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Abstract 

Introduction. The authors make use of Performance-Based Plastic Design (PBPD) method that is commonly employed 

overseas for calculations and design of building structures in seismic hot spots. A pre-selected target drift and yield 

mechanisms is used as the key performance objectives. In this research, reinforced concrete special moment frames (RC 

SMF) were analyzed for high-rise concrete structures perceiving seismic loads. 

Materials and Methods. Two designs were considered in the analysis, one according to ACI-318/ASCE-07, and the other 

according to PBPD. RC SMF was also combined with pile caps and piles foundation system to provide a soil-pile-struc-

ture interaction (SPSI) model. Nonlinear lateral load-transfer from the foundation to the soil is modeled using p-y curves 

for soft clay soil that was considered in this study. 

Results. Numerical results obtained using soil-pile- structure interaction model conditions were compared to those corre-

sponding to fixed-base support conditions, such as fundamental time period, structural capacity, story displacement and 

story drift. Frames designed using PBPD were less affected by SPSI, in spite of having greater values in general than 

frames designed following the standards (codes). 

Discussion and Conclusions. The PBPD method as a direct design method where the drift control and the selection of 

yield mechanism are initially assumed in the design work, proved that it is an effective method to reach a better perfor-

mance for reinforced concrete moment resisting frames with fixed base support. 

Keywords: Performance-Based Plastic Design (PBPD); Reinforced Concrete Special Moment Frames (RC SMF); Soil-

Pile-Structure Interaction (SPSI); P-Y Curve; Pushover Analysis 
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Введение. В статье применен «метод пластического проектирования на основе эксплуатационных характери-
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были проанализированы специальные железобетонные «моментные» рамы (RC SMF) для высотных зданий, вос-

принимающих сейсмические нагрузки. 

Материалы и методы. Для анализа рассматривалось проектирование двух вариантов конструкций: первый — 

в соответствии с международными стандартами ACI-318/ASCE-07, второй – в соответствии с методом PBPD. 

Каркас из железобетонных рам RC SMF был объединен с ростверком и системой свайных фундаментов для со-

здания модели взаимодействия «грунт-свая-конструкция» (SPSI-модель). Нелинейная передача боковой нагрузки 

от фундамента к грунту моделируется с помощью кривых P-Y (нагрузка – перемещение) для мягкопластичного 

глинистого грунта, рассматриваемого в данном исследовании. 

Результаты исследования. Численные результаты, полученные с использованием условий модели взаимодей-

ствия грунта со сваями, сравнивались с результатами, соответствующими условиям неподвижного основания, по 

таким факторам, как фундаментальный период, прочность конструкции, горизонтальные и вертикальные пере-

мещения узлов на разных этажах. Рамы, спроектированные с использованием метода PBPD, были менее подвер-

жены влиянию взаимодействия системы «грунт-свая-конструкция» SPSI, хотя в целом имели более высокие зна-

чения армирования, чем рамы, спроектированные по действующим нормам (кодам). 

Обсуждение и заключение. Метод PBPD как метод прямого проектирования конструкций, при котором в рас-

четной схеме изначально предполагается контроль смещения конструкций, доказал, что он обеспечивает наибо-

лее корректные параметры железобетонных рам, воспринимающих моменты от проектных нагрузок при задании 

неподвижной опоры здания. 

Ключевые слова: пластическое проектирование на основе эксплуатационных характеристик (PBPD); железобе-

тонные специальные моментные рамы (RC SMF); взаимодействие «грунт-свая-конструкция» (SPSI); кривая P-Y; 

анализ продавливания 

Для цитирования. Мохамед Абдельхамид Эльсаед Мохамед, Прокопов А.Ю. Расчет железобетонного каркаса 

на сейсмические нагрузки с учетом взаимодействия системы «грунт-свая-конструкция» в нелинейной поста-

новке. Modern Trends in Construction, Urban and Territorial Planning. 2025;4(2):38–48. 
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Introduction. Performance-Based Plastic Design (PBPD) method was derived from the Performance based Seismic 

design PBSD method. Performance-based Plastic design method starting from the pre-defined performance objectives, in 

which the intended yield mechanism is achieved through performing plastic design. Plastic design controls drift and 

yielding of frame members from the beginning to minimize the lengthy iterations to reach the final design [1–7]. 

Soil-structure interaction (SSI) analysis simulates the combined response of the three connected systems: structure, 

foundation, and soil supporting the foundation. The ratio, h / (Vs T), is the structure-to-soil stiffness ratio, and can be used 

to determine when the soil-structure-interaction effect is significant so that h is approximately two-thirds of the building 

height, this height represents the center of mass height for the first mode shape, Vs is shear wave velocity of the soil, and 

T is the fundamental time period of the structure with fixed-base supports [8]. Soil-structure interaction can lengthen the 

structure time period significantly when structure-to-soil stiffness ratio exceeds 0.1, the change in time period will directly 

change the design base shear compared with fixed-base analysis [8 and 9]. In some cases when the increase in time period 

due to soil-structure interaction causes an increase in spectral acceleration, the SSI effect must be evaluated [10]. 

The numerical model that simulates the soil resistance to lateral displacement as predefined nonlinear springs is called 

p–y curve, where p is the soil pressure per unit length of the pile and y is the pile lateral deflection. The soil is represented 

by a series of nonlinear p–y curves that vary with depth and soil type. The p–y curves are used to relate pile deflections 

to the nonlinear soil reactions [11-13]. 

The Matlock theory [11] is used for laterally loaded piles in soft clays to determine p–y curves as illustrated in Equa-

tions 1 and 2. Fig. 1 presents the schematic shape of p–y curve for soft clay as per Matlock model. Nonlinear lateral load-

transfer from the foundation to the soil is modeled using p–y curves generated by the PyPile v.0.6.3 software program for 

soft clay soil. 

𝑝 = 0,5𝑝𝑢 (
𝑌

𝑌50
)

1

3
,
𝑌

𝑌50
≤ 8       (1) 

𝑝 = 𝑝𝑢 ,
𝑌

𝑌50
> 8          (2) 

𝑌50 = 2,5𝜀50𝐷   .      (3) 

where, ε50 is the strain which occurs at one-half the maximum stress on laboratory unconsolidated undrained compression 

tests of undisturbed soil samples, and D is the pile diameter. 
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Fig. 1. Soft clay (Matlock) model 

Materials and Methods 

Statement of the Problem. Three baseline RC structures (8, 12 and 20-floor internal RC special moment frame struc-

ture) as used in the FEMA P695 [14], was selected for this study. The frames are used to support both vertical and lateral 

loads. These (code-based design) structures were redesigned by means of the PBPD approach as shown in Table 1 [1]. 

The baseline structure and the PBPD structure were subjected to extensive inelastic pushover analysis, then tested con-

sidering soil-pile-structure interaction (SPSI). 

Input Data 

The building is designed to sustain the following loading data: 

– Design floor dead load = 8.38 kN/m2 (175 psf). 

– Design floor live load = 2.40 kN/m2 (50 psf). 

Material Properties 

– Concrete cylinder compressive strength fc' = 34.5–41.4 MPa (5.0–6.0 ksi) 

– Reinforcement rebar yield strength fy = 413.7 MPa (60.0 ksi) 

Soil Properties 

Soft clay soil is used for soil-pile-structure interaction modeling. Properties for this type of soil are as follows [15]: 

– Dry Density = 17.50 kN/m3 

– Poisson's Ratio = 0.4 

– Young's Modulus = 8 N/mm2 

Table 1 

Building configuration and design parameters 

Design Parameters 8–floor 12–floor 20–floor 

ID Number 1012 1014 1021 

Number of Floors 8 12 20 

First Floor Height, m (ft) 4.572 (15) 

Upper Floor Height, m (ft) 3.962 (13) 

Bay Size, m (ft) 6.096 (20) 

Total Height, m (ft) 32.309 (106) 48.158 (158) 79.858 (262) 

Code Compliant Base Shear, kN (kip) 418.1 (94) 547.1 (123) 907.4 (204) 

PBPD Compliant Base Shear, kN (kip) 632.5 (142.2) 746 (167.7) 1567.1 (352.3) 

Model Description. SAP2000 v20 software analysis package was used in this study to perform pushover analysis. 

Twelve models were produced as described in Table 2. 2D-models were created for each case and P-Delta effect was 

considered in all of them (Fig. 2). The foundation soil-pile system is modeled by replacing the support by thick shell 
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elements representing pile cap supported on piles as indicated, and joined to link elements that simulates the soil resistance 

using p-y curves, in addition to a linear spring at the bottom end of the pile to provide a vertical support with elastic 

stiffness equals pile capacity divided by 0.01 m as an accepted allowable settlement. For SPSI models, the piles were 20 and 

25 m long for the 8- and (12-, 20-) floor buildings, respectively, and having a diameter of 1.0 m and 1.2 m for the (8-, 12-) 

and 20-floor buildings, respectively. 

Table 2 

Analysis models produced 

Model 

Description 

Design Following 

The Code PBPD 

8 12 20 8 12 20 

Without SPSI √ √ √ √ √ √ 

With SPSI √ √ √ √ √ √ 

 
a)                                                       b) 

Fig. 2. 2D-models a — SAP2000 2D-Model – Without SPSI; 

 b — SAP2000 2D-Model – With SPSI 

Results 

Fundamental Time Period. Fundamental time period values for fixed-base structures and those with soil-pile-founda-

tion system are listed in Table 3. Deep foundation is expected to provide a rigid support for the structure in the vertical 

direction, but the lateral stiffness of the system (soil-pile-foundation) is affected by the soil. The time period of frames 

used to study SPSI increased depending on structural flexibility (reflected by the building height). The frames designed 

using PBPD showed a smaller increase in time period than those designed following the code. 

Table 3 

Analysis models produced 

Model 

Description 

Design Following 

Code PBPD 

8 12 20 8 12 20 

Without SPSI 1.79 2.29 2.91 1.82 2.03 2.41 

With SPSI 2.27 2.78 3.14 2.20 2.37 2.64 

Percent increase 27 % 21 % 8 % 21 % 17 % 10 % 

Drift and Displacement. The outputs of pushover analysis (P-Delta Curve) were used to compare the changes in the 

inter-floor drift and roof displacement. The maximum inter-story drift at the structural capacity, and roof displacement at 

the maximum base shear (reference to the base) were collected, summarized and presented in Table 4 and Fig. 3 and 4. 

Both inter-floor drift and roof displacement were affected by the soil flexibility. Frames designed using PBPD were less 

affected by SPSI, in spite of having greater values in general than those designed following the code. 
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Table 4 

Maximum inter-floor drift ratios and roof displacement at the maximum base shear 

Model 

Description 

Design Following 

The Code PBPD 

8 12 20 8 12 20 

Max. Inter-Floor Drift 

Without SPSI 0.89% 0.86% 1.26% 1.87% 1.80% 1.67% 

With SPSI 0.82% 0.92% 1.30% 1.88% 1.80% 1.70% 

Max. roof displacement (m) 

Without SPSI 0.182 0.207 0.433 0.467 0.528 0.730 

With SPSI 0.174 0.226 0.455 0.476 0.535 0.756 

Capacity and Base Shear. As per FEMA 356 [10], structural performance level “Life Safety (LS)” means the post-

earthquake damage state in which significant damage to the structure has occurred, but some margin against either partial 

or total structural collapse remains. While structural performance level “Collapse Prevention (CP)” means the post- earth-

quake damage state in which the building is on the verge of partial or total collapse. However, all significant components 

of the gravity-load-resisting system must continue to carry their gravity load demands. Structural performance levels for 

allowable drift will not exceed 2% and 4% for LS and CP, respectively. In this study the allowable drift for CP will be 

limited to 3% only. 

The P-Delta curves results from pushover analysis for all the 12 models, modified to be Base shear ratio versus Lateral 

drift ratio, are presented in Fig. 5 and 6. The structural capacity at a 2% drift ratio, a 3% drift ratio and the maximum 

capacity base shear are presented in Table 5 and 6. 

In general, (for fixed-base frames) the frame capacity for frames designed using PBPD is less than that for those 

designed following the code, and exceeds the targeted design base shear. When introducing SSI into the equation, the 

capacity of all the frames depends on the soil flexibility. 

Table 5 

 Structural capacity at a 2% drift ratio and at a 3% drift ratio of the structures 

Model 

Description 

Design Following 

The Code PBPD 

8 12 20 8 12 20 

Structural capacity at a 2% drift ratio 

Without SPSI NR NR NR 685 812 1033 

With SPSI NR NR NR 685 812 1073 

Structural capacity at a 3% drift ratio 

Without SPSI NR NR NR 577 NR NR 

With SPSI NR NR NR 577 NR NR 

NR = Not Reached, Structure did not maintain the capacity to this drift ratio 

Table 6 

Maximum capacity base shear of the structures 

Model 

Description 

Design Following 

The Code PBPD 

8 12 20 8 12 20 

Without SPSI 876 982 1520 714 902 1770 

With SPSI 870 973 1508 707 891 1763 
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Fig. 3. Floor Displacement – Without SPSI – Fixed-base support, for 8-, 12- and 20- floor 
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Fig. 4. Floor Displacement – With SPSI, for 8, 12 and 20 floor 
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Fig. 5. Base shear ratio versus lateral drift ratio for a fixed base, for 8-, 12- and 20- floor 
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Fig. 6. Base shear ratio versus lateral drift ratio considering SPSI 
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Discussion and Conclusion. The PBPD method as a direct design method where the drift control and the selection of 

yield mechanism are initially assumed in the design work proved that it is an effective method to reach a better perfor-

mance for reinforced concrete moment resisting frames with a fixed-base support. It does not need lengthy iterations to 

achieve a suitable final design. On the other hand, considering the soil-structure interaction introduces other variables to 

the equation. SPSI can change the behavior of the fixed-base structure. This paper presents an assessment of the original 

code design and the PBPD methods to design RC SMF systems considering the soil-pile-structure interaction. The main 

conclusions are as follows. 

1. The Natural Time Period 

 The natural time period varies significantly from a fixed-base to a flexible base structure (considering SPSI). 

 Considering SPSI leads to an increase in time period. 

 Time period due to SPSI increases as does the building height; while period lengthening decreases as the 

building height increases. 

2. Drift and Displacement 

 The use of the PBPD method increases an inter-floor drift ratio. 

 Considering SPSI increases an inter-floor drift and roof displacement for both design methods. 

3. Capacity and Base shear 

 PBPD can produce structures that meet preselected performance objectives in terms of the yield mechanism and 

target drift. 

 Frame capacity designed using PBPD is generally less than that of code elastic design. 

 Considering SPSI reduces the capacity of frames designed following the code elastic design and PBPD. 

Frames with a fixed base and designed following the code elastic design failed to reach the 2% Life Safety drift limit 

and the 3% Collapse Prevention drift limit, while the one designed following PBPD method reached a capacity exceeding 

the design base shear, except in the case of the 20-floor structure. The 12-floor structure almost reached a 3% drift limit 

reaching 2.8%. 

At a 2% Life Safety drift limit, frames designed using PBPD maintained its capacity, with minor loss in strength. When 

considering SPSI minor losses in strength occurs, except for the 20-floor structure where major strength loss happens. 

For models following the code elastic design method, considering SPSI causes a significant loss in strength, ductility 

and a 3% drift limit is not reached. On the other hand, PBPD improves the ductility of the frames but did not reach a 3% 

drift limit at the ultimate drift, except in the case of the 8-floor structure. 

References 

1. Liao WC, Goel SC Performance-Based Seismic Design of RC SMF Using Target Drift and Yield Mechanism as 

Performance Criteria. Advances in Structural Engineering, 2014;17(4):529–542. https://doi.org/10.1260/1369-

4332.17.4.529  

2. Goel SC, Liao WC, Reza Bayat M, Chao SH Performance-Based Plastic Design (PBPD) Method for Earthquake-

Resistant Structures: an Overview. The Structural Design of Tall and Special Buildings, 2010;19(1–2):115–137. 

https://doi.org/10.1002/tal.547  

3. Banihashemi MR, Mirzagoltabar AR, Tavakoli HR Development of the Performance Based Plastic Design for Steel Mo-

ment Resistant Frame. International Journal of Steel Structures, 2015;15(1):51–62. https://doi.org/10.1007/s13296-015-3004-6  

4. Banihashemi MR, Mirzagoltabar AR, Tavakoli HR Performance-Based P lastic D esign M ethod for S teel 

C oncentric B raced Frames. International Journal of Advanced Structural Engineering (IJASE), 2015;7(3):281–293. 

https://doi.org/10.1007/s40091-015-0099-0  

5. Goel SC, Chao SH, Leelataviwat S, Lee Soon-Sik Performance-Based Plastic Design (PBPD) Method for Earth-

quake-Resistant Structures. The 14th World Conference on Earthquake Engineering. (2008, October 12–17). Beijing, 

China. https://www.iitk.ac.in/nicee/wcee/article/14_05-01-0036.PDF (accessed: 23.03.2024) 

6. Lee SS, Goel SC, Chao SH Performance-Based Seismic Design of Steel Moment Frames Using Target Drift and 

Yield Mechanism. 13th World Conference on Earthquake Engineering. (2004, August) Vancouver, BC: Canada. 

https://www.researchgate.net/publication/265099359_Performance-based_design_of_steel_moment_frames_using_tar-

get_drift_and_yield_mechanism (accessed: 23.03.2024) 

7. Zameeruddin M, Sangle KK Review on Recent Developments in the Performance-Based Seismic Design of Rein-

forced Concrete Structures. Elsevier.  Structures, 2016;6:119–133. https://doi.org/10.1016/j.istruc.2016.03.001  

8. Soil-Structure Interaction for Bbuilding S tructures. US Department of Commerce. NISTGCR 12-917-21, 2012. 

https://www.nist.gov/publications/soil-structure-interaction-building-structures (accessed: 22.03.2024) 

9. Federal Emergency Management Agency. Improvement of Nonlinear Static Seismic Analysis Procedures. FEMA 

440, Applied Technology Council (ATC-55 Project). 2005.  

https://doi.org/10.1260/1369-4332.17.4.529
https://doi.org/10.1260/1369-4332.17.4.529
https://doi.org/10.1002/tal.547
https://doi.org/10.1007/s13296-015-3004-6
https://doi.org/10.1007/s40091-015-0099-0
https://www.iitk.ac.in/nicee/wcee/article/14_05-01-0036.PDF
https://www.researchgate.net/publication/265099359_Performance-based_design_of_steel_moment_frames_using_target_drift_and_yield_mechanism
https://www.researchgate.net/publication/265099359_Performance-based_design_of_steel_moment_frames_using_target_drift_and_yield_mechanism
https://doi.org/10.1016/j.istruc.2016.03.001
https://www.nist.gov/publications/soil-structure-interaction-building-structures


Modern Trends in Construction, Urban and Territorial Planning. 2025;4(2):38–48. eISSN 2949–1835 

 

 

h
tt

p
s:

//
w

w
w

.s
ts

g
-d

o
n

st
u
.r

u
 

48 

10. Council BSS Prestandard and Commentary for the Seismic Rehabilitation of Buildings. Report FEMA-356, 

Washington, DC. 2000. 

11. Matlock H. Correlation for D esign of L aterally L oaded P iles in S oft Clay. Offshore Technology in Civil 

Engineering’s Hall of Fame Papers from the E arly Years, 1970:77–94. https://doi.org/10.4043/1204-ms  

12. Boulanger RW, Curras CJ, Kutter BL, Wilson DW, Abghari A. Seismic Soil-Pile-Structure Interaction Experi-

ments and Analyses. Journal of Geotechnical and Geoenvironmental Engineering, 1999;125(9):750–759. 

https://doi.org/10.1061/(ASCE)1090-0241(1999)125:9(750)  

13. Naggar MHE, Bentley KJ. Dynamic Analysis for Laterally Loaded Piles and Dynamic p-y Curves. Canadian Ge-

otechnical Journal, 2000;37(6):1166–1183. https://doi.org/10.1139/t00-058  

14. Applied Technology Council. Quantification of Building Seismic Performance Factors. US Department of Home-

land Security, FEMA P-695. 2009. https://nehrpsearch.nist.gov/static/files/FEMA/fema_p695.pdf (accessed: 22.03.2024) 

15. Budhu M. Soil Mechanics and Foundations. John Wiley & Sons. 2008 

About the Authors: 

Mohamed Abdelhamid Elsayed Mohamed, Master's student of the Department of Engineering Geology, Founda-

tions and Foundations, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), 

ORCID, Abdelhameed1443@gmail.com   

Albert Yu. Prokopov, Dr.Sci. (Eng), Professor, Head of the Engineering Geology, Footings and Foundations De-

partment, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, Russian Federation, 344003), ResearcherID, 

ScopusID, ORCID, prokopov72@rambler.ru 

Claimed contributorship: 

Mohamed Abdelhamid Elsayed Mohamed:  development of the idea, aims and objectives of the study, calculations, 

analysis and drawing conclusions, manuscript preparation, revision of the manuscript. 

Prokopov AYu: scientific guidance, formation of the basic concept, revision of the manuscript; formulation of the 

conclusions and recommendations.  

Conflict of interest statement: the authors do not have any conflict of interest.  

All authors have read and approved the final version of manuscript.  

Об авторах: 

Мохамед Абдельхамид Эльсаед Мохамед, магистрант кафедры инженерной геологии, оснований и фунда-

ментов Донского государственного технического университета (344003, Россияская Федерация, г. Ростов-на-

Дону, пл. Гагарина, 1), ORCID, Abdelhameed1443@gmail.com   

Альберт Юрьевич Прокопов,  заведующий кафедрой инженерной геологии, оснований и фундаментов Дон-

ского государственного технического университета (344003, Россияская Федерация, г. Ростов-на-Дону, пл. Гага-

рина, 1), доктор технических наук, профессор, ResearcherID, ScopusID, ORCID, prokopov72@rambler.ru  

Заявленный вклад авторов: 

Мохамед Абдельхамид Эльсаед Мохамед: формирование основной концепции, цели и задачи исследования, 

расчеты на математических моделях, формирование и оформление библиографического списка.  

Прокопов А.Ю.: научное руководство, анализ результатов исследований, доработка текста, формулировка 

выводов и рекомендаций. 

Конфликт интересов: авторы заявляют об отсутствии конфликта интересов. 

Все авторы прочитали и одобрили окончательный вариант рукописи 

Поступила в редакцию / Received 05.04.2024 

Поступила после рецензирования / Revised 15.05.2024 

Принята к публикации / Accepted 30.05.2024 

 
  

https://doi.org/10.4043/1204-ms
https://doi.org/10.1061/(ASCE)1090-0241(1999)125:9(750)
https://doi.org/10.1139/t00-058
https://nehrpsearch.nist.gov/static/files/FEMA/fema_p695.pdf
https://orcid.org/0009-0000-0557-2946
mailto:Abdelhameed1443@gmail.com
https://www.webofscience.com/wos/author/record/AAG-6194-2020
https://www.scopus.com/authid/detail.uri?authorId=57194459519
https://orcid.org/0000-0002-6181-2817
mailto:prokopov72@rambler.ru
https://orcid.org/0009-0000-0557-2946
mailto:Abdelhameed1443@gmail.com
https://www.webofscience.com/wos/author/record/AAG-6194-2020
https://www.scopus.com/authid/detail.uri?authorId=57194459519
https://orcid.org/0000-0002-6181-2817
mailto:prokopov72@rambler.ru

