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ABSTRACT 

In certain regions of the country, designing deep foundations to withstand seismic loading is a 

reality. Seismic loading of structures and foundations reach a critical state as the laterally 

applied force increases. Especially liquefaction is the major effect on laterally loaded piles. So 

firstly, the liquefaction potential of the site has been evaluated to make the best seismic 

assessment, as studied in the following chapter. 

Since, liquefaction potential analysis is highly complex and is based on numerous variables 

such as moment magnitude, epicentrical distance, PGA, thickness of soil layers, overburden 

pressure and duration of motion etcetera. Most of the potential analysis methods are 

empirically based on the statistical measurements of known past earthquakes. Thus, firstly the 

liquefaction potential analysis of the site is evaluated. by means of these methods. 

Secondly, the effects of liquefaction-induced lateral spreading on piles have been studied. 

Then, after a brief information is given about the structure, which is chosen as the model, the 

capacity estimations of the piles and the superstructure are acquired. 

Then soil, piles and the superstructure are modeled together in the SAP2000 computer 

program. Liquefaction-induced lateral spreading, spectral analysis (for TSC-98) and non-linear 

time-history analysis, with three different earthquake records (two of them are simulated), are 

examined. 

Finally, the results of the most critically forced structural elements are illustrated and then 

compared both by the structural capacity and between the different methods of solutions used. 

This study also gives a general knowledge about the sufficiency of the Turkish Seismic Code 

for buildings within the vicinity of an active fault line. 
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DZET 

Ulkenin <;ogu bolgesinde, derin temellerin dizaynmda, sismik yatay kuvvetleri goz onUnde 

bulundunnak bir zorunluluktur. Ozellikle, zemin slvlla~masl kazlkh temellere etkiyen yatay 

yiiklerin arasmda en onemlisidir. Bu yiizden ilk bolUmde, kazlkh temellerin sismik hesabl 

yaplhrken, once1ikle soz konusu bolgenin slvIla~ma potansiyeli hesaplandl. 

Zemin slvlla~ma potansiyelinin hesabl, son derece kompleks ve <;ok fazla bilinmeyene dayah 

oldugu i<;in (Om. Depremin buyiiklugu, episantlra olan uzakhgl, pik ivme degeri, zemin 

tabakalanmn kalmhgl ve depremin suresi vs.) potansiyel analiz hesaplannm tamamma yaklm 

ge<;mi~ buyiik depremlerin istatistiksel verilerini baz alan ampirik fonnullere dayahdlr. 0 

yiizden, bu <;ah~mada oncelikle slvlla~ma potansiyel analizi yapIldl. 

ikinci olarak, slvl!a~madan miitevelli yatay suriilmenin kazlklar uzerindeki etkisi ara~tmldl. Bu 

analizleri uygulamak uzere se<;ilen model yapl hakkmda verilen ozet bir bilgiden sonra, hem 

altyapmm (kazlklar) hem de ust yapmm kapasite hesaplanna ge<;ildi. 

Daha sonra, zemm, kazlklar ve ust yapl birlikte SAP2000 yaplsal analiz programmda 

modellendi. Yatay suriilme, Turkiye Deprem Yonetmeligi'ne gore spektral analiz ve zaman­

tamm arahgmda <;ozum metotlanna dayah olarak, yapl u<; farkh analiz yontemiyle <;ozumlendi. 

Son olarak bu sonu<;lar, en kritik kesitler i<;in degerlendirildi ve analiz yontemlerinin kazlkh 

bina <;ozumleri i<;in detayh bir kar~lla~tmlmasl elde edilmi~ oldu. Bu <;ah~mada aynca, faya 

yakm bOlgelerde TDY-98'e gore spektral analiz yaparken dikkat edilmesi gereken hususlar 

degerlendirildi. 
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1. INTRODUCTION 

Deep foundations consisting of driven or cast-in-place piles are conventionally employed to 

transfer axial structural loads through soft soils to stronger bearing strata at a depth. The 

demand on these elements arises, where making a deep footing design costs are considerably 

expensive. These foundation elements may also be subject to cyclic lateral loads caused by 

earthquake, wind, wave or ship impact. 

The advantages of piles on soft soils have been widely understood especially after 1964 Niigata 

earthquake, and 1999 Kocaeli earthquake in Turkey, because both of these earthquakes caused 

severe structural damages and life-loss due to the stability problems. The weak soils especially, 

which tend to liquefy, demand deep foundations that prevent the structure from cyclic mobility 

or lateral flow of the base, which is also known as liquefaction. Thus, extra precautions must 

be considered during the design procedure at the sites, such as at the vicinity of an active 

faulting, or having a high potential of liquefaction. 

However, as a matter of foundation engineering, soil liquefaction has been the major cause of 

damage to pile foundations in many of the past strong earthquakes, because liquefaction and/or 

strain-softening potential in soft soils can impose additional demands on pile foundation 

systems. Especially, the numerous well-documented case histories of damaged piles due to 

liquefaction in the 1995 Kobe earthquake have triggered intensive research on the subject in an 

effort to better understand the soil-pile interaction in liquefied soils and to improve the seismic 

design of piles. 

As a result, while the evaluation of a structure design in a seismic zone, the substructure's 

conditions must be taken into account as well as the superstructure due to the cooperated 

response of structure and the foundation. And this is an example study of aseismic evaluation 

of pile foundations associated with the superstructure. 



2. LIQUEFACTION PHENOMENA 

Liquefaction is one of the most important, interesting, complex, and controversial topics in 

geotechnical engineering. Its devastating effects sprang to the attention of geotechnical 

engineers in a three-month period in 1964 when the Good Friday earthquake (Mw=9.2) in 

Alaska was followed by the Niigata earthquake (Ms=7.5) in Japan. Both earthquakes produced 

spectacular examples of liquefaction-induced damage, including slope failures, bridge and 

building foundation failures, and flotation of buried structures. In the 30 years since these two 

earthquakes, liquefaction has been studied by hundreds of researchers around the world. Much 

has been learned, but the road has not been smooth. Different terminologies, procedures and 

methods of analysis have been proposed, and a prevailing approach has been slow to emerge. 

In recent years, many of these differences have been reconciled by the realization that their 

causes were due, in large part, to semantics. The term liquefaction has been used to describe a 

number of different, though related phenomena. Rather than trying to trace the convoluted 

development of the current state of knowledge regarding liquefaction, this chapter will present 

a basic framework for the conceptual understanding of liquefaction-related soil behavior and 

use it to describe various methods by which liquefaction hazards can be evaluated. To do this, 

the chapter introduces some new terminology to distinguish between phenomena that have 

frequently been lumped together under the heading of liquefaction. The new terminology 

allows these phenomena to be illustrated in a way that simplifies understanding of their 

mechanics and the manner in which they contribute to earthquake damage. 

Terminology 

The term liquefaction, originally coined by Mogami and Kubo (1953), has historically been 

used in conjunction with a variety of phenomena that involve soil deformations caused by 

monotonic, transient or repeated disturbance of saturated cohesionless soils under undrained 

conditions. The generation of excess pore pressure under undrained loading conditions is a 

hallmark of all liquefaction phenomena. The tendency for dry cohesionless soils to densify 

under both static and cyclic loading is well known. When cohesionless soils are saturated, 

however, rapid loading occurs under undrained conditions, so tendency for densification causes 

excess pore pressures to increase and effective stresses to decrease (Kramer, 1996). 



LIQUEFIED SOIL 

UNLIQUEFIED SOIL 

Figure 2-1 Schematic Description of a Lateral Spread Resulting from Soil Liquefaction 

(NRC, 1985) 
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Figure 2-2 The Schematic Section ofthe Sand's Venting to the Surface (Kramer, 1996) 



2.1. Types of Liquefaction 

Liquefaction phenomena that result from this process can be divided into two main groups: 

flow liquefaction and cyclic mobility. Both flow liquefaction and cyclic mobility are very 

important, and any evaluation of liquefaction hazards should carefully consider both. In the 

field, flow liquefaction occurs much less frequently than cyclic mobility but its effects are 

usually far more severe. Cyclic mobility, on the other hand, can occur under a much broader 

range of soil and site conditions than flow liquefaction; its effects can range from insignificant 

to highly damaging. In the following, the generic term liquefaction will be taken to include 

both flow liquefaction and cyclic mobility. 

2.1.1. Flow Liquefaction 

This can occur when the static shear stress in a liquefiable soil layer is greater than the steady 

state strength of the soil. It can produce devastating flow slide failures during or after 

earthquake shaking. Flow liquefaction can occur only in loose soils. 

Figure 2-3 A Small Flow Slide along the Shore of Lake Merced in San Francisco in 1957 

(Kramer, 1996) 



2.1.2. Cyclic Mobility 

This can occur when the static shear stress is less than the steady-state strength and the cyclic 

shear stress is large enough. The steady-state strength is exceeded from moment to moment. 

Deformations produced by cyclic mobility develop incrementally but can become stable by the 

end of a strong and/or long duration earthquake. Cyclic mobility can occur in both loose and 

dense soils. Deformation decreases remarkably with increased density. 

Figure 2-4 Schematic Illustration of the Shear Effect on Cohesionless Soils (NRC, 1985) 

Figure 2-5 The Showa Bridge Following The 1964 Niigata Earthquake 

Lateral Spreading Caused Bridge Pier Foundations to Move and Rotate Sufficiently for Simply 

Supported Bridge Spans to Fall (USGS Collection) 



2.2. Effects of Liquefaction 

The effects of liquefaction are different for different liquefaction phenomena. Although flow 

liquefaction is capable of producing the most spectacular effects, cyclic mobility can also 

produce extensive damage. 

Liquefaction can dramatically alter the amplitude and frequency content of ground surface 

motions. As the build up of excess pore pressure causes a layer of liquefiable soil to soften, 

ground surface displacements may increase even when ground surface accelerations decrease. 

Ground oscillation may produce chaotic permanent movement of fractured blocks of surficial 

soil. 

Ground surface settlement can develop during and/or after earthquakes due to the densification 

of dry or saturated sands. Settlement of dry sand occurs immediately, but settlement of 

saturated sands may not develop until well after earthquake shaking has ended. The magnitude 

of post earthquake settlement depends on the density of the sand, and on the amplitude and 

duration of shaking. 

Figure 2-6 Liquefaction Failures in 1964 Niigata Earthquake (Steinbrugge Collection) 



Figure 2-7 Liquefaction-Induced Settlement of Adjacent Buildings 

and the Uplift of the Sewage System Pipe (NZSEE, 1999) 

Figure 2-8 Tilted and Collapsed Buildings in Adapazan (NZSEE, 1999) 



2.3. Liquefaction Potential Analysis 

The factors affecting liquefaction of sands have been extensively investigated in the past. The 

understanding of phenomenon has advanced to a degree that analytical procedures have been 

formulated to predict liquefaction at a particular site. 

In 1971, Seed and Idriss presented a simplified method for evaluation of the potential for 

liquefaction. Seed et al. continued a series of studies and their results have been published 

widely. Methods for evaluation of the potential for liquefaction, by using various soil 

parameters, have been used in the past. However, the method of using values of blow count 

from the SPT has become a well-accepted procedure (Seed & Idriss, 1971). 

In 1985, the Committee on earthquake engineering of National Research Council (NRC, 1985) 

summarized the results from all recent research and recommended a standard procedure, 

primarily based on the studies by Seed & Idriss, for evaluation of liquefaction potential. Today, 

liquefaction analysis becomes a required task for buildings or structures located in a seismic 

area. 

2.3.1. Seed - Idriss's CSR vs. SPT Method 

This empirical approach has been used for approximately 25 years to evaluate liquefaction 

potential in soil. It has been widely used on many projects by DSOD engineers to evaluate both 

embankments and foundations. CPT and Becker Hammer data is used in addition to the 

traditional and more commonly used SPT blow counts. The method is well liked because it is 

simple, relies on no undisturbed sampling or laboratory testing, and has a large body of field 

data to support the ensuing calculations. The major drawback is the number of correction 

factors that must be applied to the raw blow count data before liquefaction computations can be 

made. Correction factors can cumulatively change field blow counts by as much as 100 

percent. While all correction factors have been logically devised, there is no certainty that they 

are all quantitatively valid. 
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2.3.1.1.Determination of CSR 

Once the liquefaction resistance is known at a certain depth, the average Cyclic Shear Stress 

generated by an earthquake must be estimated as indicated on the right side of the flow chart. 

The representative horizontal shear stress is computed with a simplified equation suggested by 

Seed and Idriss (1971) and expressed in terms of the Cyclic Stress Ratio (CSR) given by Seed 

& Idriss (1983-1985) 

CSR = 0.65 x ama./g x awjavo'x rd 

rd = 1.0 + 1.6 X 10-6 (l- 42z3 + 1051- 4200/) 

Where, 

r d: Stress reduction factor 

avo: Total vertical overburden stress [kNlm2] 

avo·: Effective vertical overburden stress [kNlm2] 

amax: PGA of a probable earthquake [m Ii] 

z: Depth of the soil layer from the ground surface [mJ 

2.3.1.2.Liquefaction Potential Analysis for Mw=7.5 
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Figure 2-9 Potential Analysis of Liquefaction for CSR vs. SPT 

Seed & Idriss Method Showing Curve for Evaluation of the Potential Occurrence of 

Liquefaction with Accompanying Venting of Sand or Appreciable Ground Cracks for Sites on 
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Level Ground and a Mw= 7.5 Earthquake. Curve is for Clean Deposits. Points Above and to the 

Left of the Curve Have a High Potential for Liquefaction. Modified From Y oud and Noble 

(1997) 

2.3.1.3.Liquefaction Potential Analysis For Various Mw Values 
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Figure 2-10 Seed & Idriss (1971) Curves for Various Values of Earthquake Magnitude 

The Curves Differ Very Little for the Same Value of Moment Magnitude 

2.3.1.4.SPT vs. Epicentrical Distance Method 
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2.3.1.5.Liquefaction Potential Analysis for Various Fine Percentages 
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Figure 2-12 Relationship Between Cyclic Shear Stress Ratio and NFor Mw = 7.5 

2.3.2. Obermeier et al.'s Mw vs. Epicentrical Distance Method 
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2.3.3. Youd and Idriss's CSR vs. SPT Method 

Figure 2-14 Probabilistic Liquefaction Resistance Curves for N60' vs. CSR for Various PL 

2.4. Liquefaction and Lateral Spreading 

When liquefaction takes place in sandy deposits during earthquakes, the ground often 

undergoes a large amount of pennanent defonnation as a result of lateral flow, even though the 

ground is nearly flat. In fact, Hamada et al. (1986) reported defonnations as much as several 

meters. Permanent deformation has been observed even following the main shock and during a 

period of no shocks or ones of small intensity. The lateral flow is due to the action of gravity­

induced shear stress, which exceeds the residual shear strength of the liquefied soil. 

According to studies by Ishihara and Takeuchi (1991), there are three major ground conditions 

where lateral spreading can occur. The conditions are: (1) flat ground in front of a surcharge 

such as dikes and embankments; (2) flat ground behind a water front such as rivers, lakes and 

sea; and (3) slightly sloping ground. Liquefaction-induced lateral spreading can add large 

lateral forces on piles, which mayor may not be able to remain stable. 

The magnitude of the lateral forces on piles induced by lateral spreading can be predicted by 

techniques shown further. Relevant factors are: properties of the liquefied soil, distribution of 
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soil displacement, and the velocity of the lateral flow. A dramatic example of lateral spreading 

from Turkey in the figure below. 

Figure 2-15 Lateral Spreading and Settlement Example from GOlcUk (NRC,1985) 

2.4.1. The Effects of Lateral Spreading on Piles 

Based on the observed ground-deformation pattern using pre-earthquake and post-earthquake 

aerial photographs, Hamada et al. (1986) developed and empirical equation for estimating 

horizontal displacement of ground resulting from liquefaction-induced lateral spreading. 

Bartlett and Youd (1995) developed a similar, but more comprehensive model, that takes into 

account the magnitude of earthquake, topographical data, geological data, and soil factors. If 

such an estimate reveals that the lateral spreading occurs during the post-earthquake, the slowly 

deformed soil mass will add pressure on the existing piles. As explained earlier, the actual 

force on the pile is dependent on the relative displacement between the pile and soiL The 

procedures discussed above for analyzing the behavior of piles, based on relative displacement, 

can be implemented to predict the net earth pressure on piles and to investigate the stability of 

the pile foundation. 
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Figure 2-16 Schematic Illustration of the Effects of Lateral Spreading on Piles 
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3. PILES AND PILE GROUPS IN SOILS TEND TO 

LIQUEFY 

This chapter presents a practical method for the design of pile foundations in deposits 

containing liquefiable soils during earthquake. If the soil has been liquefied but not inducing 

lateral spreading, the discrete model (the p-y method) can be used to analyze the behavior of 

piles by employing the residual strength of soils in the liquefied layer. However, the severe 

condition is for piles to resist the lateral spreading triggered by liquefied soils. This chapter 

introduces an analytical solution to take into account the effect of the soil movement on the 

behavior of piles during the post liquefaction period. Two cases were analyzed in this chapter 

and considerable insight into the interaction of piles and liquefied soil is discussed. 

3.1. Introduction 

One of the most dramatic causes of damage to structures during earthquakes has been the 

development of liquefaction in deposits of saturated sand. High pore water pressure arises due 

to ground vibration and the resulting upward flow of water frequently turns sand into a quick or 

liquefied condition. This chapter investigates the behavior of piles in deposits of liquefied soil, 

which is moving laterally. Prior to a discussion of the ability of piles to sustain lateral loading, 

a presentation is given on the liquefaction of soils and the way to estimate the residual strength 

of such liquefied soils. 

Liquefaction of saturated sands has occurred during a number of earthquakes, but nowhere 

have the effects been more dramatic than in the town of Niigata, Japan. The earthquake 

induced extensive liquefaction of deposits sand in low-lying areas of the town. Thousands of 

buildings collapsed or suffered major damage as a result of the loss of resistance of the sand. 

After Niigata, liquefaction has been reported at numerous other earthquakes around the world, 

including the recent one at Kobe, Japan. In some cases upward flow of water from the ground 

continues for as much as 30 minutes after ground motions have stopped. 

Seed discussed two main problelYls confronting foundation engineers when confronted with a 

situation where soil liquefaction may occur: (1) determining the stress conditions required to 
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trigger liquefaction and (2) detennining the consequences of liquefaction in terms of potential 

sliding and potential defonnation. Some methods can be used to avoid loss of strength of sand 

in the vicinity of the foundation; the methods include installation of stone columns, and 

densification of the loose sand by dynamic compaction. However, the cost of ground 

improvement is high and an alternative approach may be to allow liquefaction to occur in the 

soil. Then the problems for design become the determination of the potential for sliding and the 

possible deformations that may result. The solution of such problems requires the measurement 

of the strength and deformational characteristics of the liquefied soil. Then design may proceed 

with the view to confront the worse possible conditions. 

The solution to the entire problem of the seismic response of a pile foundation during the 

earthquake is not addressed in this chapter; rather, this chapter introduces a simplified solution 

to study the effect of the soil movement on the behavior of piles at the end of the earthquake. 

By applying existing static loading at the pile top along with a certain "static" free-field soil 

displacement developed in the post-liquefaction period, the pile response can be predicted for 

the worse condition. 

PllE PULLOUT FROI'.,I CAP 

PILE CAP FAILURE 

16 

ODD 
PILE F,4.ILURE AT HEAD IN 
FLEXURE ANDIOR SHEAR 

STIFF SOIL 

,h u 2J a SOFT SOIL 

PILE FLEXURE/SHEAR FAILURE 
AT STIFFNESS CONTRAST 



BEAF~ING CAPACITY OR 
TENSION PULL-OUT FAILURE 

EXCESSIVE LATERAL 
D EFORrll1AT IONS 

Figure 3-1 Failure Types of Pile Groups Subjected to Seismic Loading 

Figure 3-2 Failure of a Pile Group Subjected to Seismic Loading 

(Stadium of Adapazari Go1cuk, 1999 (NZSEE, 1999)) 
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Figure 3-3 Failure of a Pile due to the Excessive Lateral Deformations (NZSEE, 1999) 

3.2. Laterally Loaded Piles 

As a foundation problem, the analysis of a pile foundation under axial and lateral loading is 

complicated by the fact that the soil reaction is dependent on the pile movement, on the other 

hand, is dependent on the soil response. Thus, the problem is a matter of soil-structure 

interaction. The problem is nonlinear because the soil response is a nonlinear function of pile 

displacement. To represent the nonlinear response of soil behavior, a discrete model is 

commonly used for pile and the soil interaction. 

The discrete curves of soil respor..;:;e of each depth may not faithfully model the true continuum; 

however, the curves are firmly based on the results of many full-scale experiments. Research 

1 R 



has shown that the error employing discrete curves is a second-order effect when taking into 

account the inability of predicting precisely the relevant properties of the soil, especially taking 

into account the influence of the installation of the piles on soil properties. The discrete model 

has the merit of allowing engineers to specify various soil properties at each increment along a 

pile. An example of the specification ofp-y curves for various layers of soil is shown in Fig. 3. 

In contrast to the middle layer which has liquefied, the upper and lower layers consist of soil 

remain stable. The p-y curves for the middle layer reflect very low resistance, based on the 

residual strength of the liquefied soil. 

If the liquefied soil causes the upper layer become to unstable and to move laterally, a model 

that may be used to solve for the behavior of the pile is shown in Fig. 4. The dashed line in Fig. 

4 shows a possible lateral spreading due to liquefaction. The soils in the upper two layers 

moving horizontally against the pile create additional lateral forces on the pile. The lateral 

forces on the pile from the soil may be derived from the reference to the offset p-y curves as 

illustrated in Fig. 2. The resistance to the lateral displacement of the pile will be derived from 

the lower layer. The Winkler discrete model can be used in making a solution. In addition to 

the soil forces, driving and resistance, pile-head forces must be considered. 

To include the possible lateral spreading in the design of a pile, the regular computational 

scheme has to be modified, as represented here. The original differential equation for piles 

under lateral loading is: 

where; 

Q= axial load on the pile 

y= the lateral deflection 

p= soil reaction per unit length 

El= flexural rigidity 

W= distributed load along the length of the pile 

In the goveming equation for the case where the soil does not move, the soil resistance is 

represented as p = ky (curves 1 in Fig. 5). If the possible deflection at a depth x below the 

ground surface is Yl, the soil resistance obtained from the normal p-y curve (curve 1) is pI. 
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However, if the nonnal p-y curve offsets an amount Ys to take into account the soil movement, 

then the actual soil resistance would be P2 instead of PI (curve 2 in Fig. 5). 

To account for the change in the soil resistance, the relative displacement between the pile and 

the soil must be included in the difference equation as 

where, 

k= soil modulus 

Ys= free-field movement a/the soil 

The above equation can be solved by the finite difference method. In general, acceptable 

accuracy can be achieved with the high-speed digital computer and with great efficiency by 

making use of an available computer code. 
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Figure 3-4 Qualitative Front and Side Resistances for a Laterally Loaded Pile 



4. CAP ACITY ESTIMATIONS 

4.1. Description of the Structure 

Figure 4-1 Location of the Site in Dilovasl 

This structure is the association of the two buildings in Diler Iron And Steel Industry Inc. 

located in Dilovasi. One of these buildings is the electric power transfonner building and the 

other is the cooling water pump facility. These buildings share the same mat foundation as well 

as the same substructure (the piles). The two superstructures are 2-storeys, IO.Om high and 3 

storeys 17.7 m high respectively. The foundation is composed of two rectangles connected to 

each other. The dimensions are 22.60x10.10 m to 40.80x14.00 m with a thickness of70 cm. In 

addition, this 800m2 mat foundation has no gaps. 

The soil underlying the structure is composed of three layers, which are totally 30.30m thick 

liquefiable medium stiff, brown-gray colored silty and sandy clay (N=14), 1.20m stiff, brown-
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gray colored silty clay (N=14) and finally 2.50m green colored overly separated claystone 

(RQD=10%) 

Since the surface layer of the soil is not strong enough to carry such a building, deep 

foundation, anchored group piles, are used. 77 cast-in-place piles with a diameter of 80 ern are 

used to transfer the superstructure's gravity load to the claystone layer with the help of the 

friction resistance of the mid layers. Each pile carries 1063 kN to 1388 kN (their self weights 

are included). The piles are mostly placed under the columns and structural walls. They have a 

friction resistance of 923 kN and a point resistance of 418 kN "they are anchored to a 2.5m 

thick claystone", the computer solution and hand calculations will be shown quite detailed in 

the following chapters. 

Reasons For Selecting This Structure 

The main reason for choosing this structure to investigate previously searched topics on has 

several reasons such as, 

1. Its being constructed by the writer's place of work "FEM Construction And 

Engineering Co.", which provided detailed projects and any additional information 

about the sub and the superstructure and the properties of the soil the building is based 

on. 

2. Being very close to the NAFL to get most dramatic earthquake analysis results from a 

probable strong ground motion. 

3. Having a simple building, which provides the writer an advantage of searching the 

characteristics of the soil-structure interaction deeper without any handicaps of the 

exceptions of the superstructure. 

Before modeling the structure, the bearing capacities' of the piles must be investigated deeply 

and the hand calculation results must be compared with the ones achieved from a computer 

program SHAFT 1.0, which is released by Prentice Hall, Inc. 
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4.2. Bearing Capacity of the Piles 

(Hand Calculations Compared to SHAFT Program) 

In this section the adequate number, depth and the diameter of piles will be calculated by hand, 

with the means of variable equations from the literature. Firstly the allowable friction, secondly 

the point load capacities and finally the allowable total load capacities of different diameters of 

piles will be calculated. The SPT data and laboratory tests' results, which are obtained from the 

rock samples, will be used for the further calculations. The traditional bearing capacity 

formulas are associated with site observations and the advices of many experienced geological 

engineers in this research. 

Three test borings have been applied to the site, and the results of these tests differ. Thus, 

according to the SPT blow-counts data, the weakest test result is accepted for the site (S3). The 

application places of the borings is shown below: 

Figure 4-2 The Placements of the Bore Holes at the Site (Alpay, 1998) 

There are 31.30m medium stiff, brown-gray colored silty and sandy clay layer and a 1.20m 

stiff, brown-gray colored silty clay layer and a 2.50m green colored overly separated claystone 

"the depth of bore is 34.00m". It is considered that a group of cast-in-place piles should be 

constructed underneath the superstructure down to the rock layer. The profile of the soil is 

demonstrated below: 
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4.2.1. Standard Penetration Test (SPT) 

The Standard Penetration Test, developed around 1927, is currently the most popular and 

economical means to obtain surface information both on land and offshore. It is estimated that 

85 to 90 percent of conventional foundation design is made using the SPT. The test method is 

standardized as ASTMD 1586 since 1958 with periodic revisions to date. The test consists of 

the following (Bowles, 1990): 

1. Driving the standard split-barrel sampler from a distance of 460 mm into the soil 

at the bottom of the boring. 

2. Counting the number of blows to drive the sampler the last two 150 mm 

distances (total = 300 mm) to obtain the N number. 

3. Using a 63.5 kg (140 pounds) driving mass (or hammer) falling "free" from a 

height of762 mm (30 inches). 

The test is halted if, 

1. The blow-counts for 150 mm exceed 50, or 100 for 300 mm. 

2. The system sinks the sampler, so no N can be counted. 

There are 3 standard penetration tests' output data of the soil, which is underlying the structure 

that is investigated (SI, S2, S3). To compute the N, the writer has used the lowest one of the 

three, which is the boring S3. 

The blow counts of the boring S3, measured at the site is just demonstrated below (these blow 

counts are the uncorrected values, the correction methodology and calculations will be 

demonstrated in the further notes): 

N = 2x( 6 + 7 + 5 + 7 + 7 + 8 + 10 + 8 + 7 + 6 + 8 + 6 + 7 + 6 + 6 + 6 + 6 + 8 + 8 + 15) = 14.7 
20 

N~14 

,;, BOij8Zici Universilesi KOtOphanesi ~ 
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4.2.2. Correction of N 

Since there is a wide scatter in blow count N in similar soils, it is reasonable to expect that 

there should be a unique N for the soil at some depth. The reasons for the scatter in N values 

are as follows: 

1. Equipments from different manufacturers. A large variety of drilling rigs are 

in current use; however, the rotary auger with the safety hammer is the most common ones in 

practice. 

2. Driving hammer configurations seem to have influence on the amount of 

energy input to the sampler. 

3. Whether a liner is used inside the split barrel sampler. Side friction increases 

the driving resistance (and surely N) and is less without the liner. 

4. Overburden pressure. Soils of the same density will give smaller N values if Po' 

(effective vertical pressure at a depth) is smaller (as near the ground surface). Oversize 

boreholes on the order of 150 to 200 mm will also reduce N unless a rotary hollow-stem auger 

is used with the auger left in close contact with the soil in the hole bottom. Degree of 

cementation may also be significant in giving higher N counts in cemented zones that may 

have little overburden pressure. 

5. Length of drill rod. Above about 10 m does not seem critical; however, for 

shorter lengths and N < 30 it is. This effect was first examined by Gibbs and Holtz and others, 

who used a computer model to analyze the influence of rod length as well as other factors such 

as sampler resistance. 

Not to mention that, there should be a unique N for the soil at some depth to use it in 

investigating the soil properties. Thus it needs to be corrected and standardized. The standard 

blow count can be corrected from the measured N at the site, as follows: 

NErb' =N55 , = eN x N X '71 X 172 X '73 X 174 

N55' = adjusted N using the subscript for the Erb (standard energy ratio) and the ' to 

indicate it has been adjusted. 

eN = adjustment for effective overburden pressure Po' [kPaJ computed. 

17i = adjustmentfactorsfrom (and computed as shown in) Table 4-1 
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4.2.2.1.Erb (Standard Energy Ratio) 

E - Jf 2 - 11 UTI 2 in-12.m.V -12.rYlg.V (Theoretical Driving Energy) 

V = (2gh)J12 

Ein = 1j. Wig. (2gh) = Wh 

W= weight of the hammer = 63.5 kg x 9.81 mli 

h = height o/the/all = 762 mm 

Eill =63.5 x 9.81 x 0.762 = 474.5 (say, 475J) 

Actual - hammer - enerO'lJ - a'Plliedtosam'Pler Ea 
Er = 0.1' , x100 

Theoretical - Input - Energy, Ein 

Some of the authors accepted Er as 70 (Erb) in several recent studies (Riggs, 1986), however 

some of them use other values such as 60 (Seed & Idriss 1971; Skempton 1986) or 55 

(Schmertmann [in Robertson et al. 1983]). In the empirical formulas based on SPT, it is 

demonstrated that Erb accepted as 70, 60 or 55 as in index of N (Ex: N70 or N55). One can 

convert his N value to the author's as the following (considering othe! variables to be 

constant): 

Erl x NJ = Er2 x N2 

N2 = ErI x NIl Er2 

From the equation above, it is obvious that blow counts multiplied by the energy ratio is 

constant. Thus one can simply convert his Ni value to any other Hj value from that linear 

relation. 

4.2.2.2.CN (Overburden Pressure Adjustment Factor) 

It is known that N increases with the overburden pressure, thus the test gives misleading N 

values. Since effective overburden pressure affects the SPT, an adjustment factor is needed to 

get rid of this effect. The adjustment factor can be computed just as the following: 

27 



The given data about the underlying soil layers are defined below: 

y= 1.633 gr/cm3 = 16.02 kNlm3 

Ys = 1.838 gr/cm3 = 18.03 kNlm3 

w = 0.45 

GWT= 2.25 m 

e = 1.22 
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0.00 A 

S=0.50 
2.25 unit weight = 16.02 kN/m3 

-2.25 B 

S=1.00 
unit weight (8) = 18.03 kN/m3 

29.25 w=45% 

-31.50 C 

Figure 4-4 The Simplified Profile of the Soil Layers 

w = WwlWs = Vvx 9.81 I (Ysx 1) = 0.45 

Vv = e = 1.22 

Ys = 1.22 x 9.81 10.45 = 26.49 kNlm3 

(J'A = 0 

(J's = yx h = 16.02 x 2.25 = 36.05 kNlm
2 

(J'c = (J's + Ys x h = 36.05 + 18.03 x 29.25 = 563.43 kNlm
2 

UA = Yw X h = Wwx h I Vv = 9.81 x 1.22 x (-2.25) 1211.22 = -11.04 kNlm
2 

UB = 0 

Uc = UB + Ywx h = 0 + 9.81 x 29.25 = 286.94 kNlm
2 
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Effective Overburden Pressures In The Soil Layers [kN/m2] 

O.OOm A d(cr-U) 
11.04 

2.25m 
-2.25 m B 

36.05 

29.25m 

-31.50m C 
------~----~--~--~------~----~ 

Figure 4-5 Effective Overburden Pressures' Diagram 

, = 11.04 + 276.49 = 143 77kN / m2 
}Jo avg . 

2 

C = 95.76 = 0.82 
( )

1/2 

N 143.77 

{d; = 0.82 
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4.2.2.3.SPT Adjustment Factors (Tth Tt2, Tt3, Tt4) 

nl Hammer Type Correction 

Avarage Energy Ratio Er Remarks 
Donut Safety 

Country R-P Trip R-P Trip I Auto R-P = Rope-pulley or cathead 
The U.S. 45 - 70-80 80-100 n1 = Er/Erb = Er/55 

Japan 67 78 - - Er = Ea/Ein 
U.K. - - 50 60 For Turkey Donut: Er = 45 
China 50 60 - - n1 = 45155 

Turkey 45 45 - - n1 = 0.82 

n2 Rod Length Correction 

Length n2 Remarks 
> 10m 1.00 

6-10 0.95 N is too high when L < 10 m 
4-6 0.85 n2 (L=31.5012=15.75 > 10 m) 
0-4 0.75 n2 = 1.00 

n3 Sampler Correction 

Sampler n3 Remarks 
Without Liner 1.00 

With Liner: Dense sand, clay 0.80 N is too high with liner 

Loose sand 0.90 n3 (with liner, clay) = 0.80 

n4 Borehole Diameter Correction 

Hole Diameter n4 Remarks 

60-120 mm 1.00 Base Value; N is too when 
150mm 1.05 there is an oversize borehole 

200mm 1.15 n4 (0 = 76 -89 mm) = 1.00 

Table 4-1 SPT Adjustment Factors 11i 

After the calculation of Erb, eN and 11 \, 112, 113, 114, finally the adjusted N' can be computed just 

as the following: 

NErb' =Ns/ = CNxNx 1]1 X 1]2 X 1]3 X 1]4 

Nss ' = 0.82 x14x 0.82 x 1.00x 0.80x 1.00 = 7.53 say, 

lY..ss' = 7 
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Since the corrected N is computed, bearing capacity of the piles can be calculated from the 

empirical formulas that needs N' in the following chapters. In addition, the efficiency of the 

group piles is 100%, because all of the piles are anchored to the rock layer. 

4.3. Skin Resistance "Qs" 

Since the absence of cohesion c value, the simplified equation c = 4.5N ~ 6N (Bowles, 1990) 

will be used. Let us say c = 5N for being conservative. Thus, firstly the average N value must 

be found. 

N'= 7 

c=5N' 

c = 5 x 7 

c = 35 kNlm2 

The equation qs= a x c will be used to find skin resistance in such a cohesive soil. The a value 

can be computed as the following; 

a=J 

a = 0.30 

(Alpay, 1998) 

for 

for 

C =< 45 kNlm2 

c > 45 kNlm2 

(for cast-in-place piles) 

(for cast-in-place piles) 

The reason for usmg the a factor is that, while constructing a cast-in-place pile in a 

cohesionless media such as sand, is that the soil around the pile flows towards the pile and 

confines it quickly, so one can take the efficiency of skin friction as 100%. But during a cast­

in-place pile construction in a cohesive soil (such as clay), since drilling machine shears (cuts) 

the soil material, it takes time for soil to confine the pile, so the a factor is used to lower the 

skin resistance. 

Since the c value in the example is lower than 45 kN/m
2 

(c=35 kNlm2 =< 45 kNlm2) 
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a can be taken as 1. Then the equation becomes, 

qs= 1 x 35 

ru= 35 kNlm2 

As = IIxDxL 

As = II x 1.00 x 31.50 
2 As = 98.96m 

As = IIxDxL 

As = IIx 0.80x 31.50 

(found as 32 - 49 kNlm2 in laboratory tests) 

(for 0100 pile) 

As = 79.16 m2 (for 080 pile) 

Qs = qsxAs 

Qs = 35 x 98.96 

Qs = 3464 kN 

Qs = 35 x 79.16 

Qs = 2770kN 

(for 0100 pile) 

(for 080 pile) 
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'to = cohcR,Ion I.L = coeff. of friction 

~he equation for I'l:l and (Til are the equations of a circle in 
'.<7, T) space: 

FL'NDAMENTAL GEOMETRY 

'T 

Tensile 
cutoff, To 

0'£ 
Uniaxial 
tension 

0"3 /O'c 
Uniaxial 

compression 

At failure. 
2f:3 = 90 + <\> 

=? 13 = 45 + ~ 

Figure 4-6 Mohr - Coulomb Failure Criterion 

4.4. Point Capacity "Qp" 

First of all to solve this bearing capacity problem, the terms of Terzaghi's equation of bearing 

capacity, must be calculated. Since the soil underneath the pile is rock, the problem must be 

considered as a bearing capacity of a foundation on rock. 

According to Stagg and Zienkiewicz (1968), the developers of Terzaghi's equations, the 

bearing capacity factors for sound rock are approximately alike the following; 

Since the absence of laboratory tests applied on the rock sample at the depth of 34.00m, the 

uniaxial "unconfined" compressive strength ranges of rocks will be used that are listed Table: 

2, by means of the observations of the people who had worked on the site. Then, these values 

will be used to predict the cohesion c by means of the diagram below. 
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Figure 4-7 Relationship between qu and c (soft rock system) (JNeDI, 1999) 

1000 

From the above diagram it is seen that one can find the average cohesion of a soft rock if the qu 

range of the material is known. Since it is a rock mechanism that is worked out, one cannot use 

the conventional cohesion equation c = qu /2, thus the equation shown in the figure above, c = 

0.234q/-946 must be used instead. If one finds 25 MPa for the unconfined compression strength 

of this overly separated claystone from the figure above, then the c becomes, 

c = 0.234q/946 

C = 0.234 X 25°-946 

c = 4.92 "can be rounded to" 

c =4MPa "it is reasonably conservative, cohesion may be overly so" 

From many experiments and observations it is also known that the cohesion of rocks mostly 

ranges from 3.5 MPa to 17 MPa, thus c = 4 MPa is a reasonably conservative assumption. 
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Conventional Triaxial 

Axial Compression 
..... -' 
t~,--:.y ___ ~ 
,/ "" 

Conventional Triaxial 
(Simple Shear) 

'f 

-,--/-:.-

ern (' 0' . 
\ Pc' 
\ 
'",-

Confined Torsion 
(Axial Compression) 

On 

Figure 4-8 Tests of Conventional Triaxial, Simple Shear and Confmed Torsion 

i Term i Uniaxial Point Load Schmidt 

:,: I Compressive Index Hardness 

_I ____ . __ .-+I ___ s_;~~e;~:~~h--~--(M~pa~)~--~~;~;~:~~~~--~~~~_.~~~~~~~~~~~~~~~~--~-1 
: R5 Extremely! >250 >10 50-60 Rock material only chipped underresh basalt, chert, diabase, gneiss, 

I Strong I Irepeated hammer blows 19ranite, qUa~ite I 
'--------,i --R4---

1

---100T250 4-10 40-50 Requires many blows of alAmphibolite, sandstone, basalt,1 

i Very Strong I geological hammer to break gabbro, gneiss, granOdiorite,1 

i I intact rock specimens ,limestone, marble rhyolite, tuff I 

r~~I- 50-100 2-4 30-40 Hand held specimens broken bYILimestone, marble, phyllite, 

i Strong a single blow of a geOIOgiCalll~sandstone, schist, shale 

I I .. £-, I hammer r-"""'\ 
~2---1\"'~ J 1·2 15-30 Firm blow with geological picJQI..CI<!'Lston~ coal, concrete, SChist.1 

! Medium -- indents rock to 5mm, knife jUstl~,sh~stone I 
i Strong scrapes surface 
i 

i--R1'--i- 5-25 ** <15 Knife cuts material but too hard1i(Chalk, rocksalt, potash I 
: I 0 shape into triaxial specimens! I 

Weak 1---
; RO 1---c1-C_5=-----Il------;::**--+I------+.M-.a-.:t::-:er:::ia:;-1 -c=r:-::um=O:;bl'-es:-:-::un=di:e-::r --:fi;:::lr:::::m:t.h:::ig:;;:h:l.'ly;-;w:;;e=a:+ith=e~re;:::d:;-o;:::r:-;a;-;;lt:::e:::re:::id-:ro;:::c:i:k:---J1 

I, .. , ...... ,' Very Weak II blows of geological pick, can be II 

scraped with knife 

Field Estimate of Strength Examples' 

r-Ex;:::i 0.25-1 * j'"dent6d by thumbnail tlay gouge 

Table 4-2 Physical Strengths of Rocks (Lang & Lang) 
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* All rock types exhibit a broad range of uniaxial strengths, which reflect the 

heterogeneity in composition and anisotropy in structure. Strong rocks are 

characterized by well-interlocked crystal fabric and few voids 

**Rocks with a uniaxial compressive strength below 25 MPa are likely to yield highly 

ambiguous results under point load testing. 
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Figure 4-9 Relationship between 0 and qu (soft rock system) (JNeDI, 1999) 

1000 

Now it is available to calculate the internal friction angle of the claystone, which has an 

unconfined compressive strength of 25 MPa. 

o = 20.6+ 6.465log qu 

0= 20.6 + 6.46510g 25 

0= 29.64° ...... say, (2) = 30° 

Then the calculation of the bearing capacity of claystone is illustrated with the equation below; 

quit = cNcsc + qNq + 0.5yBNrSr (Terzaghi) 
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For strip round square 

sc 1.0 aD 1.3 

Sy 1.0 0.6 0.8 

Table 4-3 Coefficients for Different Shapes of Foundations 

The traditional calculation method of Nc ,Nq and Ny terms differs for rock just like shown 

below; 

Nq = tan 6 (450 + 0/2) Nc = 5 tan4 (450 + 0/2) 

ql/=25MPa 

c=4MPa 

(:J = 300 

RQD=10% 

Table 4-4 Properties of the Rock Layer 

Nq = tan6 (450 + 300/2) 

N =27 -Q--

Nc = 5 tan4 (450 + 300/2) 

N =45 _f __ 

Ny = 27 +1 

N =28 -z--

quit = cNcsc + qNq + 0.5yBNfy 

quit = 4 x 45 x 1.3 + 34E+3 x 1. 736E-5 x 27 + 0.5 x 1. 736E-5 x 1E+3 x28 xO.6 

quit = 234.00 + 15.94 + 0.15 if the results are rounded, 

qlllt=234+16+0 

Quit = 250 MPa 

Now the reduction factor RQD* can be used from Table: 5 below, 
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Rock description 

Excellent 

Good 

Fair 

Poor 

Very poor 

qult'= 250(0.10/ 

R.Q.D 

>0.90 

0.75-0.90 

0.50-0.75 

CO.25-0.5D 

<0.25 

Table 4-5 RQD Values (Bowles, 1990) 

"RQD varies about 1 0-25% for very poor rocks as claystone" 

fllllt':::=2.5 MPa <!c' (25 MPa) O.K. V 

The ultimate point bearing capacity Qp of the pile can be calculated as; 

Qp = 2500 x l1x 1.0rY / 4 ~ 1963 kN 

Qp = 2500x l1x 0.8rY / 4 ~ 1256 kN 

"for 0100" 

'for 080" 

* RQD can be explained briefly as the following; rock quality designation (RQD) is an 

indexer measure of the quality of a rock mass [Stagg & Zienkiewicz (1968)] used by 

many engineers. RQD is computed from recovered core sample as; 

" Lengths - of - int act - pieces - of - core> 100mm RQD = -""L.."'"-----....:.-_~ __________ _ 

Length - of - core - advance 

For example, a core advance of 1500 mm produced a sample length of 1310 mm 

consisting of dust, gravel and intact pieces of rock. The sum of length of pieces 100 mm 

or larger (pieces vary from gravel to 280 mm) in length is 890 mm. Then the RQD = 

890/ 1500 = 0.59 
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Figure 4-10 Illustration ofRQD Sampling (U.S. Anny Corps of Engineers, 1986) 

After all of the calculations above, the final results of the skin resistance and end bearing 

capacities of the piles are found as the following, with comparison to computer program Shaft 

results. 

Results Comparison Handmade Solutions CPU Program Shaft 
Table fkNl 

Qs= 3464 +6 11
0 3262 

0100 
Qp= 1963 +3 % 1414 

Qs= 2770 -1~ 2807 
080 

Qp= 1256 +3 % 905 

Table 4-6 Comparison of Rand Calculations To Shaft Outputs 

The final allowable vertical load capacities of 080 piles are found as, 

Qa = (Qs + Qp) 1 FS = 2770/3 + 1256/3 = 923 + 419 

Qa = 1342 kN 
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4.4.1. Comparison of Hard and Soft Rock Mechanism 
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Figure 4-11 Relationship between qu & c for Hard Rock Mechanism (JNeDI, 1999) 
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Figure 4-12 Relationship between qu & 0 for Hard Rock Mechanism (JNeDI, 1999) 

*Cohesion c decreases from 4.92 to 3.74 MPa and internal friction angle 0 increases 

from 30° to 47° for hard rock mechanism. 
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If the system were accepted as a hard rock mechanism, then the values c and 0 would become 

3.74 MPa and 47° respectively. Thus the point bearing capacity for 080 pile would be just as 

the following; 

qu =25 MPa 

c = 3 MPa 

0=47° 

RQD = 10% 

Table 4-7 Properties of Rock Layer 

Nq = tan6 (450 + 4712) 

Nq = 267 

Nc = 5 tan4 (450 + 4712) 

Nc = 207 

N y = 267 +1 

Ny= 268 

quit = cNcsc + qNq + 0.5yBNfy 

quit = 3 x 207 x 1.3 + 34E+3 x 1. 736E-5 x 267 + 0.5 x 1. 736E-5 x 8E+2 x 268 xO.6 

quit = 807.30 + 157.59 + 1.12 "if the results are rounded", 

quit = 807 + 158 + 1 

Qult = 966 MPa "original result was 250 MPa, the change is +286%" 

quit '= quit (RQD/ 

quit '= 966(0.10/ "RQD varies about 1 0-25% for very poor rocks as claystone" 

Quit '::::; 9.66 MPa <!c' (25 MPa) O.K. V 

The ultimate point bearing capacity Qp of the pile can be calculated as; 
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Qp = 9660 x IIx 0.8r1 /4== 4855 kN "the original one was 1256 kN" 

The final allowable vertical load capacities of 080 piles are found as, 

(2770 + 4855) / 3 

Qa=2S41 kN 

The original Qa was 1342 kN so the increment is, 

2541-1342= 1199 kN (89%) 

Thus, it is obvious that an increment of 1 r in 0 (even though a decrease of 1 000 kPa in 

cohesion) changes the results dramatically (89%). So, the engineer must be sure of the 

kind and the physical properties of the rock material to avoid a fatal mistake in bearing 

capacity calculations. 
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5. MODELING 
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@--

en 

'" en 

en 

'" '" 

500 610 

Figure 5-2 Plan View of the Basement 
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Figure 5-3 Plan View of the Pile Applications 

5.1. Analysis of the Pile Materials 

C25 (BS25) concrete and S420 (BeIDa) steel are used in the cast-in-place group piles as well 

as in the superstructure. Both of the materials will be investigated thoroughly in the following, 

one by one. 

Mander model is accepted for defining the unconfined concrete. 28 day strength = 25.00 MPa, 

E = 30,000 MPa (TS500), M = 2.5 ton/m3 and W = 25 kN/m3 are some of the main properties 

of the unconfined concrete. It is supposed to crush at 0.004m1m and spall at O.OOSmlm. 

Strain hardening steel model is used to define the steel. Its properties are, E = 210,000 MPa, 

yields at fy = 420 MPa and E = 0.002 and fails at E = 0.12. It follows the same path during 

compression. 16 / 020 has been used for reinforcing the concrete. 

There is a lot to wlite about the confined concrete but since it will be explained later, making 

an overview on this can provide a general knowledge, before getting to the analysis. All parts 

of the piles are confined with 010 S420 steel in a distance of s = 20 em, not to mention that, 
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confinement bars are at shorter distances at the ends to supply more ductility and strength to 

(s=10 em). As a result, the compression strength of the concrete is increased from 25.00 to 

28.62 MPa at the middle and to 30.99 MPa at the confinement zones. 

5.1.1. Unconfined Concrete Model 

The properties of the unconfined concrete is as follows: 

28-Day compressive strength: 

Tension strength: 

Post-crushing strength: 

Crushing strain: 

Spalling strain: 

Elastic modulus: 

stress - IvIPa 

25 

20 

15 

10 

5 

25MPa 

OMPa 

OMPa 

0.004 

0.005 

30,000MPa 

o~~~-+--~--~~---r--+---~-+--~ 

0.000 0.001 0.002 0.003 0.004 0.005 

Figure 5-4 The Stress - Strain Diagram of the Unconfined Concrete 
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IVIo del Ilebdls: 

For Strain- s< 2·s t 

F or Strain - s < 0 

F or Strain - s < s cu 

. F or Strain - s < s sp 

£ 
x=--

£ CC 

Ec 
r=----

Ec - E "'e~ 
'" t: 

£Ie 
Esec =-­

£ cc 

£ = Concrete Strain 

fc = Concrete Stre s s 

Ec = Elastic Iv! 0 dulus 

fc = 0 

fc = sEc 
f c·x·r 

fc=-__ 

E sec = Secant Modulus 

£ t = Tension Strain Cap acity 

£ cu = Ultimate Concrete Strain 

£ cc = Strain at Peak Stress = .002 

£ = Spallincr Strain sp '=' 

£I c = 28 Day C ompre s sive Strength 

f cu = Stress at £ cu 

f cp = Post Sp alling Strength 

5.1.2. Steel Model 

The properties of the steel concrete is as follows: 

Yield stress: 420MPa 
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Fracture stress: 

Yield strain: 

Hardening strain: 

Failure strain: 

Elastic modulus: 

stress - IvlPa 

600 

500 

400 ,---

300 

200 

100 

0.12 

550MPa 

0.002 

0.002 

210,000MPa 

O+---~~--~--+-~~-+--~--+-~~-;---+--~ 

0.00 0.02 0.04 0.06 0.08 0.10 

strain 

Figure 5-5 The Stress - Strain Diagram of the Steel 

l\,Io(lel IJet:':lils: 

F or Strain - s < s y 

F or Strain - £ < £ sh 

For Strain - £ < S su 

£ = Ste el Strain 

fs = Ste el Stre s s 

f Y = Yield Stre s s 

f u = Fracture Stress 

£ y = Yield Strain. 

fs = E·£ 

fs = fy 

fs = f u-

£ sh = Strain at strain Hardening 

£ su = F allure Strain 

E = Elastic IvIo dulus 
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5.1.3. Confined Concrete Model (Confinement Zones) 

The properties of the confined concrete is as follows: 

28-Day compressive strength: 25MPa 

Confined concrete strength: 30.99 MPa 

Tension strength: 

Post-crushing strength: 

Strain at peak stress: 

Crushing strain: 

Elastic modulus: 

sire s s - I'JIP a 

40 

30 

20 

10 

OMPa 

OMPa 

0.004396 

0.001422 

30,000MPa 

O~-r~--+--r~--+-~~--+-~-+--+-~~--+-~ 

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 

strain 

Figure 5-6 The Stress - Strain Diagram of the Confined Concrete (Confinement Zone) 
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:rv:t: 0- del D eh-.i1s: 

For St.:ra:i:n. - s < 2· S t 

For St.:ra:i:n. - S < 0 

For St.:ra:i:n. - s < S eu 

S 
:::-::::=--

see 

_ [ (f' ee See - .002· 1 +- 5· ~-

Ee r= ____ _ 

Ee - E sec 

f' ee 
Esee =-­

sec 

S = C o:nerete St.:rain. 

fe = C o:nerete St.:re s s 

Ee = Elastic I .... Io dulus 

S t = T e:nsio:n Stra:i:n. Cap aeity 

fe = 0 

fe = S ·Ee 

fe = 
f' ee ·x·r 

S eu = Ultimate C o:nerete Strain. 

see = St.:ra:i:n. at Peak Stre s s 

f' e = 28 Day C o:tnpre s sive Strength. 

f' e e = C o:nfir.Le d Concrete Strength. 

5.1.4. Confined Concrete Model (Mid Regions) 

The properties ofthe confined concrete is as follows: 

28-Day compressive strength: 25MPa 

Confined concrete strength: 30.99 MPa 

Tension strength: 

Post-crushing strength: 

Strain at peak stress.­

Crushing strain: 

Elastic modulus: 

OMPa 

OMPa 

0.004396 

0.001422 

30,000MPa 
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Figure 5-7 The Stress - Strain Diagram of the Confined Concrete (Mid Region) 

5.2. Estimating the Piles' Capacities 

The capacities of the reinforced concrete pile columns are calculated by means of the 

XTRACT computer program. They are loaded with the actual normal loads due to the G and Q, 

not to mention that their skin friction is subtracted from N. Since the skin resistance increases 

with the depth, normal loads (N) decrease from the top to the bottom end. 

As mentioned above, N varies for different depths, thus the moment bearing capacities also 

differ from section to section. For the sake of accuracy piles are divided into 12 parts to 

calculate the moment and shear capacities for 12 different N values change due to increasing 

skin resistance and their self-weights. In addition, they are also divided for changes of soil 

layers, because the restrain conditions differ in those layers. 

In addition, the 77 piles' N values also differ from each other. The most precise way to 

measure the piles' moment and shear capacities is, to use an average N value that will be quite 

conservative. The computation of this average/optimal N value is as the following: 
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N = N avg + Nstdev 

N = optimal normal force 

N avg = average of the all 77 piles' Normal loads, of the same depth 

Nstdev = standard deviation of the N values that computed 

The average, standard derivations and the optimal normal loads of the piles' sections, is shown 

in the following figure and table: 

-III NLLINI( (['vI) 

..... P 1100 

"l1 P 1000 

0lil P 900 

... P 800 

.... P 700 

<III P 600 

oil P 500 

... P400 

~ P200, P 300 
~ P 100 
~ NLLlNI( (N) 

Figure 5-8 Demonstration of Pile's Sections and IDs 
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P 100 -34,00-36,50 Depth [mJ P 200 -33,40-34,00 
AVARAGE -306,89 Nstdev [kNJ AVARAGE -287,42 

STDEV 39,47 Navg [kNJ STDEV 37,44 
AV-STAD -346 Navg-Nstdev[kNJ AV-STAD -325 

P 300 -32,80-33,40 P 400 -29,355-32,80 
AVARAGE -304,88 AVARAGE -338,46 

STDEV 37,44 STDEV 41,31 
AV-STAD -342 AV-STAD -380 

P 500 -25,91-29,355 P 600 -22,46-25,91 
AVARAGE -396,17 AVARAGE -453,85 

STDEV 41,31 STDEV 41,32 
AV-STAD -437 AV-STAD -495 

P 700 -19,01-22,46 P 800 -15,565-19,01 
AVARAGE -511,49 AVARAGE -569,17 

STDEV 41,32 STDEV 41,31 
AV-STAD -553 AV-STAD -610 

P 900 -12,12-15,565 P 1000 -8 67-12 12 , , 
AVARAGE -626,88 AVARAGE -684,56 

STDEV 41,31 STDEV 41,32 

AV-STAD -668 AV-STAD -726 

P 1100 -522-867 , , NLLINK -250-522 , , 
AVARAGE -742,20 AVARAGE -834,12 

STDEV 41,32 STDEV 37,36 

AV-STAD -784 AV-STAD -871 

Table 5-1 N avg - Nstadev [g+q] of the Piles at All Sections 

Moment capacities of the piles are computed by the XTRACT program, as follows: 

Firstly, the program calculates the ultimate, spalling, hardening, crushing and failing stresses 

and the corresponding strain values of the materials, with the consideration of their 

confinements. 
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Then it gives a specific N load, which is determined by the user, and begins to move the N load 

step by step, in x-x or y-y direction that desired. While the moment increases with this 

movement, the program reports the conditions of every three material "confined/unconfined 

concrete and steel" in each increment. For instance, if the steel in the compre8sion zone yields 

it loads the compression concrete more. 

After a several increments, it stops the analysis if one of the confined concrete or steel exceeds 

the failing strain after the cover concrete spalls. Then it reports the final moment and curvature 

values. 

It bilinearizes the M-Kappa diagram if desired, and gIves the EI effective and Yield EI 

effective to be used in further modeling. 

5.2.1. Flexural Capacity for Different N Values 

It is obvious that, M-Kappa and P-M interaction diagrams do not differ dramatically for a 400 

kN (325 kN to 784 kN) increment ofN for such a huge section. Thus, changing frame section 

properties only in the bottom and the uppermost section is adequate, for the sake of simplicity. 

Furthermore, P-M interaction diagrams will be used to examine the piles' performances under 

spectral, time-history and lateral spreading analysis. 
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Figure 5-9 M - Kappa Diagrams for Different N Values 

0.11 0.12 

As seen in the figure, all of the pile sections' M-Kappa interactions do not differ, except the 

ones at the confinement zones. Thus, one M-K diagram will be used for all the middle sections. 
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5.2.1.1.Flexural Capacity of Confinement Zones 

Moments about the X-Axis - kN-m 

900 ,~ 
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700 
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Cu..""V'atu.:re s ab out the X-Axis - 11m 

Figure 5-10 M-Kappa Diagram of the Confmement Zone 

Failing Material: 

Failure Strain: 

Curvature at Initial Lo ad: 

Curvature at First Yield: 

Ultimate Curvature: 

Moment at First Yield: 

Ultimate Moment: 

Centroid Strain at Yield: 

Centroid Strain at Ultimate: 

NA at First Yield: 

N,A at Ultimate: 

Energy per Length: 

Effe ctive Yield Curvature: 

Effective Yield Moment: 

Over Strength Factor: 

EI Effective: 

Yield EI Effective: 

Curvature Ductility: 

Not Available 
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95,21 E-3 11m 

674,2 1-.N-m 

885,5 kN-m 

,6039E-3 Tension 

18,35E-3 Tension 

14,27 cm 

19,28 cm 

80,69 kN 

5,394E-3 11m 

859,7 kN-m 

1,030 

1,59E+8 N-m1\2 

287,2E+3 N-m1\2 

17,65 
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5.2.1.2.Flexural Capacity of Middle Region 

!vI aments ab out the X-Axis - kN-m 
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Figure 5-11 M -Kappa Diagram of the Middle Region 
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5.2.2. P-M Interactions 
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Figure 5-13 P-M Interaction Curve of the Middle Sections 
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5.2.3. Shear Capacity 

The formulation by Priestley (1996) has been used to estimate the shear capacity of the pier 

columns. The proposed method by Priestley provides significantly improved correlation with 

experimental results. The column shear capacity is given as; 

Vc: concrete component of shear capacity 

Vp: contribution of the axial load in the column 

Vs: contribution of the transverse reinforcement 

• The concrete contribution of the column is given as: 

V =k*.Jfc'*A c e 

k: factor to account for member ductility. For this analysis, the factor is related to 

curvature ductility 

0.29 for J1 ~3 

0.43 - 0.048J1 for 3<J1~7 
for uniaxial ductilty = 

0.15 -7.3 * 10-3 J1 for 7<J1~15 

0.042 for J1 > 13 

fL' Curvature ductility 

fc ': Compressive strength of concrete 

Ae: Effective shear area (0.8 x Agross) 

When the coefficients of the V c equation are computed for the model: 

J1 = 17.65, thus k = 0.042 
2 

Ae = 0.8 x 0.50 = 0.4 m 
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!c' = 25,000 kNlm2 

v = k*.Jfu'*A c e 

Vc = 0.042 X 25,000°·5 X 0.4 

Vc = 2.66kN 

• Axial load contribution to the shear capacity that is explained above is given as: 

D: Overall section depth 

V =D-c*p 
p 2*a 

c : Depth of the flexural compression zone 

a : L for single bending, LI2 for double bending. 

L : Height of the column 

P : Axial load in member 

For the model the above variables are as follows: 

D = 0.80m 

c = 0.1928 m 

a = 34 12 = 17m 

L =34m 

P =871 kN 

V =D-c*p 
p 2*a 

Vp = (0.80- 0.1928) / (2 x 17m) x 871 

~ = 106.30kN 
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• The contribution of the transverse reinforcement is given as: 

A *f * D' 
Vs = s Y *cot(¢) 

s 

D ': Distance between transverse reinforcement 

h: Yield stress of transverse reinforcement 

¢: Angle of inclined cracking 

As : Area of transverse reinforcement 

S : Spacing of transverse reinforcement layer 

For the model the above variables are as follows: 

D' = 0.70m 

hh = 420,000 kNlm2 

(2) =30° 

As = 2 x llx 0.012 14 = 1.57E-4 m
2 

S = 0.10m 

Vs = (1. 57E-4 X 420,000 x 0.70) 10.10 x cot(300) 

fs = 799.48 kN 

And the total shear capacity is the following: 

V= 2.66 + 106.30 + 799.48 

V=908 kN 
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5.2.4. Modification Factors 

Since the assumption is that the hinging will occur on at the top of the piles, the nllink elements 

will be installed to only the edge region to provide the non-linear behavior. Essentially the 

structural elements of the main building also may yield but they are assumed as if they will not. 

Thus the writer had the advantage of investigating the soil and substructure deeper without the 

exceptions of the superstructure. 

With the help of XTRACT program's outputs of M-Kappa interactions, the modified moment 

of inertias of the pile sections will be computed as follows: 

E1eff=1.48E+5 kNlm2 "M/KappanP 700" 

Ec = 30,000,000 [kPa] 

1080 = 2.034E-2 [m4] 

EJ080 = 610,200 

E1efJ 
Modification Factor = --=---

Ec l 080 

1.48E + 5 = 0.243 
610,200 --

5.3. Modeling the Superstructure in SAP2000 Program 

Firstly the superstructure modeled in SAP2000 computer program. The model is composed of 

1079 joints, 283 frames (columns and beams) and 1031 shells (structural walls, mat foundation 

and slabs). The complete model is composed of 2080 joints, 1130 frames, 1131 shells, 154 

non-linear link elements and 1848 springs. The shells are divided to 2 by 2m to get the most 

precise results. Also the frames are connected to these shells to maintain the synchronism 

during cyclic movements. 

The total mass of the structure is 10,479 tons, where 3551 tons of it comes from the super and 

6927 tons from the substructure (Mat foundation is added to the sub. Mat foundation's mass is 

~3637 tons when Mq is added). 
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5.3.1. Views of the Model 

Cooling water pump facility 

Electric power transformer building 

Figure 5-14 3-D View ofthe SAP2000 Model 

Figure 5-15 X-Z Direction View 
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Figure 5-16 Y -Z Direction View 
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Figure 5-17 3-D Cross-Section of the Cooling Water Pump Facility 

Figure 5-18 3-D Cross-Section of the Electric Power Transformer Building 
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Figure 5-19 X-Z Cross-Section (the 1st Storey and the Mat Foundation) 

Figure 5-20 X-V View of the Mat Foundation 
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5.3.2. Determination of LivelDead-Load and Mass 

-Since the live load of the building is composed of cranes, gigantic motor pumps and other 

massive materials, Q is taken as 10 kN/m2 as an observational engineering judgment. It is 

applied directly to the slabs 

The computation of the live load's mass is just as above, 

PUl'pose of OCCI!1!IIIICV of Building 
Depot. \varehousc, etc. C 
Schoo!, dormitory, sport t~lcj[ity, cinema, theatre, concert hall, carpark, 
restaurant, shop, etc. 
Residence, ofTice, hotel, hospitaL etc. 

Table 5-2 Live Load Participation Factor (n) (TSC-9S, P .IS) 

n = 0.8 

Q = 10kNlm2 

Q' = 10 * 0.8 = 8 kNlm
2 

Mqunit-area = 8 19.81 = 0.815 tonlm
2 

To add its mass to the slab concrete's mass, 

Mqunit-area = 8 19.81 = 0.815 tonlm2 'for h = 0.20m slab" 

Ifit were h = 1.00 m then, 

8 
,3 

Mq '/unit-volume = 0.815 I 0.20 = 4.0 tonlm 

M(total)unit-volume = 4.08 + 2.50 = 6.58 ~6.5 tonlm
3 

Total masses ofthe structure is as follows: 

Superstructure: 

Mat foundation: 

3551 tons 

3637 tons 

Substructure: 3290 ton 

TOTAL MASS: 10479 ton 
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5.4. Modeling the Substructure 

As a foundation problem, the modeling of the substructure and the soil must be considered 

together, because the piles act together with the surrounding soil. To overcome this problem 

the piles divided into 12 parts and joined to the soil, which is modeled using springs. The 12 

parts of the piles are modeled different from each other according to their strengths and 

ductilities. 

The piles are modeled as 080 cm circular, reinforced concrete frames. Non-linear link 

elements added to the top of the piles to measure moment and shear forces during time-history 

analysis, which will be analyzed in the further chapters. Since the piles are not anchored to a 

strong type rock, it is judged that the bedrock releases a considerable amount of bending 

moment. To overcome this problem, instead of restraining bottom of the piles to Mx-x or My_y, 

the rigidity of the anchor is modeled using springs. 

Non-T .inp.~r T ,ink F,lp.mp.nt 

Horizontal Springs 

Figure 5-21 Demonstration of a Pile With Springs 
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5.4.1. Shear & Bending Moment Hinges 

In this section non-linear link elements are used to model the hinges, which might occur at the 

top of the piles, where they are connected to the mat foundation and probably will get the 

maximum bending moment and shear force. 

In addition, since there will be no hinging at the middle of any piles, it is not necessary to 

assign a nllink element at those sections. 

5.4.1.1.Determination of the Hinge Length 

Before determining the properties of the nllink elements', the hinging length of the piles must 

be computed. To calculate this length the following equation is used: 

where, 

Ip : hinge length [mJ 

I: buckling length of the frame (pile) [mJ 

he :yield stress of the reinforcement material [MPaJ 

dbl : diameter of the longitudinal reinforcement [mmJ 

when the variables are written, the equation becomes: 

lp = 0.081+ 0.022 x he X dbl '?O. 044 X he X db! 

lp = 0.08 X 34 + 0.022 X 420 X 0.80 '?0.022 X 420 X 0.80 

lp = 2.72 '?0.37 

(Priestly, 2000, P.308) 

since the right side of the equation cannot exceed the left side, the length is accepted as: 

&=2.72m 
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5.4.1.2.Hinge Capacities 

To add the hinges to the base model of the substructure, the non-linear moment-curvature and 

shear-deflection properties are needed. The outputs of the XTRACT program are used while 

determining the initial and post stiffness of the nllink elements. The calculations of the nllink 

elements' bending moment and shear stifnesses, by means of the outputs are as the following: 

Moments ab out the X-Axis - kN'-m 

900 ~ 
£ -

800 If 
- 1 -

700 

600 

500 

400 

300 EIeffective 

200 

100 -
1 

-0.02 0.00 0.02 0.04 0.06 0.08 

CutYatures about the X-Axis - 11m 

Figure 5-22 M- Kappa diagram ofthe hinge (P(g) = 871 kN) 

2 
EIejfective = 1.59E+5 kNm 

2 EIyield = 2.87E+2 kNm 

L (hinge length) = 2.72 m 

Table 5-3 The Outputs of the XTRACT Computer Program 

The bending moment coefficients are: 
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Rstifjness (Bending moment stiffness) = 12 E1efJ / Lp 

RstifJness = 12 x 1. 59E+ 5/2.72 == 58456 kNm [l/rad] 

Rstrength (effective yield moment) = 860 kNm 

Ra (Post-yield stiffness ratio) = E1yield 

E1 effective 

R = 2.87E+2 _ 
a 1.59E + 5 - 1.8E-3 

And the shear-force coefficients are: 

Ustifjness (Shear stiffness) == 12 E1efJ / Lp 3 

Ustifjness == 12 x 1. 59E+5 /2. 723 == 94814 kN/m 

Ustrength (effective yield moment / (L /2)) == 860/ (2. 72 12) = 632 kN 

(lp = L12) 

U. It' ld ifjr-r. . . I E1 yield a IPOS -yze stz'Jness ratw/ = --'---
E1effective 

U
a 

= 2.87 E + 2 = 1.8E-3 
1.59E + 5 

The bending moment and shear stiffness of the pile are same in both X-X and Y -Y directions 

because the piles' sections are symmetrical in both directions. 

5.4.2. Distribution of Pile Friction Forces 

Friction part of the pile (31.50 m) is divided into 11 parts considering the change of soil 

property from layer to layer and pile stiffness. qs == 35 kN/m
2 

is used which was calculated as 

explained in the 4th chapter and this value is multiplied with the area of every section to 

compute the every upward force that is applied to the pile by the soil. 
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TOTAL 

Depths Mid 
Lengths 

Force 1m UPWARD 
Points (Fs/m) FORCES 

(Fs) 
[m] [m] [m] [kN 1m] rkNl 

-2,50 
-4,45 

tQs -5,22 4,45 29,32 130 
-6,95 

tQs -8,67 3,45 29,32 101 
-10,40 

tQs -12,12 3,45 29,32 101 
-13,84 

tQs -15,57 3,45 29,32 101 
-17,29 

tQs -19,01 3,45 29,32 101 
-20,74 

tQs -22,46 3,45 29,32 101 
-24,19 

tQs -25,91 3,45 29,32 101 
-27,63 

tQs -29,36 3,45 29,32 101 
-31,08 

tQs -32,80 2,02 29,32 59 
-33,10 

tQs -33,40 0,90 29,32 25 
-33,70 

-34,00 

31,50 923 

Qs(ult) = 2770 [kN] Ultimate skin friction (Chapter 4) 
Qs(a) = 923 [kN] Allowable skin friction (Chapter 4) 

qs: 35 [kN/m2] Skin fric. / Unit area (Chapter 4) 
As I m (pi*D*L): 2,51 [m2/m] Surface area / Unit length 

Fs/m: 29,32 [kN/m] Skin ric. / Unit len th 

Table 5-4 Distribution of Pile Friction Forces 
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5.4.3. Modeling the Soil 

5.4.3.1.Modeling the Normal Force Hinge 

In this section, point resistance of the piles will be modeled as a normal force hinge to allow 

firstly the skin resistance to grasp the pile and release the exceeding P to the pile point. If the 

point resistance were entered as a simple force in the opposite direction of the gravity, the 

model would be unable to illustrate the acting of the pile during an earthquake. Not to mention 

that, it would be impossible to observe the vertical displacements as well, because the piles 

would give the same upward resistance to the vertical loads coming from the superstructure. 

Thus the skin resistance modeled as distributed upward forces applied to the pile, and only the 

exceeding normal force (P > Qs) reaches to the bottom. A simple demonstration of the normal 

load hinge is below: 
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7 

Figure 5-23 Illustration of Vertical Deformation of a Pile and Normal Force Hinge 

(Qs / ~L > Wpile / ~L) 
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5.4.3.2.Determination of the Settlement of Pile Points 

To detennine the settlement of pile points, firstly modulus of elasticity of the rock layer must 

be found. It is E = 3E+6 kPa for claystones (Bowles, P.278). From the previous calculations in 

chapter 4.4., the Qp is found to be 419 kN. If this value is converted to pressure: 

cr (PIA) [kN/rn2] 
c (cr/E) [-] 

O,E+OO 

o 
o 

834 
2,78E-04 

STRESS - STRAIN DIAGRAM 

5,E-05 J,E-04 2,E..Q4 2,E..Q4 

Strain [-] 

3,E..Q4 

Table 5-5 Stress - Strain Diagram of the Claystone 

3,E..Q4 

Once E is found to be 2.78E-4, then the point settlement can be found from the following 

equation: 

& = LJhl h 

2. 78E-4 = L1h I 34 ~ L1hmax = 9.452E-3 m z9.5 mm 

Now the coefficients ofthe normal force hinge can be computed as follows: 

hr I Ah . = 419/9 5E-3 = 44105 kN/m UstijJness = lV nominal LJ nomlllai . 

U = u . = 419k}.T strength lVnomlllai ---
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UrY. = can be taken as = 1E-8 "to prevent the pile-point to take Normal load, after a 9.5 
mm deflection" 

5.4.3.3.Lateral Subgrade Modulus & Springs 

The subgrade modulus of the soil layers, which are given from the in-situ tests are as follows: 
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+-O.OOm Ground 

medium stiff clay (ks = 10000 kN/m3) 

-30.30m 

stiff clay (ks = 20000 kN/m3) 

-31.50m 

claystone (ks = 40000 kN/m3) 

-34.00m The end of bore 

For the comparison, the average ks values of the soil layers are as the following: 
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S 0 i 1 
Dense sandy gravel 

Medium dense coarse sand 

Medium sand 

Fine or silty, fine sand 

S tiff c lay (wet) 

S tiff clay (saturated) 

Medium clay (wet) 

Medium clay (saturated) 

Softclay 

ks,[MN/m3] 
220-400 
157-300 
110-280 
80-200 

Table 5-6 Range of Lateral Subgrade Modulus, ks (Bowles, 1990, P.941) 

As seen in the table above, the sub grade modulus of medium stiff and stiff clay is in the range 

of 10000 to 80000, which means 10000 kN/m3 is a quite conservative value to accept. The 

same case is for the claystone, for which ks is measured as 40000 kN/m3 in the in-situ tests is 

in the range of 30000 ~ 110000 kN/m3 and above. 

Now, the spring coefficients resisting to the piles can be calculated as the following: 

where; 

k =Ax ks 

k = spring coefficient 

A = cross-section area of the pile 

ks = subgrade modulus of the soil 

then, the spring coefficients for the three layers, from top to bottom, become as follows: 

Al = 0.80 (cross-sectional width) x 3.45 (unit frame length) = 2.76 m
2 

A2 = 0.80 (cross-sectional width) x 1.20 (unit frame length) = 0.96 m
2 

A3 = 0.80 (cross-sectional width) x 2.50 (unit frame length) = 2.00 m
2 

kI = 2.76 xl 0000 = 27600 kNlm 

k2 = 0.96 x 20000 = 19200 kNlm 

k3 = 2.00x 40000 = 80000 kNlm 

76 



5.4.3.4. Views of the Substructure Model 

Piles, divided 

into 12 

sections 

M- V Hinges 

I NHinges 

Figure 5-24 3-D View of the Substructure (77 x 12) 
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Figure 5-25 X-Y View of the Piles 

Figure 5-26 The 3-D View of the Entire Structure 
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5.5. Liquefaction Possibility of the Site 

Evaluating the liquefaction potential of the site must be achieved before making the 

liquefaction-induced lateral spreading analysis. Thus, the writer applies the conditions of the 

site to some reasonable empirical assumptions, which are mostly based on SPT blow-counts, 

that were mentioned in chapter 2. 

For evaluating the liquefaction potential of the site, the following procedure will be followed: 

Measured 

NSPT 

r ... 1'-:IiJ n Itude 
scaling Factor 

C:~"ClIC Resistance 
RatlJ (CRR) 01 so,1 

Factor of Sa1ety 
at SPT .:Jepths 

stress 
Reduction 
Factor (rd:1 

CYCliC stress Ratio 
(CS R) InducEd 
byearlhquaKe 

Table 5-7 The Flowchart for Evaluating the Liquefaction Potential of a Site Based on SPT 
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5.5.1. Determination of eRR for Mw = 7.5 

The first step in the liquefaction analysis procedure is to find the Cyclic Resistance Ratio for 

the soil based on the corrected clean sand equivalent. This is done by an empirical equation 

based on the liquefaction catalog (Seed & Idriss (1983-1985» for a magnitude of 7.5 

earthquake (Modified by Robertson and Fear (1996». This equation provides a good 

approximation for soils where N60' < 30 (the worked site's soil's N is smaller than 7). The 

average SPT blow-counts is given as N= 14 from the geological outputs. Then, the corrected 

SPT was calculated as N55 '=7 in Chapter 4. As also mentioned in the same chapter, there is a 

linear relation between these corrected N values, which provides the engineer a quite simple 

way to convert the corrected N values of a site. The conversion equation is below: 

Erl x Nl = Er2 x N2 

N2 = Erl x Nl / Er2 

N60' = 55 X N5s' / 60 

N60' = 55 x 7/60 

N60' = 6.42 

N60' = 6 

Once the effective overburden pressure in the liquefaction depth for N55' is calculated there is 

no need to consider it again. Since the N60' value is known, now the CRR can be computed 

from the equation below: 

95 (Nl)60 1 
100 X CRRM=7.5 = 34 _ (Nl)60 + 1.3 2 

CRR = CRRM=7.5 x MSF (Magnitude Scaling Factor) 

95 6 1 
100x CRRM=7.5 = 34-6 +1.3-"2 

CRRM-7.5 = 0.08 

S· h M h t· d fior the region is 7 5 there is no need to scale the magnitude. mce t e w t a IS assume . , 
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5.5.2. Determination of CSR for Mw = 7.5 

Once the liquefaction resistance is known at a certain depth, the average Cyclic Shear Stress 

Ratio generated by an earthquake must be estimated as indicated on the right side of the flow 

chart. The representative horizontal shear stress is computed with a simplified equation 

suggested by Seed and Idriss (1971) and expressed in terms of the Cyclic Stress Ratio (CSR) 

given by Seed & Idriss (1983; 1985) 

CSR = 0.65 x amw/g x avoi avo· x r d 

rd = 1.0 + 1.6x 10-6 
(Z4 - 42z3 + 105i - 4200z1) 

Where, 

r d: Stress reduction factor 

avo: Total vertical overburden stress [563.43 kNlm2] 

avo·: Effective vertical overburden stress [276.49 kNlm2] 

amax: PGA of a probable earthquake [0. 71g =6.97 mli] 

z: Depth of the soil layer from the ground surface [31.50 m] 

-6 4 3 2 4200 1) rd = 1.0 + 1.6 x 10 (z - 42z + 105z - z 

rd = 1.0 + 1.6 X 10-6 (31.504 
- 42x31.5rf + 105x31.502 - 4200x31.50) 

[d = 0.43 

CSR = 0.65 x ama/g x avoiCYvo'x rd 

CSR = 0.65 x 6.97/9.81 x 563.431276.49 x 0.43 

CSR = 0.40 

5.5.3. Factor of Safety for Liquefaction for Mw = 7.5 

If the computed Cyclic Resistance Ratio (eRR) is less than or equal to Cyclic Stress Ratio 

(CSR) generated by the earthquake, liquefaction is assumed for that location. The factor of 
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safety against liquefaction is defined with the equation below (Ishihara (1993); Seed and 

Harder (1990». 

CRR 
FSt =-­

lq CSR 

D(1 0.08 
l'iJt = - = 0.20 

lq 0.40 

FSlifl = 0.20« LOO "Liquefaction is INEVITABLE" 

5.5.4. Comparison of Liquefaction Potential 

The liquefaction possibility of the site is evaluated based on Seed and Idriss' s CSR and CRR 

procedure. Now the results can be checked/compared by the graphical data of Seed and Idriss 

as well as other geotechnical engineers' assumption methods of liquefaction potential 

evaluation, which were stated in Chapter 2. 

~.:: ;:-n b :;;",,;~',d 

;' .. ;,' ~;,~ t1,~~J.~<.;; ~~ 

I ;~ '''''''-~-l';'''~ I ~ K"l~ .;.. "<d' ~;- ... ~ .. ~ 
. i: •. -.: .... 1'- . "~" 

I 
I 
I 

Figure 5-27 Liquefaction Pot. Anly. According to the Empirical Evaluation Method of Seed 

(Mw = 7.5, N60'= 6, CSR = 0.40) 
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Figure 5-28 Seed & Idriss (1983-1985) Curves for CSR & Various Values ofMw 
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2.5-
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25-

<"D 

15 

10 

5 

(N60 '= 6, CSR = 0.40) 

o Minimum (N 1 leo viJ.I,.;cs mcasun:,-;;j at Iiqu{)!<:Io::tion site;.; 
associated with S, 100 ~'r BP Vincennes e'llthquake 
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Distance from Energy Center (km) 

Figure 5-29 Minimum Field-Measured Values of Normalized SPT N60 as a Function ofR 

(R = 4.83 km, N60'= 6) 
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Figure 5-30 Obermeier's Mw vs. R of Liquefaction Effects (Near-Field Regions R<50 Km) 

(R = 4.83 km, Mw = 7.5) 
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Figure 5-31 Probabilistic Liquefaction Resistance Curves for N60' vs. CSR for Various PL 

(Y oud & Idriss) 

(CSR = 0.40, N60'= 6) 

Also as seen in the comparisons, the liquefaction is inevitable for that site even if the Mw of the 

probable earthquake is much less than 7.5. Thus extra precautions must be considered against 

liquefaction. 
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6. ANALYSIS 

6.1. Lateral Spreading Analysis 

As previously mentioned, lateral spreading is a result of the action of gravity-induced shear 

stress, which in excess of the residual shear strength of the liquefied soil. In this section, the 

lateral force on the pile group due to the lateral displacement will be computed by means of 

empirical formulas. 
r-----------------------------,+_O.OOm 

L-------=--r--~-------------------~-----------

~ATERAL DEFLECTION 

, 
j , 

! 
I 
I 
I 

I 
I 
\ 
I 
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I , 
I 
\ 
I 
\ 

i 
/ 

I 
I 

J 
I 
J 
I 

I 
I 
I 
I 
J 
I 
I 
J 
I 
I 

J 
I 
J 

I 
J 
J 
I 
I 
I 

Liquefiable Layer 
SandySilt 
1'{.; = 7 

-30.30m 

:~--------------------------------------------------. 

N on-Li quefi able Layer 
SiltyCaly 
~ = 20,000 kNlm3 
N. . .' = 7 

-31.S0m 

N on-Li quefi able Layer 
Claystone 
~ = 40,000 kN/m3 
C'" 4 Mpa 
0=30 0 

-34.00m 

----~---------------------------------------------------

Figure 6-1 Schematic Illustration of the Lateral Spreading Model 
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6.1.1. Estimation of Lateral Displacement 

There are many evaluation methods to predict the lateral displacement of the liquefiable soil 

layer after ground shaking. In geotechnical earthquake engineering practice, liquefaction­

induced ground deformations are usually estimated using three different types of empirical 

models, which predict separately. (1) The occurrence of liquefaction (Seed & Idriss, 1983-

1985), (2) The ground settlement (Ishihara, 1993), and (3) The lateral ground deformation 

(Hamada et aI., 1986; Pease and O'Rourke, 1993; Youd and Perkins, 1987; and Barlett and 

Y oud, 1995). There are four basic models for assessing liquefaction-induced lateral 

displacement: 

• Y oud and Perkins (1987), LSI Model 

• Barlett and Youd (1992), MLR Model 

• Rauch (1997) 

• Hamada et al. (1986) 

6.1.1.1. Youd and Perkins (1987), LSI Model 

The LSI model has similarities to attenuation curves for peak ground acceleration. It relates the 

amplitude of horizontal ground deformation to distance from seismic energy source and 

moment magnitude as follows: 

log LSI = -3.49 -1.8610g R + 0.98 Mw 

Where, 

LSI: general maximum amplitude of ground failure displacement [inch] 

R: horizontal distance to seismic energy source [Jan] 

Mw: earthquake moment magnitude 

If the variables of the site are applied to the formula, 
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log LSI = -3.49 -1.86Iog 4.83 + 0.98 x 7.5 

log LSI = -3.49 -1.27 + 7.35 

log LSI = 2.59 

LSI = 389" 

LSI = 9.96m 

The comparison between the measured displacements and those calculated using the LSI 

equation, for all the entries in the Bartlett and Y oud (1992) database. 

8 

6 

4 

2 

LSI .. nodel 

o 
..-:, 
L 4 6 8 

H'edicted Displa,:;elnent (m) 

Figure 6-2 LSI Model 

Measured Versus Predicted Liquefaction-Induced Lateral Disp lacement 

(Data Points from Bartlett and Youd (1992) Database) 

1 () 

The points should fall on the line with a 1: 1 slope for a perfect prediction, and on the lines with 

1 :0.5 and 1:2 slope when the prediction is half or twice the measured value, respectively. As 

shown in the figure, there is a poor agreement between measured and calculated displacements, 

which implies that the distance R and magnitude Mw are not sufficient for predicting 

liquefaction-induced displacement especially when the distance R gets very close or too far 

away from the epicenter. 
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6.1.1.2.Barlett and Youd (1992), MLR Model 

Bartlett and Y oud, who are the developers of Multiple Linear Regression, devised two separate 

models: one for ground slope of infinite extent, and the other one for free face: 

Ground slope: 

log (D+0.01) = -15.787+1.178 Mw-0.927 logR -0.013 R + 0.429 log S + 0.348 log Tl5 + 4.527 

log(100-FI5)-0.922 D5015 

Free face 

log (D+0.01) = -16.366+1.178 Mw-0.9271ogR -0.013 R + 0.657 log W + 0.348 log Tl5 + 4.527 

log(100-FI5)-0.922 D5015 

Where, 

D: horizontal displacement [m} 

Mw: moment magnitude 

R: nearest horizontal distance to seismic energy source or fault rupture [km} 

S: slope of ground surface [%} 

W: free face ratio [%} 

Ti5: thickness of saturated cohesionless soils (excluding depth> 20 and> 15% clay 

content) with N16o<15 [m} 

Fi5: average fine content (%finer than 75 [pm) 

D50i5:average D50grain size in Ti5 [mm} 

If the equation for ground slope is used for the model, the equation becomes as follows: 

log (D+0.01) = -15.787 + 1.178 Mw - 0.927 logR - 0.013 R + 0.429 log S + 0.348 log 

Ti5 + 4.527 log(100-FJ5) - 0.922 D5015 
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log (D+0.01) = -15.787+1.178 x 7.5 - 0.927 log4.83 - 0.013 x 4.83 + 0.429 log4.1 + 

0.348 log 30.3 + 4.527Iog(100 - 50) - 0.922 0.10 

log (D+0.01) = -15.79+8.84 - 0.63 - 0.06 + 0.26 + 0.52 + 7.69 - 0.09 

log (D+0.01) = 0.74 

D = 5.49 m 

10 ,-----~------------~------------------_s 

8 

6 

4 

2 

o 
o 2 4 6 8 10 

Predicted Displacen1ent (Ill) 

Figure 6-3 MLR Model 

The Comparison between Predicted and the Measured Liquefaction-Induced Lateral 

Displacement 

As shown in the figure, most of the model predictions are scattered within the lines with 1:0.5 

and 1:2 slope, while they should fall close to the line with a 1: 1 slope for a perfect prediction. 

6.1.1.3.Rauch (1997) Model 

Rauch (1997) considered liquefaction-induced ground deformation as slides of finite area, 

instead of individual displacement vectors. He applied multiple-linear-regression methods to 

these liquefaction-induced slides. 
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D = (DR- 2.21/+ 0.149 

Where, 

DR = (613 Mw-13.9 Rf- 2420 Amax-ll.4 Td)/1000 [mJ 

D: average horizontal displacement [mJ 

Rr shortest horizontal distance to fault rupture[kmJ 

Mw: moment magnitude 

Amax: peak horizontal acceleration at ground surface [gJ 

Td: duration of strong earthquake motions (>0.05g) [sJ 

If the data of the site is applied to the fonnula, 

DR = (613 x 7.5 -13.9 x 4.83 - 2420 x 0.71-11.4 x 50) /1000 

DR = (4597.50-67.14-1718.20-570.00)/1000 

DR =2.24m 

D = (2.24 - 2.21/ + 0.149 

D=O.15m 

8 

4 

2 

Epol~~ reg bn81 (:a' .. erag e) 

o 
o 2 4 ;3 

Pr.:d k::led Oispsc em en L ': m) 

Figure 6-4 Rauch Model 
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The Comparison between Predicted and the Measured Liquefaction-Induced Lateral 

Displacement. As shown in the figure, there is a poor agreement between measured and 

predicted. 

6.1.1.4.Hamada et at (1986) Model 

Hamada et al (1986) predict the amplitude of horizontal ground deformation only in terms of 

slope and thickness of liquefied layer: 

D = 0.075 If·s eO. 33 

Where, 

D: horizontal displacement [m} 

9: slope of ground surface or base of liquefied soil [%} 

H: thickness of liquefied soil [m} (the cumulated thickness of zones with N60' 

smaller than 15) 

D = 0.075 X 30.3°·5 x 4.10°·33 

D = 0.075 x 5.50 x 1.59 

D=O.72m 

Ct ? 4 6 .. 
- P,'-edlcted Diispi.ac€-l'nent (O'l) 

Figure 6-5 Hamada (1986) Model for Ground Slope 
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The Comparison between Predicted and the Measured Liquefaction-Induced Lateral 

Displacement 

Although the Hamada model is only based on topographic and geotechnical parameters (i.e., S 

and H), and no seismic parameters (e.g., Rand Mw) are used. The figure shows the comparison 

of measured displacement with those calculated in the equation for the ground-slope entries in 

the Bartlett and Youd (1992) database. In this comparison, it is seen that Hamada Model is 

quite successful in evaluating the liquefaction-induced lateral displacement. Thus, thus the 

model can be used for further calculations. D = 0.72 m 

6.2. Spectral Analysis for TSC=98 

Spectral analysis is an approach to examine the structural dynamics to the design of structures 

and development of lateral force requirements in building codes. This method summarizes the 

peak response of all possible linear SDP systems by the means of response spectra. It also 

provides a practical way of solution in characterizing ground motions and their effects on 

structures, with the consideration of distance to fault line and the conditions of the soil. 

Nevertheless, in this method the engineer assumes as if the structure responds linearly to a 

strong ground motion. Since it is a linear assumption, many argue that this analyze method is 

insufficient to examine a structure's seismicity. Not to mention the fact that, all the analysis 

methods have some defects of acceptations, which are not the same in reality. Thus, the 

engineer must accept the method as a way of approach and consider making the best approach 

to obtain most actual results. 
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6.2.1. Determination of SPA Coefficients 

6.2.1.1.Determination of Ductility Level R 

Apart from that, the engineers use many reduction factors and coefficients in spectral analysis 

to simulate the non-linearity such as structural behavior factor (R). By the means of this factor, 

it is assumed that, the structure will encounter only lIRa (seismic load reduction factor) of the 

ground motion with its stiffness, and the exceeding force will be overwhelmed by displacement 

(ductility). The structural behavior factor (R), is found from the table below: 

'13 f'.,tLST"mN.srp I !ln~'NJi'OB(lrp CU'"f"~FT E 
UlJUJ:UNtilS 

(I_I) Buildi n:;,'Sil1 ',:!"Ilk"h sCti'~,mkbJds Hrciillly K,,:,iskd by 
Ir:·1I1te:J ...................... , ........................................................ . 
(1.:1) Bujldill:?~ :ill '~;h~:'1L Sd5l11 ii,:. k:uds li[1'lilll:r' rc,,:,i:=.kd by 
(mlpl!~::d :itmctural 'i"'lin'£. .................................................... . 

(Ll) Buildill:;~ .in ',1;'1! ~:b ~C't.:,tll ick:uds .:m·lilllj;· rc:.:.i:='Wdby 
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6 

L '1 J 
Table 6-1 Structural Behavio:- Factors (R) (TSC-98, P.13) 

This factor carries the engineer to seismic load reduction factor (Ra), by means of the equations 

below: 

Ra(T) = 1.5 + (R-l.5) T / TA 0 < T <TA 

Ra(T) = R TA < T (TSC-98, P.12) 

R=7 "from table 6-1 " 

I d d . .c. t 1) wi'II be computed in the following chapter. After the determination The oa re uctlOn lac or J.~ 

ofR, the other coefficients are computed in the following notes. 
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6.2.1.2. Seismic Zone and Ao 

The Ao also known as effective ground acceleration coefficient is the possible PGA of the 

considered region. Since the structure being only 5 km away from currently active fault line the 

seismic zone is found as 1. And the corresponding &. is 0.4 

6.2.1.3.Local Site Class and TA & TB 

Due to the existence of the piles underneath the building, the structure will mostly be affected 

by the motion, which comes from the substructure and obviously the properties of only that 

soil layer must be taken into account. Since the piles are anchored to bedrock (which is a soft 

rock), soil group B is chosen. And since the bedrock is considered as the soil layer, the 

thickness ofthe topmost layer is taken as O. 

According to the facts that are stated above, local site class is chosen as Z1. 
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Table 6-2 Soil Groups (TSC-98, P.78) 
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L=0.10s 

IA = 0.30 s 

Local Site 
Class 

@ 

Z2 

Z3 

Z4 

Sol! Group accortlill,r: to Table 12.1 and 
Tonl1lost Laver Thicklless (hd 

Group (A) soils 
Group (B) soils \vith hI s: 15 m 
Group (B) soils with hI >- 15 III 
Group (C) soils \'lith hI < 15 III 
Group (C) soils with 15 III < hI ~ 50 III 
Group (D) soils with hi < 10 III 
Group (C) soils with hi > 50 III 
Group (D) soils '.vitil hI> to III 

Table 6-3 Local Site Classes (TSC-98, P.78) 

l'-..U,lO 

0.15 
0.15 
U.:lO ill II;i"i u~_ ...! 

Table 6-4 Spectrum Characteristic Periods (TSC-98, P .11) 

6.2.L4.Importance Factor I 

The building codes desire to analyze the response spectrum of important buildings much more 

conservatively to prevent a massive life loss during an earthquake. Obviously the Turkish 

Earthquake Code also has a requirement of increasing the assumed lateral force to buildings, 

which are important. This factor is detem1ined by the building's service purpose, for instance 

the communication facilities that will be needed after an earthquake to command the rescue 

teams and etc. This factor also depends on the amount of people that the building holds at a 

time, just like schools, hospitals and prisons. Since the project structure is an industrial 

building, the importance factor I is found as 1. 
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Table 6-5 The Importance Factor, I (TSC-98, P.II) 

6.2.2. Response Spectra 

With the development of earthquake analysis procedures with the availability of modem 

computers, it is now possible to determine the linearly elastic response of any structure to a 

possible ground motion. How well the computed response agrees with actual response of a 

structure during an earthquake depends primarily on the quality of the structural idealization. 

The response spectrum analysis provides a structural response based on the peak values of 

forces and deformations over the duration of the earthquake-induced response. Now the 

question is that if the peak response can be determined directly from the response spectrum for 

the ground motion without carrying out a time-history analysis. For single degree of freedom 

systems, the answer is "yes", but for MDF (Multi Degree of Freedom) systems the answer is a 

"qualified yes". 

The peak responses of MDF systems can be computed from the response spectrum, but the 

results are not exact unless, the engineer makes the best assumptions for both the soil and the 

structure. During the spectral analysis, the MDF system's modes will be integrated with respect 

to their participation factors. TSC-98 requires obtaining at least 90% of the total mass of the 

structure. Since the inodel's mass is distributed between the super and the substructure, very 

small modes with short periods take about 35% of the total mass. Thus 90% modal 

participation cannot be provided. This case will also be shown in the following notes. 

6.2.3. Modal Analysis 

Modal analysis is one of the important steps to achieve a spectral analysis. Since the 

substructure is combined with the superstructure in the evaluation, the modal analysis will be 

computed together as a unified structure. 
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The following steps are applied during the computation of the dynamic response of an MDF 

system to external forces p(t) (Chopra, 1995): 

• Define the structural properties 

o Determine the mass matrix m and stiffness matrix k 

o Estimate the modal damping ratios r (=0.05) 

• Determine the natural frequencies W n and modes fJn 

• Compute the response in each mode by the following steps 

o Compute qll(t) by the following equations 

• MnqnOO + Cn qnO + Kn qn = Pn(t) 

• 00 ° 2 Pn(t) 
qn + 2 rn W n qn + W n q n = --

Mn 

o Compute the nodal displacements ulI(t) from the eq. below 

• un(t) = 0 n qn(t) 

o Compute the element forces associated with the nodal displacements 

un(t) for the desired values ofT and the element forces of interest. 

• Combine the contributions of all modes to determine the total response. The 

nodal displacements and element forces are given sequently in the equations 

below: 

N N 

o u(t) = I:Un (t) = I 0 nqn (t) 
n=1 n=1 

N 

o r(t) = Irn(t) 
n=1 
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By following the procedure that is stated above, the mode shapes are obtained by means of the 

SAP2000 computer program. The modal analysis output of the system is defined below: 

MOD A L 

MODE 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

PAR TIC I PAT I N G MAS S 

PERIOD 

0.533744 
0.494054 
0.255023 
0.170073 
0.114324 
0.072376 
0.063738 
0.053810 
0.052164 
0.049856 
0.048951 
0.048650 
0.048507 
0.048442 
0.048323 
0.048081 
0.047945 
0.047826 
0.047794 
0.047606 
0.047567 
0.047515 
0.047431 
0.047338 
0.047275 
0.047197 
0.047134 
0.047005 
0.046943 
0.046826 
0.046805 
0.046739 
0.046693 
0.046581 
0.046461 
0.046403 
0.046117 
0.046038 
0.045845 
0.045724 
0.045542 
0.045205 
0.044987 
0.044714 
0.044274 
0.044033 
0.043872 
0.043574 
0.043346 
0.043050 

INDIVIDUAL MODE (PERCENT) 
UX UY UZ 

2.3148 49.1568 0.0111 
52.0349 3.2264 0.1544 

6.9279 3.8613 16.0452 
0.6420 2.1626 0.6093 
2.4876 3.0335 2.7807 
1.0180 0.2066 3.5941 
0.1528 1.4827 0.0090 
0.0034 0.7874 0.0183 
0.2168 0.0001 3.7713 
0.0213 0.0160 2.2124 
0.0028 0.0013 0.0027 
0.0000 0.0002 0.0004 
0.0071 0.0000 0.0479 
0.0000 0.0000 0.0630 
0.0064 0.0003 0.1053 
0.0001 0.0012 0.0002 
0.0012 0.0079 0.0000 
0.0008 0.0005 0.0030 
0.0000 0.0052 0.0081 
0.0016 0.0048 0.0136 
0.0005 0.0046 0.0090 
0.0020 0.0004 0.0215 
0.0000 0.0021 0.0049 
0.0000 0.0005 0.0066 
0.0001 0.0000 0.0017 
0.0008 0.0011 0.0300 
0.0010 0.0012 0.0288 
0.0001 0.0093 0.0878 
0.0017 0.0004 0.0072 
0.0000 0.0012 0.0000 
0.0007 0.0000 0.0249 
0.0001 0.0004 0.0042 
0.0000 0.0019 0.0008 
0.0002 0.0004 0.0037 
0.0001 0.0001 0.0040 
0.0013 0.0003 0.0507 
0.0001 0.0005 0.0000 
0.0001 0.0001 0.0024 
0.0085 0.0000 0.2298 
0.0000 0.0006 0.0060 
0.0048 0.0001 0.1045 
0.0001 0.0001 0.0086 
0.0004 0.0007 0.0179 
0.0041 0.0032 0.0306 
0.0008 0.0001 0.0316 
0.0065 0.0006 0.2063 
0.0004 0.0001 0.0448 
0.0000 0.0015 0.0012 
0.0003 0.0010 0.0132 
0.0039 0.0007 0.0748 

RAT I 0 S 

CUMULATIVE SUM (PERCENT) 
UX UY UZ 

2.3148 49.1568 0.0111 
54.3497 52.3832 0.1655 
61.2777 56.2445 16.2107 
61.9196 58.4072 16.8200 
64.4073 61.4407 19.6007 
65.4252 61.6473 23.1948 
65.5781 63.1300 23.2038 
65.5815 63.9174 23.2221 
65.7983 63.9175 26.9934 
65.8196 63.9335 29.2058 
65.8224 63.9347 29.2085 
65.8224 63.9350 29.2089 
65.8295 63.9350 29.2568 
65.8295 63.9350 29.3198 
65.8359 63.9353 29.4251 
65.8359 63.9365 29.4253 
65.8371 63.9444 29.4253 
65.8379 63.9449 29.4283 
65.8379 63.9501 29.4365 
65.8396 63.9548 29.4501 
65.8400 63.9595 29.4591 
65.8420 63.9599 29.4806 
65.8420 63.9620 29.4854 
65.8420 63.9625 29.4921 
65.8422 63.9625 29.4937 
65.8429 63.9636 29.5237 
65.8439 63.9647 29.5525 
65.8440 63.9741 29.6403 
65.8457 63.9745 29.6475 
65.8457 63.9757 29.6475 
65.8464 63.9757 29.6725 
65.8465 63.9762 29.6766 
65.8465 63.9781 29.6774 
65.8467 63.9785 29.6811 
65.8468 63.9786 29.6851 
65.8482 63.9789 29.7357 
65.8483 63.9794 29.7358 
65.8484 63.9795 29.7382 
65.8569 63.9795 29.9679 
65.8569 63.9801 29.9739 
65.8617 63.9802 30.0784 
65.8619 63.9803 30.0869 
65.8623 63.9810 30.1049 
65.8663 63.9841 30.1355 
65.8672 63.9842 30.1670 
65.8737 63.9848 30.3733 
65.8740 63.9849 30.4181 
65.8740 63.9864 30.4193 
65.8743 63.9874 30.4325 
65.8783 63.9881 30.5073 

The calculated three main mode shapes, with 3-d and X-Y view, are shown sequently below: 
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Figure 6-6 1 st Mode, T = 0.53s, MPR = %2 - %49 - %0.01 "U(X,Y,Z)" 
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Figure 6-7 2nd Mode, T = 0.498, MPR = %52 - %3 - %0.15 "U(X,Y,Z)" 
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Figure 6-8 3'" Mode, T ~ 0.265, MFR ~ %7 - 0/04 _ %0.16 "U(X, Y ,z)" 
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6.2.4. Response Spectrum of the Structure 

When all the coefficients that are computed above, now it is possible to define the response 

spectrum of the structure by the equations in the following: 

R=7 

Ao = 0.4 

Ra(T)=1,5+(R-1,5)*TIT A 
Ra(T)=R 

SeT) = 1+1,5*TIT A 
SeT) = 2,5 
SeT) = 2, 5*(TBIT) 1\0, 8 

A(T)=A 0 */*S(T) 
Spa(T)=A(T)*gIRa(T) 

Z = Zl (TA = 0.10s, TB = 0.30s) 

(O=<T=<TA) 
(T>TA) 

(O=<T=<TA) 
(T A =<T=<T B) 

(T>TB) 

Table 6-6 The Response Spectra Coefficients of the Site and the Structure 

il-R =71 1--------+--------r------~--------~:---Ra=1 
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Figure 6-9 The Inelastic Response Spectrum of the Building 
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6.3. T-H Analysis 

Time-history analysis has recently been recognized by engineers as a rational method to 

analyze structures under recorded/simulated earthquakes instant by instant. This analysis 

method has provided the observation of simulated movement of a structure under a desired a 

strong ground motion. Moreover the resisting forces of the structure can also be measured by 

this excellent method of analysis. 

Even though, the analysis can simulate the structure's motion quite alike the motion under a 

real earthquake, this methodology has some defects such as assuming the soil to stay linear. 

6.3.1. Target Spectrum & Earthquake Simulation 

As a matter of analyzing a structure in time-history, the main problem is choosing the correct 

earthquake, for which the character and magnitude is alike, the one that may occur in the 

investigated building's site. To overcome this matter, the engineer must simulate an earthquake 

data that has specific PGA and SeA) values that fit with the probable earthquake. 

Firstly Ss, S1 and PGA values are obtained from Erdik (2003) for the structure located in 

Dilovasl for which the coordinates are 40.78'N & 29.59'E for an earthquake with an 

occurrence probability of 10% in 50 years. They are as follows: 

Ss = 1.5891 g = 1558.90 cm/s2 

S1 = 0.6969 g = 683.66 cm/s2 

PGA = 0.7104 g = 696.90 cm/s2 

Mw=7.5 

R=4.83km 

Table 6-7 The Determined SPA Values for Mw =7.5 (Erdik, 2003) 
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Ss and Sl are the values of the spectral acceleration values for T=O.2 and 1.0 s respectively. 

Thus, the simulated motion's SPA graph must coincide with these data. The target spectrum is 

illustrated below: 

TARGET SPECTRUM 
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: 
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...-ca .... 

1,0 CLl 
Q) 
U 
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CLl 

If : I \ 
/ " 1\ I 

L ~ 
/: "'+-.. : 

~ 
: 

: 

If I-+-.. 
: 

p. 
CIl 

0,4 : 
.. 

0,2 : 

0,0 
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 

Time(sec) 

Figure 6-10 The Target Spectrum for the Site for Mw =7.5 

With the means of the variables given in the table above, two probable ground motion data are 

simulated @ 100Hz and duration of 60s. The simulated data computed by the outputs of 

RSCTH (Response Spectra Compatible Time Histories) program, are shown below: 
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SIMJLATID EQ RKDRD I 

T[s] 

Figure 6-11 Simulated Earthquake Data 1 
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Figure 6-12 Simulated Earthquake Data 2 
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Now, it can be checked if the simulated data coincide with the target spectrum (Piece-wise 

Exact Method is used for calculation of SPA) 

SIMULATION 1 

1,8 
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Figure 6-13 The Target and the Simulated SPA 1 

SIMULA nON 2 
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Figure 6-14 The Target and the Simulated SPA 2 
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As also seen in the figure, the simulated earthquake data perfectly fits the target spectrum. Now 

for the sake of conservatism, one more earthquake data's SPA will be computed, where it will 

be a recorded earthquake, in the next chapter. 

6.3.2. Application of a Recorded Motion (yPT, 1999) 

One of the main problems in time-history analysis is to choose the most appropriate ground 

motion data to imitate the case in reality. By means of the highly developed programs and 

computers, earthquake engineers try to simulate a strong ground motion data, which fits to the 

site conditions. Somehow, it may be an insufficient way to support the whole analysis to an 

imitation. Thus, just for the comparison of the results, it is necessary to utilize a recorded 

ground motion data, which has similar characteristics to a probable earthquake. 

To provide this, the YPT data will be chosen for the T-H analysis because it is a near-field data 

and holds the same characteristics that Dilovasi may face. However, this is not an easy case to 

apply the record in a rational way. To overcome this, the following procedures will be followed 

6.3.2.1. The Original Recorded Data 

As stated above, YPT record will be used for the analysis. In addition, to get the exact results; 

E-W components of the data will be applied to the structure's x-x direction and N-S to the 

y-y direction, due to the structure's position in global coordinates. The original data are 

illustrated in order below: 
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Figure 6-15 The Original YPT E-W and N-S Mainshock Data (BOUN, 1999 Kocaeli) 
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6.3.2.2.Matching the Data with the Target Spectrum 

Since the original records have noise in the data, this must be eliminated before the application. 

The noise usually mixes with the ground motion data due to the non-availability of the 

instruments to distinguish the original ground shaking and the shaking that is affected by the 

facilities' vibrations in the environment. To overcome this problem, the records are filtered 

between 0.1 - 52 Hz. and trended by means of the MATLAB program. The comparison of 

filtered and the original data of YPT E-W and N-S records are illustrated in order as the 

following: 
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Figure 6-16 Before and After the Filtering ofthe Data YPT E-W (PGA = -0.23 g) 
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After the filtering and de-trending the data, it can be judged if the two data coincide with the 

desired SPA of the site as in the following: 
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Figure 6-18Before & After the Amplification (x2.617) of SPA of YPT E-W Data 
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7. RESULTS 

7.1. Lateral Spreading Analysis 
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Figure 7-1 Schematic Illustration of the Lateral Spreading Model 
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The total lateral displacement was found to be 72 em in the analysis. When this displacement is 

applied to the soil layer, which is between the pile and the liquefaction-induced driving force, 

the stress distribution is illustrated below. 

Figure 7-2 Stress Diagram of the Soil due to the Liquefaction-Induced Lateral 

Displacement towards to the Pile Group 
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Shear Force [kN] (P 1 ) 
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Figure 7-5 Lateral Spreading-Induced Shear Force Curves of the Piles 

As seen in the figures above, the pile displacements and forces increase significantly near the 

spreading zone. The final computed lateral spreading-induced shear and bending moment 

values are as follows: 

M=1273 kNm V= 469 kN P = 553 kN (static) 

7.2. Spectral Analysis for TSC-98 

For the sake of simplicity, not all of the 77 piles and their hinge forces will be shown. Instead, 

only one pile, which has the maximum bending moment and also shear force, will be illustrated 

in this results section. To obtain the weakest pile, all the spectral analysis results are checked 

and their average forces and their standard deviations are illustrated in the table below: 

NL-LINK I p V 2 V 3 M 2 M 3 

MAX -1 201 - 48 - 38 - 82 -1 1 1 

MIN - 82 45 40 89 100 

A VG - 84 1 -1 0 1 -2 

SIG M A 97 28 24 3 7 44 

AVG+-SIGMA - 744 27 25 39 43 

A B S (M A X ) 1 20 1 48 40 89 III 

Table 7-1 Non-Linear Link Element Forces from Spectral Analysis Results 
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7.3. Time-History Analysis 
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7.4. Comparison of the Results 

T.D.Y.98 x-x T .D.Y. 98 Y-Y T-HSIMI x-x T-HSIMI Y-Y SHEAR CAPACITY 

P [kN] 825 824 871 871 -

M[kNm] 111 89 861 862 -
V[kN] 48 40 317 317 908 

T-HSIM2X-X T-HSIl\>12 Y-Y T-HYFTE-WX-X T-HYFTN-S Y-Y LATERAL SPRD. 

P [kN] 871 871 871 871 553 

M[kNm] 860 861 861 862 890 

V[kN] 316 317 317 317 469 
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Table 7-2 The Shear Forces' Comparison Table of the Entire Analysis 
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8. CONCLUSIONS 

An analytical method for estimating the seIsmIC response of piles by means of response 

spectra, time-history and lateral spreading analysis is presented. Results obtained from seismic 

evaluation of the pile groups at the site can be summarized as: 

(1) A close estimation of liquefaction possibility of the site is evaluated from many 

empirical based methods, and the site is found likely to face liquefaction. 

(2) Non-Linear Time-History and Lateral Spreading Analyses has shown that the piles may 

not be able to support the superstructure during a probable earthquake that has a 

moment magnitude of7.5. 

(3) Lateral Spreading demands extreme capacities from the pile groups. Thus, extra 

precautions must be considered to prevent the piles' failure. Increasing the quantity of 

piles or using much denser transverse reinforcement may cure the problem. 

(4) The great distance between the results which are obtained from Time-History and 

Spectral Analyses for TSC-98 showed that while making an aseismic structure design 

within the vicinity of a fault line, the engineer must not be satisfied with only TSC-98 

requirements and should amplify the PGA values (Ae) for the desired site according to 

the regional simulations with his judgment. 
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APPENDIX 

1. The sites 8PT test's output data gathered from the borehole 83: 
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2. The earthquake's SPA determination by piece-wise exact method with data 

filtering MATLAB code: 

*************************************************************************** 

clear all; 

close all; 

load C:\ WINDOWS\Desktop\ YPT _ EW. txt; 

dt=O.005; % dt!!!!! 

xx=YPT_EW;% g "mg, m1sJ\2" 

x=xx*l; % amplification factor 

high=bpfilter(x,dt,52); 

low=bpfilter(high,dt,O.l,'high'); 

w=dtrend(high ); 

udd=w; 

t=dt*(l :length(udd)); 

for p=l:lOO; 

T(P)=O.Ol *p; 

ksi=O.05; 

w=2*pi/T(p); 

wd=w*(sqrt(l-ksiJ\2)); 

% low-pass filter (52Hz.) 

% high-pass filter (O.lHz.) 

% trending the data from noises 

All=( cos(wd*dt) + (ksi*w/wd)*sin(wd*dt) ) *exp(-ksi*w*dt); 

A12=( (l/wd)*sin(wd*dt) ) *exp(-ksi*w*dt); 

A21=( -wJ\2*A12 ); 

A22=( cos(wd*dt) - (ksi*w/wd)*sin(wd*dt) ) *exp(-ksi*w*dt); 

Dll=( All-l ) I wJ\2; 

D 12=( A12-2*ksi*w*Dll-dt ) I (wJ\2*dt); 

D2l=( -A12 ); 

D22=( Dllldt); 

ud(l)=O; 
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u(l)=O; 

for k=1:length(udd)-1; 

ud(k+1)=A21 *u(k)+A22*ud(k)+D21 *udd(k)+D22*(udd(k+ 1)-udd(k)); 

u(k+ 1)=A11 *u(k)+A12*ud(k)+D11 *udd(k)+D12*(udd(k+1)-udd(k)); 

end 

Sd(p)=max(abs(u))*981; 

TT(P)=0.01 *p; 

Sv(p )=max( abs( u) )*w*981; 

Sa(p )=max( abs( u) )*w*w; 

end 

Sa(1 )=max(abs(udd)); 

% subplot(3,1,3) 

% plot(TT,Sd,'b') 

% ylabelCSd (cm)') 

% grid 

% subplot(3,1,2) 

% plot(TT,Sv,'b') 

% grid 

% ylabelCSv (cmls)') 

% subplot(3,1,1) 

plot(TT ,Sa, 'b') 

grid 

ylabelCSa (g)') 

xlabelCT (s)') 

%cm 

% ***** 

%cmls 

%g 

%g 

gtextCYPT EW Spectral Acceleration For Damping Ratio = 0.05') 

************************************************************************* 
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3. Shaft Program Output For 0 Piles 

-' ~ ~, ; 
.. '"" i:: 
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