
Advances in Civil Engineering

Adapting to Climate Change in
Coastal and Ocean Engineering

Lead Guest Editor: Paulo Rosa Santos
Guest Editors: Francisco Taveira Pinto and Luciana das Neves

 



Adapting to Climate Change in Coastal and
Ocean Engineering



Advances in Civil Engineering

Adapting to Climate Change in Coastal
and Ocean Engineering

Lead Guest Editor: Paulo Rosa Santos
Guest Editors: Francisco Taveira Pinto and Luciana
das Neves



Copyright © 2021 Hindawi Limited. All rights reserved.

is 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  , 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
Eleherios K. Anastasiou  , Greece
Panagiotis Ch. Anastasopoulos  , USA
Mohamed Moafak Arbili  , Iraq
Farhad Aslani  , Australia
Siva Avudaiappan  , Chile
Ozgur BASKAN  , Turkey
Adewumi Babafemi, Nigeria
Morteza Bagherpour, Turkey
Qingsheng Bai  , Germany
Nicola Baldo  , 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 Bojórquez  , Mexico
Giosuè Boscato  , Italy
Melina Bosco  , Italy
Jorge Branco  , Portugal
Bruno Briseghella  , China
Brian M. Broderick, Ireland
Emanuele Brunesi  , Italy
Quoc-Bao Bui  , Vietnam
Tan-Trung Bui  , France
Nicola Buratti, Italy
Gaochuang Cai, France
Gladis Camarini  , Brazil
Alberto Campisano  , Italy
Qi Cao, China
Qixin Cao, China
Iacopo 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  , ailand
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  , Italy
Gianmarco De Felice  , Italy
Stefano De Miranda  , Italy
Maria T. De Risi  , Italy
Tayfun Dede, Turkey
Sadik O. Degertekin  , Turkey
Camelia Delcea  , Romania
Cristoforo Demartino, China
Giuseppe Di Filippo   , Italy
Luigi Di Sarno, Italy
Fabio Di Trapani  , Italy
Aboelkasim Diab  , Egypt
i 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
Dingqiang 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  , Italy
Guoyang Fu, Australia
Stefano Galassi  , Italy

Junfeng Gao  , China
Meng Gao  , China
Giovanni Garcea  , Italy
Enrique García-Macías, Spain
Emilio García-Taengua  , United Kingdom
DongDong Ge  , USA
Khaled Ghaedi, Malaysia
Khaled Ghaedi  , Malaysia
Gian Felice Giaccu, Italy
Agathoklis Giaralis  , United Kingdom
Ravindran Gobinath, India
Rodrigo Gonçalves, Portugal
Peilin Gong  , China
Belén González-Fonteboa  , Spain
Salvatore Grasso  , Italy
Fan Gu, USA
Erhan Güneyisi  , Turkey
Esra Mete Güneyisi, Turkey
Pingye Guo  , China
Ankit Gupta  , India
Federico Gusella  , Italy
Kemal Hacıefendioğlu, 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  , India
Abbas Fadhil Jasim   , 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  , Malaysia
Mosbeh Kaloop  , Egypt
Shankar Karuppannan  , Ethiopia
John Kechagias  , Greece
Mohammad Khajehzadeh  , Iran
Afzal Husain Khan  , Saudi Arabia
Mehran Khan  , Hong Kong
Manoj Khandelwal, Australia
Jin Kook Kim  , Republic of Korea
Woosuk Kim  , Republic of Korea
Vaclav Koci  , Czech Republic
Loke Kok Foong, Vietnam
Hailing Kong  , China
Leonidas Alexandros Kouris  , Greece
Kyriakos Kourousis  , Ireland
Moacir Kripka  , Brazil
Anupam Kumar, e Netherlands
Emma La Malfa Ribolla, Czech Republic
Ali Lakirouhani   , Iran
Angus C. C. Lam, China
anh Quang Khai Lam  , 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  , Hong Kong
Yajun Li  , China
Shun Liang  , China
Francesco Liguori   , Italy
Jae-Han Lim  , 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  , Croatia
Jose Matos, Portugal
Vasant Matsagar  , India
Claudio Mazzotti  , Italy
Ahmed Mebarki  , France
Gang Mei  , China
Kasim Mermerdas, Turkey
Giovanni Minafò  , Italy
Masoomeh Mirrashid  , Iran
Abbas Mohajerani  , Australia
Fadzli Mohamed Nazri  , Malaysia
Fabrizio Mollaioli  , Italy
Rosario Montuori  , Italy
H. Naderpour  , Iran
Hassan Nasir  , 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  , ailand
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  , Italy
Gatheeshgar Perampalam  , United
Kingdom
Daniele Perrone  , Italy
Giuseppe Piccardo  , Italy
Vagelis Plevris  , Qatar
Andrea Pranno  , Italy
Adolfo Preciado  , Mexico
Chongchong Qi  , China
Yu Qian, USA
Ying Qin  , China
Giuseppe Quaranta  , Italy
Krishanu ROY  , 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  , USA
Geoffrey W. Rodgers  , New Zealand
Pier Paolo Rossi, Italy
Nicola Ruggieri  , Italy
JUNLONG SHANG, Singapore

Nikhil Saboo, India
Anna Saetta, Italy
Juan Sagaseta  , United Kingdom
Timo Saksala, Finland
Mostafa Salari, Canada
Ginevra Salerno  , Italy
Evangelos J. Sapountzakis  , Greece
Vassilis Sarhosis  , United Kingdom
Navaratnarajah Sathiparan  , 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  , ailand
Jianping Sun, Singapore
Xiao Sun  , China
T. Tafsirojjaman  , Australia
Fujiao Tang  , China
Patrick W.C. Tang  , Australia
Zhi Cheng Tang  , China
Weerachart Tangchirapat  , ailand
Xiaxin Tao, China
Piergiorgio Tataranni  , Italy
Elisabete Teixeira  , Portugal
Jorge Iván Tobón  , 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  , Austria
Chaohui Wang  , China
Hao Wang  , 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  , China
Weiping Wen  , China
Lei Weng  , China
Chao Wu  , United Kingdom
Jiangyu Wu, China
Wangjie Wu  , 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
Gürol Yildirim  , Turkey
Dawei Yin  , China
Doo-Yeol Yoo  , Republic of Korea
Zhanping You  , USA
Afshar A. Yousefi  , Iran
Xinbao Yu  , USA
Dongdong Yuan  , China
Geun Y. Yun  , Republic of Korea

Hyun-Do Yun  , Republic of Korea
Cemal YİĞİT  , Turkey
Paolo Zampieri, Italy
Giulio Zani  , Italy
Mariano Angelo Zanini  , Italy
Zhixiong Zeng  , Hong Kong
Mustafa Zeybek, Turkey
Henglong Zhang  , China
Jiupeng Zhang, China
Tingting Zhang  , China
Zengping Zhang, China
Zetian Zhang  , China
Zhigang Zhang  , China
Zhipeng Zhao  , Japan
Jun Zhao   , China
Annan Zhou  , Australia
Jia-wen Zhou  , China
Hai-Tao Zhu  , China
Peng Zhu  , China
QuanJie Zhu  , China
Wenjun Zhu  , China
Marco Zucca, Italy
Haoran Zuo, Australia
Junqing Zuo  , China
Robert Černý  , Czech Republic
Süleyman İpek  , 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

Laboratory Model Tests on Consolidation Performance of Soil Column with Drained-Timber Rod
X. J. Chai, K. Deng  , C. F. He, and Y. F. Xiong
Research Article (8 pages), Article ID 6698894, Volume 2021 (2021)

https://orcid.org/0000-0003-3810-2371


Research Article
Laboratory Model Tests on Consolidation Performance of Soil
Column with Drained-Timber Rod

X. J. Chai, K. Deng , C. F. He, and Y. F. Xiong

School of Civil & Architecture Engineering, East China University of Technology, Nanchang, Jiangxi, China

Correspondence should be addressed to K. Deng; 201810818023@ecut.edu.cn

Received 12 October 2020; Revised 18 February 2021; Accepted 13 March 2021; Published 22 March 2021

Academic Editor: Francisco Taveira Pinto

Copyright © 2021 X. J. Chai et al. +is 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.

Timber pile is an ancient technology applied in soft ground improvement for more than 1000 years. With the rise of many high-
rise buildings, many types of modern mechanized-construction piles are widely developed and applied; for example, steel pile,
precast concrete pile, sand pile, and gravel pile are widely used instead of timber piles. Yet, in some special conditions, timber piles
have certain advantages due to their environment-friendly characteristics, which result in obvious economic benefits and
suitability. To overcome the weakness of the traditional timber pile technology and expand its application in engineering practice,
a drained-timber pile technique was put forward. +is technology is to wrap the permeable filter-type drainage geotextile around
the timber pile, so that the timber pile not only has the replacement function to strengthen the foundation but also has the drainage
function, can accelerate the pore water discharge, and speeds up the soft soil foundation consolidation. +e reduced scale soil-
column consolidation model was designed to perform the consolidation tests for the soil column with a drained-timber rod. In
total, eight types of soil-column consolidation tests were carried out to verify the feasibility and effectiveness of the drained-timber
pile technique. +e results revealed that, under the same loading and consolidation time, the drained-timber rod can obviously
increase the degree of consolidation when compared with traditional timber rod. It can be expected that the drained-timber pile
technique has a good application prospect for the construction of medium-small hydraulic structures and for the treatment of
super soft clay.

1. Introduction

Pine pile is an ancient technology applied in soft ground
improvement for more than 1000 years. For example, even
after more than one thousand years, wood reinforcement
under the Mizuki embankment in North Kyushu, Japan, still
has high durability in an underwater-table condition [1].+e
soft clay foundation of the ancient Water-Gate site of the
Southern Taizhou (Jiangsu Province, China) that was
reinforced with timber piles still remains in a relatively
complete state more than one thousand years at under-
ground water condition [2]. Many ancient ruins were ex-
cavated and it was found that the pine piles were still in good
status, showing that the pine piles have good durability and
strong corrosion resistance under water condition.

Since the 1980s, with the rise of many high-rise build-
ings, steel piles, precast concrete piles, sand piles, gravel

piles, and other modern mechanized-construction pile types
were developed and applied in order to meet the require-
ments of the modern buildings for the bearing capacity and
the foundation settlement. Especially, for large soft foun-
dation area, preloading and vacuum preloading techniques
have been widely employed to improve the engineering
properties of the soft clay [3–6].

However, it cannot be concluded that the timber pile
technique has disappeared in soft ground improvements. On
the contrary, in some special conditions, timber piles have
certain advantages when compared with concrete piles, steel
piles, and so forth. For example, timber piles are widely
employed in small-medium size hydraulic engineering
structures in regions with rich pine resources [7–9]. In
recent years, with the enhancement of environmental pro-
tection and resource protection conscious, the timber pile
technique has been attracting the attention of engineers and
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researchers due to its environment-friendly characteristics,
which results in obvious economic benefits and suitability.
Yang et al. [10] analyzed and designed a timber pile com-
posite foundation for the Qinhuai River sewage project
(Nanjing, China) which was built on very soft clay.
Poungchompu et al. [11, 12] investigated the effectiveness
and possibility of timber raft and pile foundation for road
embankment built on Ariake soft clay (Kyushu, Japan)
through laboratory model tests.

However, the traditional timber pile technique has the
following two disadvantages when applied to improve the
soft ground: (1) the low bearing capacity of the timber pile
and the low shear strength of the soft clay restrict the height
of the superstructures and (2) the large postconstruction
settlement due to the low permeability of the soft clay
frequently leads to cracking of the superstructures. +e
above two problems restrict the extensive application of
timber pile composite foundation for buildings in soft soil
area.

To overcome the weakness of the traditional timber pile
technology, the drained-timber pile technique was devel-
oped [13, 14]. +e main feature of the drained-timber pile
technique is that a thin layer of drained-geotextile was
wrapped around the timber pile, so that the excess pore
water will be drained through the geotextile layer during
construction; thus, the bearing capacity of the timber pile
will be increased and the postconstruction settlement will be
reduced.

In the study, to verify the drainage feasibility and effi-
ciency of the drained-timber pile technique, a special lab-
oratory soil-column apparatus was designed to perform
consolidation tests for drained-timber rods. In total, eight
types of soil-column consolidation tests were carried out to
investigate the influence of drainage conditions, the number
of layers of drained geotextiles, and the diameter of timber
rod. +e test results revealed that, under the same loading
and consolidation conditions, the drained-timber rod can
obviously increase the degree of consolidation when com-
pared with the traditional timber rod. +e final outer di-
ameter of the drained-timber rod has a significant impact on
the consolidation degree. It can be expected that the drained-
timber pile technique has a good application prospect for the
medium-small hydraulic structures and pretreatment of
super soft foundation in pine-rich areas.

2. Experimental Setup

2.1. SoilPreparation. +e soil tested was collected fromDiezi
Lake of Nanchang city, Jiangxi Province. It is a typical mucky
clay in the Poyang Lake region. After being mixed, the soil
samples were sealed in a container to maintain the initial
condition for tests, as shown in Figure 1. +e main physical
properties of the soil are listed in Table 1.

2.2. Drainage Geotextile. +e drainage geotextile is the main
composition of the drained-timber pile, a nonwoven geo-
textile, which is made of 150A with a density of 150 g/cm3

and a thickness of 1.0mm. It was employed as the drained

layer of the drained-timber rod. +e permeability coefficient
of the geotextile is about 0.1 cm/s, and its tensile strength is
greater than 0.12 kN.

2.3. Preparation of Timber Rod and Drained-Timber Rod.
+e diameter of the pine pile commonly used in engineering
practices is between 100mm and 150mm. In the experi-
ments, the dimension of the soil-column consolidation test
apparatus was scaled down in a ratio of one to ten.+erefore,
three different sizes of timber rods with diameters of 8mm,
10mm, and 12mm and length of 100mm were made in this
study. +e elastic modulus of the timber rod fc � 10MPa,
Efc � 9000MPa, and 11MPa of bending resistance. On the
basis of the research group, the number and thickness of the
wrapped geotextile have little effect on the drainage effect, so
the standard geotextile used in engineering is selected in this
test, and the thickness is not reduced. +e compressive
strength of the pine rod is fc � 12MPa.

+e drained-timber rod is made up of a timber rod with a
few layers of drainage geotextile wrapped around the timber
rod. Photos of the timber rod and the drained-timber rod for
the wooden rod with a diameter of 10mm are shown in
Figure 2.

2.4. Laboratory Soil-Column Consolidation Test Setup.
+e laboratory soil-column consolidation test apparatus was
composed of a plexiglass cylinder, a pressure plate, a
plexiglass hollow transfer column, a loading, and a data
monitoring-recording system.

+e plexiglass cylinder was made of plexiglass with a
thickness of 5mm, an inner diameter of 100mm, and a
height of 150mm, an impervious bottom and side of the
cylinder, as shown in Figure 3(a).

Figure 1: Soil slurry at initial condition.
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+e pressure plate was made of plexiglass with a thickness
of 5mm, an outside diameter of 98mm, and a central circular
hole with an inner diameter of 13mm. +e purpose of the

central circular hole is to provide an upward displacement
space for the timber rod (or drained-timber rod) in the
process of loading and consolidation, as shown in Figure 3(a).

Table 1: Physical properties of the mucky clay used in the test.

Natural density,
ρ (g/cm3) Water content, ω (%) Specific gravity, Gs Plastic limit (PL) Liquid limit (LL) Plasticity index (PI) Liquidity

index (LI)
1.74 90.26 2.67 26.0 52.2 26 2.47

Figure 2: Photos of timber rod and drained-timber rod for a wooden rod with a diameter of 10mm.

(a) (b)

Figure 3: Plexiglass cylinder (a) and plexiglass hollow transfer column (b).
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+e Plexiglass hollow transfer column was made of
plexiglass with a height of 90mm, an outside diameter of
90mm, and a central hole with an inner diameter of 16mm,
as shown in Figure 3(b).

2.5. Design of Eight Types of Soil-Column Consolidation Tests.
In order to verify the drainage consolidation performance of
the drained-timber rod, a total of eight types of soil-column
consolidation tests were designed, as listed in Table 2. In all
the tests, the initial height of the soil column was set to
100mm, the total length of the (drained) timber rod was
150mm, and the embedded length in the soil of the rod was
100mm. From the viewpoint of the purpose of the exper-
iment, the eight types of tests can be divided into three
groups, Group A (L1, L2, L3, S0), Group B (M1, S0, M2), and
Group C (N1, S0, N2).

Group A (L1, L2, L3, S0) was designed to investigate the
effect of drainage condition, in which test L1 is just soil
column at a vertical upward drainage condition; test L2 is
soil column with just timber rod at vertical upward drainage
condition; test L3 is a soil column with a drained-timber rod
at radial drainage condition, and the top boundary of the soil
column was sealed with a thin geomembrane; test S0 is soil
column with a drained-timber rod at both vertical upward
drainage and a radial drainage condition, designed as the
basic standard tests for the drained-timber rod.

Group B (M1, S0, M2) was designed to investigate the
influence of the diameter of the timber rod, in which the
thickness of the drained geotextile is of two layers (the
drained geotextile has two layers) and the drainage condition
is the same (vertical + radial); the only difference is that the
diameters of the timber rods are 8mm, 10mm, and 12mm
for tests M1, S0, and M2, respectively.

Group C (N1, S0, N2) was designed to investigate the
influence of the layers of the drained geotextile, in which the
diameter of the timber rod is 10mm and the drainage
condition is the same (vertical + radial); the only difference is
the number of the drained layers of the geotextiles, which is
1, 2, and 4 for tests N1, S0, and N2, respectively.

3. Test Procedures

3.1. Preparation of the Soil-Column Samples. +e soil-col-
umn samples were prepared in the following steps: (1) the
soil was placed with an initial moisture content of 90.06%
into the plexiglass cylinder with a 100mm in height; (2) a
timber rod was inserted (or a drained-timber rod) vertically
into the soil column at the central position and up to the
bottom of the cylinder, whichmeans the embedded length of
the (drained) timber rod is 100mm; (3) a piece of permeable
geotextile pad was placed on the top surface of the soil
column, the geotextile pad has a diameter of 100mm, a
thickness of 3mm, and a center hole with a diameter of
13mm; (4) the pressure plate was placed on the top of the
drained pad; and (5) the hollow transfer column was placed
on the pressure plate (note: for test L3, a piece of imper-
meable geomembrane pad was used to take the place of the
permeable geotextile to achieve the only radial drainage

condition). +e photo of the soil-column consolidation
sample before loading is shown in Figure 4.

3.2. Step Loading Scheme. +e apparatus of loading and
monitoring system is shown in Figure 5.+e loading scheme
is designed in 6 steps, which are 6.25 kPa, 12.50 kPa, 25 kPa,
50 kPa, 100 kPa, and 200 kPa, respectively; each loading step
is maintained for 24 hours, and the consolidation settlement
with time is monitored and recorded for analysis.

3.3. Undrained Shear Strength Tests. After loading and
consolidation, the (drained) timber rod was removed
carefully, the inner hole left by the rod was filled using the
consolidated clay with the same water content; then, a
special sampler was employed to shape a sample with a
diameter of 50mm and a height of 100mm; and finally, the
unconfined compression strength test was performed, the
undrained shear strength Cu was derived, and the water
content of the sample was measured.

4. Analysis and Discussion of the Test Results

4.1. Evaluation of Radial Drainage of Drained-Timber Rods
(Group A: L1, L2, L3, S0). For the tests of Group A (L1, L2,
L3, S0), the relationship between the consolidation settle-
ment and the time in each step of loading is plotted in
Figure 6 and the relationship between the final void ratio and
consolidation pressure is plotted in Figure 7.

Figure 6 indicates that (1) for test L1 and test L2, the
settlement curves with time under each loading step are
almost similar, meaning that the traditional timber rod is
impermeable and has little contribution to increasing the
consolidation degree of soft clay, which is reasonable and
agrees with the theoretical speculation; (2) comparing the
curves of test L2 and test S0, the only difference is that a
drained-timber rod is used in test S0 and a timber rod is used
in L2. It reveals that, under the same loading and drained
condition, the two geotextile layers of the drained-timber
rod can play the role of radial drainage well and contribute a
lot to the total consolidation degree; (3) for the test L3 and
test S0, the settlement curves under each loading step are
almost similar, it means that for the drained-timber rods,
with two drained layers of geotextile, the radial drainage has
a dominant contribution to the total consolidation degree,
and the vertical drainage has little contribution to the total
consolidation degree, the phenomenon reveals that the two
thin layers of geotextile are quite effective for increasing the
radial consolidation.

Figure 7 indicates that, under the same load increment
and the same consolidation time (24 hours), the increments
of consolidation settlement of tests L3 and S0 are always
greater than those of the tests L1 and L2, which reveals that
the drainage layer structure of the drained-timber rods can
effectively improve the consolidation degree of the soft clay.

4.2. Influence of the Diameter of the Drained-Timber Rod on
the Consolidation Settlement (Group B: M1, S0, M2). For the
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tests of Group B (M1, S0, M2), the relationship between the
consolidation settlement and the time in each loading step is
plotted in Figure 8 and the relationship between the final
void ratio and the consolidation pressure is plotted in
Figure 9.

Figures 8 and 9 indicate that the rod diameter has an
obvious influence on the consolidation settlement. It seems
that, under the same loading and consolidation conditions,
the settlement increases with the increase of the rod di-
ameter in each loading step. +e reason may be the outside
diameter of the drained-timber rod even if the three tests
(M1, S0, M2) have the same two layers of drained geotextiles,
which will be further confirmed in the later discussion.

Table 2: Set up of soil-column consolidation tests with (drained) timber rods.

Purpose of soil-column
tests

Type of
tests

Pile diameter
(mm)

Geotextile
layers

Outside pile
diameter (mm)

Length of embedded
pile (mm)

Vertical
drain

Radial
drain

Effect of drainage
condition (Group A)

L1 No No No No ✓ —
L2 10 No 10 100 ✓ —
L3 10 2 layers 14 100 — ✓
S0 10 2 layers 14 100 ✓ ✓

Effect of pile diameter
(Group B)

M1 8 2 layers 12 100 ✓ ✓
S0 10 2 layers 14 100 ✓ ✓
M2 12 2 layers 16 100 ✓ ✓

Effect of layers (Group C)
N1 10 1 layer 12 100 ✓ ✓
S0 10 2 layers 14 100 ✓ ✓
N2 10 4 layers 18 100 ✓ ✓

Figure 4: Set up of soil column with (drained) timber bolt before
loading.

Figure 5: Apparatus of loading and monitoring system.
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4.3. Influence of the 6ickness of Drained Layers on the
Consolidation Settlement (GroupC:N1, S0, N2). For the tests
of Group C (N1, S0, N2), the relationship between the
consolidation settlement and the time in each step of loading
is plotted in Figure 10 and the relationship between the final
void ratio and the consolidation pressure is plotted in
Figure 11.

Figures 10 and 11 indicate that the layers of drained
geotextile have an obvious influence on the consolidation
settlement. It seems that, under the same loading and
consolidation condition, the settlement increases with the
increasing of the thickness of layers in each step of loading.
+e reason may be the outside diameter of the drained-
timber rod, which increased with the increase of the layers of
drained geotextiles, even if the three tests (N1, S0, N2) have

the same diameter of timber rod; this will be further con-
firmed in later discussion.

4.4. 6e Relationship of the Undrained Shear Strength versus
the Liquidity Index of the Consolidated Soft Clay. +e final
consolidation settlements of the eight types of tests are listed
in Table 3. After loading and consolidation of each type of
test, the unconfined compression strength test was per-
formed and the corresponding undrained shear strength
(Cu) was derived; also the water content corresponding to
the final state was measured, and the corresponding liquidity
index was measured by liquid-plastic combine tester as listed
in Table 3.

5

10

15

20

200
175
150
125
100

75
50
25

0

25

30

35

40

0 1 2 3 4 5
Time (days)

6 7

Se
ttl

em
en

t (
m

m
)

To
ta

l l
oa

ds
 (k

Pa
)

M1 2-layer geotextile layer and 8 mm pile, pure vertical and radial drainage
S0 2-layer geotextile layer and 10 mm pile, pure vertical and radial drainage

M2 2-layer geotextile layer and 12 mm pile, pure vertical and radial drainage

Loading (kPa)

Figure 8: Relationships between consolidation settlement and time
under each step loading for tests of Group B (M1, S0, M2).

0 50 100 150
Consolidation pressure (kPa)

200 250

M1 2-layer geotextile layer and 8 mm pile, pure vertical and radial drainage
S0 2-layer geotextile layer and 10 mm pile, pure vertical and radial drainage

M2 4-layer geotextile layer and 12 mm pile, pure vertical and radial drainage

2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9

Vo
id

 ra
tio

, e

0.8
0.7
0.6

Figure 9: Curves of void ratio versus consolidation pressure for
tests of Group B (M1, S0, M2).

5

10

15

20

200
175
150
125
100

75
50
25

0

25

30

35

40

0 1 2 3 4 5
Time (days)

6 7

Se
ttl

em
en

t (
m

m
)

To
ta

l l
oa

ds
 (k

Pa
)

N1 1-layer geotextile layer and 10 mm pile, pure vertical and radial drainage
S0 2-layer geotextile layer and 10 mm pile, pure vertical and radial drainage

N2 4-layer geotextile layer and 10 mm pile, pure vertical and radial drainage

Loading (kPa)

Figure 10: Relationships between consolidation settlement and
time under each step loading for tests of Group C (N1, S0, N2).

2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9

Vo
id

 ra
tio

, e

0.8
0.7
0.6

0 50 100 150
Consolidation pressure (kPa)

200 250

N1 1-layer geotextile layer and 10 mm pile, pure vertical and radial drainage
S0 2-layer geotextile layer and 10 mm pile, pure vertical and radial drainage

N2 4-layer geotextile layer and 10 mm pile, pure vertical and radial drainage

Figure 11: Curves of void ratio versus consolidation pressure for
tests of Group C (N1, S0, N2).

6 Advances in Civil Engineering



For each certain soft clay at the plastic state condition,
there is a certain relationship between the undrained shear
strength and the water content (or liquidity index); there-
fore, the undrained shear strength is another parameter
which can be used indirectly to evaluate the consolidation
effect of the soft clay. For the eight types of tests, the re-
lationship between the undrained shear strength and the
liquidity index corresponding to the final state is plotted in
Figure 12.

Figure 12 indicates that (1) there is quite a good linear
relationship between the undrained shear strength and the
water content for the final state of the eight types of con-
solidation tests, which means that the data of eight types of
soil-column tests is good and reasonable; (2) the data points
in test L1 and test L2 are quite close and result in the lowest
undrained shear strength about 13.1 kPa, which means the
traditional timber rod has little contribution to the total
consolidation degree; (3) the data points of test L3 and test
S0 are very close and give the undrained shear strength about
17.6 kPa, which means in the tests with drained-timber rods,
and the radial drainage plays a leading role in the total
consolidation degree, which means that the drained-timber

rod is effective; (4) the data points of test M2 and test N2 are
quite close and give the highest undrained shear strength,
about 21.1 kPa, with the outside diameters of the drained-
timber rods equal to 16mm and 18mm for test M2 and test
N2, respectively, the data points of test M1 and test N1 are
relatively close, the corresponding undrained shear strength
is 15.9 kPa and 15.3 kPa respectively, and the outside di-
ameters for both M1 and N1 are about 12mm; and (5) the
comparison of the three sets of data points fromM1-N1, L3-
S0, and M2-N2 reveals that the outside diameter of the
drained-timber rod has a significant influence on the con-
solidation effect: the larger the outside diameter of the
drained-timber rod, the higher the undrained shear strength;
for the same outside diameters of the drained-timber rod,
the thicker the drained layer, the higher the undrained shear
strength.

5. Conclusions

Aiming to improve the weakness of the traditional timber
pile in reinforcing soft clay foundations, the drained-timber
pile technique was presented. To verify the effectiveness and
feasibility of the drained-timber piles, a special laboratory
soil-column consolidation apparatus was designed and eight
types of soil-column consolidation tests with drained-timber
rods were carried out. +e conclusions are the following:

(1) +e thin layer of geotextile for the drained-timber
rod can play well the role of radial consolidation
when compared with traditional timber rod; the
drained-timber rod can obviously increase the
consolidation settlement due to the drained layer
structure of the drained-timber rod.

(2) For the soil-column consolidation tests with
drained-timber rods, the radial drainage has a
dominant contribution to the total consolidation
degree, and the vertical drainage has little contri-
bution to the total consolidation degree.

(3) +e outside diameter of the drained-timber rod has
significance influence on the consolidation settle-
ment; the larger the outside diameter of the drained-
timber rod, the higher the undrained shear strength;
for the same outer diameters of the drained-timber

Table 3: Summary of soil-column consolidation test results.

Purpose of test Type of tests Final settlement (mm) Final void ratio Water
content (%) Liquidity index Undrained shear

strength (kPa)

Effect of drainage condition

L1 32.60 0.97 50.25 0.93 13.02
L2 32.27 0.98 50.74 0.94 13.19
L3 36.52 0.85 46.21 0.77 17.49
S0 36.85 0.84 46.05 0.77 17.61

Effect of pile diameter
M1 35.24 0.89 47.19 0.81 15.90
S0 36.85 0.84 46.05 0.77 17.61
M2 39.31 0.77 42.57 0.63 20.76

Effect of geotextile layers
N1 34.91 0.90 47.84 0.83 15.34
S0 36.85 0.84 46.05 0.77 17.61
N2 39.76 0.76 42.71 0.64 21.19
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Figure 12: Relationship of undrained shear strength versus li-
quidity index of the consolidated soft clay.
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rods, the thicker the drained layer, the higher the
undrained shear strength.

(4) It is recommended that the effectiveness and con-
tribution of the drained-timber pile should be
evaluated further in a longer soil-column model test.

(5) It can be expected that the drained-timber pile
technique will have a useful application for the
construction of the medium and small hydraulic
structures, and also the drained-timber pile tech-
nique will have a certain application for the treat-
ment of a large area of soft foundation.
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