
 

BEHAVIOR OF STONE COLUMN FOUNDATION UNDER PLANE STRAIN 

CONDITION SUBJECTED TO MONOTONIC AND CYCLIC LOADING 

 

 

 

 

 

 

SURESH KUMAR 

 

 

 

 

 

 

 

 

 

 

DEPARTMENT OF CIVIL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

SEPTEMBER 2018 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©Indian Institute of Technology Delhi (IITD), New Delhi, 2018

      



 

 BEHAVIOR OF STONE COLUMN FOUNDATION UNDER PLANE STRAIN 

CONDITION SUBJECTED TO MONOTONIC AND CYCLIC LOADING 

 

by 

SURESH KUMAR 

Department of Civil Engineering 

 

 

 

 

 

Submitted 

 

in fulfilment of the requirements of the degree of Doctor of Philosophy 

 

to the  

 

  

 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

HAUZ KHAS, NEW DELHI-110016, INDIA 

SEPTEMBER 2018 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

  

To 

My Parents 



i 

CERTIFICATE 

 

 

This is to certify that the thesis entitled “BEHAVIOR OF STONE COLUMN 

FOUNDATION UNDER PLANE STRAIN CONDITION SUBJECTED TO 

MONOTONIC AND CYCLIC LOADING” being submitted by Mr. Suresh 

Kumar to the Indian Institute of Technology Delhi is a record of bonafide research 

work carried out by him under my supervision and guidance. The thesis work, in my 

opinion, has reached the standard, fulfilling the requirements for DOCTOR OF 

PHILOSOPHY degree. The research report and results presented in this thesis have 

not been submitted, in part or full, to any university or Institute for the award of any 

degree or diploma. 

 

 

 

 

 

Dr. J.T. Shahu   

                                                                               Professor 

Department of Civil Engineering 

Indian Institute of Technology Delhi 

Hauz Khas, New Delhi-110016 

INDIA  

 

  



iii 

ACKNOWLEDGEMENTS 

 

 I express my sincere gratitude and indebtedness towards my respected guide 

Prof. J. T. Shahu, Professor, Department of Civil Engineering, Indian Institute of 

Technology, Delhi, for his invaluable guidance, cooperation, encouragement and for 

providing all assistance required for the completion of this work. His painstaking 

efforts in going through the manuscript and giving suggestions for its improvement 

are gratefully acknowledged. 

 I express my sincere thanks to Student Research Committee members, namely, 

Prof. K. C. Iyer, Dr. Bappaditya Manna and Prof. B. P. Patel for their suggestions and 

support during the entire period of my research work. 

 I extend my thanks to Soil and Rock Mechanics Laboratory staff members, 

namely, Mr. Manoj Kumar Neelam and Mr. D. S. Gusain for their help in conducting 

the experimental work. I am also thankful to the contract workers, Mr. Rajendra, Mr. 

Ram Janam, Mr. Ramesh, Mr. Danji and Mr. Sandeep for their help in preparing the 

huge quantity of soft soil for model testing. 

 My special gratitude is due to Prof. R. Sanghal, Director, Indian Institute of 

Technology (Banaras Hindu University), Varanasi, for his constant motivation and 

encouragement during the Ph.D. work. I am also thankful for his full support in 

sanctioning the extension of study leave. I express my sincere gratitude to the Indian 

Institute of Technology (Banaras Hindu University) administration for granting study 

leave and extensions, whenever needed, without any problem.  

 It is a pleasure to acknowledge the support extended by my friends, namely, 

Prof. Kausar Ali, Dr. L. S. Sowmiya, Dr. Shantanu Patra, Dr. Amit Kumar, Mr. Nidal 

and Ms. Mamata Mohanty during this research work. I would like to express my 



iv 

gratitude to all those who have contributed directly or indirectly in the course of my 

research work. 

 Last, but certainly not the least, I acknowledge and record my deep sense of 

love and gratitude to my wife, Sonal Nupur Modi; daughter, Aditi Barnwal; and son, 

Aayansh Barnwal; for their affection, continuous encouragement, and moral and 

emotional support during the entire research programme. 

 

                                        

(SURESH KUMAR) 

 

  



v 

ABSTRACT 

 Stone column installation is one of the most commonly used and worldwide 

accepted ground improvement techniques. This technique is used to provide support to 

lowrise structures and transportation routes to be constructed on soft soils that can 

tolerate some settlement. However, in case of very soft soils, ordinary stone columns 

fail due to excessive lateral deformation (bulging) due to insufficient confinement 

provided by the surrounding soil. Stone columns in such soils can be strengthened 

against bulging by encasement with geosynthetic material.  

 Most of the transportation routes are subjected to cyclic loading. However, 

presently neither proper guidelines nor specifications are available in literature 

regarding the design and construction of stone columns considering cyclic loading. 

Relative improvement in settlement response of stone column foundations subjected 

to monotonic and cyclic loading needs to be evaluated as a first step in this direction. 

The response should be studied for both ordinary and encased group of stone columns. 

For proper simulation, the response should be investigated under plane strain 

condition relevant to transportation route applications.  

 In the present study, small scale model tests on groups of long, floating and 

end-bearing, ordinary and encased, stone columns of 30 mm, 40 mm and 60 mm 

diameter installed in very soft clay with different undrained shear strength are 

performed. The effect of important parameters, like area replacement ratio, length and 

diameter of stone columns and encasement length of the geogrid, etc., on performance 

of the improved ground is evaluated by performing a total of 40 model tests under 

monotonic and cyclic loading. The results under different loading conditions are 

presented in the form of bar chart, to assess the settlement of composite ground 

improved with identical ordinary and encased floating and end bearing group column 
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foundations. Finally, three-dimensional, elasto-plastic, finite element analyses of 

model stone column group foundation, under monotonic loading are carried out using 

a commercially available Midas GTS software. These analyses are used to determine 

the settlement of ordinary and encased stone column group foundation, to confirm the 

findings of the model tests. 

 It is shown that the ultimate failure stress of the ground improved with fully 

encased floating and end bearing stone columns, under monotonic loading, increase 

with the increase in undrained shear strength of the soil. Under monotonic loading, the 

ground improved with fully encased stone columns, both floating as well as end-

bearing types, yields higher equivalent bearing capacity factor compared to 

corresponding ordinary stone column group foundation. The cumulative settlement 

reached after 500 load cycles under cyclic loading was 92-79% of the settlements at 

failure under monotonic loading for ordinary stone columns depending upon the 

undrained shear strength of soil. The corresponding settlement under cyclic loading 

reduces to 44-20% for full length geogrid encased floating columns. For both encased 

floating and end-bearing columns, the cumulative settlements reached in 500 load 

cycles at maximum applied stress of 22.4 kPa vary between 4 to 7 times the 

corresponding settlements during monotonic loading at the same value of applied 

stress.
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सार 

 �ोन कॉलम इं�ॉलेशन सबसे अिधक इ�ेमाल और दुिनया भर म� �ीकृत �ाउंड सुधार 

तकनीको ंम� से एक है। इस तकनीक का उपयोग नरम िम�ी पर बनाए जाने वाले लोअर संरचनाओ ंऔर 

प�रवहन माग� को समथ�न �दान करने के िलए िकया जाता है जो कुछ िनपटारे को सहन कर सकते ह�। 

हालांिक, ब�त नरम िम�ी के मामले म�, आस-पास की िम�ी �ारा �दान की गई अपया�� बंधन के 

कारण अ�िधक पा�� िव�पण (उभरा) के कारण सामा� प�र �ंभ िवफल हो जाते ह�। भू-सं�ेषक 

साम�ी के साथ ई�ेशमे� �ारा उभरा के �खलाफ ऐसी िम�ी म� प�र �ंभो ंको मजबूत िकया जा 

सकता है। 

 अिधकांश प�रवहन माग� च�ीय लोिडंग के अधीन ह�। हालांिक, वत�मान म� न तो उिचत िदशा-

िनद�श और न ही च�ीय लोिडंग पर िवचार करते �ए प�र के �ंभो ंके िडजाइन और िनमा�ण के संबंध 

म� सािह� म� िविनद�श उपल� ह�। मोनोटोिनक और च�ीय लोिडंग के अधीन प�र कॉलम नीवं के 

िनपटारे की �िति�या म� सापे� सुधार इस िदशा म� पहले चरण के �प म� मू�ांकन िकया जाना चािहए। 

प�र �ंभो ं के सामा� और संल� समूह दोनो ं के िलए �िति�या का अ�यन िकया जाना चािहए। 

उिचत िसमुलेशन के िलए, प�रवहन माग� अनु�योगो ंके िलए �ासंिगक िवमान तनाव की ��थित के तहत 

�िति�या की जांच की जानी चािहए। 

 वत�मान अ�यन म�, लंबे, तैरने वाले और अंत-असर वाले समूहो ंपर छोटे पैमाने पर मॉडल 

परी�ण, सामा� और घुमावदार, ३० िममी, ४0 िममी और ६० िममी �ास के प�र �ंभ ब�त ही कम 

कतरनी श�� के साथ ब�त मुलायम िम�ी म� �थािपत िकए जाते ह�। बेहतर मानको ंके �भाव पर �े�ीय 

�ित�थापन अनुपात, लंबाई और �ास के प�र कॉलम और भूगभ�य की समा�� लंबाई आिद के 

मह�पूण� मानको ंका �भाव मोनोटोिनक और च�ीय लोिडंग के तहत कुल ४0 मॉडल परी�ण करके 

मू�ांकन िकया जाता है। अलग-अलग लोिडंग ��थितयो ंके तहत प�रणाम समान सामा� और घुमावदार 

�ोिटंग और अंत असर समूह कॉलम नीवं के साथ िमि�त सम� जमीन के िनपटारे का आकलन करने 

के िलए बार चाट� के �प म� ��ुत िकए जाते ह�। अंत म�, मॉडल-प�र कॉलम समूह नीवं के मॉडल-
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प�र �ंभ समूह नीवं के ि�-आयामी, इला�ो-�ा��क, प�रिमत त� िव�ेषण, �ावसाियक �प से 

उपल� िमडास जीटीएस सॉ�वेयर का उपयोग करके िकए जाते ह�। मॉडल िव�ेषणो ंके िन�ष� की 

पुि� करने के िलए, इन िव�ेषणो ंका उपयोग सामा� और घुमावदार प�र �ंभ समूह नीवं के िनपटारे 

को िनधा��रत करने के िलए िकया जाता है। 

 यह िदखाया गया है िक जमीन के अंितम िवफलता तनाव पूरी तरह से अ�थायी �ोिटंग और 

अंतराल प�र कॉलम के साथ, मोनोटोिनक लोिडंग के तहत, िम�ी की अिनयंि�त कतरनी श�� म� वृ�� 

के साथ वृ�� �ई है। मोनोटोिनक लोिडंग के तहत, �ाउंड �ोिटंग के साथ-साथ अंत-असर वाले �कारो ं

के साथ पूरी तरह से समेिकत प�र कॉलम के साथ जमीन म� सुधार �आ, इसी सामा� प�र कॉलम 

समूह नीवं की तुलना म� उ� समक� असर �मता कारक पैदा करता है। च�वात लोिडंग के तहत ५00 

लोड च�ो ंके बाद संचयी िनपटान प�ंच गया था, जो िम�ी की अिनयंि�त कतरनी श�� के आधार पर 

साधारण प�र �ंभो ं के िलए मोनोटोिनक लोिडंग के तहत िवफलता पर ९2-७९% ब��यो ंका था। 

च�ीय लोिडंग के तहत संबंिधत िनपटान पूण� लंबाई भूगभ�कृत �ोिटंग कॉलम के िलए ४४-20% तक 

कम हो जाता है। दोनो ंघुमावदार �ोिटंग और एंड-असर कॉलम के िलए, 22.४ केपीए के अिधकतम 

लागू तनाव पर ५00 लोड च�ो ंम� संचयी ब��यो ंम� लागू तनाव के समान मू� पर मोनोटोिनक लोिडंग 

के दौरान संबंिधत िनपटान ४ से ७ गुना के बीच िभ� होता है। 
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