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1. HISTORY OF THE AGREEMENT DEVELOPMENT AND THE FIRST USA 
-RUSSIA WORKSHOP.

The first agreement of cooperation between the Geo-Institute of the American Society of Civil 
engineers and the Russian Society for Soil Mechanics, Foundations and Geotechnical Engineering 
was drafted in 2009 when Jean-Louis Briaud was President of the Geo-Institute and Vyacheslav 
Ilyichev was President of the RSSMFGE. It was signed in 2012 when Phillip King was President 
of the Geo-institute and Vyacheslav Ilyichev was President of the RSSMFGE (Fig. 1). 

Fig. 1 – 2012 Agreement of cooperation USA-Russia. 

The first USA-Russia Workshop was held in 2012 soon after the cooperation agreement had been 
signed. It took place on 29-30 March 2012 in Oakland, California, USA (GI-RSSMFGE, 2012). 
The lead organizer on the American side was Jim Hanson with the help of Jorge Zornberg, Jean-
Louis Briaud, and Phil King. Among the ten Russian participants were Vyacheslav Ilyichev 
(President of the Russian Society for Soil Mechanics, Foundations, and Geotechnical Engineering, 
First Vice President of the Russian Academy of Architecture and Sciences in Moscow), Vladimir 
Ulitsky (Head of Department of Soils and Foundations, St. Petersburg State Transport University), 
Rashid A. Mangushev (Head of Geotechnical Department, Saint Petersburg State University of 
Architecture and Civil Engineering). The two-day workshop included seventeen participants from 
the U.S.A. with academicians, practitioners, and professional society leaders. The workshop was 
funded in part by the Geo-Institute and in part through industry sponsorship. The workshop 
included introductory technical presentations by all participants, devoted breakout working 
sessions for detailed discussions related to potential for future collaborations, technical field visits 
(the Treasure Island development including extensive ground improvement and the Bay Area 
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Rapid Transit extension lines), social events and a farewell reception while touring wine caves 
with a technical presentation by a wine cave contractor who was a participant in the workshop. 
Apart from the proceedings (Fig. 2), the primary outcome of the 2012 workshop was development 
of a better mutual understanding of the two countries’ practices as documented in the proceedings 
volume (GI-RSSMFGE, 2014). The workshop included technical presentations by all delegates, 
technical tours and social events. As a result of this first workshop, the GI members have a solid 
connection with their Russian counterparts and a better appreciation of the Russian practice. 

Fig. 2 – Proceedings of the first workshop 
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2. SUMMARY OF THE SECOND RUSSIA – USA SYMPOSIUM.

The planning of the second Russia – USA symposium started by a dinner in St Petersburg between 
Professor Ilyichev and Professor Shidlovskaya on the Russian side and Professor Briaud on the 
American side. The theme would be improvement of design codes; the project was drafted shortly 
thereafter and agreed upon. The symposium would take place with two days in Moscow followed 
by two days in St Petersburg. On the finance side the Americans would pay for their travel 
expenses including airfare, train tickets, and hotel nights while the Russians would pay for the 
meals, the technical tours and the social events. A proposal was prepared and submitted through 
the Geo-Institute International Activities Committee to the Geo-Institute Board for approval and 
partial financial support of the 10 American delegates. It was approved in the Fall of 2017 and the 
detailed plans began. An announcement was circulated in the US to select the 10 American 
delegates. In the end the following 10 American representatives and 18 Russian representatives 
attended the workshop:  

AMERICAN DELEGATES 

Jean-Louis BRIAUD, 
Chair Texas A&M University 

Anna SELLOUNTOU, 
Vice Chair Pile Dynamics Inc. 
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Lev BUCHKO Timely Engineering Soil Tests 

Usama EL SHAMY Southern Methodist 
University 

Arvin FARID Boise State University 

Majid GHAYOOMI University of New Hampshire 
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Victor KALIAKIN University of Delaware 

Robert KAYEN University of California, 
Berkeley 

Debra LAEFER New York University 

Kyle ROLLINS Brigham Young University 
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RUSSIAN DELEGATES 

Viacheslav ILYICHEV 

Vice-President of Russian 
Academy of Architecture and 
Building Sciences 

Zaven TER-
MARTIROSYAN 

Moscow State National 
Research University of Civil 
Engineering 

Armen TER-
MARTIROSYAN 

Moscow State National 
Research University of Civil 
Engineering 

David SHAPIRO Voronezh State Technical 
University 
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Nadezhda NIKIFOROVA 
Moscow State National 
Research University of Civil 
Engineering 

Aleksandr TRUFANOV 

Research Institute of Bases 
and Underground Structures 
named after N.M. Gersevanov 
(NIIOSP) – JSC Research 
Centre of Construction 

Natalya GOTMAN 

Research Institute of Bases 
and Underground Structures 
named after N.M. Gersevanov 
(NIIOSP) – JSC Research 
Centre of Construction 

Oleg MACOVETSKY OJSC New Ground 
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Igor KOLYBIN 

Research Institute of Bases 
and Underground Structures 
named after N.M. Gersevanov 
(NIIOSP) – JSC Research 
Centre of Construction 

Oleg SHULYATIEV 

Research Institute of Bases 
and Underground Structures 
named after N.M. Gersevanov 
(NIIOSP) – JSC Research 
Centre of Construction 

Alfred GOTMAN 

Research Institute of Bases 
and Underground Structures 
named after N.M. Gersevanov 
(NIIOSP) – JSC Research 
Centre of Construction 

Aleksandr TYAPIN JSC Atomenergoproekt 
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Sergei MATSIY PLC Scientific and Technical 
Center GeoProject 

Askar ZHUSSUPBEKOV 
L.N. Gumilyov Eurasian 
National University, 
Kazakhstan 

Igor SAKHAROV 
St-Petersburg State University 
of Architecture and Civil 
Engineering 

Rashid MANGUSHEV 
St-Petersburg State University 
of Architecture and Civil 
Engineering 
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Ruslan CHERNOV 

Research Institute of Bases 
and Underground Structures 
named after N.M. Gersevanov 
(NIIOSP) – JSC Research 
Centre of Construction 

Anatoliy OSOKIN 
St-Petersburg State University 
of Architecture and Civil 
Engineering 

Nikolai PERMINOV 
Emperor Alexander I St. 
Petersburg State Transport 
University 

After several iterations between the two cooperating partners, the final program was set. It included 
presentations by all delegates and a good amount of time at the end of each day for open discussion 
on what topics needed to be addressed to improve design codes in both countries. The final 
program is shown in Fig. 3 and the power point presentations in pdf format are attached in 
Appendix A. Some photos from the symposium are presented here; others are in Appendix B.  

The open discussions were very fruitful and led to a list of possible topics for improvement of each 
countries design codes. In the end 11 topics were selected and it was agreed that both sides would 
work together to prepare a few pages of thoughts on what the topic was, what the improvement 
could be and how to accomplish such an improvement. These topics are listed in Fig. 4 and the 
detailed write ups on each topic are presented in the next section. 
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ПРОГРАММА РОССИЙСКО-АМЕРИКОНСКОГО СИМПОЗИУМА, 12-19 Мая 
2018 AGENDA FOR USA-RUSSIA SYMPOSIUM, 12-19 May 2018 

Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

12 Мая/May 
2018 Суббота 
Saturday 

Москва 
Moscow 

20:00-22:00 

Прибытие американской 
делегации Arrival of American 
delegation 
Размещение в отеле 
Hotel accommodation 

Ужин 
Dinner 

13 Мая/May 
2018 
Воскресенье  
Sunday 

Москва 
Moscow 

10:00-14:00 

14:00-15:00 

15:00-19:00 

19:30-21:00 

Посещение Московского Кремля и объектов 
подземного строительства 
Visit to Moscow Kremlin and underground facilities 

Обед 
Lunch 

Автобусная экскурсия по 
городу Bus City Tour 

Ужин 
Dinner 

14 Мая/May 
2018 
Понедельник 
Monday 

Москва 
Moscow 

10:00-10:20 

10:20-11:30 

10:20 

10:50 

11:20 

Церемония открытия/Opening Ceremony 

Утренняя сессия/Morning session 

1. В.А. ИЛЬИЧЕВ. Механика грунтов и
геотехника в России  
V. ILYICHEV. Soil Mechanics and 
Geotechnical Engineering in Russia 
2. J-L BRIAUD. Geo-Institute Risk Design Standard
and Other Risk Based International Codes 
Ж-Л БРИЙО. Нормы Гео-Института по 
оценке риска и другие международные 
нормы по рискам 

Дискуссия/Discussion 
11:30-12:00 Кофе брейк 

Coffee Break 
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Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

12:00-13:30 

12:00 

12:20 

12:40 

13:00 

13:20 

Утренняя сессия (продолжение)/Morning 
session (continuation) 

3. З.Г. ТЕР-МАРТИРОСЯН, А.З. ТЕР-
МАРТИРОСЯН. Сравнение методов расчета 
осадки по нормативам РФ и США с учетом 
фактора времени 
Z. TER-MARTIROSYAN, A. TER-MARTIROSYAN. 
Comparison of long-term settlement analysis 
according to Russian and US codes 
4. A SELLOUNTOU. Codes and Standards as they
relate to Deep Foundations 
А. СЕЛЛОУНТОУ. Нормы и стандарты в области 
проектирования глубоких фундаментов 
5. Д.М. ШАПИРО. Анализ и совместное
применение классических и численных решений 
задач механики грунтов 
D. SHAPIRO. Analysis and combined application of 
classical and numerical solutions in soil mechanics 
6. Н.С. НИКИФОРОВА, А.В. КОННОВ. Защита
существующей застройки при новом 
строительстве и реконструкции с освоением 
подземного пространства, в том числе в 
проблемных грунтах 
N. NIKIFOROVA, A. KONNOV. Protection of 
existing structures during underground 
development including problematic soils 

Дискуссия/Discussion 
13:30-15:00 Обед 

Lunch 

15:00-16:30 

15:00 

15:20 

15:40 

Вечерняя сессия/Evening session 

7. А.Н. ТРУФАНОВ. Российские нормы в области
испытаний свойств грунтов 
A. TRUFANOV. Russian standards for soils testing 
8. L BUCHKO. Laboratory Testing of Soils in US
per ASTM and AASHTO Standards 
Л. БУЧКО. Лабораторные испытания грунтов в 
США по стандартам ASTM и AASHTO 
9. Н.З. ГОТМАН. Проектирование и расчет
оснований и фундаментов на карстоопасной 
территории 
N. GOTMAN. Foundation Design for karstic soils 
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Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

16:00 

16:20 

10.О.А.МАКОВЕЦКИЙ Оценка величины
технологических деформаций оснований 
с применением струйной цементации 
O.MACOVETSKY. Evaluation of soil bases 
deformations induced by jet-grouting 

Дискуссия/Discussion 
16:30-17:00 Кофе брейк 

Coffee Break 

17:00-18:30 Круглый стол/Panel discussion 
Нормы – между теорией и практикой Codes 
– between theory and practice  Модераторы – 
В.А. Ильичев & Ж-Л. Брийо  Moderators – V. 
Ilyichev & J L BRIAUD   

19:30-21:00 Приветственный 
ужин Welcome Dinner 

15 Мая/May 
2018 Вторник 
Tuesday 

Москва 
Moscow 

10:00-11:30 

10:00 

10:20 

10:40 

11:00 

11:20 

Утренняя сессия/Morning session 

11. И.В. КОЛЫБИН. Российская система норм
геотехнического проектирования  
I. KOLYBIN  Russian System of Codes for 
Geotechnical Design 
12. K ROLLINS. AASHTO code revisions for lateral
resistance of bridge abutments and abutment piles 
behind MSE walls 
К. РОЛЛИНЗ. Изменения стандарта AASHTO для 
бокового сопротивления устоев моста и свай 
устоя за стенами MSE 
13. О.А. ШУЛЯТЬЕВ. Проектирование
фундаментов высотных зданий 
О. SHULYATIEV Foundation design for 
tall buildings 
14. А.Л ГОТМАН. Проектирование свайных
фундаментов 
A. GOTMAN. Design of pile 
foundations 
Дискуссия/Discussion 

11:30-12:00 Кофе брейк 
Coffee Break 

12:00-13:30 

12:00 

Утренняя сессия (продолжение)/Morning 
session (continuation) 
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Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

12:20 

12:40 

13:00 

13:20 

15. M GHAYOOMI. Current Practice and
Challenges in Considering Seismic Soil-Foundation-
Structure Interaction in Building Design 
М. ГАЙЮМИ. Современная практика и 
проблемы сейсмического взаимодействия грунт-
фундамент-сооружение при проектировании 
зданий 
16. И.Т. МИРСАЯПОВ, И.В. КОРОЛЕВА.
Прочность и деформируемость глинистых 
грунтов оснований глубоких фундаментов 
I. MIRSAYAPOV, I. KOROLEVA. Strength and 
deformability of clayey soils for deep foundations 
17. А.М. БЕЛОСТОЦКИЙ. Адаптивные
гетерогенные конечноэлементные модели 
систем «основание-сооружение» 
A. BELOSTOTSKIY. Adaptive heterogeneous 
finite elements for “soil-structure” modeling 
18. Е.С. АШПИЗ, В.В. ВИНОГРАДОВ, А.А.
ЗАЙЦЕВ, Ю.А. ФРОЛОВСКИЙ, И.В. НЕСТЕРОВ. 
Геотехнические аспекты проектирования 
высокоскоростной магистрали  
E. ASHPIZ, V. VINOGRADOV, A. ZAYTSEV, Yu. 
FROLOVSKIY, I. NESTEROV. Geotechnical 
aspects of high-speed facility design 

Дискуссия/Discussion 
13:30-15:00 Обед 

Lunch 
15:00-16:30 

15:00 

15:20 

15:40 

Вечерняя сессия/Evening session 

19. Е.А. КОРОЛЬ, О.А. КОРОЛЬ.
Прогнозирование энергозатрат при возведении 
подземной части зданий и сооружений 
E. KOROL, O. КOROL. Forecast of energy 
consumption upon underground construction 
20. А.В. Пилягин. Напряженно-деформированное
состояние оснований прямоугольных 
фундаментов при действии горизонтальной 
нагрузки 
A. PILYAGIN. Stress-strain state of 
rectangular foundations under horizontal load 
21. Н.С. СОКОЛОВ. Один из подходов
увеличения несущей 
способности буроинъекционных 
свай 
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Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

16:00 

16:20 

N. SOKOLOV. One of the approaches to 
increase the bearing capacity of micropiles 
22. А.Г. ТЯПИН. Платформенные модели и
комбинированный асимптотический метод в 
расчетах динамического взаимодействия 
сооружений с грунтовым основанием 
A. TYAPIN. Platform models and combined 
asymptotic method for dynamic soil structure 
interaction 

Дискуссия/Discussion 
16:30-17:00 Кофе брейк 

Coffee Break 

17:00-18:30 Круглый стол/Panel discussion Фундаменты 
– новые тренды и вызовы Foundations – 
new trends and challenges Модераторы – И. 
Колыбин & Kyle Rollins Moderators – I. 
Kolybin & Kyle Rollins 

19:30-21:00 Ужин 
Dinner 

16 Мая/May 
2018 Среда 
Wednesday 

Москва-
Санкт-
Петербург 
Moscow-St. 
Petersburg 

9:40-13:42 

14:00-15:00 

15:00-18:00 

18:30-21:00 

Поездка в Санкт-Петербург на поезде 
«Сапсан» Trip to St. Petersburg with SAPSAN 
train 
Размещение в отеле The 
Hotel accommodation 

Свободное 
время Free time 

Ужин 
Dinner 

17 Мая/May 
2018 Четверг 
Thursday 

Санкт-
Петербург 
St. Petersburg 

10:00-11:30 

10:00 

10:20 

Утренняя сессия/Morning session 

23. R KAYEN. Non-Invasive Site Characterization
of Geotechnical Properties for Earthquake 
Engineering Applications using Surface Waves Р. 
КАЙЕН. Описание геотехнических свойств 
площадки с помощью поверхностных волн в 
целях сейсмостойкого строительства 
24. В.Г. ФЕДОРОВСКИЙ, С.В. КУРИЛЛО, С.И.
МАЦИЙ. Защита от опасных 
геологических процессов: практика и 
нормы 
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Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

10:40 

11:00 

11:20 

V. FEDOROVSKIY, S. KURILLO, S. MATSIY. 
Protection against dangerous geological 
processes: practice and standards 
25. U EL SHAMY. Seismic Response of Gravity
Retaining Walls: A Micromechanical 
Perspective У. Эл ШАМИ. Сейсмическая 
реакция гравитационных подпорных стенок: 
микромеханическая перспектива 
26. А.В. РЯЗАНОВ. Практика проектирования
земляных плотин в районах распространения 
многолетнемерзлых грунтов 
A. RYAZANOV. Practice of earth dams design 
on frozen soils 

Дискуссия/Discussion 
11:30-12:00 Кофе брейк 

Coffee Break 
12:00-13:30 

12:00 

12:20 

12:40 

13:00 

Утренняя сессия (продолжение)/Morning 
session (continuation) 

27. A FARID. Pile capacity, including energy piles,
in clayey soils: What do codes not completely take 
into account? 
А. ФАРИД. Несущая способность свай, 
включая энергетические сваи, в глинистых 
грунтах: что не полностью учитывают нормы? 
28. С.В. БОРТКЕВИЧ. Практика исследований
интенсивно выветрелых карбонатных пород для 
возведения плотин из грунтовых материалов 
S. BORTKEVICH. Investigation of highly weathered 
carbonated rocks for earth dam design 
29. V KALIAKIN. Behavior and Characterization of
Silt-Clay Transition Soils and the Possible 
Influence on Design Standards 
В. КАЛЯКИН. Поведение и свойства переходных 
пылевато-глинистых грунтов и возможное 
влияние на нормы проектирования 
30. A. ZHUSSUPBEKOV. The Comparison of
Bearing Capacity of Precast Concrete Joint Piles 
on the Construction Site of Cargo Offloading 
Facility А.Ж. ЖУСУПБЕКОВ. Сравнение 
несущей способности железобетонных 
составных свай заводского изготовления на 
площадке разгрузочного терминала  
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Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

13:20 Дискуссия/Discussion 

13:30-15:00 Обед 
Lunch 

15:00-16:30 

15:00 

15:40 

16:20 

Вечерняя сессия/Evening session 

31. V. ULITSKY, E. GORODNOVA. Stabilization in
road construction: Weak layers of structurally 
unstable soil 
В. УЛИЦКИЙ, Е. ГОРОДНОВА. Стабилизация 
оснований в дорожном строительстве: Слабые 
слои структурно неустойчивых грунтов 
32. I. SAKHAROV, V. PARAMONOV, S.
KUDRYAVTSEV. “Termoground”: software tool 
and Applications to the stability of complex 
structures in Arctic ports 
И. САХАРОВ, В. ПАРАМОНОВ, С. 
КУДРЯВЦЕВ. «Термограунд»: программное 
обеспечение и приложения для обеспечения 
устойчивости сложных сооружений 
Арктических портов 
Дискуссия/Discussion 

16:30-17:00 Кофе брейк 
Coffee Break 

17:00-18:30 Круглый стол/Panel discussion 
Специфические грунты и территории с 
особыми условиями 
Specific soils and Geohazardous territories  
Модераторы – Р. Мангушев & Anna Sellountou 
Moderators – R. Mangushev & Anna Sellountou  

19:30-21:00 Ужин 
Dinner 

18 Мая/May 
2018 Пятница 
Friday 

Санкт-
Петербург 
St. Petersburg 

10:00-11:30 

10:00 

Утренняя сессия/Morning session 

33. Р.А. МАНГУШЕВ. Конструкции и технологии
реконструкции фундаментов 
исторических зданий центра Санкт-
Петербурга 
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Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

10:30 

11:00 

11:20 

R. MANGUSHEV. Structures and technologies for 
foundation reconstruction of historical buildings 
in downtown St. Petersburg 
34. D LAEFER. Tunneling - an Imperative for
Vertical Data Integration 
Д. ЛЭФЕР. Тоннелестроение - императив 
для вертикальной интеграции данных 
35. В.А. КИТАЙКИН, И.В. КОЛЫБИН, Д.Е.
РАЗВОДОВСКИЙ, Р.И. ЧЕРНОВ. Котлованы в 
городских условиях – нормы и практика 
проектирования 
V. KITAYKIN, I. KOLYBIN, D. 
RAZVODOVSKIY, R. CHERNOV. Deep 
Excavation in Cities – Codes and Design practice 

Дискуссия/Discussion 
11:30-12:00 Кофе брейк 

Coffee Break 

12:00-13:30 

12:00 

12:30 

13:00 

13:20 

Утренняя сессия (продолжение)/Morning 
session (continuation) 

36. A. SHASHKIN, V. VASENIN. Preservation and
reconstruction of historical buildings using Soil-
Structure Approach 
А. ШАШКИН, В. ВАСЕНИН. Сохранение и 
реконструкция исторических зданий с учетом 
взаимодействия сооружения с основанием 
37. S MATHER. A case study of current design
specifications and foundation design for new 
superstructure additions at old bridges 
С. МАТЕР. Натурное исследование 
особенностей проектирования фундаментов для 
новых надстроек старых мостов 
38. V. ULITSKY, K. SHASHKIN, M. LISYUK.
Numerical simulation of new and existing 
structures taking into account their observed 
deformations 
В. УЛИЦКИЙ, К. ШАШКИН, М. ЛИСЮК. 
Математическое моделирование строящихся и 
существующих сооружений с учетом 
наблюдаемых деформаций 
Дискуссия/Discussion 

13:30-15:00 Обед 
Lunch 
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Дата, день 
Date, Day 

Место 
Location 

Время 
Time 

Программа 
Program 

15:00-16:30 

15:00 

15:30 

16:00 

Вечерняя сессия/Evening session 

39. M. ZERTSALOV, V. ZNAMENSKIY, I.
HOHLOV. Modeling of Interaction of Drilled Shafts 
and Fractured Rock Mass of Medium Strength 
М.Г. ЗЕРЦАЛОВ, В.В. ЗНАМЕНСКИЙ, И.Н. 
ХОХЛОВ. Моделирование взаимодействия 
буровых свай с трещиноватым массивом 
скальных грунтов средней прочности  
40. А.И. ОСОКИН. Примеры применения
современных технологий фундаментостроения 
в условиях слабых грунтов на новых 
строительных объектах Санкт-Петербурга 
A. OSOKIN. Modern geotechnologies for 
construction on soft soils at new sites of St. 
Petersburg 
41. Н.А. ПЕРМИНОВ. Инновационные методы
защиты длительно эксплуатируемых 
уникальных подземных сооружений системы 
водоотведения в сложных грунтовых условиях 
(опыт Санкт-Петербурга) 
N. PERMINOV. Innovations to ensure the long-
term life of unique underground water disposal 
utilities in a comprehensive ground conditions (case 
histories in St. Petersburg) 

16:30-19:00 

19:30-21:00 

Техническая 
экскурсия Technical 
excursion 
Ужин 
Dinner 

19 Мая/May 
2018 Суббота 
Saturday 

Санкт-
Петербург 
St. Petersburg 

10:00-15:00 

15:00-19:00 

19:30-21:00 

Автобусная экскурсия по 
городу Bus tour of the City 

Свободное 
время Free time 

Ужин 
Dinner 

20 Мая/May 2018 
Воскресенье 
Sunday 

Санкт-
Петербург 
St. Petersburg 

Отъезд американской 
делегации Departure of 
American delegation 

Fig. 3 – Program of the 2018 Russia - USA Geo-Engineering Symposium 
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PROPOSALS 
 

on the of cooperation between 
Geo-Institute of ASCE and RSSMGFE 

to improve regulatory and guidance 
documents after panel discussions during the 

Symposium on 14-18 May 2018 
 

ПРЕДЛОЖЕНИЯ 
 

по тематике сотрудничества между 
Гео-Институтом и РОМГГиФ 

по совершенствованию нормативных 
документов после обсуждения за круглым 

столом в первые два дня Симпозиума                             
14-18 мая 2018 г. 

 
Members of working groups and topics 

 
Состав рабочих групп и тематика 

 
From USA 
 

From Russia 
 

От США 
 

От России 
 

1. Geotechnical Risk Assesment 1. Оценка Геотехнических Рисков 
J-L Briaud 
D Laefer 
 

S Matsiy 
V Sheinin 

Ж-Л Брийо 
Д. Лаефер 

С.И.Маций 
В.И.Шейнин 

2. Pressiometer and Consolidation Tests 2. Прессиометр и консолидация 
J-L Briaud 
L Buchko 
 

A Trufanov 
A Rostovtsev 

Ж-Л Брийо 
Л. Бучко 

А.Н.Труфанов 
А.В. Ростовцев 

3. Dynamic Soil-Structure Interaction 3. Динамическое взаимодействие 
фундаментов и грунта 

M Ghayoomi 
 

V Ilyichev 
A Tyapin 

М Гайюми 
 

В.А.Ильичев 
А.Г.Тяпин 

4. Seismic Resistance of Piles 4. Сейсмостойкость свайных фундаментов 
K Rollins 
M Ghayoomi 
 

V Ilyichev 
A Uzdin 

К. Роллинс 
М. Гайюми 

В.А.Ильичев 
А.М.Уздин 

5. Foundation Design for Karstic Soils 5. Проектирование фундаментов на 
карстоопасных территориях 

Arvin Farid 
 

N Gotman 
V Fedorovskiy 

А. Фарид 
 

Н.З.Готман 
В.Г.Федоровский 

6. Soil-Structure Simulation of Construction 
Sequence 

6. Технологическая механика грунтов 

D Laefer 
V Kaliakin 

V Ilyichev 
V Fedorovskiy 
O Shulyatiev 

Д. Лаефер 
В. Калякин 
 

В.А.Ильичев 
В.Г.Федоровский 
С.О.Шулятьев 
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PROPOSALS 
 

ПРЕДЛОЖЕНИЯ 
 

7. Influence of Excavations on Adjacent 
Buildings 

7. Котлованы вблизи существующих 
зданий 

D Laefer 
V Kaliakin 

D Razvodovskiy 
N Nikiforova 
O Makovetskiy 

Д. Лаефер 
В. Калякин 
 

Д.Е.Разводовский 
Н.С.Никифорова 
О.А.Маковецкий 

8. Allowable Settlements of High-Rise 
Buildings 

9. Допустимые деформации оснований 
высотных зданий 

J-L Briaud 
A Sellountou 

O Shulyatiev 
 

Ж.-Л. Брийо 
А. Селентоу 

О.А.Шулятьев 
 
 

9. Influence of Pile testing on resistance 
factors 

Влияние испытаний свай на величину 
факторов сопротивления 

A Sellountou O Shulyatiev 
 

А. Селентоу О.А.Шулятьев 
 

10. Liquefaction and Vibrocreep 10. Виброразжижение и виброползучесть 
R Kayen 
 
 

V Ilyichev 
 
 

Р. Кайен 
 

В.А.Ильичев 
 

11. Verification and Validation of Numerical 
Models 

11. Верификация и валидация численных 
моделей 

U El Shamy 
V Kaliakin  

I Kolybin 
D Razvodovskiy 
 

Н. эл Шами 
В. Калякин 
 

И.В.Колыбин 
Д.Е.Разводовский 

 
The working groups will operate as volunteers, 
without payment.  The themes approved  by both 
sides take into account mutual interests and 
author's rights.  
These group efforts are aiming at changing future 
practice through modification of codes, standards, 
design manuals and guidance documents. 
However the changes of such documents will 
remain the responsibility of each side. 
 
 
 
The head of American delegation 
 
                                                     J.-L. Briaud 
 
                                                       
 

 
Рабочие группы функционируют как 
волонтеры, без оплаты. Темы утверждаются 
обеими сторонами с учетом взаимных 
интересов и авторских прав. 
Результаты работы имеют целью изменение 
будущей практики через модификацию норм, 
стандартов, руководств по проектированию и 
рекомендательных документов. Тем не менее, 
изменение таких документов будет оставаться 
на ответственности каждой стороны. 
 
Руководитель Российской делегации 
                                            
                                                   В.А. Ильичев 
 

 

Fig. 4 – List of possible improvements to design codes  
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3. TOPICS FOR IMPROVING GUIDANCE DOCUMENTS.

The symposium program included about 90 minutes at the end of each day to discuss topics of 
possible improvements in our design codes in light of the presentations made that day by both 
sides. The discussions were lively and in the end a set of 11 topics were selected for 11 groups of 
volunteer delegates to prepare a few pages detailing the ideas for each topic. The next 11 sections 
are the resulting work of these 11 groups. 
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3.1 INCORPORATING RISK IN GEOTECHNICAL DESIGN CODES. 

Russian contributors:  S Matsiy, V Sheinin 
American contributors: D. Laefer, J.-L. Briaud 

Designing a structure that is 100% safe is not possible. Consequently, determining an acceptable 
safety level is needed. This may be in the form of a safety factor, probability of success, or risk 
level. Risk is defined herein as the probability of failure times the value of the consequence     
(Eq  1). 

RISK = PROBABILITY OF FAILURE times VALUE OF THE CONSEQUENCE  (1) 

3.1.1 RISK CONTENT IN US GUIDANCE DOCUMENTS. 

Fifty years ago American codes favored the use of a global safety factor to describe risk. By the 
1990s, there was a clear movement toward using a target probability as an alternative approach. In 
recent years ago, this has evolved towards a tolerable risk approach. Notably, in the USA, there is 
no single geotechnical engineering design code governing the design of all infrastructure. The most 
complete geotechnical engineering guidance document is probably the American Association of 
State Highway and Transportation Officials (AASHTO) Bridge Design Specifications (AASHTO, 
2012). In 2007, the AASHTO Bridge Design Specifications switched from a global factor of safety 
design approach to a load and resistance factor design (LRFD) approach. In that document, two 
major limit states are considered:  the ultimate limit state and the serviceability state. The basic 
design inequality of the AASHTO (2012) LRFD Bridge Specifications (Eq 2) must be satisfied by 
all limit states: 

∑ 𝜂𝑖𝛾𝑖𝑄𝑖 ≤ 𝜙 𝑅𝑛 (2) 

where 𝑄𝑖 is the effect of the ith load, 𝑅𝑛is the calculated resistance, 𝛾𝑖 is the statistically based load
factor of the ith load (typically varying from 1 to 1.75), 𝜙 is the statistically based resistance factor 
(typically varying from 0.35 to 0.65), and 𝜂𝑖 is the load modifier of the ith load (typically varying
from 1.05 to 1.1). The load and resistance factors, 𝛾𝑖 and 𝜙, used to quantify the safety level were 
selected on the basis of target probabilities of failure in the order of 10-3. The load modifier 𝜂𝑖  takes
into account the ductility of the bridge, the redundancy aspect, and the consequence of a bridge 
failure. For risk evaluation purposes, bridges are classified into three categories:  (1) critical 
bridges, (2) essential bridges, and (3) other bridges. This is where the risk concept is currently 
injected in the AASHTO Specifications. 

3.1.2 POTENTIAL FOR IMPROVEMENT. 

The use of the 𝜂𝑖 factor in Eq. 2 is an introduction of the risk concept in the design process. The 
equation acknowledges the fact that the design of a small bridge should not be based on the same 
probability of failure as the design of a major bridge (Fig. 1). The reason is that the value of the 
consequence would be drastically different. Presently the American codes do not acknowledge 
unequal failure consequences as part of the risk evaluation. Thus, there is a need to modify our 
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design codes so that the design is based on a target risk. The problem is to choose appropriately 
this target risk value. 

Fig. 1(a) – Bridge A (Courtesy of 
Mohammed A. Mulla, Assistant State 
Geotechnical Engineer, NCDOT) 

Fig. 1(b) – Bridge B (Courtesy of 
http://www.history.com/this-day-in-
history/golden-gate-bridge-is-born) 

3.1.3 RECOMMENDATIONS ON HOW TO ACCOMPLISH THIS IMPROVEMENT. 

A tolerable risk is a target value which is very difficult to establish. While it is every engineer’s 
goal to design a structure which is 100% safe, this is not possible. The reasons are as follows:  

1. any calculation is associated with some uncertainty,
2. the engineering profession’s knowledge, while having made great strides, is still

incomplete in many respects,
3. human beings are not error free,
4. engineers design structures for conditions that do not include extremely unlikely events

such as an airplane hitting the structure contemporaneously with another extreme event
(e.g. earthquake, hurricane, or 500 year flood during rush hour).

One of the best ways to establish a tolerable risk value is to study the events that can be tolerated 
as human beings. These include heart attacks, car accidents, cancer, and airplane accidents. Fig. 2 
shows a chart where the vertical axis is the annual probability of failure, the lower horizontal axis 
is the cost of the failure, and the upper horizontal axis is the number of fatalities. On this chart, the 
events mentioned above are located, as well as some civil engineering projects. Because the plot 
is on a log-log set of axes, Eq. 1 would lead to a straight line with a slope equal to -1 for a constant 
risk value. On this plot, the red line seems to indicate a high risk, the blue line a medium risk, and 
the green line a possibly tolerable risk. This tolerable risk value corresponds to 0.001 fatality/year 
and 1000 US$/year. These risk values could be used as tolerable risk values for design. 

In many current LRFD approaches, the resistance factors are set, and the recommended values 
correspond approximately to a probability of failure equal to 10-3. To switch to a risk-based design 
approach, one would choose resistance factors that depend on the value of the consequence. For 
example, the green line in Fig. 2 indicates that the probability of failure of 10-3 corresponds to a 
cost value of the consequence equal to 1 M$. In this case the resistance factor 𝜙 in Eq. 2 might be 
0.6. If the cost value of the consequence was 10 M$, then the target probability of failure should 
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be 10-4, to keep the risk constant and equal to 0.001 $/year (Fig. 2). This new probability of failure 
value of 10-4 should then be used to determine the corresponding resistance factor by proper 
probabilistic analysis (Briaud, 2013, Section 17.4); the new resistance factor  𝜙 might then be 0.5. 

There is a need to consider the risk aspect in future codes, as the value of the consequences need 
to be included, in addition to the probability of failure in the design of all civil engineering works. 

Fig. 2 – Risk chart. 
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3.2 PRESSUREMETER AND CONSOLIDATION TESTS. 

Russian contributors:  A. Trufanov, A. 
Rostovtsev American contributors: L. Buchko, J.-

L. Briaud 
The consolidation test is a well-established laboratory test for soils particularly saturated fine 
grained soils. By comparison, the pressuremeter test is a more recent in situ test which can be 
used in any soil and soft rock where a quality borehole can be drilled. While both tests have been 
used to calculate the settlement of structures, they are very different tests in the way they stress 
the soil.   
3.2.1 PRESSUREMETER AND CONSOLIDATION TESTS IN US GUIDANCE 

DOCUMENTS. 

The consolidation test has found its way into many US guidance documents. By comparison the 
pressuremeter test has had limited yet growing exposure in such documents. The consolidation 
test is associated with a stress path where the spherical tensor is dominating the development of 
the one dimensional compression. By comparison the pressuremeter is associated with a stress 
path which is primarily dominated by the deviatoric part of the stress tensor and associated shear 
deformation.  The practice is to use the consolidation test for cases where the foundation is wide 
compared to the thickness of the compressing layer and where the soil is fine grained and 
saturated The pressuremeter test is used for over consolidated clays, for sands, and for soft rocks 
where it makes sense to use a modulus of deformation approach including time delayed 
deformations due to creep. The pressuremeter test has been used extensively more recently for 
high rise buildings. 
3.2.2 PRESSUREMETER AND CONSOLIDATION TESTS IN RUSSIAN GUIDANCE 

DOCUMENTS. 

In Russia, compression tests are the primary type of test used for laboratory soil testing. Performed 
without lateral displacement of soil sample, the oedometer compression tests give the deformation 
properties of soils. For this purpose, using the results of stepwise loading of soil samples, we define 
the dependence of the deformation upon the vertical load increments. 
Another type of laboratory soil testing is oedometer consolidation test. Unlike compression, the 
consolidation test is performed in one-step at a predetermined value of load. The consolidation test 
is appropriate for determining the coefficient of filtrational (primary) and secondary consolidation 
(cν and cα respectively). Due to the simplicity and the low cost of compression and consolidation 
tests, they are widely used in Russian geotechnical practice. However, the values of the strain 
modulus obtained from the compression tests require correction. To do this, correction coefficients 
are used.  The standard values of the coefficients are prescribed by Codes and are usually applied 
if a structure is not classified as a high level of importance. For the important structures, the 
correction coefficients are estimated by comparing the results obtained by compression test with 
the results obtained by direct in-situ tests. Such in-situ tests include the Flat Plate test and the 
Pressuremeter test which are considered to be the most reliable in-situ tests in Russia.  

The influence of geometric anisotropy is a disadvantage of Pressuremeter tests. Unlike Flat Plate 
test, the Pressuremeter transmits the load to the soil in horizontal direction while the structure itself 
mostly acts in vertical direction. Hence, the anisotropy coefficient Ka for anisotropic soils was 
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introduced into the Code of Practice which specifies the Pressuremeter testing procedure. To 
determine the anisotropy coefficient, the data obtained by compression tests executed in vertical 
and horizontal directions are processed. At the same time, Pressuremeter tests have an important 
advantage. While the Flat Plate tests can be performed at a depth up to 20m, the depth of 
Pressuremeter tests may be up to 150m. Taking into account the development of high-rise 
construction and subsequent deepening of the compressible zone the Pressuremeter test are been 
recently in great demand in Russia.  

Compression and Pressuremeter tests are performed on saturated and unsaturated soils with 
different permeability. It is worth to note, that when fulfilling the Compression and Pressuremeter 
tests, the duration of loading at any step is associated with the ending of filtrational (primary) 
consolidation. The traditional mode of loading by applying defined load increments demands 
essentially more time to meet this requirement. The relaxation mode of loading (stress-relaxation 
method – SRM) has seen a recent and significant increase in use in Russia. Instead of applying a 
load with defined increments, the soil sample is deformed by applying displacement at defined 
increments. Then the additional deformation and changes in stress are recorded. The process of 
loading at a step completes when the process of filtrational consolidation comes to its end. Such a 
mode of testing makes it possible to complete the filtrational consolidation earlier and reduces the 
time required for each step by a factor of about 60. Yet when compared, the traditional and stress-
relaxation methods show the same results. Thus, the application of the relaxation mode allows us 
on the one hand to meet the requirements of the national Standard and define the strain modulus 
when the seepage is completed and on the other hand to reduce the duration of testing. 

It should be noted that calculations based on the strain modulus do not take into account the 
settlement of the structure caused by the secondary consolidation. Meanwhile, the additional 
settlement that occurs due to the creep can make up a considerable part of the total settlement of 
the structure. The process can be predicted if the data of consolidation tests are used.  
Like compression, the consolidation tests can be performed in the stress-relaxation mode. The 
duration of the tests also reduces in dozens of times. The relaxation mode of loading can be 
successfully applied to Pressuremeter tests. First of all this refers to the pressuremeters with 
hydraulic loading system. The first tests conducted in Russia showed good results.  However, these 
studies need to be continued. It is interesting to assess the possibility of using the Pressuremeter 
tests under the stress-relaxation mode beyond the filtrational consolidation in order to predict the 
secondary consolidation. The development of the Pressuremeter testing procedure under the stress-
relaxation mode on saturated soils is a promising area of research. 

3.2.3 POTENTIAL FOR IMPROVEMENT. 

The potential for improvement is in developing overarching recommendations for settlement 
calculations. It used to be that the total settlement stot was calculated as the sum of an immediate 
settlement sim plus a consolidation settlement scons plus a long time creep settlement screep.  

stot = sim + scons + screep      (1) 
This tended to give very conservatives estimates of the settlement and significant scatter as three 
soil deformation parameters had to be properly selected. The approach evolved towards calculating 
only the consolidation settlement component. The pressuremeter method is based on a modulus of 
deformation approach. Menard proposed a detailed equation based on elasticity and made of two 
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parts. The trend however is towards calculating the total settlement using elasticity with a properly 
chosen modulus of deformation rooted in the PMT modulus (Briaud, 2013).  

 2(1 )tot
pBs I
E

  (2) 

Where I is an influence factor taking into account shape, depth to a hard layer and depth of 
embedment, ν is Poisson’s ratio, p is the average pressure under the foundation, B is the foundation 
width, and E is the properly chosen modulus of deformation related to the PMT modulus. 
There is a need to develop recommendations for a modern approach to settlement calculations.  

3.2.4 RECOMMENDATIONS ON HOW TO ACCOMPLISH THIS IMPROVEMENT. 

The concern that some engineers have with using the theory of elasticity when it comes to soils 
is that soils are not elastic. That is true in the sense that plastic deformations are significant in soils 
and that as a results, soils do not rebound upon unloading back to their original position. But that 
is not the premise associated with using the theory of elasticity to calculate settlement. What is 
assumed is that, at working loads, a linear relationship between the foundation pressure versus 
foundation settlement can approximate reasonably well the true relationship.  

Note that, along those lines, a modulus of deformation can be obtained from the consolidation 
test. Indeed the ratio between the vertical stress applied σz and the resulting strain εz is the 
constrained modulus M: 

  
1

1 1 2
z

z

M E 

  


 

 
(3) 

This constrained modulus is used in the consolidation theory. If the future of settlement analysis 
is to be rooted in a modulus approach, it is critical to make thoughtful recommendations on how 
to choose a soil modulus E and what test or what set of tests to use to obtain it. The modulus E is 
influenced by state factors such as density, structure, water content, stress history, and cementation 
as well as by loading factors such as mean stress confinement level, mean strain level, strain rate, 
number of cycles and drainage. The state factors are incorporated in the test if it is performed on 
reasonably undisturbed soil but it is very important to select a modulus according to representative 
loading factors. 

( , , , , )E E N t  


   (4) 
There is a need to develop recommendations for a modern approach to settlement calculations.  
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3.3 DYNAMIC SOIL-STRUCTURE INTERACTION. 

American contributor: M. Ghayoomi 
Russian contributors:  V. Ilyichev, A. Tyapin 

Soil-Structure Interaction (SSI) or often called Soil-Foundation-Structure Interaction (SFSI) 
impacts the overall response of structural systems to earthquake motions. Seismic analyses that 
include SSI evaluate the overall soil-structure response under seismic excitation. This effect has 
been discussed and investigated for decades but only recently included in seismic codes and 
standards in details. Although many provisions still do not mandate such analysis for building 
design, there is a trend in higher implementation and consideration of SSI in performance 
assessment and seismic design of building structures.  

Although powerful numerical modeling tools can be used to simulate soil-structure systems as a 
continuum problem, substructure approach is common in practical design and analysis as it helps 
to better understand the different aspects of seismic response. In general, SSI can be broken down 
into three major components; i.e. inertial interaction, kinematic interaction, and foundation 
flexibility. In a substructure approach, Foundation Input Motion (FIM) is defined as the response 
of a massless foundation to Free Field Motion (FFM) impacted by kinematic interaction. However, 
true Foundation Motion (FM) might be different from the theoretical foundation input motion. On 
the other hand, flexible-based structural response would be estimated given the soil-foundation 
impedance functions and foundation input motion.  

In general, kinematic interaction would reduce the translational motions while introducing 
rotational and rocking motions. Frequency-dependent transfer functions and/or ratio of response 
spectra are used to estimate foundation input motion (or sometimes approximately foundation 
motion) from free field motion. The inertial interaction is commonly presented in terms of period 
lengthening, i.e. the ratio of flexible-base to fixed-base natural period, and flexible-base system 
damping encompassing structural, hysteretic, and radiation damping altogether. SSI in flexible-
base structures often lengthen the natural period, which may lead to higher or lower base shear 
(mostly the case) and seismic demand depending on the period of interest.     

3.3.1 DYNAMIC SOIL-STRUCTURE INTERACTION IN US GUIDANCE 
DOCUMENTS.  

Dynamic SSI analysis procedures are currently available in most guidance documents in the US. 
However, the extents to which the code specifies the details or mandates the analysis vary between 
the codes and applications. For example, ATC-40, FEMA P-1050, ASCE 4-16, ASCE 41-17, and 
ASCE/SEI 7-16 are among the design guidelines and standards that include some forms of SSI 
evaluation. Although these guidelines provide both general and specific recommendations, they 
are not being commonly used in practice and are often considered optional in design.   

For example, ASCE7-16 and FEMA P-1050 addresses the SSI effects through the following 
procedures:  
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- SSI-adjusted structural demands for site class C-F: This is being recommended through 
application of equivalent lateral force procedure, linear dynamic analysis procedure, 
displacement approach, and/or nonlinear response history procedure. In the simplest form, 
within equivalent lateral force procedure, the base shear for design is modified as explained 
in Equation 1.  

�̃� = 𝑉 − 𝛥𝑉 ≥  𝛼𝑉 (1) 

where 𝑉 and �̃� are the fixed-base and flexible-base base shear, respectively, and 

𝛥𝑉 = (𝐶𝑠 −
�̃�𝑠

𝐵𝑆𝑆𝐼
) �̅� (2) 

where Cs and �̃�𝑠 are seismic response coefficient for fixed-base and flexible-base structural 
systems, respectively, 𝐵𝑆𝑆𝐼 depends on the effective system damping, and �̅� is the effective 
weight based on the modal analysis. For other approaches please refer to either of the two 
documents (ASCE 7-16 and FEMA P-1050). 

- Effect of kinematic interaction through two Ratios of Response Spectra (RRS) transfer 
functions for base slab averaging and embedment effects. Then the two ratios will be 
multiplied but kept under 0.6.  

Other guidelines and standards more or less considered the same procedures/recommendations in 
the documents.  

3.3.2 DYNAMIC SOIL-STRUCTURE INTERACTION IN RUSSIAN GUIDANCE 
DOCUMENTS.  

3.3.2.1. GENERAL REMARKS 

Seismologists come out with seismic motion of the certain point in the free field (i.e. without 
structures, usually at the surface of the soil). Most often there is an additional assumption that all 
other points at the horizontal surface of the free soil move similarly. Structural engineers start from 
the seismic motion of the base. The question is whether the first motion coincides with the second 
one, i.e. whether one can apply seismic motion obtained from seismologists directly to the base of 
the structure. 

The answer depends on several physical factors. If soil is stiff, if the structure is light and flexible, 
if it is not embedded, if soil is not changed during the construction works – then the structure does 
not significantly change the motion of the basement as compared to the free field motion. In this 
case they often say about the “absence of the soil-structure interaction (SSI)”. It means that instead 
of “interaction” one has just an impact of the soil motion on the structure without back impact of 
the structure on the soil motion (in terms of the interaction forces there is surely a back impact, but 
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these interaction forces do not change the soil motion significantly). So, one can indeed apply the 
soil seismic motion obtained from seismologists as a kinematic excitation on the base mat. 

However, this simple situation may be spoiled in different ways. First, the initial soil may be 
changed somehow even before the upper structure is constructed. E.g., piles can be implemented; 
soil improvement by different technologies may be used (e.g. jet grouting or deep soil mixing); 
the embedded part of the structure may substitute part of the initial soil. As a result, seismic motion 
of the basement will differ from the free-field motion even before the upper structure appears. This 
part of the soil-structure interaction is often called “kinematical interaction” (further rigorous 
definition will follow). If the structure has a surface basement, and if the free field seismic motion 
is “rigid” under this basement, then nothing is changed before the upper structure appears – in such 
case they say that “no kinematical SSI occurs”. 

After the upper structure appears, the basement motion is further changed. The heavier is the upper 
structure, the softer is the soil, the more pronounced is this additional change. It is often called 
“inertial soil-structure interaction”. So, these two changes in the basement motion (kinematical 
and inertial SSI) as compared to the free field motion compose total soil-structure interaction 
effect. 

There are numerous methods to analyze SSI. In this text the author tries to provide a systematic 
classification of all these methods, stressing key choices and additional assumptions.  

3.3.2.2. PRIMARY AND SECONDARY SUPERPOSITION - COMMON STARTING POINT 
FOR ALL SSI METHODS  

3.3.2.2.1. Primary superposition. Substitution of the initial SSI problem with a new problem 

First let us consider the most general case (see Tyapin, (2012)). Let us call the problem with 
seismic wave, soil and structure “problem A” and start with completely linear soil-structure model. 
Let Q be some surface surrounding the basement in the soil and dividing the soil-structure model 
into two parts: the “external” volume Vext and “internal” volume Vint. Let (-F) be additional 
external loads distributed over Vint and specially tuned so, to provide zero displacements in Vint. 
Then “problem A” can be split in the sum of two wave pictures: “problem A1”, including seismic 
excitation and loads (-F), and “problem A2” including only loads (F) without seismic wave – see 
Fig.1. The problem A1 is called “stopped seismic wave”, as the initial seismic wave is stopped at 
the surface Q by the additional load F. 

This simple superposition leads to a couple of important conclusions. 
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Fig.1. Primary superposition: split of the initial “problem A” in two problems 

1) As in “problem A1” all displacements in the internal volume Vint are zero, the
motion of the internal volume Vint in “problem A2” is the same as in “problem A”. Hence, if we 
are interested in the motion of the internal part Vint only, we can substitute the initial “problem A” 
with a new “problem A2”. As a matter of fact, every time in SSI analysis this substitution is carried 
out explicitly or implicitly.  

2) If seismic wave is stopped at the surface Q by forces (-F) applied at Q, no
displacements will occur inside Vint. So, forces (-F) are not needed inside Vint – they are applied 
only at Q.  

3) Surprisingly, primary superposition in Fig.1 is valid even if some non-linearity
appears inside Vint. For the internal part Vint the non-linear solution from the problem A2 is 
combined with zero solution from the problem A1 – so the superposition works even for non-linear 
case. For the external part Vext the superposition in Fig.1 works because of the linearity of this part. 

So, the new problem A2 can substitute the initial problem A if one (i) knows loads F and 
(ii) can model infinite volume Vext. Both issues are discussed in the next section. 

3.3.2.2.2. Secondary superposition - initial and reflected waves in the free field 

1) As in “problem A1” all displacements, strains and internal forces inside the internal volume
Vint are zero, no internal forces are impacting surface Q from the internal part Vint (i.e., forces 
impacting Q from the external part Vext are balanced by loads (-F)). Hence, the internal part Vint 
can be fully withdrawn or replaced by another medium of the corresponding shape (with zero 
displacements) without changing the external part Vext, seismic excitation, and loads (-F). The 
balance at the surface Q will stay in place.  
2) In particular, Vint can be replaced by the initial soil without structure. Let us call this
problem with initial soil inside Vint and with external loads (-F) “problem B1”. This problem looks 
like problem A1 in Fig.1, but without structure. It may be also called “problem of stopped wave”, 
as wave fields in the external volume Vext and loads (-F) are similar in “problem A1” and in 
“problem B1”.  

Problem A2 

Surface Q 
Loads F Loads (-F) 

Problem A1 Problem A 

Volume Vext 

Volume Vint 

Seismic wave 
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3) Let us apply superposition to the problem B1, as shown in Figure 2. Problem B1 can be
split in two: (i) problem B with initial soil and seismic wave, and (ii) “problem B2” (reflected 
wave). However, in “problem A2” and “problem B2” wave fields are different in spite of similar 
loads F and similar Vext in both problems. Generally, the motions of Q in “problem B2” and 
“problem A2” are different due to the waves, radiating from the structure in “problem A2”. 
4) 

Fig.2. Secondary superposition: split of loads F into Fint and Fext 

5) Wave field u0 in the internal volume Vint in “problem B2” is the same as the initial
wave field in “problem B” (with opposite sign). Very often it is known apriori or easily calculated 
from the control seismic motion at the free surface. This motion is given by seismologists.  

6) Loads (–F) can be obtained as a sum of the corresponding loads in the problem B
(they are zero) and in the problem B2. In the problem B2 they are obtained from the wave field U0 
(initially set up in the “problem B”) and Green’s functions G0 for the initial unbounded soil as 
follows 

)( 00 UGF  (1) 

Formula (1) uses operator G0 in the time domain. This operator is applied to the 
displacement field in the volume Vint and provides the loads, distributed over the volume. For 
linear initial soil this operator in the frequency domain will turn into complex frequency-dependent 
Green’s function. This formula can be applied to the whole volume Vint, but for the internal nodes 
the result will be zero. So the loads will be concentrated at the surface Q.  

7) Note that for the surface Q loads (-F) in (1) can be split in two parts: loads (-Fint)
acting from the internal volume Vint and loads (-Fext) acting from the external volume Vext. This is 
shown in the right part of Fig.2 and may be expressed as  

)()()( 00intint00 UGUGFFUGF extext  (2) 

Surface Q Loads (-Fint) 

Free-field displacements u0 

Initial wave - problem В 

Loads (-F) 

Problem В1 Reflected seismic wave - problem B2 

Displacements (-u0) 

Loads (-Fext) 

Surface Q

Zero displacements in Vint 
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With given wave field U0 in problem B one can easily obtain the internal part of the load Fint just 
as surface forces corresponding to the internal stress field in problem B. 

Now let us discuss the external part of the load Fext, describing the response of the soil in the 
external volume Vext to the displacements U0, set up at the surface Q. To get this response one 
should somehow model the infinite soil volume Vext. But the same modeling is needed for the 
problem A2 in Fig.1. This creates a powerful tool to verify models suggested for “problem A2”. 
Each of these models contains some description of the internal part Vint, external part Vext and the 
loads F. It is useful to take the same Vext and F and substitute the internal part Vint by the initial 
soil, thus coming from “problem A2” to “problem B2” with opposite sign. The suggested Vext and 
F must provide adequate solution U0 for “problem B2” inside Vint; otherwise they cannot be applied 
to “problem A2”. 

As a result of both primary and secondary superposition, the problem A2 from Fig.1 may be 
presented in a way shown in Fig.3. Here the external soil volume Vext is substituted by a zero-
thickness “soil shell” with stiffness described by operator Gext from (2). Kinematical excitation U0 
is applied to the external surface of this shell. In addition forces Fint are loading the internal surface 
of this shell. The alternative way to describe the same system is to fix the external surface of the 
“soil shell”, but to add the corresponding forces to the loads at the internal surface, making them 
Fint+Gext U0.  

Fig.3. Rigorous representation of the problem A2 

Both models (in the middle and in the right in Fig.3) can be called “platform models”, as there is 
an external surface of “soil shell” with prescribed motion (U0 in the middle and zero in the right). 
This surface can be called “platform”. Note that if Gext is accurate, the load in the right model in 
Fig.3 is similar to the load F in the left model in Fig.3. If this operator Gext is approximate, structural 
response in the right model will be approximate too, but the free-field response in the right model 
(i.e. the right model for soil without structure) will be accurate. 

Problem A2 

Loads F Loads Fint+Gext U0 Loads Fint 

Displacements U0 Zero displacements 
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Rigorous representation of the problem A2 in Fig.3 enables the systematic classification of the 
numerous methods for the SSI analysis based the choice of surface Q. Key factor is the presence 
of solid soil elements in the internal part Vint of the model.  

3.3.2.2.3. Direct approach as particular case of the common approach – with solid soil part in 
internal volume Vint  

In “direct” method they try to put surface Q apart from the basement. It means that inside the 
internal volume Vint there is some portion of soil around the basement modeled by solid soil 
elements. In addition the external part Vext of the soil is also modeled, but usually without solid 
soil elements, see below.  

Most often they try to put the bottom of Q on the underlying rock. In this case they can avoid soil 
support at the bottom of Q (see Fig.3) and directly put U0 as kinematical excitation on the bottom 
of Vint. Then only lateral boundaries need to be presented (see Fig.3). If these boundaries are set 
far away from the basement (3…4 dimensions), then their approximate modeling does not spoil 
the basement motion obtained in analysis. This is illustrated in Fig.4. 

These lateral boundaries have their own history. Elementary boundaries (free or fixed) reflect the 
waves radiated by the moving structure back into the soil volume Vint, which is physically 
incorrect. One has to place such boundaries far away from the structure in order to obtain 
reasonable structural response.  

Fig.4. Typical representation of the problem A2 in direct approach 

The next generation was "acoustic boundaries" proposed by J. Lysmer and R.L.Kuhlemeyer 
(1969). Three viscous dampers were placed in each point of the lateral boundary (i.e. distributed 
over the boundary) along each of translational axes. It may be shown that such dampers can 
rigorously substitute half-infinite rod of constant cross-section area with shear of primary waves 

Lateral boundary 
Surface Q

Problem A2 

Loads F
Loads F 

Lower boundary with prescribed motion u0 
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in it. So, if primary or secondary body wave is crossing the lateral boundary at the angle 90 degrees 
(e.g. running horizontally through vertical boundary) it will pass without the non-physical 
reflection. However, the problem is that not everywhere body waves cross the boundary at this 
angle. Surface waves and body waves in depth are still reflected by "acoustic boundaries". So, the 
success was partial: "acoustic boundaries" can be placed closer to the structure, as compared to 
elementary boundaries, but still need certain considerable distance (3…4 structural dimensions).  

For some time acoustic boundaries were very popular (e.g., LUSH soft used them), but later on 
they were changed for the next generation of "non-reflecting" or "transmitting" boundaries, 
developed by G.Waas (1972) and intensively used in the code SASSI (see Lysmer et al.(1981)). 
These boundaries are so accurate that they can be placed near the structure, decreasing Vint. 
However, they are developed in the frequency domain, which limits their application by linear (or 
equivalent-linear) models. For several decades it was acceptable, and SASSI became the leading 
soft in SSI. This position was proved especially after the large-scale experiments and observations 
in Lotung, Taiwan, when SASSI was able to predict the observed results. But in the last decade 
there grows an interest for the nonlinear problems, so they have to return to the acoustic 
boundaries, as they work in the time domain.  

The attempts to create better non-reflecting boundaries in the time domain are in progress now. 
This is the main problem for direct methods. It should be added that the boundaries at the bottom 
of Q also need special attention, as there are situations when there is no rock at visible depth. 

3.3.2.2.4. Simplified approach without solid soil inside Vint as a particular case of the common 
approach 

The alternative approach is to put surface Q right on the soil-structure contact surface, avoiding 
the soil in the internal volume Vint. Surely the external part Vext of the soil is still present in the 
model (again modeled not by solid elements - usually by some combination of soil springs and 
soil dampers). Typical approach of this sort for a structure with flexible basement is a "quasi-
Winkler" one: soil springs and viscous dashpots are somehow distributed (uniformly or not) over 
the bottom and embedded walls of the basement.  

Two problems are important here. First, due to the soil inertia the values of soil stiffness and 
viscosity are frequency-dependent. The degree of the volatility depends on soil profile: for layered 
profiles it is greater than for almost homogeneous ones.  

Second, soil medium has a so-called "distributive capacity". It means that the response to the 
applied local force is not local. Winkler's models are principally local (whatever shape is chosen 
for the distribution), so they cannot reproduce the interaction effect in full. One of the 
consequences is that any set of vertical distributed soil springs or dashpots cannot reproduce 
integral vertical and rocking stiffness for the rigid stamp (known from contact problems) 
simultaneously even in static case.  
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Typical mistake in the SSI analysis for embedded structures is that they use the model shown in 
the middle of Fig.3 with excitation U0 only, i.e. forgetting about the load Fint. This load is zero 
only for surface basements, but for the embedded basement it is more or less proportional to the 
mass of the outcropped soil. Another mistake is to take kinematic excitation U0 constant over the 
lateral boundaries. Even if they take it from the surface and not from the depth, the conservatism 
of such an approach is very doubtful. 

3.3.2.2.5. Impedance approach as a particular case of simplified approach 

The approach described in the previous section may be called simplified approach, but there is still 
further simplification. Often they additionally assume the rigidity of the soil-structure contact 
surface. Physical justification is that usually a base mat is reinforced by shear walls making a box-
like stiff substructure.  

Rigid Base Assumption (RBA), if justified, helps a lot in SSI analysis. Distributed soil springs and 
dashpots can be substituted by lumped soil springs and dashpots. As rigid base has only six degrees 
of freedom (DOFs), dynamic stiffness of the linear soil is described in full by 6 x 6 matrix. This is 
an operator matrix in the time domain, but in the frequency domain it turns into symmetrical 
complex frequency-dependent matrix called "impedance matrix". The whole approach is often 
called "impedance approach". The problem with distribution of springs and dashpots under the 
bottom, discussed in the previous section, now goes: rocking impedances and translational 
impedances are set independently. 

Several comments should be made here about the further simplifications often used in practice. 
First, they often neglect the off-diagonal terms of the impedance 6 x 6 matrix, leaving just six 
diagonal terms. For symmetrical basements the part of the off-diagonal terms is zero indeed. But 
there always exists a link between horizontal translation and rocking in the same vertical plane 
(i.e. at least two off-diagonal terms are non-zero - one for each of two vertical planes). The error 
caused by neglecting of these links depends on the embedment depth and on frequency. In static 
(i.e. for low frequency) for surface basements the error is small indeed but for embedded basements 
and for some frequencies in layered soil profiles it can become significant. 

Second, after leaving six complex diagonal impedances they often simplify the frequency 
dependence of these impedances: they assume real parts constant over frequency and imaginary 
parts proportional to frequency. If so, impedances can be represented in the model by conventional 
springs and conventional viscous dashpots. Values of stiffness and viscosity for homogeneous soil 
profile, surface foundations and simple base shape (circle or rectangular) are given in the tables 
(e.g., in ASCE4-16). There are some other proposals for soil half-space with moduli, linearly 
increasing with depth. 

The error resulting from such a simplification is different in different directions even for 
homogeneous soil profile, surface foundations and simple base shape. Horizontal diagonal 
translational impedances for homogeneous half-space indeed follow the simplified rule. However, 
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vertical translational stiffness is considerably frequency-dependent even for surface rigid basement 
resting on homogeneous half-space. The situation with angular impedances is even worse 
(especially with rocking damping). It resulted in recommendation to set rocking dashpot dependent 
on the upper structure, which is physically absurd, but helps to reproduce frequency-dependent 
viscosity at least at one selected frequency. So, any proposed formulae for constant values are 
approximate. 

Seismic load for rigid basement (see the right part of Fig.3) can be also lumped to six components. 
Let us consider several particular cases. 

3.3.2.2.5.1. The simplest case: surface basement, horizontally-layered soil, vertical seismic wave 

For every surface basement the load Fint introduced in section 2.2 is zero, as there is no solid soil 
part inside Vint in impedance approach, and there is no outcropped soil for surface basement. If 
seismic wave (primary or secondary) is running vertically through the horizontally layered (or 
horizontally smooth) soil profile, each horizontal plane in the free field moves as a rigid surface. 
For a surface basement it means that the spot under the base in the free field also moves rigidly, 
so it is fully described by motion U0 of any single point at the free surface. Thus, the middle model 
from Fig.3 is transformed to the model shown in Fig.5. 

Fig.5. Typical representation of the problem A2 for the simplest case in "impedance" 
approach 

For layered half-space impedances may be obtained by CLASSI or SASSI codes. For 
homogeneous soil profile one can further simplify the model substituting impedance matrix C(ω) 
by six pairs of springs and dashpots, as discussed before. Often they prefer to change the coordinate 
system placing it at the moving platform. Then the platform for the relative displacements is fixed, 

C(ω) 

u0 

u0 
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but there appear inertial loads in the structure. This is a common approach of civil codes in different 
countries. 

3.3.2.2.5.2. Embedded rigid basement. Vertical wave in horizontally-layered soil 

If rigid basement is embedded, several changes need to be done. First, the load Fint (see Fig.3) is 
not zero any more. As a consequence, the right model from Fig.5 should be changed for the model 
with fixed platform and excitation force instead of the excitation platform motion. This excitation 
force F is composed of two parts: Fint and Fext. The second part Fext is linked to the surface free 
filed motion U0 by impedance C(ω) as in Fig.5, but the first part Fint is linked to U0 in a different 
way, so the total excitation force F should be calculated accurately and separately from 
impedances.  

Second, the impedance matrix must be taken non-diagonal. Moreover, there is a separation of the 
upper parts of the embedded lateral walls from the soil. ASCE4-98 codes (1999) allow modeling 
it as a full loose of contact over the upper half, but not more than 6 m in depth. This effect must 
be accounted for during the calculation of impedances. Impedances for embedded basement can 
be obtained by SASSI code. 

If seismic wave in not vertical, the model with excitation forces will not change in format. 
Moreover, the impedances will be the same as for vertical wave, but excitation force (six 
component one) will change accounting for actual wave type. 

If one wants to keep kinematical excitation at the platform for the embedded case, then this 
excitation is different from the free-field motion. It can be calculated as a result of "kinematical 
SSI" - i.e., as a motion of the weightless embedded rigid basement, as shown in Fig.6. 

Fig.6. Impedance model with kinematical excitation for the embedded basement 

C(ω) 

Vb 

Weightless rigid basement with 

seismic response Vb 
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3.3.2.2.5.3. Complicated soil environment for rigid base 

Complicated soil environment means that near rigid base there is a certain finite volume of the soil 
with modified properties breaking the horizontal soil layering assumed previously. It may be an 
improved soil, or soil with piles, etc. It looks somehow like the previous case with embedded rigid 
basement, but now the embedded “basement” is partly flexible. 

The final impedance platform model is similar to the previous one (with excitation forces), but 
both impedances and excitation forces should be calculated differently. The author proposed a 
SASSI-based approach for this purpose in Tyapin (2015). 

It turns out that soil improvement can significantly impact the results of the kinematical SSI, 
reducing effective seismic load on the upper structure. The effect is governed by thickness of the 
improved volume and by the ratio of seismic stiffness of initial and improved soils, as shown in 
Tyapin (2017). 

3.3.2.2.5.4. Multiple rigid basements 

Impedance approach is easily extended for the case of structure-soil-structure interaction (SSSI). 
The model is shown in Fig.7 for the complicated soil environment. 

Fig.7. Impedance model with kinematical excitation for multiple embedded 
basements in complicated soil environment 

If N structures having rigid bases are considered, impedance matrix will be 6N x 6N, and loading 
forces will have 6N components (6 for each of N basements). 

F 

G 

F 

49



3.3.2.3 COMBINED ASYMPTOTIC METHOD (CAM) 

The impedance method can be further developed if the upper structure is linear. Response forces 
acting on the moving rigid base from the upper structure can be condensed to the same six DOFs, 
and described in the frequency domain by the dynamic stiffness matrix of the upper structure 
Dstr(ω). Then one comes to a very simple system shown in Fig.8. 

Fig.8. Impedance model for linear soil-structure system with rigid basement 

Six-component base motion for this simple system can be obtained in the frequency domain from 
linear algebraic system 6 x 6 solved frequency by frequency. 

Moreover, it can be shown that the dynamic stiffness matrix of the upper structure Dstr(ω) is easily 
expressed through conventional rigid inertia matrix and some additional terms accounting for the 
flexibility. These terms are easily calculated from the results of the modal analysis of the fixed-
base upper structure model.  

Such an approach in ASCE4-16 is called hybrid substructuring method with a reference to Johnson 
et al. (2010). In Russia it was developed earlier and called “Combined Asymptotic Method” 
(Tyapin 2007). The output of this method in the above described “first option” is the motion of the 
rigid base. The further structural analysis can be performed using this motion and a fixed-base 
structural model. 

However, this approach does not allow the calculation of the internal forces in the rigid basement 
itself. Besides, it is desirable to account for the flexibility of the base (at least approximately). That 
is why CAM was extended by the “second option”. The idea is to introduce the second platform 
model with convenient Winkler soil springs and simple soil damping (e.g., equal to the structural 
damping). Surely, such simplified “soil support” produces different impedances and loads as 
compared to the “true” first platform model used in the first option of CAM. But having two 
different platform models in place one can tune the six-component platform motion in the second 
model so as to reproduce six-component base response in the first model (obtained previously in 
the first option of CAM). That will be just an additional modification of the six-component 
excitation motion put on the platform. As a result, for rigid basement the second platform model 
with modified excitation at the platform will produce the same response as the first model not only 
at the base level, but for the whole upper structure. Integral soil-structure interaction forces under 

G(ω) 

F(ω) Dstr(ω) 
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the base will be also reproduced accurately. Their distribution over the bottom of the base will be 
reproduced approximately depending of the adopted shape of distribution of the soil springs and 
dashpots. In addition in the second platform model one can release the rigidity of the base and get 
approximate effect of the base mat flexibility. 

CONCLUSIONS 

1. Platform models (see Fig.3) enable systematic classification of the SSI 
methods. They form rigorous common base for direct and impedance approaches. The only 
assumption is the linearity of the soil outside certain selected volume Vint. 

2. For direct approach the key factor are non-reflecting boundaries and accurate 
excitation. Bottom boundaries are important if no rock is seen at the bottom. 

3. For impedance methods the key factor is the representation of impedances and 
loads with regard to the frequency-dependence and interlinks between different directions.  

4. Impedance methods enable important simplifications in SSI analysis. However, 
every simplification is based on certain assumptions and should be checked for applicability case 
by case.  

5. Combined asymptotic method (CAM) is a powerful tool of the SSI analysis, 
though the distribution of the interaction forces under the bottom and the flexibility of the base 
are treated in approximate way. 

3.3.3 POTENTIAL FOR IMPROVEMENT. 

One of the reasons that SSI analysis has not received significant practice is the fact that it mostly 
leads to reduction in base shear for common frequencies or reduction in foundation motion through 
kinematic interaction. Thus, it seems to be easier and conservative if the effect is being ignored, 
except for very sensitive structures or problematic soils. However, there could be several reasons 
as to why we may still need SSI analysis; such as dealing with performance assessment of soil-
structure systems beyond the design, improving the accuracy of seismic predictions, and other 
situations where SSI analysis is needed when dealing with variable boundary conditions. 

In addition, there are other practical reasons for limited applications of SSI analysis in regular 
building design. These include the lack of technical understanding and adequate education among 
practicing engineers in this area. This topic is not discussed in undergraduate civil engineering and 
it is even rarely discussed in graduate classes. Unfortunately, very minimal explanation or 
discussion of SSI concepts in seismic design codes have made the topic even less comprehensible. 
Although there have been major changes in recent codes, traditional standards were very vague or 
complex when they discussed SSI effects, which made them hard to be implemented. Certainly, 
including more clarification with better presentations, such as the one in recent FEMA P-1050, 
would facilitate the SSI analysis procedures. Years of substantial research and data in literature 
can contribute significantly to this process.   

There are two general ways that we can improve the SSI state-of-the-knowledge and state-of-the-
practice: 1) improving the current technical understanding and design procedures and 2) spread 
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the technical knowledge and increase the awareness of SSI benefits among practicing engineers. 
Recent major advancements in updating the SSI models, adding more discussion, including 
kinematic interaction effects, and investigating case studies and physical models are good 
examples of ways to increase the use of SSI analysis in practice.     

3.3.4 RECOMMENDATIONS ON HOW TO ACCOMPLISH THIS IMPROVEMENT. 

Different working groups and research studies have looked at methods and practices that can 
improve the application of SSI analysis in seismic design. One of them is the recent document 
published by National Earthquake and Hazards Reduction Program (NIST GCR 12-971-12), 
which eventually impacted FEMA P-1050 and ASCE codes. The following recommendations are 
mainly adapted from that document: 

- Improving collaboration and dialogue between geotechnical and structural engineers, 
seismologists, and construction team. Especially, geotechnical and structural engineers 
should work together throughout the design process as several back and forth discussion 
and design modifications are needed.  

- Advancing the material models and characteristics through testing and theoretical analysis. 
For example, use of springs for foundations should be critically evaluated and discussed.  

- Updating SSI models and developing more case study-supported and verified equations for 
different components of SSI analysis. For example, the disconnection between the 
theoretical functions and field observations should be eliminated.   

- Improving the codes and standards with better explanation of SSI analysis procedures and 
terminologies using a consistent language. 

- Increasing awareness among structural and geotechnical engineering community about the 
advances in SSI analysis procedures and benefits of implementing them. For example, 
many people truly think soft soils cause more significant SSI. However, despite the 
common thinking of taller structures leading to more SSI effects, the stiffer structures with 
shorter period are the ones that should be looked at for SSI effects.  

- Addressing the sources of uncertainty in SSI analysis that make their use difficult. Even 
including statistical analysis to these procedures would quantify the uncertainties.     

- Investigating climate effects on SSI given the severe climatic conditions and fluctuations 
in ground water level. For example, degree of water saturation can influence the seismic 
response and recent studies have shown that this effect might not be favorable. 

3.3.5 RECOMMENDATIONS FROM THE RUSSIAN SIDE. 

In this section, we propose a model for engineering evaluation, which describes the wave 
interaction of a separate foundation and an array of soil. The model is a dynamic system with one 
and a half degrees of freedom. The upper floor is a spring with a damper, describes the radiation 
of energy by an oscillating solid body into the ground by longitudinal waves, and the lower floor 
describes the mass, the spring and the damper describes the emission of energy by transverse and 
surface waves.  

This model is obtained as follows: 
 solved analytically the problem of the action of an instantaneous pulse on the surface of an

elastic half-space, whose elastic properties grow with depth according to a linear law;
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 the impulse is distributed in a circle, the average displacement of the half-space surface is
found, which is taken as the displacement of a weightless die;

 the solution of the problem of moving this stamp is approximated by a sum of exponential
functions and they correspond to the system mentioned above with one and a half degrees
of freedom and its parameters are found..

The advantage of this approach is engineering visibility and the ability to quickly generate a design 
model that satisfies practical needs, varying by the basement area. According to the circle scheme, 
it is possible to calculate the wave interaction with the foundation with a square base in the plan 
or with a rectangular base with an aspect ratio up to ~ 1.5: 1. 

The proposed model is convenient for the calculation of separate foundations, for example, for 
technological machines with dynamic loads - hammer, compressor, crusher, etc., as well as for 
frame buildings, columns of which are based on separate foundations for seismic calculations. 

Below are the formulas and tables for the following options: 

 impulse loads vertical, horizontal and rotational;
 three values of Poisson's ratio;

The model with one and a half degrees of freedom is universal and can be used for impulsive, 
harmonic (sinusoidal) and arbitrary loads.  

The modulus of elasticity varies with depth z in a linear manner to the depth of the compressible 
thickness of the base, determined in accordance with Soil bases of buildings and structures - 
22.13330.2016. (fig. 1) 

E(𝑧

𝛼
) =𝐸(0) + 𝐸(0) 

𝑧

𝛼
 𝑡𝑔 𝜓, (1) 

𝑡𝑔 𝜓 – characterizes the growth of the elastic modulus with depth;  
α = 1м – is the dimensionless coefficient. 
The approximating system is a mechanical system with one and a half degrees of freedom 

(fig. 2)  

𝐸 (
𝑧
𝛼)

𝐸(0)

Figure 1. Modification of the 
elastic modulus in depth. 

Figure 2. Model with one and a 
half degrees of freedom. 

Five dimensionless parameters of the mechanical base model with degrees of freedom (fig. 
2) are represented by linear dependencies on S :
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U=U0+U1√𝑆

𝛼
tgψ,   where (2) 

S – is the footing area of the basement; 
U0+U1- can be any of the following parameters: 

1zB , 1zK , zm , 2zB , 2zK  for vertical vibrations, with the damper 1zB  and rigidity 1zK
correspond to the upper part of the model (1/2 degree of freedom), and zm , 2zB , 2zK - lower
(one degree of freedom);; 

1B , 1K , m , 2B , 2K - for rotational oscillations;

1xB , 1xK , xm , 2xB , 2xK - for horizontal vibrations.

Item 0U  represents the solution to the problem of a homogeneous half-space and the parameters
of the mechanical system are determined depending on the type of oscillations and Poisson's ratio 
 of the base according to table 1:

Table 1 
 10zB 10zK 0zm 20zB 20zK
0,25 5,34 21,8 2,8 6,21 7,5 
0,35 6,44 26,3 3,12 6,9 8,4 
0,45 10,53 43 3,29 7,5 9,2 


10B  10K  0m  20B  20K 

0,25 1,36 5,6 1 1,6 7,5 
0,35 1,63 6,7 1,03 1,7 7,9 
0,45 2,5 10,7 0,84 1,6 7,3 
 10xB 10xK 0xm 20xB 20xK
0,25 3,1 12,4 1,8 5,2 7,6 
0,35 3,1 12,4 1,9 5,7 8,3 
0,45 3,1 12,4 2,1 6,4 9,2 

The tangent of the angle of inclination of the straight line describing the change of parameters due 
to the heterogeneity of the base is multiplied by the values 1U , determined according to table 2:

Table 2 
 11zB 11zK 1zm 21zB 21zK
0,25 0,87 3,56 0,56 0,62 2,88 
0,35 1,06 4,34 0,62 0,78 3,5 
0,45 1,81 7,41 0,69 0,78 3,72 


11B  11K  1m  21B  21K 

0,25 0,22 1,16 0,12 0,12 1,34 
0,35 0,28 1,41 0,16 0,12 1,81 
0,45 0,5 1,97 0,16 0,12 1,81 
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 11xB 11xK 1xm 21xB 21xK
0,25 0,53 2,09 0,28 0,75 1,53 
0,35 0,53 2,09 0,31 0,84 1,87 
0,45 0,53 2,09 0,37 0,84 1,91 

The transition from dimensionless parameters defined by (2) to dimensionalU   is carried out by
the following formulas for the problems of dynamics: 

- for rotational vibrations 𝐾𝜑1
∗ = 𝐶2

2𝜌𝑎3𝐾𝜑1 ; 𝐾𝜑2
∗ = 𝐶2

2𝜌𝑎3𝐾𝜑2 ; 𝐵𝜑1
∗ = 𝐶2𝜌𝑎4𝐵𝜑1 ;

𝐵𝜑2
∗ = 𝐶2𝜌𝑎4𝐵𝜑2 ;

5m a m   , 
- for horizontal 𝐾𝑥1

∗ = 𝐶2
2𝜌𝑎𝐾𝑥1 ; 𝐾𝑥2

∗ = 𝐶2
2𝜌𝑎𝐾𝑥2 ; 𝐵𝑥1

∗ = 𝐶2𝜌𝑎2𝐵𝑥1 ; 𝐵𝑥2
∗ = 𝐶2𝜌𝑎2𝐵𝑥2 ;

𝑚𝑥
∗ =  𝜌𝑎3𝑚𝑥,

- for vertical   𝐾𝑧1
∗ = 𝐶2

2𝜌𝑎𝐾𝑧1 ; 𝐾𝑧2
∗ = 𝐶2

2𝜌𝑎𝐾𝑧2 ; 𝐵𝑧1
∗ = 𝐶2𝜌𝑎2𝐵𝑧1 ; 𝐵𝑧2

∗ = 𝐶2𝜌𝑎2𝐵𝑧2 ;
𝑚𝑧

∗ =  𝜌𝑎3𝑚𝑧,      where

2С - the speed of propagation of the transverse wave on the surface;
 - density of base soils.

Sa


 - given the radius of the sole. 

For vertical oscillations with Poisson's ratio 𝜈=0,25 the parameters of the model under 
consideration take the following values: 

𝐾𝑧1=𝐶2
2 𝜌a (21,8+3,56 𝑡𝑔 𝜓

√𝑆

𝛼
)       (3) 

𝐾𝑧2=𝐶2
2 𝜌a (7,5+2,88 𝑡𝑔 𝜓

√𝑆

𝛼
)       (4) 

𝑏𝑧1=𝐶2 𝜌a2 (5,34+0,87 𝑡𝑔 𝜓
√𝑆

𝛼
)             (5) 

𝑏𝑧2=𝐶2  𝜌a2 (6,21+0,62 𝑡𝑔 𝜓
√𝑆

𝛼
)              (6) 

mz= 𝜌a3 (2,8+0,56 𝑡𝑔 𝜓
√𝑆

𝛼
) (7) 

In solving dynamic problems, the elastic modulus of the half-space E, which models the base, is 
used. Regulatory documents use the total strain modulus E0. To compare the calculated and field 
data, the indicator is used.: 

𝜂2 = Е

Е0
(8) 

B.A.Aleksandrov, S.K.Lapin, O.A.Savinov, A.M.Uzdin, I.U.Albert and others from the condition 
of coincidence of the values of static rigidity (systems with ½ and 11

2⁄ degrees of freedom)
calculated by formulas (3) ... (7) and According to current regulatory documents based on field 
data, the following estimate of value 𝜂2 was obtained:  

𝜂2 = Е

Е0
 = 2,5 * 𝑏0̃ *𝜋*a*(1+𝜉)*𝛾, (9) 
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where  𝑏0̃ - s the coefficient taken according to [1] for sands 1.0, for sandy loams and loams – 1.2, 

for clays and coarse-grained soils- 1.5; 𝜉 = √𝑆0
𝑆⁄  ,      (S0 =10 м2) 

𝛾= 
29,3+6,44  

√𝑆

𝛼
𝑡𝑔𝜓

(21.8+3.56 
√𝑆

𝛼
∗𝑡𝑔 𝜓)(7.5+2.88

√𝑆

𝛼
∗𝑡𝑔𝜓) 

(10) 

Calculations using model constructions with 11
2⁄  degrees of freedom are in satisfactory

agreement with experimental data. The stiffness of the base coincides with the regulatory 
documents with an appropriate choice of the elastic modulus of the half-space according to (9).

We note in conclusion when the formulas considered can be used directly. 

First, they are necessary for testing powerful software systems. At present, dozens of modern 
complexes are exploited, using the finite element representation of the soil massif. At the same 
time, users have an erroneous opinion that the more elements there are, the more accurate the 
calculation. In fact, quite the opposite. If the base is modeled by an elastic half-space, then breaking 
it up into FEM can only introduce additional errors. To exclude them, before doing a structure 
calculation, it is necessary to test the program and the finite element scheme setting the base 
homogeneous. 

Secondly, there are cases of a homogeneous base, when an estimate using the formulas of an elastic 
half-space gives acceptable results. 

Third, the use of the above formulas gives useful qualitative results that are necessary when 
interpreting complex calculations on the FEM. 
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3.4 SEISMIC RESISTANCE OF PILES. 

Russian contributors: V. Ilyichev, A. Uzdin 
American contributors: K. Rollins, M. Ghavoomi 

The lateral resistance of piles under seismic loading is frequently evaluated using the p-y curve 
approach for routine engineering practice in the US where p represents the lateral soil resistance 
per length interval and y is the lateral soil displacement. In this approach pseudo-static, push-over 
type analyses are often performed for seismic design where an equivalent static force is applied to 
piles or pile groups to evaluate maximum displacement, along with maximum moment and shear 
demands. In other cases, the free-field behavior of the ground may be analyzed using a one-
dimensional ground response analysis.  Then the computed free-field ground displacement time 
histories at various depths can be applied to the pile foundations with p-y curves so that response 
of the soil-pile system can be evaluated. The selection of models for p-y curves and soil resistance 
reduction factors (p-multipliers) for group effects are guided by code provisions such as the 
AASHTO (American Association of State Highway and Transportation Officials) code used for 
transportation projects or the API (American Petroleum Institute) code for off-shore applications.  
For more important structures, continuum approaches involving finite element or finite difference 
models are used to fully capture the soil-structure interaction effects including damping effects.     

3.4.1 LATERAL PILE RESISTANCE IN US GUIDANCE DOCUMENTS. 

US codes typically specify a number of generic p-y curve shapes for sands, soft clay, stiff clay, 
and stiff clay with free water.  In addition, p-multipliers are specified to account for the influence 
of group interaction.  For widely-spaced piles in the leading row of a group (row 1), the lateral pile 
resistance may be rather similar to that for a single isolated pile because the shear zones do not 
overlap with one another as shown in Fig. 4-1.  However, for piles in the trailing rows of a group 
(rows 2 and 3), there will likely be a significant reduction in lateral resistance due to overlapping 
shear zones (also known as shadowing) as shown in Fig. 4-1 (Rollins et al. 1998).  

US codes typically use a p-multiplier to decrease the lateral soil resistance, p, as a function of pile 
row and center-to-center pile spacing (specified in terms of pile diameter) in the direction of 
loading.  The p-multiplier decreases the lateral resistance of a pile in the group relative to that for 
a single isolated pile as shown in Fig. 4-2 (Brown et al. 1988).  Typical p-multiplier values 
specified based on averages for all soil types are provided in the AASHTO code in Table 4-1. 

Interaction effects on lateral pile resistance are also becoming important when piles are located 
close to a vertical Mechanically Stabilized Earth (MSE) wall at a bridge abutment as illustrated in 
Fig. 4-3.  The AASHTO code is silent on the effect of the interaction between the pile and MSE 
wall in reducing lateral pile resistance. Some engineers place piles far enough behind the wall (six 
to eight pile diameters) to eliminate interaction, but this increases the bridge span and resulting 
cost.  Other engineers assume that there is no lateral resistance from the wall but this conservative 
approach increases the required number or size of piles increasing the foundation cost. Still others 
place the pile close to the wall and assume a lateral resistance reduction factor based on engineering 
judgment but there is little justification for the selected reduction.  
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Fig. 1 Illustration of group interaction effects produced by overlapping shear zones also 
known as shadowing (After Rollins et al. 1998) 

Fig. 2. Illustration of P-multiplier concept for modifying p-y curves (After Brown et al. 1988) 
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Table 4-1.  Pile P-multipliers, Pmult, for multiple row pile groups in AASHTO (averaged from 
Hannigan et al., 2006). 

Fig. 3 Cross-section through bridge abutment showing potential interaction between 
laterally loaded pile and Mechanically Stabilized Earth (MSE) wall at a bridge abutment 
under lateral loading (Rollins et al. 2018c) 

3.4.2 LATERAL PILE RESISTANCE IN RUSSIAN GUIDANCE DOCUMENTS. 

During earthquakes research in the USSR and in Russia, it was noted that with strong seismic 
effects destroying buildings and structures, in many cases, foundations were not damaged. This 
indicates their potentially high seismic resistance. 

In the 1980s, unique experimental tests of full scale driving and stuffed piles were performed at 
the NIIOSP test site in Moldova with simultaneous action of vertical and horizontal loads and the 
excitation of ground vibrations by vibrators or an explosion [1]. Also, experimental studies of piles 
by explosions were performed during construction in Medeo (Kazakhstan) [2]. Laboratory studies 
of the effect of vibration on friction along a pile shaft are presented in [3]. This monograph also 
proposed a possible theory of wave interaction of piles with the ground during horizontal 
oscillations. 

All the above experimental studies have confirmed the a priori thought that the piles during seismic 
influences work quasi-static. The frequency of natural oscillations of free piles is 20-40 Hz, the 
frequency of seismic effects are in the range of 2-15 Hz. Thus, the pile, as a partial system that is 
part of a more general system, oscillates in its preresonant zone. 
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However, it is necessary to introduce some changes into the calculated static scheme of the pile 
operation. The first. With horizontal oscillations of the pile in its upper zone, a gap appears 
between the pile and the ground; therefore, the pile cannot perceive the vertical load from the 
surface to a certain depth. The second. It is necessary to reduce the coefficient of friction on the 
side surface of the pile due to earthquakes because of soil vibrations. All these features and, most 
importantly, the results of experimental studies have allowed to create a regulatory document, its 
latest edition - the Code of Practice [4]. 

So, the depth h of the point to which there is no friction from the surface on the side surface of the 
pile is determined by the formula 

 




















II
2

p

31

ctgab

MaHah , 

Where: 
а1, а2 и and а3 are dimensionless coefficients equal to 1.5; 0.8 and 0.6 for high pile grillage 
and for single piles; 1.2; 1.2 and 0 - in case of hard embedment of piles in a low grillage; 
H and M horizontal force and moment acting on the pile and brought to the level of the soil 
surface; 

EI
Kb

c

p


 - deformation coefficient, 

Е - modulus of elasticity of pile material kPa (tf / m2); 
I - moment of inertia of the pile cross section, m4; 
bp - conditional pile width, m, assumed to be equal for pile diameter of 0.8 m and more 
bp = d + 1, and for the other sizes of pile sections bp = 1.5d + 0.5 m, d – pile diameter 
c - coefficient of working conditions 
К – proportionality coefficient for coefficient of soil reaction in depth сz=Kz; 
 - specific gravity of soil; 
I и сI – angle of internal friction and soil adhesion, determined taking into account the 
strength of the earthquake I 
The bearing capacity of the pile for vertical loads in seismic areas is determined by the 
formula, where the coefficient γeq and γeqi are in the table. 

)( ,
i

piifieqpReqc lfuRA   

с – the coefficient of operation of the pile in the soil, 
R – design soil resistance below the bottom of the pile, 
А – pile bearing area, 
up – outer perimeter of the pile cross section, 
fi – the calculated resistance of the i-th layer of soil in contact with the lateral surface of the 
pile, starting from the depth hd, 
lpi – the thickness of the i-th layer of soil, 
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eq ,  eqi  - coefficients of working conditions, taking into account the influence of seismic 
vibrations of the soil under the butt and on the lateral surface of the pile in the i-th layer of 
soil (see the table). 
 R и f – coefficients of working conditions, depending on the method of immersion or piles. 

A very important, and sometimes the only solution for the device of the foundation is the 
installation of a pile grillage with an intermediate groundwater  pad made of rubble. This 
foundation construction was first used in the late 50s of the last century in Chile during the 
construction of a metallurgical plant in Concepcion. Structures on such foundations were well 
operated during the 1960 Chilean earthquake. A detailed study of such foundations was carried 
out at NIIOSP [2, 3]. To ensure the performance of such foundations, certain ratios between the 
dimensions of the piles, tips and intermediate pad should be observed. 
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Structural schemes of pile foundations with an intermediate pad with driving prismatic piles. 

In particular, it is necessary to provide a gap between the tips to transfer the pressure of the soil 
from the surface to the piles. Otherwise, the ground under the cushion will begin to subside and a 
cavity forms between the cushion and sagging ground. The condition is recommended 

3/22.0 Laсмd   
где а – tip size, d – diameter or side of the pile, L – distance between piles. 
The above results refer to driven and bored piles with a diameter of 30-60 cm. For larger 

diameter piles, additional experimental studies are needed. 

3.4.3 POTENTIAL FOR IMPROVEMENT. 

Improved Procedures to Account for Lateral Pile Resistance in Pile Groups 

The current AASHTO p-multipliers for pile group interaction are based on a limited data set and 
only one set of curves is used for both sand and clay.  As illustrated in Fig. 4-4(a), group interaction 
increases in the direction of loading as friction angle increases because the failure surface flattens 
as friction angle increases.  Likewise, as shown in Fig. 4-4(b), group interaction increases in the 
direction transverse to loading as friction angle increases because the fan angle increases as the 
friction angle increases.  These two effects indicate that pile group interaction should be greater 
for piles in sands than for piles in clays because the friction angle for sands is higher than that for 
clays.  This result is substantiated by full-scale pile load tests which show lower p-multipliers for 
sands (Rollins et al. 2005a) than for clays (Rollins et al. 2005b, Rollins et al. 2005c, Rollins et al. 
2006).  Therefore, improved accuracy can be achieved by using separate p-multiplier curves for 
clays and sands.   
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Rollins (2006) proposed the following p-multipliers for cohesive soils based on ten full-scale 
lateral pile group load tests. 

First row (lead row) piles:  pm = 0.25 ln(S/D) + 0.5 ≤ 1.0 
Second row piles: pm = 0.52 ln(S/D)  ≤ 1.0 
Third and higher rows: pm = 0.60 ln(S/D) – 0.25 ≤ 1.0 

Inclusion of separate p-multiplier equations for sands and clays to account for pile-group 
interaction would represent an important improvement in methods for determining lateral pile 
resistance. 

Fig. 4. Effect of soil friction angle on pile group interaction in (a) the direction of loading 
from an elevation view drawing and (b) transverse to the direction of loading in a plan view 
drawing. 

Procedures to Account for Lateral Pile Resistance Near an MSE Wall 

To investigate pile-wall interaction effects, Rollins et al. (2013, 2018a) conducted 30 full-scale 
lateral load tests on piles near a 6 m (20 ft tall) MSE wall.  Rollins et al. (2018b) then developed 
p-multipliers (PMSE) to account for the reduced lateral soil resistance for a pile near the wall relative 
to a pile far enough away to be unaffected.  Based on previous testing (Rollins et al. 2013), the pile 
farthest from the MSE wall (typically about 5D) was assumed to be relatively unaffected by the 
presence of the wall, a p-multiplier of 1.0 was assumed for this case indicating no wall interaction. 
Soil parameters such as friction angles and lateral soil moduli were selected to obtain agreement 
with the measured load-deflection curves. For piles located closer to the wall, these back-

45-/2

Elevation View



(a) (b) 
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calculated soil parameters were then held constant for each pile type and a single p-multiplier was 
back-calculated to produce agreement with the measured load-deflection curve for that pile.   

Back-calculated p-multipliers are plotted versus normalized distance (S/D) from the wall [distance 
behind back of the wall to the center of the pile (S) divided by pile diameter(D)] in Fig. 4-5.  These 
piles had diameters ranging from 32.4 to 40.6 cm (12.75 to 16 in.). The hollow red data points are 
test results using galvanized ribbed strip reinforcement while the solid blue data points are test 
results using galvanized welded wire grid reinforcement. All tests have a reinforcement length to 
wall height (L/H) ratio ranging from 0.72 and 1.25. In general, neither the L/H ratio, the pile shape, 
nor the type of steel reinforcement produced any significant or consistent effect on the p-
multipliers for steel piles behind the MSE walls for the pile diameters (32.4 to 40.6 cm) involved. 
A review of the data in Fig. Fig. 4-5 indicates that nearly all of the back-calculated data points 
with S/D greater than four have a p-multiplier near 1.0 with the exception of two tests. A linear 
regression analysis was performed to evaluate the p-multiplier as a function of normalized pile 
distance using data that was within a distance of 4D from the wall. Rollins et al. (2018b) provided 
the best fit relationship for the p-multiplier, PMSE, with the equation: 

If 9.3
D
S , then 0.120.031.0 

D
SPMSE  (1a) 

If 9.3
D
S , then 0.1MSEP  (1b) 

In this regression analysis, the R2 value is 0.82 for S/D less than 4.0. A p-multiplier of 1.0 indicates 
that the presence of the wall has no significant effect on the lateral resistance or, alternatively, that 
the MSE reinforcement is sufficient to provide as much lateral restraint as if the wall were not 
present. With the aid of Equation 1, a design engineer should be able to determine if it would be 
more economical to locate piles closer to the wall and allow for reduced pile resistance or place 
the piles farther back and increase the bridge span.  Inclusion of the p-multiplier equation to 
account for pile-MSE wall interaction would represent an important improvement in methods for 
determining lateral pile resistance. 
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Fig. 5. P-multiplier (PMSE) versus normalized pile spacing (S/D) using pipe, square, and H-
pile data from Rollins et al. (2018b) and previous study by Rollins et al. (2013). 
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3.5 FOUNDATION DESIGN FOR KARSTIC SOILS. 

Russian contributors:  N Gotman, V Fedorovskiy 

American contributors: A Farid 

Karsts are the result of the dissolving action of water on carbonate or gypsum bedrock. Karst 
features range from sinkholes, vertical shafts, losing streams and springs, to complex underground 
drainage systems and caves. Underground drainage systems and aquifers can be impacted by 
karsts. Hence, karst features can impact and be impacted by disturbances occurring miles away. 
Karsts can hence create building collapse, groundwater contamination, excessive water loss 
problems for dams, and negative impacts on species and ecosystems. Karsts in the United States 
have created concerns for various federal and state agencies such as United States Geological 
Services (USGS), departments of transportation, departments of Natural Resources, and 
Departments of Environmental Management, among others. 

3.5.1 KARST CONTENT IN US GUIDANCE DOCUMENTS. 

Karsts create concerns related to contamination of groundwater, building and construction, 
pavement structures, etc. In terms of construction, the current practice is to avoid construction of 
building on top or near karsts or lands with a potential for karst development. However, for projects 
with large areas, this becomes more challenging, leaving groundwater as the most susceptible 
resources impacted by accelerated contamination due to karst development followed by 
transportation infrastructure covering large areas.  

“Knowing where karst features are located could help city and town planners, as well as, individual 
land owners to make decisions on where to build houses and structures and save thousand so f 
dollars in repair to buildings that are built on unstable karst terrain.” (Alpha et al., 1997)  

More importantly, karst springs supply drinking water to millions of people. Knowledge of karst 
terrain and the movement of water in underground drainage systems is important for maintaining 
good quality and safe drinking water. Pollution of groundwater is a major problem in karst terrain. 
However, the only major attempts to develop standards relate to the characterization and 
contamination aspects. Hence, substantial resources have been invested into development of 
geographical maps for areas with a high karst development potential. These efforts have been 
spearheaded by the USGS.  

In terms of the authorities, federal authorities have not taken much initiatives; however, state 
authorities have been a bit more active. The American Association of State Highway and 
Transportation Officials’ (AASHTO) Bridge Design Specifications (AASHTO, 2012) does not 
address karsts in its construction guideline. In 1998, the American Standard of Testing and 
Materials (ASTM) sponsored a standard guide (ASTM D5717) for developing groundwater 
monitoring systems specifically for karst and fractured-rock aquifers, which was later withdrawn 
in 2005. Benson and Yuhr (2016) prepared a report about the characterization of karsts, mainly 
focused on groundwater contamination. 
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At the federal level, the United States Department of Agriculture (USDA, Code 527) discusses 
various aspects of protecting the environment around karstic area. USDA (Code 527) also 
discusses acceptable sealing practices and materials based on ASTM D5299 (part 6.4). 

For example, in 1993, the Indiana Department of Transportation (INDOT) entered into a 
memorandum of understanding (MOU) with the Indiana Department of Natural Resources, the 
U.S. Fish and Wildlife Services, and the Indiana Department of Environmental Management to 
establish guidelines for construction of transportation projected in areas with high karst 
development potential. The guideline requires consultation with one or more of signatories of the 
memorandum of understanding (MOU).  

Another example is the State of Missouri’s Conservation Department’s requirements for building 
and construction near karst area to protect the state’s karst habitat (MCD, 2015). The same 
document gives guidelines as to how to identify karsts and their extent. According to the same 
document, “the identification and delineation of karst features should include location, 
distribution, and dimensions of rock cavities; location, distribution, and dimensions of soil voids; 
depth and configuration of the rock surface; variation in the physical characteristics of the 
subsurface soils and rock; groundwater quality and flow patterns.” (MCD, 2015)  

3.5.2 KARST CONTENT IN RUSSIAN GUIDANCE DOCUMENTS. 

The Design of the Foundations on the Karstic Base 

In Russia the design of the foundations on the karstic base is carried out in accordance with the 
requirements of the Codes [1,2, 3,4] which formulate the basic principles of design. For 
calculations of foundations, the classical solutions of soil mechanics and numerical methods are 
applied and the constructive solution of buildings and features of karstic base are considered. 

The karstification process is a complex natural process, which in design practice is simplified to 
answer the following questions, which are more important for foundation design. 

1. What is it the karstic base?

The basis with sinkholes and caves during construction period, or there are precondition for their 
formation during normative lifetime of the building. 

2. Which forms of karst deformations must be considered in constructers calculation?

Sinkholes (with diameter from 1 to 15m) and subsidence (from 10 to 20 cm deep) 

3. What is the process of karstification?

Formation of the cavity, reaching critical dimensions of the cavity, scattering of the topsoil into 
the cavity, “rise” of the cavity and formation of sinkhole at the base of the foundation.  

4. The estimation of the karstic danger of the construction site?
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The estimation is carried out considering karstic specific of the construction site, i.e. the present 
of karst forms, depth and thickness of the waterproof layers, the gradient of vertical filtration, 
depth of karst rocks, etc. 

There are six categories of resistance to karst deformation (from “very unstable” to “stable”), and 
three categories of karst-suffusion danger in construction site (dangerous, potentially dangerous, 
safe)  

The first stage of foundation design in the karstic areas is the choice of the karst protection 
measures. In design practice and in our codes, we have 2 groups of karst protection measures. They 
are different by the aim of protection.  

The aim of the first is to prevent the development of the karst process. 

Active - anti-filtration and geotechnical measures. 

Passive - waterproof measures. 

The aim of the second is to prevent the development of the karst process and to reduce the 
consequences of karst process. 

Active - constructive and exploitation measures. 

Passive - planning. 

Passive measures (waterproof and planning) should be envisaged in all karst sites 

Active measures (anti-filtration, geotechnical, constructive and exploitation measures) should be 
envisaged- in dangerous and patently dangerous sites. 

The constructive and geotechnical karst protection measures    are the most expansive and 
significantly increase the cost of construction at all. The main aim of the constructive karst 
protection is the adaptation of structures to the karst deformations (karst protection foundations 
and supra fundamental structures design). This is usually achieved by the karst protection 
foundations and structures design in two ways: 

• by carrying out analysis of the foundation in conjunction of the above-foundation structures
for the case of the karst deformation occurrence with the specified parameters; 

• by cutting through the karsting soils and supporting the foundation on monolithic rocks.

The main aim of geotechnical karst protection is the prevention of the karstification under 
foundation. This is usually achieved by cementation of karstic soils. In both cases calculations are 
carried according the ultimate limit state control (in Russian Codes it is the first limit state).  

The effective karst protection foundations must be   designed on the basis of calculated positions 
and initial data corresponding to the nature of the development of karst deformations. The main 
initial data are the design parameters of karst deformations. The design parameters of karst 
deformations are determined (predicted) depending on their type. There are two types of the karst 
and suffusion deformations development: 

- “SinkHole”, when the karst cavity develops in karsting soils and “rise” under the foundation 
base; 
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- “Subsidence” as the result of the karst and suffusion processes development in the cover mass. 

The sinkhole size can be determined using analytical, numerical or statistical. The analytical 
method is based on the solution of the equilibrium equations for cover mass above the karst cavity 
[5,9]. The numerical method involves the modeling of the growth of the cavity to the critical width 
and its rising to the base of foundation. So, the design of the cavity critical dimensions in the 
karsting soils is carried out by the method of the “step-by step” cavity growth. 

Statistical and probabilistic methods [8,9] use the results of calculation (analytical or numerical) 
or monitoring and correct them by the probability of karst risk on the construction site.   

For karst type sinkhole the simplest way of the karst interpretation is the modeling of the karst 
hole under the foundation base according to deformability reduce. In this case the deformability 
reduce can be taken as the “hole” formation under the foundation base. And naturally the choice 
of the base model is of great importance. The modeling is possible both according to Elastic- Plasic  
3D(HS) and the model of the variable subgrade reaction. The contact model is the simplest and 
the most understandable for the practical engineer. The base subgrade reaction coefficient is equal 
zero above the sinkhole and decreased at the karst “hole” boundary [10,11,13] . 

For karst type Subsidence the design scheme takes into account the cavity of critical dimensions 
in the karsting soils. As for the previous case it is modeling according to 2 base model (Elastic- 
Plasic  3D(HS) and Contact). But the base subgrade reaction coefficient is taken lesser above the 
cavity with increasing to natural subgrade reaction coefficient around. [12] 

The Geotechnical karst protection are usually used for reconstructed buildings, or when the 
constructive methods are not effective. The main design requirements are the prevention of the 
karst deformations development and the maximum preservation of the hydrogeological regime of 
the territory. The basic principle is do not harm nature! 

The more effective geotechnical protection method is the cementation of the cover soils above the 
karsting soils. Investigations of the stress-strain state of the artificially strengthened foundation 
base over the karst cavity made it possible to establish that the most efficient was the cementation 
of the soil mass in the roof of the karsting soils. In this case, additional deformations in the 
foundation base are minimal when cavities occurrence in karsting soils, and soil collapse into the 
karst cavity is not allowed if the height of the probable collapse area above the cavity does not 
exceed the thickness of the artificially strengthened soil layer. The possible collapse area have the 
form of the arch above the cavity in the equilibrium state (up to the moment of its collapse) and 
can be defined by points at which the strength condition Mohr-Coulomb is satisfied   

In Russia the problems of designing on karst-dangerous territories are explored jointly by 
geologists and geotechnical engineers [6,7,10,11]. Every year a meeting of leading experts on karst 
problems is organized. The Information on the results of these meetings is placed on the website 
of the electronic journal. The Link to GeoInfo electronic magazine:  http://www.geoinfo.ru/. 
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3.5.3 POTENTIAL FOR IMPROVEMENT. 

Sinkhole development is an issue of concern; however, no construction guideline requires for extra 
design efforts or reinforcement for structure on areas prone to sinkhole development. States such 
as Florida o territories such Puerto Rico have seen damages due to rapid sinkhole development. 
Due to the abundance of lands in these areas, the current common practice is to avoid construction 
where karsts exist; however, the potential for sinkhole development has been overlooked. With the 
exception of crucial infrastructure, unless land in areas prone to sinkhole development become 
much scarcer or damages become more frequent, there may not be enough will to develop a 
standard. This in an area that the U.S. can benefit from existing guidelines in Russia.  

3.5.4 RECOMMENDATIONS ON HOW TO ACCOMPLISH THIS IMPROVEMENT. 

Since there is no standard for building and construction, even though very difficult, the main focus 
can be on retrofit and reinforcement of existing construction when a karst is discovered underneath 
the instruction to prevent collapse while a sinkhole develops. Otherwise, the field is wide open and 
can benefit from Russian standards.  
The USGS work can be modeled to develop a map of karstic or pseudokarstic area in Russia, if 
not existing, to avoid or retrofit existing construction.  
There is still a lot research performed on how contamination impacts drinking- and ground-water 
more and faster in karstic or pseudokarstic areas. However, in all different projects, the geological 
prediction is the main focus. For example, in tunneling, the procedure shown in Figures 1 can be 
followed. 
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(a)      (b) 
Fig. 1. An integrated geological prediction system (a: Shucai et al., 2010; b: Hui et al., 2012) 
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3.6 SOIL-STRUCTURE SIMLULATION OF CONSTRUCTION SEQUENCE. 

Russian Contributors: V. Ilyichev 

Influence of concreting technology of the thick plate on distribution of contact stresses. 
I would like to draw attention to one of the first case of contradiction between calculation 

and real behavior of foundation plate under their dead load 
During investigation of foundation for great turbine 1200 MWT of thermal power station, it 

was find out that the upper surface of plate has cracks because of tension. According to the standard 
calculation of a plate or a beam under the load of their own weigh bending moments should make 
tension lower part  of the beam, i.e. vice versa. 

The mathematical statement of the problem was developed for stamps plates and beams on 
the elastic and consolidating base. Some results are presented here. As an example, calculations 
are shown for an absolute hard stamp, concreting on elastic half plane. 

Parameters of the stamp: length – 35m, weight of concrete – 2 t/m3 

Bending moments 
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The distribution of contact stresses in this problem setting is very different from the distribution 
of contact stresses in the traditional formulation of the problem: the ordinates of the contact stress 
diagrams take maximum values in the middle part of the foundation and decrease at the edges. 

Such distribution of contact stresses leads to the fact that the diagram of bending moments is 
obtained with a negative sign in the middle part of the foundation. 

In the traditional formulation of the problem, the diagram of bending moments has a positive sign 
in the middle part of the foundation. 

The maximum absolute values of the bending moments in our formulation of the problem are two 
or two and a half times different (less) than the maximum values of the bending moments in the 
traditional formulation of the problem at full load on the slab. 

Many modern software systems now have built-in blocks for calculating the efforts in the design 
during the construction process. In relation to the tasks of foundation engineering, this was called 
“Technological soil mechanics”; in relation to building structures, this is called “Genetic 
calculations”. 

The need to do such calculations is indicated by the previously unknown fact that some elements 
have opposite sign voltages in comparison with the operational period of the structure’s life. 
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3.7  INFLUENCE OF EXCAVATIONS ON ADJACENT BUILDINGS. 

Russian contributors:  Razvodovskiy, N Nikiforova, O Makovetskiy 
American contributors: D Laefer, V Kaliakin 

3.7.1 INTRODUCTION 

Protection of buildings from potential damage was in the focus of research works the last 20 years in Russia. 
It was the time of the construction boom in Moscow and St. Petersburg. A lot of deep excavations were 
carried out in the cities center, including their historical parts. The regulation of this process was the main 
objective of the city government activity   and first local codes /5,6/ were developed. This Codes was 
worked up by Moscow and St. Petersburg geotechnics  due to  the analysis of buildings settlements in the 
center of Moscow and St. Petersburg at almost 50 years period.   Later the local documents became the 
basis of Federal codes. 

These documents contain: 
 the size of the potential  impact zone of excavation;
 specifics of underground structures design and geotechnical forecast;
 requirements for geological investigations;
 Values for permissible deformations of buildings impact zone of excavation.

In the focus of attention of Russian geotechnics not only the part of the settlement which it is possible to 
calculate with FEM programs, but also the settlement caused the technological process during the 
construction installation. The codes are updated every 5 years, but minor changes are made annually. 

3.7.2 THE MAIN REQUIREMENTS OF THE RUSSIAN CODES. 

According to Russian Codes /1, 2/ before the beginning of construction   works technical state of buildings 
located in potential impact zone Нк should be established. In the impact  zone extra settlement caused by 
excavation should be less than 1 mm. According to SP 22.13330 /1/ the radius impact zone: 

 5Нк –all types of retaining walls with ground anchors, but not more than 2L, where L is the total
length of the horizontal projection of the anchor ;

 Нк - soldier pile walls and  struts or pits in the natural slopes;
 3 Нк -  diaphragm wall with steel struts or  soldier pile  wall and semi top down method;
 2Нк - using a diaphragm wall  and  top-down method of excavation.

The categories of buildings state should be determined according SP 22.13330. There are 4 categories of 
buildings state, presented in Table 1. The buildings of the first state  are  in a good condition. They have no 
cracks and no indications  of building damages. The buildings of the second  category are in satisfactory 
condition, but local repair is needed. The are local thin cracks in constructions of the  building. The 
buildings of the third category are in a bad state. Immediately repairing is needed for this type of buildings. 
For the buildings of the fourth category any  small differential settlement can cause building collapse. 
Admissible values for additional   deformations of buildings  are presented in Table 1.  
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Table 1. 
Types of buildings Category of 

buildings 
The values of extra deformations 

State Maximum 
allowable extra 

settlement 
s (cm) 

Maximum allowable 
differential  
settlement 

Civil and industrial single-storey and 
multi-storey buildings with full reinforced 
concrete or steel frame 

I 
II 
III 

5,0 
3,0 
2,0 

0,002 
0,001 
0,0007 

Multi-storey frameless buildings with  
large panels bearing walls  

I 
II 
III 

4,0 
3,0 
2,0 

0,0016 
0,0008 
0,0005 

Multi-storey frameless buildings with  
large blocks bearing walls or masonry 
walls  without reinforcement 

I 
II 
III 

5,0 
3,0 
2,0 

0,002 
0,001 
0,0007 

Multi-Storey frameless buildings with 
masonry bearing walls with reinfo  or 
concrete blocks with reinforcing or 
reinforced concrete belts 

I 
II 
III 

4,0 
3,0 
2,0 

0,0024 
0,0015 
0,001 

Multi-storey and one-storey historical 
brickwork buildings with bearing walls 
without reinforcement 

I 
II 
III 

4,0 
3,0 
2,0 

0,002 
0,001 
0,0007 

High rigid structures and pipes I 
II 
III 

4,0 
3,0 
2,0 

0,002 
0,001 
0,0007 

Single-storey and multi-storey brickwork 
frameless buildings or large blocks walls 
buildings without reinforcement 

I 
II 
III 

4,0 
3,0 
2,0 

0,003 
0,0015 
0,001 

Single-storey and multi-storey frameless  
brickwork buildings without reinforced 
masonry or large blocks reinforced walls 
buildings  

I 
II 
III 

- 
1,0 

0,50 

- 
0,0006 
0,0004 

Multi-storey and one-storey historical 
brickwork buildings with bearing walls 
without reinforcement 

I 
II 
III 

5,0 
3,0 
2,0 

0,004 
0,002 
0,001 

Notation : L (cm) – distance between reference points 
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For the calculations of the extra settlements of the buildings FEM codes should be used. Typically, three 
types of constitutive  models are used- MC, HS, HSS. The main problem of the calculations in the 
calculation results accuracy /14//  Typically, three types of models are used-MC, HS, HSS.  There is no 
special requirements what constitutive models should be used for the calculations. Local experience is the 
main reason to choose model and finite element types for the calculations. When the calculated value of 
the settlements is more than maximum allowable values protective measures produced. For this purposes 
micro piles, jet grouting, soil reinforcement , shut-off screens etc. can be used.  The influence on water 
and gas communications. The problem of the  permissible deformations for this type of constructions is in 
discussion.  
Problem: The accuracy of the calculations is not high, but the requirements for the allowed 
deformations of buildings are quite strict. How to raise the accuracy of geotechnical calculations? 

3.7.3 NEW PROPOSALS. 

Russian geotechnics offer additional criteria describing the technical condition of buildings. 
Professor V.A.Ilyichev suggests to introduce in codes  the value    (x) ~ S// (x), 1/m. 

 ,                                                           (2) 
here x – the distance between geodesic marks at the base of the building. 

Analyzing the results of geotechnical monitoring of Moscow facilities with deepened parts and of 
neighboring buildings, it is possible to note that cracks in the structures of the multistory brick buildings 
with load bearing walls that have been operated for a long time do not emerge, provided that these buildings' 
foundations curvature does not exceed the values presented in the table 1. 

Structures and 
status of the 

building 

Category of 
buildings 

state 

Deformations 

Smax,,cm s/l , 1/m 
Multi-storey 
frameless 
buildings with  
large blocks 
bearing walls or 
masonry walls  
without 
reinforcement 

I 
II 
III 
IV 

IV* 

5,0 
3,0 
1,0 
0,4 
0 

2*10-3 
1*10-3 
7*10-4

4*10-4

0 

1*10-4 
4*10-5 
8*10-5 
5*10-6 
0 

Single-storey and 
multi-storey 
historical 
buildings without 
reinforcement 

I 
II 
III 
IV 

IV* 

- 
1,0 
0,5 
0,2 
0 

- 
6*10-4 
4*10-4

1*10-4

0 

- 
2*10-5 
4*10-5 
2*10-6 
0 

Note: Historical buildings or monuments of architecture do not belong to structure condition category I. The 
buildings in pre-emergency condition belong to structure condition category IV, the buildings in emergency 
condition belong to structure condition category IV*. 

The problem –What should we do with new complicated criteries? What should we do with 
previous experience? 
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3.7.4. EFFICIENCY OF PROTECTIVE MEASURES. 

Efficiency of protection measures is now out the attention of the codes. The main trend is to make 
calculations, and another considers local experience [11-13]. 
Predicted settlement with mitigation measures due to local experience [10]: 

Sm=Kct S                                                                      (4) 
where S is the predicted settlement without mitigation measures (could be obtained analytically or 
numerically);  
Kct -reduction coefficient (Geotechnical Engineer’s Handbook, 2016)  

Kct = Sm/Sp                                                                                                      (5)
where Sm is the measured settlement of buildings with mitigation measures. 
Reduction coefficients Kct for settlement were obtained comparing measured settlements of buildings with 
mitigation measures with predicted ones for buildings without any protection. These coefficients consider 
technological settlement (see Table 2). Deformations, including settlements, which occur due to inaccurate 
process sequences (in this case during installation of mitigation measures) are termed as technological 
deformations (settlements) by the Russian specialists. 

Table 2 
Type of mitigation measure К

ct

Compensation grouting  (vertical and horizontal);  
prestressed strutting structures (struts with jacks);  
controlled jet-grouting;  
jet piles in combination with micropiles or jet piles with drill pipe left in a pile 0.2 

Compensational micropiles for underpinning; 
soil strengthtening with Microdur  0.1 

Micropiles 0.6 

Jacked piles 
0.5 

Jet piles 0.7 

The problem –Can local experience can be used in other cities and geological conditions? 

3.7.5 ANALYTICAL SOLUTION. 

There are some suggestions to use analytical solutions. How to do it is a complex problem. 

For instance,  special formula for determining the settlements of a building on strip footings along its 
length near a trench was received  [8,9]: 
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where k is the subgrade reaction coefficient; 

q - the foundation pressure;  

r  - the coefficient, based on type of strutting structures for a pit ( r =0,6-2,5); 
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where Hk denotes the excavation depth;  

х is the coordinate value along a length of building (x=0 on the nearest end of a building to a pit); α = 
0,7552;  

f1 is the empirical coefficient, depending on max surface settlement compared to excavation depth; L is the 
distance between building and excavation pit;  

EJ is the stiffness of building. 

The problem is how to use analytical solutions,  can it be better than FEM calculations. 

Another Topics of interest for Russian participants: 

1. Calculation methods and constitutive  models  to define settlement of buildings located in
a impact zone of excavation. When 3D calculations should be used?

2. Micro piles and jet grouting usage as a protection method for buildings and structures
adjacent to underground construction. Is it possible to make recommendations what
method should be used?

3. Settlements  caused by  mitigation measures (technological settlements). The significance
of this type of settlements for the buildings in historical cities.

4. Seismic impact consideration in design of excavation retaining structures and mitigation
measures for buildings
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3.8 ALLOWABLE SETTLEMENT OF TALL BUILDINGS. 

Russian contributors:  O. Shulyatiev 
American contributors: A. Sellountou, J.-L. Briaud 

The allowable settlement for any structure is a key component of the design of that structure. This 
allowable settlement can be only a few millimeters for movement sensitive structures up to a meter 
or more for embankments on soft soils. The case of tall buildings is important as the cost of such 
buildings is very large and the consequences of excessive movement are often difficult to fix easily. 
For the purpose of this discussion, tall buildings are defined as structures which are 100 m or taller. 

3.8.1 ALLOWABLE SETTLEMENT IN US GUIDANCE DOCUMENTS. 

Two sorts of settlement are typically identified: the total settlement st and the differential 
settlement sd. While the differential settlement is often more important than the total settlement for 
the serviceability of the building, it is rarely calculated as there is not enough data collected during 
the geotechnical investigation to be able to make settlement calculations at each foundation 
support. Instead it is common practice to calculate the total settlement st and accept that the 
differential settlement sd will be a fraction of the total settlement. It is customary to assume that  

sd < 0.75 st      (1) 
Another criterion which is often used in the design of structures is to limit the amount of distortion 
of the building. Distortion is defined as the differential settlement between two contiguous 
foundation supports sd divided by the distance between these two foundation supports L. The ratio 
L/ sd is limited and depends on the type of structure but numbers in the range of 300 for relatively 
flexible structures to 500 for more rigid structures are commonly used. 

In the USA, there is no single geotechnical engineering design code governing the design of all 
infrastructure. The most complete geotechnical engineering guidance document is probably the 
American Association of State Highway and Transportation Officials (AASHTO) Load and 
Resistance Factor Bridge Design Specifications (AASHTO, 2012). These specifications are related 
to bridges including their foundations as well as retaining walls and slopes. The following 
distortions have been recommended 

For simply supported bridges: L/sd > 125 (2) 
For continuous bridges: L/sd > 250 (3) 

The serviceability limit state addresses the issue of settlement and is written as (AASHTO, 2012): 
∑ 𝜂𝑖𝛾𝑖𝑄𝑖 ≤ 𝜙 𝑅𝑛      (4)

Where 𝑄𝑖 is the ith load, 𝑅𝑛is the load which leads to the allowable settlement, 𝛾𝑖 is the statistically
based load factor of the ith load (typically varying from 1 to 1.75), 𝜙 is the statistically based 
allowable load factor (typically varying from 0.9 to 1.0), and 𝜂𝑖 is the load modifier of the ith load
(typically varying from 1.05 to 1.1). The load and resistance factors, 𝛾𝑖 and 𝜙, used to quantify the 
serviceability level were selected on the basis of target probabilities of not satisfying the criterion 
of the order of 10-3. The load modifier 𝜂𝑖  takes into account the ductility of the bridge, the
redundancy aspect and the consequence of a bridge failure. 
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3.8.2 ALLOWABLE SETTLEMENT IN RUSSIA GUIDANCE DOCUMENTS. 

General Russian code for foundation design SP 22.13330.2011 “Soil bases of buildings and 
structures” [5] do not include specific limits for allowable settlement of high-rise buildings but 
specify some general rules.  

According to SP 22.13330.2011 maximum allowable settlement are estimating according to 
following requirements: 

- Technological and architectural requirements for deformations of buildings (esthetic 
requirements, equipment, lifts, cranes and etc.); 

- Strength, stability and cracking requirements for structures. 
Allowable settlement by technological and architectural requirements supposed to be estimated 
according to codes for a specific type of buildings, technical requirements for equipment and 
design order. 

 Allowable settlement by structural requirements supposed to be estimated according to calculation 
with soil-structure interaction.  With argumentation, it is possible to not limit settlement for 
buildings which do not affect by differential settlement (flexible structures with simple joints) or 
rigid structures.  

It is possible to use settlement limits from appendix D SP 22.13330.2011 (Table 1) if 
technological, architectural and structural requirements are not estimated.   

Settlement limits in SP 22.13330.2011 generally based on researches by Tokar R., Polshin D. [1, 
3]. 

In settlement analysis of high-rise buildings it is recommended to take into account soil variability 
(correlation between soil compressibility and soil stress conditions with relevant stress increasing 
by depth) and anisotropic mechanical properties of the soil. For overconsolidated soils – 
overconsolidation parameters. For clays – creep [2].    

Factors influence on the total settlement is shown in table 2. 

Additionally, it is important to consider the influence of the foundation pit bracing, irregular soil 
decompaction in the bottom of the foundation pit and construction process (building erection 
process). According to Russian calculation results and monitoring data, the influence of the 
foundation pits bracing can change tilt direction of the building [2]. Consideration of the 
construction process can decrease moments in foundation mat up to 30%. 
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Table 1. Data from appendix D SP 22.13330.2011 

Type 

Maximum allowable settlement2 

Angular 
distortion Tilt 

Maximum or 
average 

settlement1 

1. Industrial and civil (office, apartments, etc.)
buildings with frame structures: 
 - reinforced concrete (precast); 0.002 - 10 

 - reinforced concrete (precast), with reinforced 
concrete layers or in-situ reinforced concrete slabs, or 
in-situ reinforced concrete buildings in general; 

0.003 - 15 

 - steel; 0.004 - 15 

 - steel, with reinforced concrete layers or in-situ 
reinforced concrete slabs; 

0.005 - 18 

2. Buildings, which do not affected by differential
settlement 

0.006 - 20 

3. Multistore buildings with bearing walls:
 - panel walls; 0.0016 - 12 
 - blocks or bricks walls without reinforcement; 0.002 - 12 

 - blocks or bricks walls with reinforcement or 
reinforced concrete layers or in-situ reinforced 
concrete slabs, reinforced concrete buildings in 
general; 

0.0024 - 18 

4. Silos (grain elevator) by reinforced concrete:

 - office and storage (in-situ reinforced concrete) on 
single foundation mat; 

- 0.003 40 

 -  office and storage (precast reinforced concrete) on 
single foundation mat; 

- 0.003 30 

 - storage (in-situ reinforced concrete) on foundation 
mat; 

- 0.004 40 

 - storage (precast reinforced concrete) on foundation 
mat; 

- 0.004 30 

5. Chimney, with hight H, m:
 - H ≤ 100; - 0.005 40 
 - 100 < H ≤ 200; - 0.5H 30 
 - 200 < H ≤ 300; - 0.5H 20 
 - H > 300; - 0.5H 10 

6. Rigid structures with height up to 100m, except
mentioned in p. 4 and 5 

- 0.004 20 
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Note: 

1. Maximum settlement limitation applies for isolation footing or pile foundation. Average
settlement limitation applies for foundation mat, piled raft foundation or compensated pile
raft foundation.

2. For clarity description of ground and foundation movement are shown in p.2.

Table 2. Factors influence on the total settlement 

No Factor Influence on settlement, %1 

1 Soil variability -20 
2 Overconsolidation -30 
3 Anisotropy -17 
4 Creep +30 

Note: 
1. “+” - settlement increasing, “-” – settlement decreasing

1. Description of ground and foundation movement

- Angular distortion  
L
s

; 

Fig.1 Angular distortion 

 - Tilt 
L

ss
i 12  ; 

Fig.2 Tilt 

- Maximum settlement – maximum vertical displacement of foundation part; 

- Average settlement ,




i

ii

A
As

S  where Si is a settlement of i foundation part with area Ai. 
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3.8.3 POTENTIAL FOR IMPROVEMENT. 

Settlements limits for high-rise buildings will provide safety and cost effective solution for 
foundation design. According to Poulos H. [4], the cost of the foundation system is thus contained 
within the 30% of structure cost, so optimal foundation design can lead to significant savings.  

Tall buildings can be founded on pile group foundations while ignoring the contribution of the mat 
or cap in contact with the soil, on combined pile raft foundations (CPRF) where both the piles and 
the mat are contributing to the resistance, or on large mat foundations (Fig. 1). The range of total 
settlement for these large structures can be from 10 mm to over 200 mm. There is a need to better 
define what an allowable settlement for tall buildings is.  

Fig. 1 – Difference between mat foundation, pile group foundation, and combined piled raft
foundation (Briaud, 2013). 

3.8.4 RECOMMENDATIONS ON HOW TO ACCOMPLISH THIS IMPROVEMENT. 

- Review of settlement limitation in the foreign design codes and standard practice (EU, China, 
Canada, Japan, Australia, Brazil, etc). 

- Review of settlement limitation in researches. 

- Review of soil properties variability and their influence on the settlement. 

- Estimation connection between the value of total settlement and differential settlement. 

- Estimation technological and architectural requirements for high-rise buildings.  Evaluation and 
analysis of tolerable deformation of façade structures, lift shafts, mechanical equipment.  

An allowable settlement for a building is specific to that building. Therefore it is suggested that 
rather than setting some definite values for such allowable settlements, a logical methodology be 
developed to calculate on a building specific basis what is the allowable settlement for a given 
structure. In addition it may be possible after a proper study to give some general trends and 
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guidelines for the range of allowable settlement given different types, function, and purpose of tall 
structures. There is a need to better define what an allowable settlement for tall buildings is. 
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3.9 INFLUENCE OF PILE TESTING ON RESISTANCE FACTORS. 

Russian contributors:  O.A. Shulyatiev, A.L. Gotman, O.N. Isaev, R.F. Sharafutdinov 

American contributors: E.A. Sellountou 

Pile testing is a key component to any pile foundation project. It increases confidence on the design 
and maximizes project economy. For small piling projects verification of the design is usually the 
main goal. For big piling projects optimization of the design is often targeted and achieved if a 
load test program is executed at an early stage (usually pre-construction). Smaller or fewer piles is 
often the result of a well-designed and properly executed pile load test program. Piles are typically 
tested for integrity and capacity. Reduced safety factors (in ASD design) or increased resistance 
factors (in LRFD design) can be adopted when pile testing is performed resulting in more 
economical structures and less risk.   

3.9.1 PILE TESTING IN US GUIDANCE DOCUMENTS. 

For successful performance a pile must have good structural integrity and adequate bearing 
capacity.  Testing is often performed to confirm capacity and identify irregularities as part of the 
quality control/quality assurance program.  

 For load bearing capacity the most commonly performed testing methods are the static load
test (conventional top-down ASTM D1143), the bi-directional load test (ASTM D8169),
and the dynamic load test (ASTM D4945).

 Bored piles potentially contain structural defects like necking, soil intrusion, voids,
segregation, soft bottoms and other irregularities that could result in poor foundation
structural performance. The most commonly performed testing methods to evaluate
structural integrity are i) Low Strain Integrity Testing (ASTM D5882), ii) Crosshole Sonic
Logging (ASTM D6760) often enhanced by tomography analysis, and the iii) Thermal
Integrity Profiling (ASTM D7949).

 Driven piles can be subject to damaging stresses during installation.  Dynamic testing
(ASTM D4945) evaluates structural integrity for driven piles.

In the USA, there is no single geotechnical engineering design code governing the design of all 
infrastructure. The main US codes are the International Building Code (IBC: ASD design) and the 
AASHTO Design and Construction Specifications (LRFD design since 2007). The International 
Building Code (IBC) is a model code that provides minimum requirements of new and existing 
buildings. For the design and construction of highways and bridges the most complete geotechnical 
engineering guidance document is the American Association of State Highway and Transportation 
Officials (AASHTO) Load and Resistance Factor Bridge Design and Construction Specifications 
(AASHTO, 2017).  
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IBC requires at a minimum one static load test OR one dynamic load test to be performed in each 
area of uniform subsoil conditions enhanced with additional load tests if required by the building 
official. IBC allows an ASD safety factor of 2 for either static OR dynamic tests.  

Fig. 1 – AASHTO recommended Safety Factors (ASD approach) and Resistance Factors 
(LRFD approach) based on type and amount of pile testing.  

AASHTO recommended resistance factors for pile capacity depend on the method of capacity 
determination and amount of testing.  The resistance factors are as high as 0.80 when both static 
(SLT) AND dynamic testing (DLT) are performed, or as low as 0.40 when no pile testing is 
performed (see figure 1). Obviously, more pile testing results in less uncertainty (less risk) and 
therefore higher confidence in the design parameters, or optimization of the design which leads to 
significant savings as a result of fewer, smaller or shorter piles being installed.  

3.9.2 PILE TESTING IN RUSSIAN GUIDANCE DOCUMENTS. 

Thawed (35 %) and permafrost (65 %) soils are spread in Russia territory. The general Russian 
code for pile foundation design is Code of Practice SP 24.13330.2011 (thawed soils), SP 25.13330 
(permafrost soils) and GOST 27751, GOST 5686, GOST 19912 GOST 20522 (thawed and 
permafrost soils). 

Russian codes provide different methods for pile bearing capacity determination; five for thawed 
soils and three for permafrost soils (see Table 1). 
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Table 1: Pile bearing capacity determination methods 
Pile bearing capacity determination method Thawed soils Permafrost soils 

In-situ method 
Static load test + + 
Dynamic load test + - 
Reference pile load test* + - 
CPT + + 

Calculation method 
Using table of soil resistance values + + 
Notes: 
«+»  – apply 
«-»  – does not apply 

*Reference pile load tests refer to static load tests performed in small diameter piles

Piles in thawed soils. Pile load bearing for buildings are determinate by static load test, when one 
of following condition met: 

- pile failure; 
- pile settlement reached 0,2 of limited settlement of building; 
- pile settlement reached 40 mm. 
Pile load test by static load are carried out under following stabilization criteria: 
1. For buildings and structures:
- piles in sands, very stiff - firm-stiff clays and silts – 0.1 mm for last 60 min; 
- piles in firm - soft clay and silts – 0.1 mm for last 120 min. 
2. For bridge bearings:
- piles in coarse soils, sands and very stiff clay and silts – 0.1 mm for last 30 min; 
- piles in stiff - firm-stiff clays and silts – 0.1 mm for last 60 min. 

In course of pulling or horizontal load, stabilization criteria are 0.1 mm for last 120 min. 
The design load on the pile in the pile foundation or a single pile is calculated on the basis of 
condition (SP 24.13330): 

0 d

n k

FN 

 
 , (1) 

where, 
N – design load transmitted on pile (longitudinal force arising from the design loads acting on the 
foundation with the most disadvantageous combination of them); 
Fd –Ultimate resistance of single pile, called “pile bearing capacity” and determined by 
calculations or in-situ tests.  
For design pile load estimation following safety factors are used: 

1. Structure behavior factor γ0, considering increase in the uniformity of ground 
conditions when using pile foundations: 

- single pile – γ0 = 1; 
- group of pile – γ0 = 1,15. 
2. Structure responsibility safety factor γn (in accordance with GOST 27751): 
- I level of responsibility γn = 1,2; 
- II level of responsibility γn = 1,15; 
- III level of responsibility γn = 1,1. 
3. Pile bearing capacity method safety factor γk (table 2). 
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Table. 2: Pile bearing capacity method safety factor, γk

Pile bearing capacity estimation method Safety factor, 
γk 

In-situ static load test 1,2 
Calculation using CPT data  
In-situ dynamic load test taking into account elastic deformations of the soils 
In-situ reference pile load test or pile-probe 

1.25 

Calculation (without in-situ static test) 
In-situ dynamic load test without taking into account elastic deformations of 
the soils 

1,4 

End-beading piles for bridge bearings 
Calculation (without in-situ test) 1,4 
In-situ static load test  
Calculation using CPT data 

1,25 

Friction piles for bridge bearings and hydraulic structures and perceiving the pulling load 
piles 
Calculation (without in-situ test) depending of number of piles 

21 piles and more 1,4 
11 to 20 piles 1,55 
6 to 10 piles 1,65 
1 to 5 piles 1,75 

In-situ static load test or calculation using CPT data 
21 piles and more 1,25 
11 to 20 piles 1,4 
6 to 10 piles 1,5 
1 to 5 piles 1,6 

Note: For a single pile foundation under a column, with a square pile load more than 600 kN and 
a bored pile load of over 2500 kN, the safety factor γk = 1.4 if pile bearing capacity is determined 
by the static load test, and γk = 1.6 if pile bearing capacity is determined by other methods. 

Piles in permafrost soils. Pile load capacity is determinate by static load test under the following 
stabilization criteria: 

- each step held until the condition stabilization, but not less than 24 hours; 
- pile settlement reached 0,2 mm for last 24 hour; 
- the load must be reached to a value at which no deformation occurs condition stabilize at 

this load step. 
The piles are designed based on 

F ≤ Fu/𝛾n,            (2) 

where, 
F - design load transmitted to the pile; 
Fu - pile bearing capacity; 
γn - structure responsibility safety factor, same as for thawed soils. 
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Pile bearing capacity when in-situ tests are employed is determined on the basis of condition 

𝐹𝑢 = 𝛾𝑡𝑘(𝐹𝑢𝑛 𝛾𝑔⁄ ), (3) 

where t - a temperature coefficient that takes into account changes in the temperature of the base 
soils due to random changes in the temperature of the outside air (taking into account, among other 
things, the effect of global warming);  
𝑘 – coefficient that takes into account the difference in working conditions of the experimental 
and projected piles and determined by equation 𝑘 = 𝐹𝑢𝑝 𝐹𝑢𝑡⁄ ,

Where, 𝐹𝑢𝑝 and 𝐹𝑢𝑡 – bearing capacity values for projected and experimental piles, respectively, 
calculated from tabulated values of calculated resistivity of frozen soil beneath the lower end and 
the lateral surface of the pile, taken: for the projected piles at the calculated temperatures of soil 
and for experimental piles  at temperatures measured during the test piles; 

𝐹𝑢𝑛 – the normative value of the ultimate resistance of the base of the experimental pile to the 
static load, determined from the pile test data; 

𝛾𝑔 = 1,1 – ground safety factor. 
On the basis of CPT data friction pile bearing capacity in frozen soils determined by equation 
: 

𝐹𝑢 = 𝛾𝑡 ∑ 𝐹𝑢𝑖 𝑛𝛾𝑔𝛾𝑚⁄  ,                                                       (4)
where 𝛾𝑡 – the same as in equation (3); 𝑛 – number of CPT points; 𝛾𝑔 – ground safety factor; 𝛾𝑚 
– Pile bearing capacity technique safety factor:

а) if there is no static test of piles in the zone of the construction site m = 1,25 (preliminary 
definition), 

b) if there is comparative tests of in-situ pile static load and CPT at the key site of the
construction site т calculated by equation 𝛾𝑚 = Fui /Fu,n + 0,1, Fui – maximum long-term 
resistance of the pile calculated from CPT data; Fu,n – maximum long-term resistance of pile 
determined on in-situ static test (final definition).  

3.9.3 POTENTIAL FOR IMPROVEMENT. 

There is a need for all codes to specify pile testing including integrity testing and full scale load 
testing (static or dynamic). This is to ensure safety but also to allow for cost savings and 
optimization of the design. Figure 2 illustrates how $2.5 million dollars cost of testing results in 
$92.7 million dollars project savings by allowing higher resistance factors because testing has been 
performed on the foundation projects.  
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Fig. 2 – Data from Ohio Department of Transportation for piles installed during the period 
of 2005 to 2010.  

3.9.4 RECOMMENDATIONS ON HOW TO ACCOMPLISH THIS IMPROVEMENT. 

It is suggested that, if not already included, codes are modified to include pile testing (both for 
integrity and capacity). It is further suggested that codes are improved to account for the amount 
of testing i.e. to provide increased benefit when the amount of pile testing is increased. This is 
already codified by the Australian Code AS2159 for foundations where the percentage of static 
load testing or dynamic load testing allows for decreased (equivalent) safety factors (increased 
resistance factors) as shown in Figure 3. An amount of 5% dynamic testing (easily implemented) 
reduces the safety factor from over 2 to about 1.8, which leads to fewer or shorter piles to carry 
the design load. Similarly, Australian code requires 5% to 25% integrity testing depending on 
whether the design load is governed by geotechnical or structural capacity, respectively. Other 
improvements include the re-evaluation of γk factor to account for the higher credibility of static 
and dynamic tests versus CPT tests. Regardless of the accuracy of the CPT method being used, 
CPT evaluations are still of interpretative nature and cannot receive the same credibility as full 
scale load tests.   
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The above recommendations are generally applicable to both driven piles and bored piles. Further 
cooperation could be aimed at fulfilling a review on quality control tests as they apply to bored 
piles only and relevant proposals on adjustment of normative documents. 

Fig. 3 – Recommended Safety Factors versus percentage of piles being load tested (after 
Australian Code AS2159)  
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3.10 VIBRO-CREEP OF THE SOIL BASE UNDER DYNAMIC EFFECTS. 

Russian Contributors: V Ilyichev 

Vibro-creep is manifested in the fact that, with dynamic effects, the foundations of machines — 
sources of oscillations and the foundations of the pillars of the frame of an industrial building — 
receive additional settlements — damped, sustained, and accelerated. In this case, the soils are not 
compacting, and settlements occur due to shear deformations in the soil. 

Vibro-creeping can occur in fine-grained, medium-grained, water-saturated sands, especially silted 
sand. The settlements of the foundations due to vibro-creeping were observed in forge shops near 
non-vibration-proof heavy hammers with a mass of falling parts of 10 ... 16 tons, settlements of 
the nearest columns reached ~ 300 mm in 20 years. 

During the operation of ball mills, the settlements of the foundations of the mills themselves and 
the columns of the frame reach a shorter service life of approximately the same size value. 

The settlements of the foundations of the turbine units of thermal power plants due to 
vibrocreeping once led to an accident, because of rotating masses in machine is very sensitive to 
the curvature due to the resulting difference in settlements unaccounted for in the design. 

Nowadays, in practical activities one can be based mainly on recommendations obtained from the 
results of experimental studies. We present some data that can be useful both from the standpoint 
of understanding the process of vibrocreeping itself, and from the standpoint of numerical 
evaluation of the phenomenon, especially if the soils have similar characteristics described below. 

The term "vibro-creep" was introduced by O.A. Savinov [1], this phenomenon was observed in 
the laboratory and in the field by many autors. The following is the summary of the work [2] 

The situation was analyzed and special experiments were made at the mining and processing plant, 
where vibrations were caused by ball mills. The soil sediments are composed of fine and medium 
sized alluvial sands, sediment thickness is 20 m. The deformation modulus is E = 230 kgf / cm2, 
the volume weight is 1.95 t / m3, the angle of internal friction is φ = 28 ... 30 °. 

The maximum settlements of the foundations of the columns in 7 years of operation reached 280 
mm, approximately the same draft of the foundations of the mills. The pressure under the base of 
the foundations of the columns is 2.5 ... 3.0 kg / cm2, the amplitude of oscillations is 20 ... 25 
microns with the prevailing frequencies from 6 to 10 Hz. 

The settlements of the foundations of the columns increased in time (according to the 
approximation of experimental data) according to the law of the power function 

S(t) = A·t0,45, 
and this formula can be used to predict on the object under study. 

Special studies on this site were as follows: 
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It was created the foundation source F-3, patented by V.M. Pyatetsky, which consisted of a bottom 
plate with a vibrator. The load was transferred to it through a springs from a massive block 
consisting of several plates, which can be added or removed during the experiment. This design 
allows you to create arbitrary combinations of static and dynamic pressures under the bottom of 
the bottom plate (Fig. 19.65). 

Fig. 1. Scheme of soil foundation testing by a group of foundations for vibration creep 

Massive F-1 ... F-7 blocks of various sizes and pressures under the sole, foundations receivers. 
They were placed around this source foundation. The settlements were carried out with parameters 
similar to the parameters of an industrial object with deviations in both directions for static and 
dynamic pressures. The settlements of the experimental foundations, if they occurred, developed 
also according to the law with an exponent of 0.4. 

The main result of the experiment is in the graph in fig. 2: in the σst - σdyn axes, a circles are 
experiments in which there are no settlements of the foundations, and a crosses - experiments 
where settlements were observed. It turned out that they are separated by a straight line, above 
which there are settlements, but not below; 

σst + α σdyn = σ* 
where is the value σ*  < R; R – ultimate load; α = 20 by experiment. 

Fig. 2. The results of the soil foundation tests on vibro-
creep under dynamic loads 
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In principle, these figures can serve as a guide for engineers in determining the possibility of vibro-
creep in similar conditions. 

It is necessary to specially emphasize that vibrocreep is not determined by the acceleration of 
vibrations (which was verified according to this experiment), but by a certain ratio between static 
and dynamic stresses under the base of foundations based on the soils mentioned above. 

The greater the static load on the foundations - the lower the dynamic contact stresses, then the 
phenomenon of vibrocreep occurs, and at high static pressures the speed of settlements and its 
magnitude will be greater, i.e. there is a significant irregularity of settlements. 

The vibro-creep of the bases of turbine units of thermal power plants. 

Since this issue is extremely important, experimental studies were carried out and 
“Recommendations for conducting field tests of the vibration resistance of the foundations of 
turbine units” were developed [3]. Tests shoud be carried out for the following grounds: 

• water-saturated fine and silty sands of medium density and plastic sandy loam
(regardless of the power of the turbine unit); 
• water-saturated fine and silty sands are dense, as well as water-saturated sands of large
and medium size, of average density (with a turbine capacity of 500 MW or more). 
Vibrostamps are used and tests are carried out using one of two methods, for testing. 
• the design static pressure is set under the stamp and the dynamic pressure increases in
stages; 
• the dynamic pressure is set and the static pressure increases gradually.

According to the results of measurement, the settlements of the bottom plate of the vibrostamp, 
the amplitudes of its oscillations, etc. for each stage of the ratio of static and dynamic pressures, 
the coefficient of vibration creep is determined, and then the possible to calculate settlements of 
the foundation due to vibration during the overhaul period of operation of the turbine unit. Methods 
of testing and processing of measurement results are presented in [6]. 

Means of preventing with long-term settlements of foundations due to the vibrocreep of the base 
soils (they are chosen, naturally, based on the established factors of the development of 
vibrocreep): 

1. Reduction of static pressure under the base of the foundation (broadening of the
foundation, etc.). Perhaps the use of pile foundation with a special justification. 
2. Reduction of the dynamic effect by vibration isolation of the machine standing on the
foundation-source (for example, for punching hammers, apply subsurface spring 
vibration isolation). 
3. Soil conversion (injection, jet-grading, drainage, etc.) or construction site transfer
during design. 
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3.11 VERIFICATION AND VALIDATION OF NUMERICAL MODELS. 

Russian contributors:  I. Kolybin (NIIOSP) D. Razvodovskiy (NIIOSP) 
American contributors: U. El Shamy V. Kaliakin 

Implementation of numerical analysis techniques is widely used in the US for the analysis and 
design of geotechnical systems. The most commonly used numerical techniques are the finite 
element method, the finite difference method and the boundary element method. Building codes 
are regulated by each individual state, in addition to special regulations that are sometimes added 
by counties or cities. Most of the state building codes are based on the International Building 
Code. However, these codes do not provide any guidelines on the use of numerical methods.  

It is common practice that advanced numerical analysis of complex geotechnical systems is 
performed by specialized individuals or companies. A number of software are widely popular in 
the US for the analysis and design of geotechnical systems such as PLAXIS, FLAC, and 
GeoStudio, among many others. It is also a common practice for small projects that the 
geotechnical investigation report suggests a Winkler spring value for the structural analysis and 
design of foundations and/or retaining structures.  

There is no general guidance and consensus in the geotechnical engineering community in the 
US on appropriate numerical methods, constitutive models and boundary conditions to be 
employed in the wide range of applications in geotechnical engineering. This has, in some cases, 
resulted in bad practice by the inexperienced numerical modelers.  

There have been attempts by researchers and practitioners, working collaboratively, to provide 
documentation on computational modeling in geotechnical engineering. For example, Carter et 
al. (2000) reviewed the role of such modeling in geotechnical engineering. This group 
represented an international view of the topic, as the contributors were from several countries 
around the world, including the US. They discussed the use of deterministic techniques, 
stochastic methods, and modern database software for geotechnical applications. Also included 
in the review were the capabilities of common constitutive models for soil and rock masses, as 
well as material interfaces. Validation methods were presented and the limitations of various 
numerical modeling techniques were discussed. Similarly, Potts et al. (2002) published 
guidelines for the use of advanced numerical analysis techniques in geotechnical engineering. 
This group represented mostly the European views on the topic. It should be noted that the 
publication by Carter et al. (2000) included dynamic problems, while the work of Potts et al. 
(2002) focused solely on static problems. 
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3.11.1 ADVANCED NUMERICAL MODELING IN THE US GUIDANCE DOCUMENT. 

Scope of the use of Numerical Modeling in Geotechnical Engineering in the US 

There has been a noticeable increase in the demand for using computational modeling in 
geotechnical engineering as urban development continues to expand. Such applications typically 
involve new construction adjacent to existing buildings and underground services such as tunnels 
and pipelines. Therefore, most urban design nowadays must provide an assessment of the 
interaction between new construction and existing structures. Examples of such urban 
development include construction of new underground metro lines and how that impacts existing 
structures, ensuring that tunnels do not adversely affects the foundation of the existing buildings, 
etc. The reverse situation, where a new building is constructed over an existing tunnel, is another 
example of complex geotechnical problems. Another common example is assessing the effect of 
deep excavation adjacent to existing tunnels and building basements. Another class of problems 
that is common in computational modeling in the US is the analysis of the dynamic response of 
geotechnical systems. Conventional geotechnical engineering is limited in addressing such 
complex problems. Thus, advanced numerical modeling techniques provide a means, when 
performed correctly, to carry out the analysis and design of such geotechnical systems. 

The Need for Guidelines for use of Advanced Numerical Modeling 

By their very nature, numerical methods are approximate. Approximation procedures introduce 
errors into the analysis. Although such errors are unavoidable, it is imperative that they be 
assessed and minimized in order to economically obtain solutions with a given accuracy. 

Existing numerical methods have evolved significantly over the past few decades parallel to the 
advancement of computational power. Presently, a large numerical analysis in 3D of a 
geotechnical system can be performed in few hours. Existing methods are extremely powerful 
and have the potential to run a scenario-based analysis of complex situations typically 
encountered in urban development. However, there are several issues that arise while performing 
computational simulations that need to be resolved to make those methods universally accepted. 
The following items summarize these issues: 

1 Many of the problems involve soil-structure interaction of some sort. Therefore a strong 
understanding of both structural and soil behavior is necessary. 

2 Engineers must have strong knowledge of the numerical method being used as well as the 
constitutive model employed to represent the soil deposit and structural elements, if 
needed.  

3 While the use of commercial software is common in the US, it is important for users to be 
able to properly select the parameters of the employed constitutive models. 

4 Several geotechnical problems involve groundwater. Therefore, proper coupling between 
the groundwater model and the soil model is essential. 

96



5 As many geotechnical systems involve the interaction between soil and structures, proper 
knowledge of soil-structure interaction mechanisms and proper characterization of 
interfaces is needed. 

6 A proper knowledge of damping mechanisms is also required in dynamic analysis of 
geotechnical systems. 

7 Proper selection of boundary conditions, especially in dynamic problems, is of paramount 
importance for accurate modeling of the behavior of the system. 

8 Verification and validation of the employed numerical technique should be carried out. 
Verification refers to the ability of numerical technique to produce the expected outcome 
error-free. Validation is the process of evaluating software during or at the end of the 
development process to determine whether it satisfies specified requirements. Typically, 
commercial software has undergone verification and the software package includes 
verification examples. However, validation is the responsibility of the end user and 
involves benchmarking and comparisons with experimental data. Therefore, guidelines 
should be established for users to perform validation of computer programs. 

3.11.2 ADVANCED NUMERICAL MODELING IN THE RUSSIA 
GUIDANCE DOCUMENT. 

Introduction 
Recently the numerical methods find their application in everyday geotechnical design more and 
more intensively. On one hand, the use of numerical modeling is a demand dictated by the 
complicity of design problems to be solved. On the other hand, modern commercial geotechnical 
software gives the powerful opportunity for designer significantly reducing time for analysis and 
design. 

However, very often designers are no longer concerned about the correctness of the results relying 
on the software product. Thus engineering experience and understanding of the laws of soil 
mechanics are replaced by the unquestioning application of numerical calculations output data. 

We strongly believe that the future in geotechnical design belongs to numerical methods. 
Anticipating this future and based on the experience of the present, some work should be done to 
regulate the numerical methods and models themselves in geotechnics, as well as the requirements 
for their verification and validation. Some requirements and regulations contain already in Russian 
Codes for Geotechnical Design. 

3.11.3 POTENTIAL FOR IMPROVEMENT. 

Applications of numerical methods in geotechnics  
FEM and FDM are the common used numerical methods in geotechnical design. In Russia today 
they find the broadest application in: 
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• Staged analysis of excavation bracings and flexible retaining walls;

• Prediction of existing buildings settlements due to new construction;

• Seepage analysis;

• Soil-structure interaction problems, when structural stresses are depending significantly on soil
behavior; 

• Slope stability analysis;

• Calculations of settlements of combined foundations such as piled-mat foundations etc.

This list of applications is not complete, but illustrates the most common design practice. 

CONTEMPORARY CODES AND REGULATIONS 

Application of numerical methods in geotechnical design is permitted by several Codes of 
Practice (CP). These Codes also contain a number of requirements for numerical methods and 
numerical models. These requirements are usually quite general. One can meet such 
requirements in following documents namely:  

CP 22.13330.2016 SOIL BASES OF BUILDINGS AND STRUCTURES 

The Code covers the design of foundations of newly constructed and reconstructed buildings and 
structures in pits, trenches and open workings. It states that: - A structure and its foundation 
should be considered in unity, i.e. their interaction should be taken into account. Numerical 
methods (including finite element method, finite difference method, boundary element method, 
etc.) can be used for joint calculation of the structure and the soil base. - When performing 
calculations of foundations the use of numerical models with spring stiffness coefficients is 
allowed. The use of other contact models is allowed with a special justification of their 
performance in these conditions. - The design models used for foundation design must be 
verified. The main criterion for verification of computational models should be the presence of 
comparable geotechnical experience. - For verification of numerical models it is necessary to 
carry out: 

• verification of the software with which the model is created;

• checking the numerical model itself. - Software verification should be performed using
calculations of test models for which analytical solutions are known and/or there are comparable 
experimental results. - Verification of the calculation model should include: 

• checking the source data for formal compliance with the conditions of the task;

• check of correctness of boundary conditions;
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• check the overall balance of the system for all combinations of loads and effects;

• local equilibrium check for all subsystems of the model;

• verification of existing conditions of symmetry;

• analysis of the correspondence of the nature of the obtained displacements and defomations to
the boundary conditions and the given connections; 

• analysis of the correspondence of the internal forces distribution in the structures of the
building to the character of deformations; 

• assessment of compliance of the calculation results with the order of expected values in the
allowed range. - For verification of complex numerical models used in the calculation of unique 
structures and structures of high level of responsibility, it is necessary to perform independent 
comparative calculations using different software. - The numerical models used to analyze limit 
loads or stability problems are allowed to be verified by comparing the calculation results with 
the upper and lower limit solutions. 

- Numerical methods should be used for prediction of construction influence on adjacent 
buildings and underground communications.  

CP 23.13330.2011 FOUNDATION OF HYDRAULIC STRUCTURES 

The requirements of the Code apply to the design of the foundations of hydraulic structures, 
including gravity, arched and buttress dams, retaining walls, locks, offshore and port facilities, 
natural slopes and artificial slopes in the areas of hydraulic structures. The Code states:  

- The stresses at soil-structure contact should be determined using numerical methods of 
continuum mechanics and geomechanics by the aid of computer technology.  

- When using numerical methods it is allowed to represent the system "structure-soil base" which 
2D sections. If necessary, the spatial nature of the system should be taken into account using 
experimental or computational  

3D models. 

CP 24.13330.2011 PILE FOUNDATIONS 

The Code applies to the design of pile foundations of newly constructed and reconstructed 
buildings and structures. It states:  

- Calculation of pile foundations should be carried out on the basis of mathematical models de- 
scribing the mechanical behavior of pile foundation for ULS and SLS. The calculation model can 
be formulated in analytical or numerical form.  
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- Calculations of large pile groups and combined pile-mat foundations should mainly conduct 
numerically.  

- When carrying out numerical calculations, the design scheme of the "raft-pile-soil base" system 
should be selected taking into account the most significant factors that ultimately determine the 
resistance of the specified system. It is necessary to take into account the duration and possible 
change in time of loading of piles and pile foundations.  

- The design model of pile foundations should be determined in such a way as to contain an error 
only in the higher safety margin. If this error cannot be determined in advance, it is necessary to 
carry out alternative calculations and determine the most adverse effects for overstructure.  

- When carrying out computer calculations of pile foundations one should take into account the 
possible uncertainties associated with the calculation model and the choice of deformation and 
strength parameters of the soil. When carrying out numerical calculations to determine the 
resistance of single piles, pile groups and pile-mat foundations, it is recommended to compare 
the results for specific elements of calculation scheme with analytical solutions, as well as to 
compare alternative calculations by means of various geotechnical programs.  

CP 248.1325800.2016 UNDERGROUND STRUCTURES. DESIGN PRINCIPLES 

The Code applies to the design of underground structures for various purposes, as well as buried 
parts of buildings. The Code gives brief classification of numerical models for design of 
underground structures.  

The requirements for verification of numerical models given by the Code are equivalent to 
requirements of CP 22.13330.2016. Some general guidelines are given for numerical modeling 
of soil-structure interaction, analysis of diaphragm walls, prediction of settlements of structures 
due to new nearby construction, seepage analysis etc. 

CP 250.1325800.2016 BUILDING AND STRUCTURES. PROTECTION AGAINST 
GROUNDWATER  

The Code sets out the basic principles for the adoption of technical solutions in the design of 
systems for groundwater protection. The chapter of the Code is devoted to seepage analysis. 
Recommendations for application of numerical modeling in groundwater protection are given. 
The Code gives as well detailed guidelines for development of numerical models for seepage 
analysis and requirements for their verification.  

DRAFT CP RETAINING STRUCTURES. DESIGN RULES 

The Code establishes the basic requirements for the design of new and reconstructed retaining 
structures, basement walls, pit and trench fences, as well as their fastening structures. The code 
states:  
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- Usually,   the calculation of the retaining structure should be performed by numerical methods 
using contact spring models or continuous medium models taking into account the requirements 
of CP 22.13330 and CP 248.1325800.  

- When using numerical methods of calculation based on continuous medium models, one 
should: 

• select the size of the computational domain so that the boundary conditions do not affect the
results of the calculation; 

• use symmetry conditions if possible;

• check that the FE meshing does not significantly affect the results of the calculation;

• apply elastic-plastic constitutive soil models reflecting the most important laws of its
mechanical behavior and using appropriate soil characteristics; 

• use FE that allow to simulate adequately the contact stresses and to take into account such
effects as slippage and detachment between structure and soil.  

- Some guidelines for application of non-linear spring’s numerical models are given in Annex. 

THE PROBLEMS  

The following problems Russian geotechnical designers can meet with numerical modeling: 

• There no clear guidelines for choice of soil constitutive model;

• There no detailed guidelines for determination of soil model parameters;

• The guidelines for choice of spring model parameters are not universal and do not fit some
cases; 

• Verification of comprehensive numerical model can meet difficulties and requires more de-
tailed guidelines. 

CONCLUSION 

5.1 Numerical methods are permitted for geotechnical design by Codes of Practice in Russian 
Federation.  

5.2 The Codes give some recommendations and regulates for solution of which geotechnical 
problems numerical methods are preferable or have no alternative.  

5.3 Some general requirements for verification of numerical models are given in geotechnical de- 
sign Codes.  
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5.4 Inexperienced geotechnical designer when modeling can meet a number of problems which 
connected with the lack of detailed guidelines. 

5.5 Continuing affords are necessary to enhance geotechnical Codes of Practice corresponding to 
up-to-date developments of numerical methods and software as well as construction industry 
demands 
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4. CONCLUSIONS AND GLOBAL RECOMMENDATIONS.

The Russian and the American delegations consider that the Second Russia-USA Symposium was 
a great success. The main topic was the improvement of existing design codes in both countries. 
The exchange of ideas took place through power point presentations from the delegates, discussion 
sessions, and informal interaction. The hospitality provided by the Russian delegation including 
the technical/touristic field trips was very much appreciated by the American delegation and made 
the exchange that much easier and productive. Some of the results of the Symposium are captured 
in these proceedings but the connections and friendship that developed during the visit represent a 
true geo-connection between the two countries. 

During the discussion periods of the Symposium a number of topics to improve current design 
codes were selected and groups were identified to prepare a few pages of guidance. These topics 
are described in the proceeding. They include: 

 Incorporating risk in geotechnical design codes
 Pressuremeter and consolidation tests
 Dynamic soil-structure interaction
 Seismic resistance of piles
 Foundation design for karstic soils
 Influence of excavations on adjacent buildings
 Allowable settlement of tall buildings
 Influence of pile testing on resistance factors
 Verification and validation of numerical models

For each topic, recommendations are made on how such topics could be incorporated in future 
versions of design codes. 

It is hoped that future workshops will continue to occur every 5 to 10 years under the auspices of 
the ASCE Geo-Institute and the Russian Society for Soil Mechanics, Foundations and 
Geotechnical Engineering. It is also hoped that past events like this one and their proceedings can 
serve as guidance for future work on codes and guidelines in both countries. It would also be good 
to let each side know of major conferences in geotechnical engineering taking place in each 
country where more frequent exchanges can take place.  
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APPENDIX A: POWER POINT PRESENTATIONS AT THE SYMPOSIUM
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