelvin equation using P/P, values

Macropores do not affect the adsorptive properties [76]
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obtained results from XRD modelling approach indicating,
respectively, high hydration rate layer exfoliation trends and
crystallite size fluctuations after stress.

4. Conclusion

This work investigates structural impact, IS response,
quantitative CEC instabilities, and porosity alteration of
metal-exchanged montmorillonite (Co** and Cd*")
according to the mechanical constraints created at the
laboratory scale. Structures heterogeneities, hydration
behaviour, and relationships between macroscopic stresses
and microscopic hydration properties have been disclosed
through the XRD profile modelling approach and the
adsorption measurement. Obtained results demonstrate
the following: (i) The void ratio e deviation increases along
the compaction/reswelling process regardless of the ex-
changeable cation nature. (ii) At a low extreme %rh rate
(3%), a clear and easy 0 W dehydration process is observed
for the Co”" cation, which is not obvious for the Cd**
cation, which keeps a 1W hydration state despite the
mechanical disturbance. (iii) A highly 3 W/4 W hydrated
state appears for the two studied samples brought to 97%rh,
which is explained by a reduction in the average number of
layers per crystallite evidence of an exfoliation tendency
and the ease of filling of the IS. (iv) At 97%rh, mechanical
damage induces, respectively, a clear interstratified char-
acter, segregation layer stacking trends, sensitive layer-type
junction probabilities, and an increase in the used MLS. (v)
The adsorption measurement results confirm the exfolia-
tion layer trends for stressed samples. (vi) The divergence
of V-r fluctuations proves the achievement of the cation
exchange process, which is confirmed by the specific
conduct of the V-r curves despite having the same ap-
pearance. (vii) The mechanical stress effect is reflected in
the V-r curve by a high “gap” for the stressed samples. (viii)
The mesopore V-r shows raised values in the case of Co**

Advances in Civil Engineering

cation, indicating a new IS arrangement (compared with
the starting sample) allowing better water profit for the
SWy-Co sample [101-103].

Data Availability

The generated and analysed data during the current study
are included within the article and can be obtained from the
corresponding authors upon reasonable request.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

Walid Oueslati (WO) was responsible for conceptualization,
methodology, investigation, validation, formal analysis, vi-
sualization, data curation, resources, supervision, writing,
editing, reviewing, and project administration. Chadha
Mejri (CM) was responsible for investigation, visualization,
and resources. Abdesslem Ben Haj Amara (ABHA) was
responsible for methodology and resources.

Acknowledgments

The authors acknowledge the assistance provided by the
editor.

References

[1] M. Tondel and L. Lindahl, “Intergenerational ethical issues
and communication related to high-level nuclear waste re-
positories,” Current Environmental Health Reports, vol. 6,
no. 4, pp. 338-343, 2019.

[2] S. S. K. AB, “Long-term Safety for the Final Repository for
Spent Nuclear Fuel at Forsmark,” Main Report Of the SR-Site
Project, vol. 1, p. 276, 2018.

[3] SELROOS, Jan-Olof et FOLLIN, Sven, “Overview of
hydrogeological site-descriptive modeling conducted for the
proposed high-level nuclear waste repository site at Fors-
mark, Sweden,” Hydrogeology Journal, vol. 22, no. 2,
pp. 295-298, 2014.

[4] G. Bernd, “Geological disposal of radioactive waste in clay,”
Elements, vol. 12, no. 4, pp. 239-245, 2016.

[5] R. C. Ewing, “Long-term storage of spent nuclear fuel,”
Nature Materials, vol. 14, no. 3, pp. 252-257, 2015.

[6] P. Landais, “Advances in geochemical research for the un-
derground disposal of high-level, long-lived radioactive
waste in a clay formation,” Journal of Geochemical Explo-
ration, vol. 88, no. 1-3, pp. 32-36, 2006.

[7] T. Manzel, C. Podlech, G. Grathoff, S. Kaufhold, and
L.. N. Warr, “In situ measurements of the hydration behavior
of compacted Milos (SD80) bentonite by wet-cell X-ray
diffraction in an Opalinus clay pore water and a diluted cap
rock brine,” Minerals, vol. 11, no. 10, pp. 1082-1116, 2021.

[8] F. Claret, N. Marty, and C. Tournassat, “Modeling the long-
term stability of multi-barrier systems for nuclear waste
disposal in geological clay formations,” in Reactive Transport
Modeling: Applications in Subsurface Energy, and Environ-
mental ~ Problems, John Wiley and Sons, Eds,
vol. 2018pp. 395-451, Chichester, UK, 2018.



Advances in Civil Engineering

[9] G. Montes-H, B. Fritz, A. Clement, and N. Michau,
“Modeling of transport and reaction in an engineered barrier
for radioactive waste confinement,” Applied Clay Science,
vol. 29, no. 3-4, pp. 155-171, 2005.

[10] S. Kaufhold and R. Dohrmann, “Distinguishing between
more and less suitable bentonites for storage of high-level
radioactive waste,” Clay Minerals, vol. 51, no. 2, pp. 289-302,
2016.

[11] S. Norris, “Multiple roles of clays in radioactive waste
confinement-introduction,” Geological Society, London,
Special Publications, vol. 482, no. 1, pp. 1-9, 2019.

[12] Y. Wang, “Leachate Management in the Aftercare Period of
Municipal Waste Landfills,” Ph.D. Thesis, Aalto University,
Espoo, Finland, 2013.

[13] Z. Cooper, R. Bringolf, R. Cooper, K. Loftis, A. L. Bryan, and
J. A. Martin, “Heavy metal bioaccumulation in two pas-
serines with differing migration strategies,” Science of the
Total Environment, vol. 592, pp. 25-32, 2017.

[14] M. K. Widomski, W. St epniewski, and A. Musz-Pomorska,
“Clays of different plasticity as materials for landfill liners in
RuralSystems of sustainable waste management,” Sustain-
ability, vol. 10, no. 7, pp. 2489-2505, 2018.

[15] G. Xiao, G. Xu, T Wei, ] Zeng, W Liu, and L Zhang, “The
effect of Cu (II) on swelling and shrinkage characteristics of
sodium bentonite in landfills,” Applied Sciences, vol. 11, no. 9,
pp. 3881-3894, 2021.

[16] P.C. Gomes, M. P. Fontes, A. G. da Silva, E. de S Mendonga,
and A. R. Netto, “Selectivity sequence and competitive ad-
sorption of heavy metals by Brazilian soils,” Soil Science
Society of America Journal, vol. 65, no. 4, pp. 1115-1121,
2001.

[17] A. Gupta, R. Zhao, J. T. Novak, and C. D. Goldsmith,
“Variation in organic matter characteristics of landfill
leachates in different stabilisation stages,” Waste Manage-
ment ¢ Research: The Journal for a Sustainable Circular
Economy, vol. 32, no. 12, pp- 1192-1199, 2014.

[18] S. Tahervand and M. Jalali, “Sorption and desorption of
potentially toxic metals (Cd, Cu, Ni and Zn) by soil amended
with bentonite, calcite and zeolite as a function of pH,”
Journal of Geochemical Exploration, vol. 181, pp. 148-159,
2017.

[19] W. Hu, S. Lu, W. Song et al., “Competitive adsorption of U
(VI) and Co (II) on montmorillonite: a batch and spectro-
scopic approach,” Applied Clay Science, vol. 157, pp. 121-129,
2018.

[20] M. Slany, L. Jankovi¢, and J. Madejova, “Structural char-
acterization of organo-montmorillonites prepared from a
series of primary alkylamines salts: mid-IR and near-IR
study,” Applied Clay Science, vol. 176, pp. 11-20, 2019.

[21] G. Xiang, W. Ye, F. Yu, Y. Wang, and Y. Fang, “Surface
fractal dimension of bentonite affected by long-term cor-
rosion in alkaline solution,” Applied Clay Science, vol. 175,
pp. 94-101, 2019.

[22] H. Lakshmikantha and P. V. Sivapullaiah, “Geotechnical
properties of cement treated illite as hydraulic barrier,” Clay
Research, vol. 22, no. 1-2, pp. 29-40, 2004.

[23] J. Bors, S. Dultz, and B. Riebe, “Retention of radionuclides by
organophilic bentonite,” Engineering Geology, vol. 54, no. 1-
2, pp. 195-206, 1999.

[24] B Herlin and K. von Maubeuge, “Geosynthetic clay liners
(GCLs),” in Proceedings of the 4th International Pipeline
Conference, vol. 36207, pp. 211-216, 2002.

[25] M. Segad, S. Hanski, U. Olsson, J. Ruokolainen, T. Akesson,
and B. Jonsson, “Microstructural and swelling properties of

13

Ca and Na montmorillonite: (in situ) observations with
Cryo-TEM and SAXS,” Journal of Physical Chemistry C,
vol. 116, no. 13, pp. 7596-7601, 2012.

[26] W. Birmili, A. Charron, and R. Harrison, “Treatment of
textile wastewater using bentonite clay as a natural coagu-
lant,” Pediatric Transplantation, vol. 11, pp. 895-900, 2014.

[27] H. Y. Shan and Y. J. Lai, “Effect of hydrating liquid on the
hydraulic properties of geosynthetic clay liners,” Geotextiles
and Geomembranes, vol. 20, no. 1, pp. 19-38, 2002.

[28] S. Rosin-Paumier and N. Touze-Foltz, “Hydraulic and
chemical evolution of GCLs during filter press and oedo-
permeametric tests performed with real leachate,” Geotextiles
and Geomembranes, vol. 33, pp. 15-24, 2012.

[29] B. Wang, J. Xu, B. Chen, X. Dong, and T. Dou, “Hydraulic
conductivity of geosynthetic clay liners to inorganic waste
leachate,” Applied Clay Science, vol. 168, pp. 244-248, 2019.

[30] F. N. Charkley, K. Zhang, and G. Mei, “Shear strength of
compacted clays as affected by mineral content and wet-dry
cycles,” Advances in Civil Engineering, vol. 2019, pp. 1-8,
Article ID 8217029, 2019.

[31] U.Khalid, Z.. u. Rehman, C. Liao, K. Farooq, and H Mujtaba,
“Compressibility of compacted clays mixed with a wide
range of bentonite for engineered barriers,” Arabian Journal
for Science and Engineering, vol. 44, no. 5, pp. 5027-5042,
2019.

[32] A.KayaandS. Durukan, “Utilization of bentonite-embedded
zeolite as clay liner,” Applied Clay Science, vol. 25, no. 1-2,
pp. 83-91, 2004.

[33] M. Plotze, G. Kahr, R. Dohrmann, and H. Weber, “Hydro-
mechanical, geochemical and mineralogical characteristics of
the bentonite buffer in a heater experiment: The HE-B
project at the Mont Terri Rock Laboratory,” Physics and
Chemistry of the Earth, Parts A/B/C, vol. 32, no. 8-14,
pp. 730740, 2007.

[34] S. M. Rao and T. Thyagaraj, “Swell-compression behaviour
of compacted clays under chemical gradients,” Canadian
Geotechnical Journal, vol. 44, no. 5, pp. 520-532, 2007.

[35] M. Ammar and W. Oueslati, “Crystalline swelling process of
Mg-exchanged montmorillonite: effect of external envi-
ronmental solicitation,” Advances in Civil Engineering,
vol. 2018, pp. 1-18, Article ID 8130932, 2018.

[36] W. Oueslati, “Effect of soil solution pH during the tetra-
cycline intercalation on the structural properties of a dio-
ctahedral smectite: microstructural analysis,” Journal of
Nanomaterials, vol. 201917 pages, Article ID 7414039, 2019.

[37] M. K. Widomski, W. Stepniewski, and A. Musz-Pomorska,
“Clays of different plasticity as materials for landfill liners in
rural systems of sustainable waste management,” Sustain-
ability, vol. 10, no. 7, p. 2489, 2018.

[38] Z.Hu, K. Peng, L. Li et al., “Effect of wetting-drying cycles on
mechanical behaviour and electrical resistivity of unsatu-
rated subgrade soil,” Advances in Civil Engineering, vol. 2019,
pp- 1-10, Article ID 3465327, 2019.

[39] M. M.. A. Hussein, “Effect of sand compaction piles on the
swelling and shrinkage behavior of expansive soil,” Advances
in Civil Engineering, vol. 202110 pages, Article ID 5582197,
2021.

[40] J. Lin, W. Zou, Z. Han, Z. Zhang, and X Wang, “Structural,
volumetric and water retention behaviors of a compacted
clay upon saline intrusion and freeze-thaw cycles,” Journal of
Rock Mechanics and Geotechnical Engineering, vol. 14, no. 3,
pp. 953-966, 2022.



14

[41]

(42]

=
RS}

(49]

(50]

(51]

(52]

(53]

[54]

(55]

R. Pusch, S. Knutsson, L. Al-Taie, and M. H. Mohammed,
“Optimal ways of disposal of highly radioactive waste,”
Natural Science, vol. 04, no. 11, pp. 906-918, 2012.

N. P. Laverov, S. V. Yudintsev, B. T. Kochkin, and
V. 1. Malkovsky, “The Russian strategy of using crystalline
rock as a repository for nuclear waste,” Elements, vol. 12,
no. 4, pp. 253-256, 2016.

Hennig, Theresa, and Michael KUhn, “Potential Uranium
Migration within the Geochemical Gradient of the Opalinus
Clay System at the Mont Terri,” Minerals, vol. 11, no. 10,
p. 1087, 2021.

M. Birgersson, O. Karnland, and U. Nilsson, “Freezing in
saturated bentonite A thermodynamic approach,” Physics
and Chemistry of the Earth, Parts A/B/C, vol. 33, pp. §527-
S$530, 2008.

S. D. Baxter, D. Holton, S. Williams, and S. Thompson,
“Predictions of the wetting of bentonite emplaced in a
crystalline rock based on generic site characterization data,”
Geological Society, London, Special Publications, vol. 482,
no. 1, pp. 285-300, 2019.

T. Ishii, M. Kawakubo, H. Asano et al., “A resistivity-based
approach to determining the rates of groundwater seepage
into buffer materials,” in Geological Society, London, Special
Publications, S Norris, E.A.C. Neeft, and M Van Geet, Eds.,
vol. 482, no. 1, pp. 205-212, 2019.

E. E. Dagher, T. S. Nguyen, and J. A. Infante Sedano,
“Development of a mathematical model for gas migration
(two-phase flow) in natural and engineered barriers for
radioactive waste disposal,” Geological Society, London,
Special Publications, vol. 482, no. 1, pp. 115-148, 2019.

S. Finsterle, B. Lanyon, M. Akesson et al., “Conceptual
uncertainties in modelling the interaction between engi-
neered and natural barriers of nuclear waste repositories in
crystalline rocks,” Geological Society, London, Special Pub-
lications, vol. 482, no. 1, pp. 261-283, 2019.

V. L Malkovsky, Y. P. Dikov, E. E. Asadulin, and
V. V. Krupskaya, “Influence of host rocks on composition of
colloid particles in groundwater at the Karachai Lake site,”
Clay Minerals, vol. 47, no. 3, pp. 391-400, 2012.

P. Sellin and O. X. Leupin, “The use of clay as an engineered
barrier in radioactive-waste management—a review,” Clays
and Clay Minerals, vol. 61, no. 6, pp. 477-498, 2013.

M. Ammar, W. Oueslati, H. Ben Rhaiem, and A. Ben Haj
Amara, “Effect of the hydration sequence orientation on the
structural properties of Hg exchanged montmorillonite:
quantitative XRD analysis,” Journal of Environmental
Chemical Engineering, vol. 2, no. 3, pp. 1604-1611, 2014.
R. Chalghaf, W. Oueslati, M. Ammar, H.. B. Rhaiem, and
A. B.. H. Amara, “Effect of an in situ hydrous strain on the
ionic exchange process of dioctahedral smectite: case of
solution containing (Cu®*, Co®") cations,” Applied Surface
Science, vol. 258, no. 22, pp. 9032-9040, 2012.

R. Chalghaf, W. Oueslati, M. Ammar, H.. B. Rhaiem, and
ABH Amara, “Effect of temperature and pH value on cation
exchange performance of a natural clay for selective (Cu®*,
Co**) removal: Equilibrium sorption and kinetics,” Progress
in Natural Science, vol. 23, no. 1, pp. 23-35, 2013.

P. Delage, Y. J. Cui, and A. M. Tang, “Clays in radioactive
waste disposal,” Journal of Rock Mechanics and Geotechnical
Engineering, vol. 2, no. 2, pp. 111-123, 2010.

G. Xiang, W. Ye, Y. Xu, and F. E. Jalal, “Swelling deformation
of Na-bentonite in solutions containing different cations,”
Engineering Geology, vol. 277, Article ID 105757, 2020.

(56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

[64]

(65]

(66]

(67]

(68]

(69]

(70]

Advances in Civil Engineering

N. Giiven and S. W. Bailey, “Hydrous Phyllosilicates (ex-
clusive of micas),” Reviews in Mineralogy, vol. 19, p. 497,
1988.

T. Sato, T. Watanabe, and R. Otsuka, “Effects of layer charge,
charge location, and energy change on expansion properties
of dioctahedral smectites,” Clays and Clay Minerals, vol. 40,
no. 1, pp. 103-113, 1992.

I. Bérend, J. M. Cases, M. Francois et al., “Mechanism of
adsorption and desorption of water vapour by homoionic
montmorillonites: 2. the Li*, Na*, K, Rb" and Cs* ex-
changed forms,” Clays and Clay Minerals, vol. 43, no. 3,
pp. 324-336, 1995,

J. M. Cases, L. Bérend, M. Frangois, J. P. Uriot, L. ]. Michot,
and F. Thomas, “Mechanism of adsorption and desorption of
water vapour by homoionic montmorillonite: 3. The Mg*",
Ca®*, Sr** and Ba** exchanged forms,” Clays and Clay
Minerals, vol. 45, no. 1, pp. 8-22, 1997.

W. Oueslati, H. Ben Rhaiem, and A. Ben Haj Amara, “Effect
of relative humidity constraint on the metal exchanged
montmorillonite performance: an XRD profile modeling
approach,” Applied Surface Science, vol. 261, pp. 396-404,
2012.

W. F. Moll, “Baseline studies of the Clay Minerals Society
Source Clays: Geological Origin,” Clays And Clay Minerals,
vol. 49, no. 5, pp- 374-380, 2001.

A. R. Mermut and A. F. Cano, “Baseline studies of the clay
minerals society Source clays: chemical analyses of major
elements,” Clays and Clay Minerals, vol. 49, no. 5,
pp. 381-386, 2001.

H. Heller and R. Keren, “Rheology of Na-rich montmoril-
lonite suspension as affected by electrolyte concentration and
shear rate,” Clays and Clay Minerals, vol. 49, no. 4,
pp. 286-291, 2001.

H. Tanaka, D. R. Shiwakoti, O. Mishima, Y. Watabe, and
M. Tanaka, “Comparison of mechanical behavior of two
overconsolidated clays: yamashita and Louiseville clays,”
Soils and Foundations, vol. 41, no. 4, pp. 73-87, 2001.

H. Tanaka, A. Tsutsumi, and T. Ohashi, “Unloading behavior
of clays measured by CRS test,” Soils and Foundations,
vol. 54, no. 2, pp. 81-93, 2014.

A. Altomare, N. Corriero, C. Cuocci, A. Falcicchio,
A. Moliterni, and R. Rizzi, “QUALX2.0: a qualitative phase
analysis software using the freely available database POW_
COD,” Journal of Applied Crystallography, vol. 48, no. 2,
pp. 598-603, 2015.

W. Oueslati and M. Meftah, “Discretization of the water
uptake process of Na-montmorillonite undergoing atmo-
spheric stress: XRD modeling approach,” Advances in Ma-
terials Science and Engineering, vol. 117 pages, Article ID
5219624, 2018.

M. Ammar, W. Queslati, N. Chorfi, and A. B.. H. Amara,
“The water retention mechanism of a Cs* and Na* exchanged
montmorillonite: effect of relative humidity and ionic radius
on the interlayer,” Powder Diffraction, vol. 30, no. SI,
pp. S70-S75, 2015.

W. Queslati, H. B Rhaiem, and A. B. H Amara, “XRD in-
vestigations of hydrated homoionic montmorillonite satu-
rated by several heavy metal cations,” Desalination, vol. 271,
no. 1-3, pp. 139-149, 2011.

B. Lanson, “Modelling of X-ray diffraction profiles: inves-
tigation of defective lamellar structure crystal chemistry,”
EMU Notes Mineral, vol. 11, pp. 151-202, 2011.



Advances in Civil Engineering

(71]

(72]

(76]

(81]

(82]

(83]

(84]

V. A. Drits, C. Tchoubar, and P. Klimanek, “X ray diffraction
by disordered lamellar structures,” Theory and Applications
to Microdivided Silicates and Carbons, Springer-Verlag, 1991.
W. Oueslati, N. Chorfi, and M. Abdelwahed, “Effect of
mechanical constraint on the hydration properties of Na-
montmorillonite: study under extreme relative humidity
conditions,” Powder Diffraction, vol. 32, mno. SI,
pp. S160-S167, 2017.

B. A. Sakharov and B. Lanson, “X-ray identification of
mixed-layer structures: modelling of diffraction effects,”
Developments in Clay Science, vol. 5, pp. 51-135, 2013.

E. Ferrage, B. Lanson, N. Malikova, A. Plancon,
B. A. Sakharov, and V. A. Drits, “New insights on the dis-
tribution of interlayer water in Bi-hydrated smectite from
X-ray diffraction profile modeling of 00l reflections,”
Chemistry of Materials, vol. 17, no. 13, pp. 3499-3512, 2005.
E. Ferrage, B. Lanson, B. A. Sakharov, N. Geoffroy,
E. Jacquot, and V. A. Drits, “Investigation of dioctahedral
smectite hydration properties by modeling of X-ray dif-
fraction profiles: influence of layer charge and charge lo-
cation,” American  Mineralogist, vol. 92, mno. 10,
pp. 1731-1743, 2007.

M. Ammar, W. Oueslati, H. Ben Rhaiem, and A. Ben Haj
Amara, “XRD profile modeling approach tools to investigate
the effect of charge location on hydration behavior in the case
of metal exchanged smectite,” Powder Diffraction, vol. 28,
no. S2, pp. $284-5300, 2013.

C. Mejri, W. Oueslati, and A. B. H Amara, “How the solid/
liquid ratio affects the cation exchange process and porosity
in the case of dioctahedral smectite: structural analysis?”
Adsorption Science and Technology, vol. 2021, pp. 1-24,
Article ID 9732092, 2021.

B. A. Sakharov, A. S. Naumov, and V. A. Drits, “X-ray
diffraction by mixed-layer structures with a random distri-
bution of stacking faults,” Soviet Physics - Doklady, vol. 27,
p- 523, 1982.

B. A. Sakharov, H. Lindgreen, and V. A. Drits, “Mixed-layer
kaolinite-illite-vermiculite in north sea shales,” Clay Min-
erals, vol. 34, no. 2, pp. 333-344, 1999.

Z. Sun, Y. G Chen, and W. M Ye, “Adsorption of Eu (III)
onto Gaomiaozi bentonite corroded by cement waters: effect
of cement solutions on the long-term sorption performance
of bentonite in the repository conditions,” Journal of Cleaner
Production, vol. 251, Article ID 119692, 2020.

M. Benzina and A. Bellagi, “Détermination des propriétés du
réseau poreux de matériaux argileux par les techniques
d’adsorption d’azote et de porosimétrie au mercure en vue de
leur utilisation pour la récupération des gaz,” Annales de
Chimie, vol. 15, no. 6, pp. 315-335, 1990.

S.J. Gregg, K. S. W. Sing, and H. W. Salzberg, “Adsorption
surface area and porosity,” Journal of the Electrochemical
Society, vol. 114, no. 11, p. 279Ca, 1967.

L. Yu, W. L. Hsu, J. A. Shamim, and H. Daiguji, “Pore
network modeling of a solid desiccant for dehumidification
applications,” International Journal of Heat and Mass
Transfer, vol. 186, Article ID 122456, 2022.

P. Pang, H. Han, L. Hu, C. Guo, Y. Gao, and Y. Xie, “The
calculations of pore structure parameters from gas adsorp-
tion experiments of shales: which models are better?” Journal
of Natural Gas Science and Engineering, vol. 94, Article ID
104060, 2021.

(85]

(86]

(87]

(88]

(89]

(90]

(91]

[92]

(93]

(94]

(95]

[96]

(97]

(98]

(99]

[100]

15

]J. C. Groen, L. A. Peffer, and J. Pérez-Ramirez, “Pore size
determination in modified micro- and mesoporous mate-
rials. Pitfalls and limitations in gas adsorption data analysis,”
Microporous and Mesoporous Materials, vol. 60, no. 1-3,
pp. 1-17, 2003.

E. P. Barrett, L. G. Joyner, and P. P. Halenda, “The deter-
mination of pore volume and area distributions in porous
substances. 1. Computations from nitrogen isotherms,”
Journal of the American Chemical Society, vol. 73, no. 1,
pp. 373-380, 1951.

T. Liu, L. Ju, Y. Zhou et al., “Effect of pore size distribution
(PSD) of Ni-Mo/Al,Oj5 catalysts on the Saudi Arabia vacuum
residuum hydrodemetallization (HDM),” Catalysis Today,
vol. 271, pp. 179-187, 2016.

K. Sing, “The use of nitrogen adsorption for the charac-
terisation of porous materials,” Colloids and Surfaces A:
Physicochemical and Engineering Aspects, vol. 187, pp. 3-9,
2001.

P. Kumar, R. V. Jasra, and T. S. G. Bhat, “Evolution of
porosity and surface acidity in montmorillonite clay on acid
activation,” Industrial & Engineering Chemistry Research,
vol. 34, no. 4, pp. 1440-1448, 1995.

J. M. Zielinski and L. Kettle, Physical Characterization:
Surface Area and Porosity, Intertek, London, 2013.

H. Ben Rhaiem, C. H. Pons, and D. Tessier, “Factors affecting
the microstructure of smectites. Role of cation and history of
applied stresses,” The Clay Minerals Society, Bloomington IN,
vol. 1985, pp. 292-297, 1985.

G. Q. Cai, C. G. Zhao, J. Li, and Y. Liu, “A new triaxial
apparatus for testing soil water retention curves of unsat-
urated soils under different temperatures,” Journal of Zhe-
jiang University - Science, vol. 15, no. 5, pp. 364-373, 2014.
C. F. Chiu and C. W. Ng, “Coupled water retention and
shrinkage properties of a compacted silt under isotropic and
deviatoric stress paths,” Canadian Geotechnical Journal,
vol. 49, no. 8, pp. 928-938, 2012.

J. H. Atkinson and P. L. Bransby, The Mechanics of Soils: An
Introduction to Critical State Soil Mechanics, McGraw-Hill,
London, 1978.

N. Saiyouri, D. Tessier, and P. Y. Hicher, “Experimental
study of swelling in unsaturated compacted clays,” Clay
Minerals, vol. 39, no. 4, pp. 469-479, 2004.

A. C. Inigo, D. Tessier, and M. Pernes, “Use of X-ray
transmission diffractometry for the study of clayparticle
orientation at different water contents,” Clays and Clay
Minerals, vol. 48, no. 6, pp. 682-692, 2000.

B. Dazas, B. Lanson, A. Delville et al., “Influence of tetra-
hedral layer charge on the organization of interlayer water
and ions in synthetic Na-saturated smectites,” Journal of
Physical Chemistry C, vol. 119, no. 8, pp. 4158-4172, 2015.
F. Hubert, L. Caner, A. Meunier, and B. Lanson, “Advances
in characterization of soil clay mineralogy using X-ray dif-
fraction: from decomposition to profile fitting,” European
Journal of Soil Science, vol. 60, no. 6, pp. 1093-1105, 2009.
S. Charpentier and G. Bourrié, “Deformation of saturated
clays under mechanical and osmotic stress and its relation
with the arrangement of the clays,” European Journal of Soil
Science, vol. 48, no. 1, pp. 49-57, 1997.

G. R Rao, I. Srikanth, and K. L. Reddy, “Effect of organo-
modified montmorillonite nanoclay on mechanical, thermal
and ablation behavior of carbon fiber/phenolic resin com-
posites,” Defence Technology, vol. 17, no. 3, pp. 812-820, 2021.



16

[101] K. Yotsuji, Y. Tachi, H. Sakuma, and K. Kawamura, “Effect of
interlayer cations on montmorillonite swelling: comparison
between molecular dynamic simulations and experiments,”
Applied Clay Science, vol. 204, Article ID 106034, 2021.

[102] G. Wang, L. Ran, J. Xu et al., “Technical development of
characterization methods provides insights into clay min-
eral-water interactions: a comprehensive review,” Applied
Clay Science, vol. 206, Article ID 106088, 2021.

[103] A. Asaad, F. Hubert, E. Ferrage et al., “Role of interlayer
porosity and particle organization in the diffusion of water in
swelling clays,” Applied Clay Science, vol. 207, Article ID
106089, 2021.

Advances in Civil Engineering



Hindawi

Advances in Civil Engineering

Volume 2022, Article ID 8762382, 17 pages
https://doi.org/10.1155/2022/8762382

Research Article

@ Hindawi

Research on Mechanical Model of Canal Lining Plates under the

Effect of Frost Heaving Force

Yantao Liang,"” Fuping Zhang,"> Mingming Jing," and Pengfei He

1,3

IState Grid Gansu Electric Power Company Construction Branch, Lanzhou 730050, China
2State Grid Gansu Electric Power Company, Lanzhou 730030, China

*Lanzhou University of Technology, Lanzhou 730050, China

Correspondence should be addressed to Pengfei He; hepf@lut.edu.cn

Received 27 July 2022; Accepted 12 August 2022; Published 20 September 2022

Academic Editor: Zhuo Chen

Copyright © 2022 Yantao Liang 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.

Frost heaving damage of canal lining in cold and dry areas is one of the important causes of canal leakage. In this paper, based on
the bending theory of thin plate, a mechanical model of canal lining under the action of frost heaving force is established and
solved. Through parametric and engineering case analysis, the following conclusions are drawn: under the action of frost heaving
force, the bending moment, shear force, and internal force of the slope plate show a nonuniform distribution, and the maximum
values of bending moment M, and normal stress o, are close to the bottom third of the slope, which is consistent with the existing
research and engineering practice. Compared with the theory of beam, the results of the theory of thin plates show that the internal
forces and stresses increase at the free boundary (longitudinal expansion joint). The bending moment M, and stress 7., are
maximum at the four corners of the plate: although the numerical magnitude is lower than that of M,, it may cause stress
concentration to damage the lining plate and thus cause break. The shear force at the longitudinal expansion joint may lead to
fracture of the joint material, which needs to be considered in the design process. Due to the uniform distribution of the frost
heaving force on the bottom plate lining, its deflection, internal forces, and stresses also show a uniform distribution. The research
results can provide scientific reference for the design and operation and maintenance of water transmission canal lining in

cold areas.

1. Introduction

China is a large irrigated agricultural production country,
and agricultural water consumption accounts for about
63.2% of the total water consumption in the country;
meanwhile, more than 50% of China’s regions are in arid and
semiarid areas, and agricultural water consumption in
Gansu, Ningxia, Xinjiang, and Inner Mongolia accounts for
more than 75% of the total local water consumption due to
factors such as geographical location and climatic conditions
[1]. In order to solve the problem of uneven spatiotemporal
distribution of water resources, China has constructed a
large number of water transmission projects, and more than
800,000km of trunk and branch canals have been built
nationwide, but due to problems such as canal leakage, the
average water utilization coefficient of the canal system is

only about 0.5, resulting in a large amount of water waste [2].
Canal leakage prevention projects have largely improved the
efficiency of water utilization and promoted the develop-
ment of water conservation projects. China is vast, and the
distribution area of multiyear permafrost zone and seasonal
permafrost zone accounts for 21.5% and 53.5% of the na-
tional land area, respectively [3, 4], and the latitude span of
these areas is large, and the climate is complex and diverse,
which makes the service life of canal projects vary greatly
from place to place. Especially in the vast northern cold
regions such as northeast, northwest, and north China, the
winter climate is cold and the low temperature lasts for a
long time; for example, the winter temperature in Xinjiang is
generally —40~—10°C, the annual cumulative average daily
negative temperature is —1,000~-1,500°C, and the annual
duration of negative temperature is about 130 days [5, 6]. At
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the same time, the natural freezing depth in these areas is
large, coupled with the repeated freezing and thawing action,
resulting in serious frost damage problems in canal projects
in general. Canal freezing and thawing disasters not only
directly affect the use of the canal, wasting valuable water
resources and making the land along the canal have sec-
ondary saline-alkalization, but also increase the number of
engineering maintenance and operating costs, seriously
limiting the efliciency of the project. Therefore, how to
prevent and control the freezing and thawing damage of the
cold area canal project has become a key problem that settle
the development of agricultural production in the national
economy of irrigation areas.

The canal lining damage in cold areas is mainly due to
the uneven frost heaving of subsoil which makes the lining
plate bending moment increase, coupled with the deterio-
ration of lining plate and joint material caused by freezing
and thawing action, which causes the fracture and damage to
the lining plate. Wang [7] established a mechanical model of
trapezoidal canal lining frost heaving damage and analyzed
the internal force and dangerous cross section of lining
under the action of frost heaving force based on the beam
theory. Set et al. [8-11] used similar methods to theoretically
analyze the frost heaving damage of lining in different
structural forms, such as trapezoidal and U-shaped, and
determined the location of the dangerous cross section of
lining. Considering that the process of soil frost heaving
deformation and the process of canal lining structure de-
formation in the process of canal frost heaving have an
interactive relationship, the frost heaving damage charac-
teristics of lining were analyzed based on the elastic foun-
dation beam theory, which can better reflect the influence of
canal subsoil characteristics on lining deformation [12-15].

Based on the beam theory and elastic foundation beam
theory to analyze the frost heaving damage on the lining, it is
better to predict the internal forces of the canal cross section
under different structural forms or conditions, so as to
establish the frost heaving damage judgment criterion.
However, as a linear project, the size of the lining along the
canal line inevitably affects the distribution characteristics of
its internal forces and deformations. For small canals, the
lining is usually constructed as cast-in-place concrete plates,
and for large canals, although precast concrete plates are laid
on the surface, a layer of cast-in-place concrete plate is still
constructed at the base [16]. Therefore, the use of thin plate
theory can better respond to the deformation and internal
force characteristics of canal lining plates under the action of
frost heaving forces. To this end, this paper takes water
transmission canal lining in alpine regions as the research
object, based on thin rectangular plate theory, considering
the effect of frost heaving force and the boundary conditions
of canal lining, combined with typical engineering cases,
analyzing the deformation, internal force, and stress of the
lining plate. The research results can provide reference for
the prevention and control of frost heaving damage of canal
lining in alpine regions.
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2. Establishment and Solution of the Lining
Mechanics Model

2.1. Basic Assumptions and Conventions. Uneven frost
heaving of the canal foundation soil makes the liner plate
swell, bulge, and fracture, which is the most serious and
main form of damage to the liner plate by freezing [7, 16].
The most used precast plates and cast-in-place concrete
lining canals are rigid lining, which are susceptible to frost
damage for two reasons: on the one hand, because the canal
is a groove structure, coupled with the inevitable leakage,
water migration during the long-term freeze-thaw cycle
process, and the groundwater embedment depth of different
parts in canal subsoil, soil moisture content, surface tem-
perature, and different freezing start time, frost heaving
deformations of different sizes and directions are bound to
be produced. On the other hand, the lining structure is
usually an open thin plate structure with small elasticity of
concrete material and low tensile strength, and its non-
symmetrical structure makes it less resistant to deformation
and prone to have bending damage.

Take the open system trapezoidal concrete lining canal in
engineering as an example, as shown in Figure 1. Under
certain geological, meteorological, and moisture conditions,
moisture recharge is the main factor affecting soil frost
heaving. For canal projects, groundwater is the main source
of moisture recharge after winter shutdown [9, 12]. How-
ever, there are various patterns of frost heaving distribution
along the depth direction under different conditions, such as
large top with small bottom attenuation type, large middle
with small ends type, and small top with large bottom type
[3]. Among them, when the soil quality is homogeneous, the
soil before freezing is closer to the water table, and the water
content of the soil before freezing is higher; thus, the frost
heaving is manifested as the large top with small bottom
attenuation type. This frost heaving distribution charac-
teristic is also used extensively in the analysis of canal lining
frost heaving damage [7, 8, 10, 11]. Both the slope plate and
the bottom plate are subjected to frost heaving forces; the top
of the slope plate is generally set with a certain width of edge
protection in the horizontal direction, having no frost
heaving constraint or minor frost heaving constraint, while
the bottom of the slope plate and the bottom plate are
mutually constrained. Both edges of the bottom plate are
constrained by the bottom of the slope plate. According to
the characteristics of frost heaving distribution in the depth
direction of the canal and the constraint situation of the
lining, there is no frost heaving constraint or slight frost
heaving constraint at the top of plate, so assuming that the
normal frost heaving force on the slope plate is 0 at the top of
the slope and maximum at the bottom of the slope, which is
linearly distributed [12]. The bottom plate is subjected to a
uniformly distributed normal frost heaving force. The canal
lining is usually laid at an inclination, and the normal and
tangential frost heaving forces are existing between the liner
and the soil, and the eccentric press bending of the liner is
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FIGURE 1: Schematic diagram of canal lining.

caused by the tangential frost heaving force. Corresponding
to different engineering requirements, the thickness of the
liner plate is usually 10~30 cm. Due to the small force arm,
the bending moment caused by tangential frost heave force
is smaller compared to that caused by normal frost heave
force; therefore, only the effect of normal frost heave force is
considered in the paper, which affects the accuracy of stress
analysis to some extent, but considering the safety factor in
the structural design process, the research results still have
important reference value for engineering design. Com-
bining the existing research results and practical engineering
experience, the following assumptions and conventions are
added to the establishment of the model [7, 13, 14]:

(1) The canal lining mechanics model is simplified to a
thin rectangular plate structure.

(2) Due to the slow freezing process in winter, the lining
deformation process is regarded as a quasistatic
process. The deformation of frozen soil and lining
are always coordinated in the process of frost
heaving, and the lining is in ultimate equilibrium
when the structure is damaged.

(3) The canal lining deformation is in the range of linear
elasticity, and only the small deformation of the
lining is considered, the rotational effect of the
microelements is ignored.

(4) Frost heaving calculation only considers the defor-
mation of frozen soil within the range of freezing
depth and does not consider the solidification de-
formation of frozen soil outside the freezing depth.

(5) After the completion of the canal, the lining self-
weight and the foundation reaction force balance
each other; the force analysis does not consider the
influence of the lining self-weight and only considers
the influence of the normal frost heaving force on the
internal force of the lining plate.

Figure 2(a) shows the model of slope plate lining
structure. The width along the canal line direction is b;, the
height along the canal depth direction is al, and the
thickness of the liner plate is §. The coordinate system is
shown in the figure, the y-direction is the direction of the

(@ (b)

F1GURE 2: Diagram of force acting on the rectangular slope under
frost heaving force.

canal line, the z-direction points to the canal inner slot (that
is, the negative z-direction points to the soil body), and the x-
direction points from the bottom to the top of the slope.
Figure 2(b) shows the schematic diagram of the normal frost
heaving force on the slope plate, and because the distance
from the water table is different at different locations of the
slope plate, the relationship between the amount of frost
heaving at different locations and groundwater depth is a
power function, which can be approximately regarded as a
linear distribution [12]. It is assumed that the frost heaving
force is linearly distributed, which is 0 at the top of the slope
and maximum ¢, at the bottom of the slope [7].

Figure 3(a) shows the model of the bottom plate lining
structure. The width along the canal line direction is b,, the
height along the canal depth direction is a, and the
thickness of the liner plate remains 6. The coordinate system
direction is the same as the slope plate definition. Figure 3(b)
shows the schematic diagram of the frost heaving force on
the bottom plate lining, and the whole bottom plate is
subject to uniform frost heaving force.

When using beam theory to study the force deformation
of the lining plate, the two ends of the beam are usually
simplified to simply supported constraints (top of slope and
bottom of slope) [7, 12, 15-17], so the two ends of the plate
are also simplified to simply supported constraints in this
paper, where the top of slope (x=a;) and bottom of slope
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FIGURE 3: Diagram of force acting on the rectangular bottom plate
under frost heaving force.

(x=0 or a,) are regarded as simply supported constraints.
Considering that the canal lining will be set up with ex-
pansion joints at certain intervals along the longitudinal
direction, the material stiffness of the expansion joints is
much smaller compared with the concrete lining plate and
the deformation allowed to occur is also large, so the
boundary is simplified to a free boundary at y=+b,/2 and
y=1b,/2. According to the above simplification, both the
slope plate and the bottom plate boundary conditions are
thin rectangular plates with two opposite edges simply
supported and the remaining edges free. From Figures 2 and
3, the geometric structures and coordinates of the slope plate
and the bottom plate are the same; therefore, for the con-
venience of deriving the equations, a, and a, are unified as g,
and b; and b, are unified as b in the latter part. Finally, the
distinction is made when the results are specifically
calculated.

2.2. Model Building and Solution. The differential equation
for the elastic deflection surface of the thin rectangular plate
is [18]

o*'w o'w

a4
Sat4S a2 =1
0x 0x"0y

+ o0 D (1)
where D is the flexural stiffness of the lining plate,
D = E§®/12(1 — y?); E is the elastic modulus of the lining
plate; u is the Poisson’s ratio of the lining plate.

The single trigonometric series solution method has been
widely used for the solution of thin plate structures, which is
suitable for both four-sided simply supported rectangular
plates and rectangular plates with one pair of simply sup-
ported opposite edges, and the solution function has a
simple form and fast convergence [19, 20]. From the model
established in the previous section, the model has a
boundary case with one pair of opposite edges simply
supported and the other two edges free. The corresponding
boundary conditions are as follows.

For slope plate and bottom plate lining, when x=0 and
x=a,
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w=0, — =0. (2)
Oox

For slope plate and bottom plate lining, when y = +b/2,
_D(az_w ; a_w) “o
0y’ i ox’ ’

3 3
—D[Z;ﬁ +2-W—> T ]—0.

(3)

dy ox’

Assuming that the solution of the control equation (1)is a
single trigonometric series, the deflection surface function of
arectangular thin plate subjected to frost heaving forces with
two simply supported opposite edges and two free opposite
edges can be constructed:

w= Z Y,, (y)sin ?, (4)

m=1

where m is any positive integer and Y,,,(y) is independent of
the independent variable x. Obviously, the above equation
satisfies the simply supported boundary conditions, and the
problem is solved if the function Y,,(y), which satisfies the
other two boundary conditions, is proved to satisfy the
control equation at the same time.

The trigonometric series (4) is substituted into equation
(1) to get

2 [d'y,, () mm\2d’Y,, (y) (mn
mz_l[ dy* _2<7) dy* <a)Y ( )]
(5)
p mx_q(x%y)
D

In the above equation, the left end of the equal sign is a
trigonometric series with respect to the sine function, and to
make the right end correspond to it, the right end of the
equal sign is also expanded to a trigonometric series,

159 fP (y)sin 7% ©)

where F,,(y) can be calculated by the following equation [19]:

F,(y)= 2 Jaq(x y)sm—dx, (7)

and substituting (6) into (5) yields

@ [d'y,, mm\2d’Y,, (mm\*
) P S i m G AE
m=1 dy a dy a

(8)

Since sin mmx/a is impossible to be constant equal to 0, it
follows from the above equation that
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dy,, mm\2 d*Y mm\*

A v
i) ) B )
the above equation is a 4th order ordinary differential
equation with constant coefficients and the solution can be
expressed as

Y, =Yyl (10)

where Y% is a homogeneous solution and Y{* is a par-
ticular solution. The homogeneous solution is

Y,Sf) = A, cosha, y+ B, sinha,y+C,a,ycosha,y
+D,,a,,ysinha,y,
(11)

where a,, = mn/a, A,,, B,,, C,,, and C,, are undetermined
coeflicients.

Thus, the general solution of (9) can be expressed as
Y, =4, cosha,y+B,,sinha,y+C,a,ycosha,y

(12)
+D,,a,,ysinha,,y+ Y,(n*).

The particular solution Y {*) can be calculated by the form of
F,, (), the undetermined coefficients A4,,, B,,, C,,, and D,,
can be calculated by the free boundary conditions at both
ends.

Substituting (12) into (4) to obtain the expression for the
deflection of the lining plate,

w= Z (A,, cosha,,y + B, sinha,,y +C,a,,ycosha,,y

m=1
+D,a,,ysinha,,y+Y, )sina,,x.
(13)

The particular solution of the deflection equation of the slope
plate Y{*) is solved as follows, where the load on the slope

plate is
X
=q[1-=).
q %( ‘11)

Substituting this into (8) yields

2 (4 mnax 29,
F =— sin dx =
m () Da, Jo 1 a, D’

(14)

(mm — sinm).

(15)
Assuming that the form of the particular solution is
Y{*)=C,, substituting it into (9) could vyield
C, = 2qyai/Dm®a® (mm — sinmm); in turn, the particular
solution of the slope plate deflection equation is obtained:

4
_ 2g,a,
Dm®n®

Y,(n* ) (mm — sin mm). (16)

Substitute the previous equation into equation (13) to obtain
the slope plate general solution,

w Z |:(Am +C,,a,,y)cosha,,y+ (B, + D,,a,,y)sinha,,y

m=1

2q0a4

6_6
Dmn

(mm — sin mn)] sina,,x,

(17)

where the particular solution of the bottom plate deflection
equation Y *) is solved such that the load on the bottom
plate is g = g,,. Substituting it into (8) yields

a, 2
J gsin mﬂxdx=i(l —cosmm). (18)
0

2
F =—
m(y) Da a, Dmn

2
Assuming that the particular solution is of the form
Y{*)=C,, substituting it into (10) yields that
C, = 2qya3/Dm’n° (1 — cosmm); in turn, the particular so-
lution of the deflection equation of the bottom plate is
obtained:

4
2qya,

(19)
Dm’n’

v =

(1 - cosm).

Substitute the previous equation into equation (13) to obtain
the general solution of the bottom plate:

w = Z |:(Am +C,,a,,y)cosha,y+ (B,, + D,,a,,y)sin ha,,y

m=1

4
2qya,

5 5
Dm'n

(1 - cosm) ] sina,,x.

(20)

Since the load, plate geometry, and boundary conditions are
symmetric with the x-axis, the deflection w must be an even
function of y, which is w(x, y) = w(x, —y). Therefore, the
solution to equations (17) and (20) is B,, = C,, = 0.

The general solutions for the slope plate and the bottom
plate are simplified as

[ee]
w= Z [Am cosha,,y + D,,a,,ysinha,,y
m=1
2o’
+ i (i (mm - sinmm) [sina,, x,
6_6 m
Dm’n
(21)
[ee]
w= Z [Am cosha,,y + D,,a,,ysinha,,y
m=1
2q,a%
+ % (1 -cos mn)]sin a,, X,
Dm™n

where A,, and D,, can be calculated by the boundary
conditions when y = b/2.

Due to the good convergence of the single triangular
series, taking the first 5 terms will obtain good accuracy
results. The internal force in the plate can be calculated from
the following:
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o __D<52w+ 82w>
* ox? ”ayz ’
o __D<az_w+ a_w>
4 8y2 #axz ’
2LU
M. =-D(-y)——0, 22
xy ( #)axay 22)
9 (dw dFw
=D—|—+—)
Q ax(ax2 Byz)
9 (dw dw
=D—|—+— |
% ay<ax2 ay2>

where M, is the cross-sectional moment, M, is the longi-
tudinal-section moment, M,, is the torque, Q. is the
transverse shear force within the cross section, and Q,, is the
transverse shear force within the longitudinal section.

3. Effect of Frost Heaving Forces on the
Mechanical Properties of Lining

Figure 4 shows the comparison of the results of slope plate
deflection calculated by using beam theory and plate theory,
respectively. In Figure 4, the calculation method and pa-
rameters (slab thickness 0.2 m, modulus of elasticity 2.2 x 10*
Mpa, ultimate tensile strain 0.5 x 10~*) of the paper by Wang
[7] are used for the beam theory calculation method, and the
method of this paper is used for the rectangular plate theory
calculation. It can be seen that the results obtained from the
two calculation methods are in good agreement, and the
calculation process in this paper can be considered accurate.

3.1. Mechanical Analysis of the Slope Plate. The canal lining
plate is set up with expansion joints at a certain interval in
the longitudinal direction to release the deformation caused
by temperature and other factors, which is often taken as
3~6 m. The frost heaving force acting on the structure during
the freezing of the soil is related to a variety of factors such as
the nature of the soil, climatic conditions, and constraints,
which makes the frost heaving force take a wide range of
values; for example, the maximum frost heaving force of the
selected slope plate is as 8 kPa in [7], the simulated value in
[15] was 380~560 kPa, the measured frost heaving force in
the field was 0.8~32 kPa in [21], and in [22], the frost heaving
force in the calculation model was 1.22 kPa. Therefore, the
frost heaving forces of 8 kPa, 20 kPa, 50 kPa, and 100kPa
were selected as the maximum values applied to the slope
plate in [7], and the width of the slope plate was taken as 5m
and the height as 3 m. Then the variation law of each me-
chanical variable could be obtained. It can be seen from
Figure 5 that the change of deflection of the lining plate
under the effect of frost heaving force is basically uniform,
and the value of deflection increases and then decreases from
the bottom to the top of the plate and reaches the maximum
near the midline of the plate. The deflection equivalent curve
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is symmetrically distributed up and down with respect to the
middle line of the plate, which is the same as the lining
deflection variation law in the existing studies [12, 13]. With
the gradual increase of the frost heaving force, the deflection
value increases significantly, and the deflection at the
midpoint of both edges of the plate (expansion joints) is
greater than that at the center of the plate. From Figure 6(e),
it can be observed that the maximum value of deflection is
0.3 mm when the maximum frost heaving force is 8 kPa; the
maximum value of deflection is 0.7 mm when the maximum
frost heaving force is 20kPa; the maximum value of de-
flection is 1.9 mm when the maximum frost heaving force is
50kPa; and the maximum value of deflection is 3.7 mm
when the maximum frost heaving force is 100kPa. The
change in the size of the frost heaving force has a large effect
on the deflection value.

The cross-sectional bending moment is the main internal
force causing the damage of the lining plate. Figure 7 shows
the effect of different frost heaving forces on the cross-
sectional bending moment. It can be seen that the bending
moment M, has a similar variation trend as deflection when
the lining plate is under the effect of frost heaving force,
where the value of bending moment increases and then
decreases from the bottom to the top of the plate. Unlike the
deflection distribution, the bending moment is asymmet-
rically distributed along the height direction of the plate,
which is caused by the nonuniformly distributed frost
heaving force. The bending moment is the second order
derivative of the deflection, which can further reflect the
concavity of the deflection. The deflection at the midpoint of
both edges of the plate (expansion joints) is greater than that
at the center of the plate, which is the danger point. From
Figure 7(e), it can be seen that when the value of bending
moment M, reaches the maximum at the height of 1.2 m of
the plate and the maximum frost heaving force increases
from 8kPa to 20kPa, the maximum value of bending
moment M, increases by 1.5 times; when the maximum frost
heaving force increases to 50kPa, the maximum value of
bending moment M, increases by 5.24 times; when the
maximum frost heaving force increases to 100kPa, the
maximum value of bending moment M, increases by 11.49
times. It can be seen that the change in the magnitude of the
frost heaving force has a large effect on the value of bending
moment M,.

From Figure 8, it can be seen that the lining plate has a
circular distribution of bending moment M, under the effect
of frost heaving force, and the value of bending moment M,
is higher as it goes to the center and reaches the maximum
value at the height of 1.2m. With the gradual increase of
frost heaving force, the value of bending moment M, also
increases gradually, and the equivalent curves of bending
moment M, are arranged more and more closely. From
Figure 8(e), when the maximum frost heaving force is 8 kPa,
the maximum value of bending moment is 0.7 kN m; when
the maximum frost heaving force increases from 8kPa to
20kPa, the maximum value of bending moment M, in-
creases 1.3 times; when the maximum frost heaving force
increases to 50 kPa, the maximum value of bending moment
M, increases 5.3 times; and when the maximum frost
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FIGURE 7: Effect of frost heaving force on bending moment M,.
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heaving force increases to 100 kPa, the maximum value of
bending moment M, increases 11.3 times. The increase
multiplier is comparable to the bending moment M,, which
shows that the change in the magnitude of the frost heaving
force also has a large effect on the value of the bending
moment M,.

From Figure 9, it can be seen that the equivalent curve of
torque M,, is symmetrically distributed with respect to the
center of the lining plate, and the maximum values are at the
four corners of the plate. If the horizontal axis is shifted
upward, the first and third quadrants have negative torque,
and the second and fourth quadrants have positive torque.
Their maximum values are distributed at the corners of the
lining plate, and the overlapping of torque on two adjacent
sides is likely to cause stress concentration at the corners.
From Figure 9(e), it can be seen that the increase in frost
heaving force increases the value of torque M,

Figure 10 shows the variation law of cross-sectional
shear force. The figure shows that the shear force Q, is
negative on the upper side of the lining plate and positive on
the lower side, reaching its maximum value at the position of
the upper and lower edges of the plate, and is nonuniformly
distributed up and down. The shear force at the upper and
lower edges (simply supported restraints) is slightly larger in
the middle than at the sides, and the shear force at the top of
the slope is smaller than that at the bottom. From
Figure 10(e), it can be seen that similar to the torque M,,, the
slope of the curve increases significantly by increasing the
magnitude of the frost heaving force, indicating that in-
creasing the frost heaving force will increase the value of the
shear force Q,.

As can be seen from Figure 11, the equivalent curve of
the longitudinal interface shear force Q, is symmetrically
distributed with respect to the midline of the thin plate on
the left and right, and the shear value decreases and then
increases from the left to the right side of the plate. Although
the shear forces at the left and right edges (joints) are not as
large as the cross-sectional shear force, it may lead to fracture
of the joint material and needs to be considered in the design
process. The shear force Q,, is still nonuniformly distributed
along the top to bottom of the plate. From Figure 11(e), it
can be seen that the shear force Q, reaches the maximum at
the height of 0.9 m. The shear force Q, gradually increases as
the frost heaving force gradually increases. The maximum
value of shear force increases from 0.5 kN to 6.2 kN when the
frost heaving force increases from 8 kPa to 100 kPa.

Since the stress change of the lining plate corresponds to
its internal force change, only the graph of the stress change
in the plate at different frost heaving forces is given. From
Figure 12(a), it can be seen that the value of stress x increases
and then decreases from the bottom to the top of the plate
and reaches the maximum at the height of 1.2 m of the plate.
When the frost heaving force is 8 kPa, the maximum value of
stress x is 7.2x10°Pa; when the frost heaving force is
100 kPa, the maximum value of stress x is 89.5x 10’ Pa,
indicating that the change of the frost heaving force has a
large effect on the value of stress x. From Figure 12(b), it can
be seen that when the frost heaving force increases from
8kPa to 100kPa, the maximum value of stress y increases
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from 1.1 x 10° Pa to 13.2 x 10° Pa. From Figure 12(c), it can
be seen that the value of stress 7., increases significantly with
the increase of the frost heaving force.

3.2. Mechanical Analysis of the Bottom Plate. The bottom
plate can also be regarded as a thin rectangular plate sub-
jected to the uniform frost heaving force. Take the width of
the bottom plate as 5m and the height as 3 m, applying the
frost heaving forces of 8 kPa, 20 kPa, 50 kPa, and 100 kPa to
the bottom plate in turn. Due to space limitations, only the
data of the internal force and stress along the height di-
rection of the plate are given. The bottom plate is subjected
to uniform frost heaving forces, so the internal forces and
stresses are also uniformly distributed along the height di-
rection of the plate, but slightly larger at the free boundary
than at other locations. From Figure 13(a), it can be seen that
when the bottom plate lining is subjected to the action of
frost heaving forces, the deflection value increases and then
decreases from the bottom to the top of the plate and reaches
the maximum at the midline position of the plate. The
maximum value of deflection increases from 0.6mm to
7.5 mm when the frost heaving force increases from 8 kPa to
100 kPa. It can be seen from Figure 12(b) that the variation
trend of the bending moment M, is similar to that of the
deflection, and the value of bending moment increases first
and then decreases from the bottom to the top of the plate.
The maximum value of the bending moment M, increases
11.48 times when the frost heaving force increased from
8kPa to 100 kPa. From Figure 12(c), it can be seen that the
maximum value of bending moment M, increases by 11.3
times when the frost heaving force increases from 8 kPa to
100 kPa. From Figures 12(d)-12(f), it can be seen that in-
creasing the magnitude of the frost heaving force will in-
crease the values of bending moment M,,, shear force Q,,
and shear force Q,, and they are symmetrically distributed
along the height of the plate. Figures 12(g)-12(i) show that
when the frost heaving force increases from 8 kPa to 100 kPa,
the stress o increases by 12.6 times, the stress o, increases by
12.3 times, and the stress 7., increases by 12.3 times.

4. Engineering Case Analysis

Wang [7] calculated the frost heaving deformation and
damage location of a plain concrete lined trapezoidal canal,
and the following calculation was carried out using the
parameters of the engineering case used by Wang, and the
dimensional loading parameters of the canal are as follows.
The height of bottom plate is 2 m, and the width is 3 m; the
height of slope plate is 2.83 m, and the width is 3 m; the
thickness of plates is 0.2 m, the frost heaving force of bottom
plate is 7.3kPa, and the maximum frost heaving force of
slope plate is 8 kPa. The elastic modulus of the concrete is
2.2x10*MPa and Poisson’s ratio is 0.16.

Figure 13 shows the deflection, internal force, and stress
distribution of the slope plate. Figure 13(a) shows that the
deflection is basically symmetrical along the height of the
plate, and the maximum deflection value is 0.22 mm, which
meets the deformation requirements of the lining plate.
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FiGure 13: Effect of frost heaving force on deflection, internal force, and stress of the bottom plate.

Figure 13(b) shows that the bending moment M, is asym-
metrically distributed along the height direction of the plate.
The bending moment M, is the main internal force causing
the longitudinal crack, and the maximum bending moment
is near the location of the slope bottom, which is consistent
with the references and the damage location in engineering
practice 12, 23, 24]. The bending moment M,, (Figure 13(c))
is small at the edge and large at the center of the plate. The
torque M,, (Figure 13(d)) is maximum at the four corners of
the plate and coincides with the geometric inflection points
of the plate; although its numerical magnitude is lower than
the value of the bending moment M,, it may also cause stress
concentration to damage the lining plate and thus cause
leakage. The maximum values of shear forces Q, and Q,
(Figures 13(e), (f)) are at the upper and lower edges and left
and right edges, respectively, and are asymmetrically dis-
tributed along the height direction of the slope plate. The
distribution laws of stresses oy, 0,, T, (Figures 13(g), (h), (1))
are the same as their corresponding internal force distri-
bution laws.

5. Conclusion

(1) A mechanical model for deformation analysis of
canal lining plates under the action of frost heaving
force is established based on the theory of rectan-
gular thin plate, the boundaries of rectangular thin
plate are simplified to two pairs of simply supported
opposite edges and the other two pairs of opposite
edges are free (longitudinal expansion joints), and
the solution process of the model is given.

(2) Under the action of nonuniformly distributed frost
heaving force, the slope plate has no obvious non-
uniform distribution of deflection along the depth of
the canal; the bending moment, shear force, and
internal force show nonuniform distribution; and
the maximum values of bending moment Mx and
positive stress ¢, are biased to the bottom plate
position. Compared with the beam theory, the cal-
culation results of the plate theory show that the
internal forces and stresses increase at the free
boundary.

(3) The bending moment M,, and stress 7, are maxi-
mum at the four corners of the plate and geomet-
rically coincide with the corners of the plate,
although their numerical magnitudes are lower than
that of the bending moment M,, and they may also
cause stress concentration to damage the lining plate
and thus cause leakage. Although the shear forces at
the left and right joint locations are not as large as the
cross-sectional shear force, they may lead to fracture
of the joint material, which needs to be considered in
the design process.

(4) Due to the uniform distribution of the frost heaving
force on the bottom plate lining, its deflection, internal
force, and stress also show uniform distribution.

Data Availability

Data can be obtained from the article and corresponding
author upon request.
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Fiber-reinforced soil boasts fewer cracks, higher energy absorption, and higher residual strength. With the well-established
concept of carbon neutralization, it is necessary to reduce the dependence on high carbon-emitting reinforcement materials such
as cement and concrete. The need for resource recycling has led to the development of reusing construction waste as the raw
material for slope and embankment reinforcement. The purpose of this study is to analyze the reinforcement performance and
environmental feasibility of glass and basalt fiber on granite residual soil with the content of 3%, 4%, and 5% and the length of
6mm, 9mm, and 12mm. The reinforced samples were subjected to static impact load tests and SEM analysis to study its
mechanical properties, microcharacteristics, and structure before and after reinforcement. Results show that the incorporation of
3% glass fibers of 6 mm has the best reinforcement effect on GRS, while the incorporation of 4% basalt fibers of 6 mm also has a
good reinforcement ability. Glass fiber performs better than basalt fiber under the optimal content and length. SEM results
indicate that glass fibers bind the soil particles more closely, thereby increasing their friction and leading to higher compressive
strength. When the length and content of fiber exceed a certain range, the fibers are prone to cross and knot and fail to fill between
soil particles, so the fiber and soil particles are separated, which lowers the strength of the soil. It is concluded that both glass fiber
and basalt fiber can be well used for reinforcing GRS for higher bearing capacity and fewer cracks at the given proportion and
length. Fiber length and content were considered when reinforcing GRS with different fibers in this study.

1. Introduction

With a skyrocketing population, the necessity of relieving
traffic in urban areas and bolstering infrastructure con-
struction has grown. Subway and infrastructure construc-
tion significantly alleviated traffic and satisfied people’s
demands, but it also inevitably generated a mass of waste
soil, the treatment of which has become a matter of concern.
It is predicted that China produced about 2 million tons of
construction waste in 2019 alone [1]. Typically, the waste is
removed by transportation and landfill. However, this tra-
ditional method is not sustainable, eco-friendly, or land-

efficient; thus, the recycling of construction waste soil has
become an important area of study.

In South China, the majority of construction waste
consists of granite residual soil (GRS), which is produced
under certain geographical conditions, climate, and geo-
logical environments. It is also known as a regionally dis-
tinctive soil due to its unique composition and structure
[2-4]. Physical and chemical weathering crafted its dis-
tinctive structure with heterogeneity and anisotropy and its
unique engineering geomechanical characteristics. Granite
residual soil has good compressive properties in dry envi-
ronment and unique structural properties, which include
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FIGURE 1: Material diagram. (a) Granite residual soil. (b) GRS particle size.

high void ratio, high strength, low density, and medium and
low compressibility [5-9], rendering it a poor compressive
material. This easily leads to a significant decrease reduction
in bearing capacity after being saturated in water and a
particularly sharp decline under dry-wet cycles, which in
actual projects triggers natural disasters such as slope
landslides and soil collapse. In reality, the majority of GRS is
therefore treated as construction waste soil. For the recycling
of GRS, the issue of its high porosity must be resolved, as it
suggests restricted contact between soil particles [10-15].
Under external impact, bearing capacity tends to decline,
resulting in incidents such as dislocation and sliding.
Recycling GRS requires addressing its porosity.

Fibers, such as steel fiber, polyethylene fiber, and basalt
fiber, are frequently employed in concrete engineering since
it has been demonstrated that they effectively reduce the
cracking of concrete and increase its tensile resistance under
external load [16-19]. Therefore, some researchers utilized
fibers to reinforce GRS. For instance, waste rubber fibers
were mixed with swelling soil, and the mixture properties
were studied by laboratory compaction test [20-24]. Results
indicate that waste rubber fibers can considerably limit soil
expansion and increase its resistance to cracking [25-27].
The modified swelling soil mixture is ideally suited for
utilization as impervious liners and covers for urban solid
waste landfills. Sisal fibers were incorporated into the soil,
and the tensile properties of reinforced soils were investi-
gated by indoor strength testing. Additionally, cement and
cactus pulp were added to boost the strength [28-30]. The
results demonstrated that cactus pulp, an environmentally
benign natural ecological material, outperformed sisal fibers
in reinforcing capacity. Apus bamboo root fibers were
utilized to reinforce soil, and the shear strength behavior of
the reinforced soil was analyzed using a direct shear test with
a large box sample. The ratio of soil volume to root volume is
proposed to quantify root density in soil mass [31]. The peak
shear strength of reinforced soil was shown to improve as the
soil-root volume ratio increased. Previous studies indicated
that the impact resistance of GRS under dynamic load can be
significantly improved by introducing SH solution and glass

fiber. After reinforcing, the microscopic investigation revealed
that the porosity was reduced and hydrophilic groups were
replaced with hydrophobic groups, hence removing the hy-
drophilicity of GRS [32, 33].

Many authors have reported on fiber-reinforced GRS,
with the majority focusing on fiber comparison. Little study
has been conducted on the effect of fiber length and content.
This study focuses on reinforcing GRS in an effective and
economically viable manner, with environmental protection
and sustainability as its central goals. The static load test was
used to explore the reinforcing effect of glass and basalt
fibers of varying lengths and contents, and SEM was used to
analyze the reinforcement mechanism of GRS and the effect
of fiber length and content from a microscopic perspective.

2. Experimental Study
2.1. Materials

2.1.1. Granite Residual Soil. Widely distributed in South
China, granite residual soil is produced under specific
geographical conditions, climates, and geological environ-
ments. Since it has special composition and structure, it is
also called a regional special soil. The physical and chemical
weathering made its distinctive structure with heterogeneity
and anisotropy, and its unique engineering geomechanical
characteristics. GRS often comprises yellowish-brown
colors and mainly consists of cohesive soil, partly cobbly
cohesive soil (Figure 1). This study adopted GRS from the
Guangzhou area. The main geomechanical properties are
given in Table 1.

2.1.2. Glass Fibers. As shown in Figure 2, the glass fiber used
in the experiment is an inorganic nonmetallic transparent
material with excellent performance. Glass fibers boast ex-
cellent performances, i.e., good insulation, heat resistance,
corrosion resistance, and high mechanical strength. Glass
fibers of 6 mm, 9 mm, and 12 mm in length were used as the
reinforcer. The specific parameters of the glass fibers are
shown in Table 2.
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TaBLE 1: Properties of granite residual soil samples.

Specific gravity, d,

Water content, w (%) Density (g/cma) Liquid limit, w, Plastic limit, w,

2.67

13 16.5 48.3 27

PP,

FIGURE 2: Material diagram. (a) Glass fiber. (b) Basalt fiber.

TABLE 2: Basalt fiber parameters.

Density (g/cm’)

Linear density (dtex)  Elastic modulus (MPa)  Tensile strength (MPa)  Melting point ("C)  Elongation (%)

2.65

8.21 4500 330 958 3.0

TaBLE 3: Glass fiber parameters.

Density (g/cm3) Linear density (dtex)

Elastic modulus (MPa)

Tensile strength (MPa)  Melting point ("C)  Elongation (%)

0.91 8.21 4286

346 169 36.4

2.1.3. Basalt Fiber. As shown in Figure 2, the basalt fiber
used in this experiment is a continuous fiber made from
natural basalt rock, composed of oxides including silicon
dioxide, aluminum oxide, calcium oxide, magnesium oxide,
ferric oxide, and titanium dioxide. Basalt continuous fiber is
a new type of inorganic and green material with high
performance including electrical insulation, corrosion re-
sistance, and high-temperature resistance. Basalt fibers of
6mm, 9mm, and 12mm in length were used as the rein-
forcer. The diameter of glass fiber is 14 ym, and the diameter
of basalt fiber is 14-20 yum. The fiber data of this test are all
provided by Taishan Fiber Co., Ltd. The specific parameters
of the basalt fibers are given in Table 3.

2.2. Sample Preparation and Curing. The soil samples were
baked in an oven at about 105°C for 6-8 h. The samples were
removed out of the oven after they dropped to room
temperature and then crushed and sieved (1.18 mm). The
two fibers of different lengths and content were mixed with
the soil samples evenly. According to the geotechnical
specification [34], the GRS and fibers were prepared by
layered sample preparation. First, the fibers and GRS were
stirred evenly with a small electric mixer, then a small
compactor was used for layered compaction, and the
number of layers was 3 layers. A small compaction in-
strument was used to compact the samples into a cylinder

with a diameter of 100 mm and a height of 50 mm (Figure 3)
by adding the soils three times. The samples were air-dried in
a ventilated and dry indoor place for 14 days. The sample
weight is 1600 g.

2.3. Test Plan

2.3.1. Static Load Test. The optimal water content adopted in
this study is 13% of existing research [32].

Fibers of different types, lengths, and contents were
included in soil samples under the optimal water content,
and the effects of different groups were studied through a
static load test. The test plan is shown in Table 4.

The fiber content was kept at 3%, the optimal data from
previous research, so only the effect of the length change of
fiber is considered in this test.

Groups A, B, and C contain 3% glass fiber with a length
of 6 mm, 9mm, and 12 mm, respectively. As the reference,
group 0 is GRS with no fiber. Other groups of the different
mixtures are given in Table 4, and three samples were made
for each variable.

2.4. Test Methods

2.4.1. Static Load Test. The uniaxial compressive strength of
the samples was measured by a 4 W uniaxial compression
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FI1GURE 3: Reinforced glass fiber soil sample and reinforced basalt fiber soil sample.

TaBLE 4: Static load test plan.

Group Sample name Glass fiber (%) Basalt fiber (%) Length (mm)
A Glass fiber, 3%-6 mm 3 0 6
B Glass fiber, 3%-9 mm 3 0 9
C Glass fiber, 3%-12 mm 3 0 12
D Basalt fiber, 3%-6 mm 0 3 6
Static load test E Basalt fiber, 4%-6 mm 0 4 6
F Basalt fiber, 5%-6 mm 0 5 6
G Basalt fiber, 4%-9 mm 0 4 9
H Basalt fiber, 4%-12 mm 0 4 12
O 0 0 0 0

test instrument (Figure 4). The samples were placed in the
center of the bearing plate of the press to ensure that no
eccentric loading occurs in loading. The loading rate was
0.5 MPa/s. The loading axial force when the sample failed
was recorded to calculate the uniaxial compressive strength
of each sample with the following formula [34]:

rR=%. (1)

A

R is the ultimate compressive strength of the sample, P is
the maximum load when the sample failed, and A is the
cross-sectional area of the sample.

The strength of the three samples under the same
concentration was recorded. The strength values were av-
eraged following the principle that the limit load does not
exceed 10%. The reinforcement effect of fiber type, length,
and content to GRS was investigated by a static load test.
Aiming at achieving the optimal effect at a reasonable cost,
the desired content and length of the two types of fiber were
obtained in this study.

3. Results and Discussion

3.1. Static Load Test. The maximum stress of the soil sample
without fiber was 850kPa, and the corresponding strain
value was 0.04% under static load as illustrated in
Figure 5(a). From the data of groups A, B, and C as illus-
trated in Figure 5(b), the sample reinforced with glass fiber

FIGURE 4: Uniaxial compression test instrument.

of 3% in content and 6 mm in length exhibited the best
reinforcement performance of a maximum stress value of
1650 kPa, a corresponding strain value of 0.06% and a 94%
increase of strength compared to fiberless samples. This
finding signified that glass fiber can improve the compressive
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FiGure 5: Compressive strength curve.

0.12

capacity of the sample. For samples of all three kinds of
lengths, they went upward before the strain reached 0.05%
and showed varied trends after that but before the strain
reached 0.05%. An obvious trend of increase, peak, and
decrease was observed in samples with 6 mm glass fibers,
which peaked at 1650 kPa. However, samples with 9 mm and
12 mm glass fibers only showed a continuous upward trend.
This result reveals that the incorporation of 6 mm glass fibers
has a better reinforcement effect on GRS than 9mm and
12mm at the content of 3%. The reason behind this is that
6mm glass fiber contacts with soil particles better and
creates higher friction, enabling the sample to be more
integrated and bear force together with fibers. The samples
with 6 mm fiber had relatively reasonable deformation under
the stress, and there is a corresponding relationship between
strain and stress. By contrast, the stress of 9mm and 12 mm
samples increased with the strain continuously without peak
or decline, indicating that the sample can be compressed and
deformed infinitely and the stress can also increase infinitely,
which is unreasonable. Therefore, it was concluded from the
data that the reinforcement ability of the 6 mm glass fiber
reinforcement effect was better than 9 mm and 12 mm under
the same content of 3%.

From Figure 5(c), it is noticed that the samples with
6 mm basalt fibers at 3%, 4%, and 5% presented the maxi-
mum stress value of 900kPa, 1500 kPa, and1300 kPa, re-
spectively, 5%, 76%, and 53% higher than the fiberless
sample. Thus, the inclusion of basalt fiber in GRS can im-
prove its bearing capacity. In addition, the three curves all
showed three stages: rise, peak, and fall. The strain value
corresponding to the maximum stress value of the three was
0.05%. At a fixed length of 6 mm, the bearing capacity of the
reinforced soil can be improved under the three content as
proved in their curves and maximum stress values. To obtain
a rather economical result, 3% basalt fibers showed a better
reinforcement effect compared to 4% and 5% under the same

length of 6 mm based on their maximum stress value and the
corresponding strain value.

At a fixed basalt fiber proportion of 3%, the effect varied
with lengths as illustrated in Figure 5(d), wherein the 6 mm
sample performed the best as they reached a maximum stress
value of 1100 kPa and a corresponding strain value of 0.05%,
and the curve could be also divided into three stages of
rising, peak, and fall. The curves of 9mm and 12 mm length
basalt fibers had a similar trend but only rose continuously.

The reason may be that a lower length of fiber means a
larger quantity for the two kinds of fibers under the same
content, so the fiber is distributed more evenly in the soil
sample during preparation. At the initial stage of com-
pression, the air and water in soil pores were expelled, and
fiber processes higher elastic modulus compared to soil
particles. Thus, the incorporation of fibers with lower length
means more short fibers are distributed between soil par-
ticles, leading to higher friction and closer integration be-
tween soil and fiber, which is attributed to the higher
compressive performance of the reinforced soil. However,
long fiber in the soil is inclined to cross knot and overlap
with each other, so the separation between the soil particles
and fiber would occur under external load. Consequently,
the fiber takes the force in place of the soil particles’ stress, so
the stress continued to increase with the strain without peak
or downturn as shown in the figure. Thus, the optimum
content and length of glass fiber are 3% and 6 mm and those
of basalt fiber are 4% and 6 mm from the above data.

At the above optimal formula, the basalt and glass fiber
reached a maximum stress of 1550kPa and 1650 kPa and a
corresponding strain of 0.05% and 0.06%, respectively, in
Figure 5(e). The two kinds of fibers displayed an excellent
effect on reinforcing GRS as an enhancement of the bearing
capacity of GRS was achieved. GRS reinforced with 3% 6 mm
glass fiber and 82% 6 mm basalt fiber witnessed a 94% and
82% strength increase, respectively. The results evidence that
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FiGure 6: SEM of test soil.

glass fiber exhibited a better reinforcement effect than basalt
fiber. The reason may be that glass fiber is finer than basalt
fiber. As shown in Figure 2, glass fiber, a relatively fine
cylinder as opposed to the flat basalt fiber, would find itself
more easily filling in the pores of soil particles under the same
length. The increased friction help enhance the integrity of
the samples, which results in higher bearing capacity.

From the static load test analysis, it can be concluded that
the reinforcement effect of glass fiber on granite residual soil
is better than that of basalt fiber under the condition of
optimal fiber content and length.

3.2. SEM. Given that the reinforcing ability of glass fiber is
better than basalt fiber from the above mechanical analysis,
the glass fiber samples were studied by SEM. The SEM
images of samples taken from group O, group A, and group
C after the static load test are given in Figure 6. At the
magnification of 500x, the soil of control group O
(Figure 6(a)) was granular particles with weak particle
connection, so the sample failed under the impact of ex-
cessive static load. Compared with group O, the figures of
group A (Figures 6(b)-6(e)) and group C (Figure 6(f)) show
that the samples remained relatively intact under the impact
load with glass fiber binding the soil into integration and
jointly bearing the load. The glass fiber added to the soil
acted as the reinforcer, which enhanced the integrity of the
sample and its limit bearing capacity. It was noticed in
Figures 6(d) and 6(e) that a considerable amount of soil
particles were attached to the fiber, indicating that the in-
clusion of glass fiber into GRS can improve the friction and
effective stress between soil particles and thus strengthen the
soil. Based on the Mohr-Coulomb criterion of rock failure,

when the failure occurs in the soil as a shear failure, the shear
bearing capacity of soil fails to bear the shear stress produced
by an external load. The shear stress-bearing capacity of soil
lies in the friction force produced by the relative replacement
of soil particles when sliding after compaction. Thus, the
incorporation of glass fiber and basalt fiber increases the
surface friction.

From Figure 6(f), it was revealed that fibers of excess
length and content might cross and knot with each other and
fail to contact the soil particles. Consequently, the soil
particles and fibers were separated and failed to work to-
gether under the action of external load, so the effective
stress of soil particles cannot be improved. Meanwhile, due
to the separation of fibers and soil particles, the pores be-
tween soil particles are not filled with fibers. Therefore,
adding fibers of excess length and amount cannot exhibit an
excellent reinforcement effect, but may easily lead to a
decline in bearing capacity.

SEM results show that, at appropriate length and con-
tent, fiber will be able to distribute well in the pores between
soil particles, increase the internal friction force between soil
particles, and attach to the surface of more soil particles.
Fibers play a role alike to bridging and in connecting the soil
particles around them, thus enhancing the integrity of the
soil particles and helping maintain the intactness of the
sample under external load.

4. Conclusion

In this study, a static load test was conducted on reinforced
GRS to compare the reinforcing effect of glass and basalt
fibers of different lengths and contents through group ex-
periments. The influence of fiber’s length and content and



the reinforcement mechanism were identified using the SEM
technique:

(1) In static load tests, an enhancement in compressive
strength is witnessed with the inclusion of the glass
fiber and basalt fiber compared to fiberless samples,
which proves the improvement effect of glass fiber
and basalt fiber on the bearing capacity of GRS.

(2) The results of the static load test show that the in-
corporation of 6 mm basalt fiber exhibited the best
reinforcement effect with a maximum stress of
1100 kPa among samples containing 3% basalt fiber.
Moreover, the incorporation of 4% basalt fiber
exhibited the best reinforcement effect with a
maximum stress of 1550 kPa among samples con-
taining 6 mm basalt fiber. Hence, the optimal length
and content of basalt fiber are 6 mm and 4%. The
optimal length and content of glass fiber are 6 mm
and 3% based on the data.

(3) At the above optimal formula, the basalt and glass
fiber reached a maximum stress of 1550kPa and
1650kPa and a corresponding strain of 0.05% and
0.06%. Re-SEM analysis indicates that fibers are prone
to cross and knot and fail to fill between soil particles
when the length and content of the fiber exceed a
certain range, which lowers the integration between
them and lowers the bearing capacity of the soil.

(4) SEM analysis indicates that fibers are prone to cross
and knot and fail to fill between soil particles when
the length and content of fiber exceed a certain range,
which lowers the integration between them and
lowers the bearing capacity of the soil.
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