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ABSTRACT 

Many earth dams fa iled or suffer great distress in the past earthquakes. The potential 

grave consequence of dam failures has led research scientists to pay great attention to 

t he investigation of the potential causes of dam failures and the formulation of the 

mechanism for their prevention. Because of the site condition and the need for the 

power generation , many dam are of composite type. This means the body of the dam is 

composed of a concrete dam, embankment wing dams and the transitional (or 

wrapped-around) section. There are over one hundred composite dams in the world that 

are higher than 100 feet and some of t hem are located in seismically active areas. Thus, 

it is important to study the seismic safety of composite dams. 

Though much research effort has been devoted to the seismic dam safety in the last 

three decades, the seismic soil-concrete illterface stability in a composite dam has 

received insignificant attention. The late Professor H. B. Seed pointed out the need for 

the investigating the seismic interface stability in one of its research memorandum. 

Then, in early 1980 's, the Earthquake Ellgineering and Geoscience Division . 

Geotechnical and StructuraJ Laboratory. the Waterways Experiment Station, the U.S. 

Army Corps of Engineers began tht' study of the seismic stability of the soil-concrete 

interface stability. The research w ;.tS hindered by the lack of appropr iate computer code. 
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The University of Colorado at Denver (UCD) was involved in this initial effort. Initially, 

FLUSH developed at the UC Berkeley was used in the study and the potential for the 

interface separation was confirmed. However , the evaluation of the size and depth of 

separation was not possible, until the availability of NIKE3D computer code developed 

at the Lawrence Livermore National Laboratory (LLNL) through the collaborative 

agreement between LLNL and U CD. 

NIKE3D computer code has the interface formulation needed for the assessment of the 

interface behavior under seismic load and it has been used extensively in this study. Its 

effectiveness in evaluating the interface behavior was calibrated using the dynamic 

centrifuge test on a retaining wall l1Iodel with a dry sand backfill. The centrifuge test 

,vas performed at the University of Colorado at Boulder (Stadler. 1996). The excellent 

agreement between the centrifuge moclel test and the numerical analysis using NIKE3D 

confirms the validity of the NIKE3D as a study tool for the soil-structure interface 

behavior under seismic shaking. 

Extensive numerical analyses were performed to study the seismic interface stability of 

composite dams. umerous plane- train analyses were performed to assess the effect of 

the slope of embankment and concrete dam on the size and depth of interface separation 

of composite dams with height ranging from 100 to 400 feet during strong seismic 

shaking. The results show the interface behavior is strongly affected by the slope of the 

respective side of the dam and the height of the dam. Six 3-dimensional analyses were 

also performed. The significant difference in 2-D and 3-D results indicate the need for 

3-D analysis for accurate assessment of the performance of the interface in a composite 

dam. 
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Both elastic model and Ramberg-Osgood model were used in the investigation of the 

soil model effect. It was determined that an appropriate soil model is critical to the 

effective assessment of the interface behavior. 

The effect of the imposition of all t hree components of earthquake ground motion on the 

interface performance was also studied . It was found that while the effect on the 

transverse interface was pronounced , its effect on the upstream and downstream 

interfaces was not . 

vVhile t he study is extensive, it only touches the surface of the problem. Much research 

work is needed to critically examine the seismic stability of interface and the overall 

stability of composite dams. 

This abstract accurately represents the content of the candidate 's thesis. I recommend 

its publication. 

Signed 
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1. Introduction 

1.1 Problem Statement 

l'vl any earth dams either failed or suffered severe distress in past earthquakes. Thus , it is 

critical to ana lyze their performance during strong motion earthquake to provide 

sufficient information for dam- safety assessment . Though many dynamic analysis 

methods have been developed in the past two and a half decades, the complicated 

Interface Behavior of Composite Dams (IBCD) has never received significant attention 

beca use of the lack of more realist ic soil models and soi l-concrete in terface models. 

In the evaluation of the seismic stability of a composite dam, besides others, the main 

problem is the dynamic interaction between concrete gravity dam and soil embankment. 

The wrap-around sections are the transitional sections of a dam where it change from 

concrete dam to embankment wing dams. As an example; Folsom Dam is shown in 

Figure 1. 1. Soil-concrete interface areas between concrete dam and hoth upstream and 

downstream embankment wing dams are also illustrated in Figure 1.1. Figure 1.2 shows 

a typical two dimensional composite section in the wrap around regioll. The disastrous 

conseq uences of a dam failure provides incentives for a precise analysis of the problem. 

During strong earthquake shaking, the soil may slip and/or s pantte (debond) from 

concrete and, upon the reversal of the direction of motion , the soil 111ay reattach 
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(rebond) itself to the concrete surface. Debonding along th upstream surface allovvs 

water to enter the gap created during the process and wat r is expelled upon rebonding 

from the gap. The repeated debonding-rebonding can result in a permanent gap due to 

plastic embankment deformation , internal erosion due to the water pumping action and 

further the dam failure. Due to the lack of necessary analysis tools it has been difficult 

to perform the rational analysis of the interface performance. This thesis aims to 

provide more insight into rEeD. 

Figure 1.1 Folsom Dam. California. 

The study covers both 2-D and 3-D modelling of interface area. elastic-plastic material 

model. effect of different geometric configurations of the interface on the separation, 

separation depth, horizontal acceleration, and earthquake induced stresses along the 

I)oth upstream and downstream interfaces. 
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Soil,Concrele Interfaces 

Upslream Embankment 

F igure 1.2 A typical soil-concrete interface of a composite dam, 

1.2 S ignificance of R esear ch 

Because of the growing public concern for the safety of dams and reservoir and the 

oversimplifications of th analysis methods used in designing dams it is urgently needed 

to reevaluate the original designs and current procedures using new and more realistic 

computation tools . 

So far the soil-concrete int rface has not been reported as the major reason for the 

earthquake induced dam failure or distress. However, this does not mean that the 

seismic safety of I BCD is not of concern . In fact , the analysis results indicate the 

possibility of interface separation. acceleration amplification , and high pressure which 

could lead to the dam distress or failure and the problem req uires immediate research 

attention . In the list of ThE' 'vVorld 's Major Dams and Hyroplants [53], it is reported 

that there are 36 concrete dams having wing dams in the countries other than US. In 

the US alone, there are morE' than 40 dams, higher than 100 ft , having composite 

sections. Figure 1.3 shows til E' LJ .S. earthquake hazard map and the circled numbers 

represent the number of cOlllp()sitE' dams by state. 
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Figure 1.3 The U.S earthquake hazard map and the number of composite dams by state 
(circled numbers). 
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The abili ty to evaluate the earthquake effect on the behavior of the composite dam is 

critical to the assessment of the overall seismic safety of dams, to the design of remedial 

measures, and to the new design strategy combating this potential problem. 

1.3 R esearch Objectives 

This study uses the fini te element analysis to study the composite dam interface 

behavior in lieu of the many other research tools available , mainly b cause of its cost 

effectiveness over physical model tests . An extensive survey was carried out to find 

computer codes appropriate for the study, particularly the code with a suitable interface 

formulation for simulating the soil-concrete interface effect in a composite dams. 

NIKE3D developed at the Lawrence Livermore ational Laboratory (LL 1L) was 

selected for use in this study and beyond for the availability of its source code and 

technical consultation as long as the LLNL and the University has an appropriate 

collaborative agreement . The effectiveness of the code in simulating the interface 

behavior was calibrated using t he centrifuge model test results. An excellent agreement 

was achieved. This provides a great confidence in the ability of NIKE3D in simulating 

the interface problems in composite dams under seismic shaking. The objectives of this 

study are multiple: 

• To develop a better understanding of the behavior of the soil-concrete interface 

in a composite dam under strong seismic shaking in terms of the potential 
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repetitive debonding and rebonding, the depth of such action, and the extend of 

such problem. 

• To clearly delineate the critical problems for fuLure research on the interface 

behavior in composite dams. 

• To investigate the effect of the slope of the concrete dam and embankment in the 

wrapped-around section on the magnitude of separation and separation depth. 

• To assess the distribution of the dynamic earth pressure along the interface, and 

the motion amplification. 

• To assess the three-dimensional effect by performing three-dimensional 

modelling of the wrapped-around section. 

• To assess the effect of soil models on the interface behavior . 

• To assess the effect of imposing all three components ( IS, E/ W and Vertical) 

of ground motion on the interface behavior. 

1.4 R esearch Approach 

To achieve the research objectives a systematic approach was adopted. It should also be 

noted that no other work has been found on rBCD in the literature, except some 

numerical analyses. Therefore this study is the first det a iled research effort on IBCD. 

The steps of the research approach followed in this studY can be itemized as follows; 

• Selection of numerical analysis computer codt'o aud verification of its reliability. 

• Building hypothetical 2-D, and 3-D finite elellH'llt model, 
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• Determining controlling parameterti, and interface performance parameters, 

• Performing 2-D , and 3-D parametric finite element analyses, 

• Comparing 2-D , and 3-D finite element analysis results, 

• Statistical as essment of finite element resul ts. 

• Offering recommendations on remedial m asures for existing dams, and new 

design strategies. 

A proper analysis of the dynamic interface behavior of a composite dam requires a 

numerical analysis computer code(s) with a nonlinear soil model and soil-structure 

interface characteristics. The interface characteri tics must include the capability of 

modelling the interface slippage, debonding and rebollding. NIKE3D was selected for 

this study with Ramberg-Osgood non-linear materia l model and interface algorithm that 

allows separation and frictional sliding. 

Hypothetical FE models were created using the mesh generator code TrueGrid. The 

effect of overburden pressure on the material properties was considered by dividing 

upstream and downstream embankments into different layers. 

Geometric cross-sectional parameters were select ed a the controlling parameters; they 

are the upstream soil slope, upstream interface angle, downstream soil slope, 

downstream interface angle, and height. As the interface performance parameters the 

separation, separation depth , maximum acceleration , maximum RMS acceleration, and 

minimum, static , and maximum pressures along tIl(-' interface were selected. 
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Numerous 2-D FE analyses have been performed . Due to the time consuming nature of 

3-D FE analysis , limited number of 3-D FE analyses were performed. Results are 

compared and interpreted. 

To investigate the degree of dependency of interface performance parameters on the 

controlling parameters, statistical assessment has been performed . 
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2. Literature Survey 

2.1 Introduction 

In t his chapter, a survey has been carried out on exist ing concrete dams with 

embankment abutment or wing dams in the US and in the world. Besides the exist ing 

dams, an extensive literature survey has been conducted about interface behavior study 

of composite dams. Moreover , literature review on dynamic interface effect s, avai lable 

computer codes to analyze IBeD and constitut ive soil models are included . 

2.2 Existing Composite Dams 

In order to locate the existing concrete dam with soil in its cross-section, numerous 

databases have been searched. Bureau of Reclamation online database is one of them. 

USACE's (US Army Corpse of Engineers) database called NID (National Inventory of 

Dams) has also been used . NID has around 75 ,000 records and 59 information fields. 

NID database does not have any specific field entry to search composite dams , but dams 

classified as "CO llcrete gravity & earth or rock fi\l" can be searched. This is the closest 

definition for composite dams. Findings of all database research are tabulated in Table 

2.1. Additionally, The World 's Major Dams and Hydroplant [53J lists 36 "concrete & 
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earthfill" dams outside the US. Table 2.2 shows the distribution of these dams by 

country. 

2 .3 Literature R eview on Analysis of Composite Dams 

An extensive literature survey has been conducted about interface behavior study of 

composite dams. Because of the lack of necessary analysis tools only a few calculat ions 

have been made that account for t he nonlinear effects with rebonding and debonding 

behavior of the soil-concrete interface of composite dams. In the literature it is possible 

to find extensive research reports about concrete gravity and embankment dam 

studying the effect of dam-water and dam-water-foundation interact ions, water 

compressibili ty, base sliding of concrete monoliths, reservoir bottom absorption , 

cavitation , flexibility of concrete dams etc ., but none of these addresses the 

soil-concrete interface separation problem. In the literature, the interface separation 

phenomenon was first mentioned in Seismic Analysis of Wing Dams of Folsom Dam 

reports [80,74]. Because of t he lack of necessary tools , no numerical analysis results , 

related to separation , were presented in these reports. 

The interface behavior of composite dams was first st udied by Chang [10] and Oncul 

[57]. Chang [10] conducted analyses using the code FLUSH with nonlinear shear 

modulus and damping ratio versus shear strain . Oncul performed analyses on rBCD 

using computer code NIKE2D [21] with Ramberg-Osgood (R-O) non-linear material 

model. The NIKE2D code also contains the interface algorithm that allows debonding, 

l() 



Table 2.1 List of Dams with Embankment Wing Dams 

Some Geometr ic a n d Dynamic Properties of Composite D a m s 

Name o f Darn S t.ate 
He ight C res t Vlid lh Sa,lie \Vldth D y namic Propertlc!> 

(f') (jr) (ft) MCE( M ) Peak Accc . (g) I (hz) 

Concrete G ravity Dams 

Ameri can Falls ID 104 43 59 7.5 0.67 10.3 
Ango::;tura SD 193 10 230 6.7 0.19 
J ackson Lake WY 66 24 72 
Keswick CA 157 20 III 
~ I ars hall Ford TX 278 20 286 5.3 0.09 2.70 
O ly mpus CO 70 10 50 5.0 0.17 
Shosta CA 602 30 543 6.25 0.46 2. 90 
Brantley NM 
Folsom CA 170 32 139 6.5 0.35 
Lower Monumental WA 155 
Little Goo e WA 
Ice Harbor WA 123 
Lower Granite WA 

Butress Dam~ 

Lake Tahoe CA 18 II 19 6.0 0.58 
Minidoka ID 86 
Pueblo C O 250 30 147 5.0 0.13 

Thin Arch Dams 

I Nambe Falls Nt-I 150 5 15 6.5 0.69 6.67 

Dams Classified as "ConcretE' Gravit.y & Earth " in NID Database 

Thomaston CT 137 
Colebrook CT 215 
Black Rock CT 130 
Ca rters Main GA 464 
Carters Reregulation GA 105 
Borden Broook MA 110 
h:nightville MA 150 
Stockton MO 161 
Everett NH 110 
Franklin Falls NH 116 
Killzua PA 177 
Ball Mountain VT 247 
North Hartland VT 182 
Townshend VT 126 

Dams Classified as "Concrete Gravity &.: Rockfill " in NID Database 

Kent ucky KY 206 
Hoover OH 124 
Mcnary OR 220 
Gai ner lemorial Rl 109 
Norri~ T 265 
Normandy TN 110 
C hickamauga TN 129 
Pickwick Landing TN 113 
Fort Loudoun TN 125 
Tellico TN 129 
Columbia TN 105 
Watt . Bar TN 112 
Boone TN 168 
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Table 2.2 Number of dams, higher than 150 meters , classified as "concrete & earth" 
outside the US [53]. 

Country # of Dams Country # of Dams 
A rgentina 7 India 5 
Brazil 13 Netherl ands 1 
Canada 3 Ige n a 1 
Czechoslovakia I Paraguay 3 
Hungary I Thrkey I 

rebonding and frictional sliding. Analysis results are compared to asse s the 

effectiveness of these two computer codes in evaluating the phenomenon of interface 

separation [57]. The Left Wing Dam of the Fo lsom Dam, 180 ft high . is chosen in the 

analyses. Koyna Dam Earthquake Record with amax = O. 7g was used in both NIKE2D 

and FLUSH analyses. 

In summary, the NIKE2D analysis confirmed the suspicion of the interface separation 

using FLUSH with the following observat ions: i) the soil-concrete interface can separate 

under a strong motion eart hquake, ii ) the eparat ion is significant and repetitive, and 

iii ) the separation can reach a significant depth . 

To get a better understanding of rBeD parametric studies should be performed to ee 

the effects of different ground motions, interface geometry and material models. Chang 

et a!. [ll ] performed preliminary parametric analysis on a 100 ft high hypothetical 

composite dam using NIKE3D. Results indicate that angle of upstream interface has 

signific ant effect on separation and separation depth. 

Due to the fact that hydraulic fracture is very possible in the interface area because of 

its deholldillg and rebonding nature, it is necessary to mention the literature on 
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hydraulic fracture. As the soil and concrete separate the minor principal red uces to zero 

at the soil face and t hat causes hydraulic fracture t o occur. Hydraulic fracture is 

promoted by the presence of the discontinui ty, such as borehole, an existing crack , or 

loose soi l adjacent to rock joint . Hydraulic separation may occur at an interface between 

soil alld adjacent dissimilar material such as concrete or rock as soon as the water 

pressure rea hes the same magni tude as the normal stress across the interface [3 ]. 

Hyd raulic separation is more likely t o occur than hydraulic fracturing because there is 

no tpnsile strength to resist separation. Jaworski et al. [38] showed in experimental 

stnrlies that initial hydraulic fracturing requires, in general, hydraulic press ure in the 

range of 1.5 to 1.8 times larger than the minor total principal stress. However they also 

show that existing crack would require hydraulic pressure equal to minor total principal 

stress. Sherard [70] states that very steep rock abutments and near vert ical concrete 

struct urt's produce zones susceptible to cracking and leakage, because heavy compaction 

equipillent can not operate close to concrete structures due to limited space , and 

compact ion is done with hand operated small machines. 

In terlllS of centrifuge t esting, t here is no particular composite dam centrifuge test 

attempt. Aru lanandan et . al. [1, 54] has performed dynamic centri fuge tests on an earth 

dam t hat has sand-clay interfaces. The results show that failure mode Oll t he dam is 

greath' illfluenced by the reduction in strength caused by the void-rat io illcrease at the 

sancl-clew interface and the corresponding decrease in effective stress. 
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Aforementi oned hydraulic fracture and clay-sand interface p erformance indicate the 

complexity of interface behavior between dissimilar ma terials . There has been no 

complete and reliable analytical methodology to resolve the soil-concrete interface 

problems. On t he other hand computer programs developed recently with powerful 

algorithms may serve as important tools to underst and the dynamic soil-concrete 

int erface. 

2.4 Soil-Concrete Interface Models 

Be ides the nOll-linear stress-strain relation of soils, contact-impact problems are among 

the lllost difficult nonlinear problems because the response in contact- impact problems is 

not smooth . The velocit ies norm al to the contact surface are discontinuous in t ime when 

impact occ urs . For Cou lomb friction models , the tangential velocit ies along the interface 

are discont inuous when stick-slip behavior encountered , and they introd uce signifi cant 

difficul t ies in the time integration of the discrete equations [4]. 

Desai et a!. [18] performed numerous lab tests on the interface behav ior and developed 

an interface model using Ramberg-Osgood model without debonding and rebonding 

features . In t he lab environment it is very d ifficult to obtain accurate volume change 

alld stress measurements required to determine parameters for advanced interface 

llj()ckls such as those based on the theory of plasticity [18]. 
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A realistic interface algorithm should be able to simulate frictional slippage, separation 

and re-bonding behavior of the soil-concrete interface at any loading step. The ideal 

interface algorithm should possess the following characteristics; 

• closely simulate the soil-concrete interface behavior during seismic shaking, 

• easily adaptable to existing FEM codes, 

• should maintain numerical stability. 

• should be verifiable with physical test results. 

The literature survey reveals various interface algorithms. They can be classified as [39]; 

1) stiffness approach (e.g. directionally stiff elements), 2) constrained approach (e.g. 

Lagrange multipliers, penalty method) , 3) mixed approach. 

2.4.1 Stiffness Approach 

One of the commonly used interface element is based on the joint element proposed by 

Goodman, Taylor and Brekke [28]. The element formulation is derived on the basis of 

relative nodal displacements of the solid elements surrounding the interface element as 

shown in Figure 2.1. This formulation can simulate slip conditions well , but has 

penetration problems. Using high normal stiffness causes numerical problems. In two 

dimensional analysis, the constitutive or stress-relative displacement relation is given in 

Equation 2.1: 

(2.1) 
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F igure 2.1 Relative displacement element [17] 

where (in =normal stress, T =shear stress, ks =shear stiffness, kn = normal stiffness and 

Vr and U r =relative normal and shear displacements, respectively, and [eli =constitutive 

matrix for the interface element. In the last two decades many researchers have 

attempted to develop models to simulate the behavior in normal and tangential 

directions. 

Ghabussi, Wilson, Isenberg [27] proposed a formulation which is derived by considering 

relative motions between surrounding solid elements as independent degrees-of-freedom. 

This proposed model has less numerical errors and has the ability to simulate positive 

and negative dilatancy resulting from shear deformations. 

For nondilatant joints there is no volume change due to shearing strains and therefore 

shear and normal components of deformation are uncoupled and Stress-strain relations 

is given in Equation 2.2: 

{ : : } ~ C~n ; , j{ :: } (2 .2) 
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where Cnn and C ss are nonlinear fun ctions. In relating stres to deformatioll in the 

direction normal to the joint , three distinct regions are defined: (1) Separation 

Cnn = Css = 0 when En ~ 0; (2) crushing of surface irregulari t ies Cnn = Ec(E;l < En < 0) , 

for smooth surfaces E~ = 0; and (3) contact , Cnn = Ef(cn < E~). 

The tangential stress-strain relationship is assumed to be elastic-perfect. ly plastic using 

Mohr-Coulomb yield criterioll : Css = G for as < c + tan¢(elastic); Css = 0 for 

as = c + tan¢ (plastic, a s has reached limiting shear strength) . 

Herrmann [34] int roduced an in terface algorithm considering various modes of interface 

behavior such as re-bonding , de-bonding and slippage. Herrmann 's interface algorithm 

assumes there are t angential and normal springs along the interface to model frictional 

slip and de-bonding. Although using relative movements as global urumowns eliminates 

the numerical problems [81], when the spring coefficient is very large, very severe bond 

stress gradients may result which in return may cause convergence problems . 

Katona [39] developed a procedure for fri ction-contact interface which simulates 

frictional slippage, separation aud re-bonding by using principle of virtual work. Figure 

2.2 represents the proposed element in a separated state. At the end of any load step k , 

the interface responses are ch,Hacterized by interface forces A~ and A~, and/or relative 

movements 6~ and 6~ where subscripts nand s refer to normal and tangent directions. 

In order to define relative movclIlents, the nodes 1 and 2 in Figure 2.2 are assumed to be 

in the same location prior to a ll \' loading. 
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Figure 2.2 Interface element representation in separated state [39]. 

The use of thin layer elements has shown significant promise in terms of dynamic 

behavior of interfaces. The idea of thin layer is based on the assumption that the 

hehavior near the interface involves a thin zone, rather than a zero thickness in several 

investigations [84]. The choice of thickness is very important for dynamic analysis where 

thp mass and damping properties need to be considered. 

The idea of "thin-layer" sounds reasonable and studied by many researchers. 

Pande and Sharma [59] used -node iso-parametric parabolic element using relative 

displacements as independent degrees of freedom. In this study, the numerical 

ill-conditioning associated with the choice of thickness for thin joint elements was also 

presented. If the thickness is too large then it is going to behave like a solid element. If 

it is too small then numerical problems are very likely to occur. 

Desai et. al. [17] proposed a thin-layer element for interfaces and joint. The element is 

essentially treated like any other solid (soil , rock or structural) element. Since 

penetration is not allowed at the interface, a high value, of the order of 108 - 1012 units , 
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is assigned for the normal st iffness kn which , in fact, has no physical explanation . 

T herefore, normal stiffness of the element is determined by considering the surrounding 

geological and structural materials as well as t he interface itself. Interpenetration of 

nodes is treated with special algorithm explained in [17]. 

Zaman [84] has shown the implementation of the same thin-layer element into dynamic 

soil -structure interaction problems with debonding and rebonding capabili t ies. 

Fnrthermore in most problems, the formulations mentioned above can provide 

satisfac tory solutions for the stick and slip modes for which the normal stress remains 

compressive. For other modes s llch as de-bonding, the solutions are often unreliable [17]. 

As a brief summary the a.dvantages and disadvantages of stiffness approach can be 

itemized as follows ; 

Advantages; 

• easy to implement into exist ing FEtyf codes, 

• complicated constit utive models can be used for interface elements, 

• works well for no separation case, 

• a wide literature is ava ilable on theory and applicat ion in soil mechanics. 

Disadvantages; 

• not reliable in ca 'e of separation, 

19 



• implementations are based on "small strains" assumptions, 

• selection of thickness of interface elements may cause numerical problems, 

• materials must be initially in contact at the discontinuities, 

• in most of the current implementations, mesh discontinuity at the interface is 

not allowed. 

2.4.2 Constrained Approach 

In contact problems involving friction there are t hree methods called as Lagrange 

rvlultipliers , Penalty Method and Augmented Lagrangian l\ lethod. Basically these 

methods treat the interface as surfaces on each side without introducing any elements 

into the interface area. Lagrange multipliers are studied by many researchers [3, 35] ann 

implemented in computer codes such as ADINA. Penalty fo rmulation is studied by 

[3 1, 32] and implemented in NIKE [21 , 47] codes. Augmented lagrangian method is a 

hybrid of the other two and is accepted as an improved formulation [71 , 82] . It is also 

implemented in NIKE codes. 

In the next section each of these methods will be explained briefly together with t heir 

shortcomings and advantages. Consider t he variational formulation of a discrete 

structural modal for a ste,\dy-state analysis: 

(2.:3) 

where n * is the total pot.Plltial energy of the system, U is the displacement vector, R is 

the load vector and K i ~ I hE' st iffness matrix of the system and with t he conditions 

20 



all* = 0 for all i. Assume that the displacement at the degree of freedom Ui with 

Ui = U;* needs to be imposed. Next subsections discuss how this constraint is handled in 

each method. 

Lagrange Multipliers 

In the Lagrange Multiplier method we amend the right hand side of Equation2.3 to 

obtain: 

where>. is an additional variable, and invoke all* = 0 , which gives: 

l; :ll~ll;l 

(2.4) 

(2.5) 

where ei is a vector with all entries equal to zero except ith entry, which is equal to one. 

Disadvantages of this method can be listed as; 

• may lead to singular stiffness matrices unless partitioning method is used, 

• new variables introduced which require more computational effort 

Advantages are; 

• effective procedure, 

• easy to implement, 

• no numerical ill-conditioning, 
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Penalty Formulation 

In the penalty method we also amend the right-hand side of Equation2.3 but without 

introducing an additional variable. Consider the Equation 2.6: 

(2.6) 

in which Q is a con tant of relat ively larg magnitude, ex» max(k,,) . The condition 

an** = 0 now yields: 

(2 .7) 

and 

(K + exe;enU = R + exU,* i (2. ) 

Hence using this technique, a large value is added to the ith diagonal el ment of K and 

a corresponding forc is added so that the req uirement displacement Ui is approximately 

equal to U;*. 

Advantages; 

• no additional variables, 

• has simple technique, 

• can be interpret.ed from a physical standpoint . 
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Disadvantages; 

• solution is sensitive to the choice of penalty number Q. 

• numerical ill-conditioning due to a very large penalty number (x, 

• exact satisfaction of constraint can on ly be achieved at a value of infinite for 

penalty number. 

Therefore maximum attention should be given to t he choice of penalty number. The 

optimum choice for penalty number is studied in [2J. 

In penalty formulation, any node that penetrates through its respective contact surface 

causes a linear interface spring to be inserted into the st iffness matrix. 

Augmented Lagrangian Method 

It has been proposed to reduce or eliminate the ~hortcomings of the previous two 

methods. Augmented Lagrangian technique has been applied to incompressible finite 

deformation elasticity, fr ictionless contact problems and viscoplasticity [71]. Simo et . 

a!. [71] extended the method to apply to frictional problems. 

Advantages; 

• convergence is achieved with finite penalty numbers, 

• inherits advantages of Lagrange multipliers method , 

• no additional variables. 
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D isad vantages; 

• by experience it is observed that this method needs more computation time. 

2.5 A Brief Review of Computer Codes 

There are various numerical analysis codes that has interface model and nonlinear soil 

models. In this section a list of computer codes for dynamic analysis of dams and their 

main features are given. 

Table 2.3 is the summary of the survey about computer codes suitable for dynamic 

analyses of dams. Besides the interface property, other features such as pore pressure 

generat ion ability, solution method and type of elements are also included. 

Since the analy is of !BCD is very complicated , it is required to have a powerful 

computer code with interface model and pore pressure generation (e.g. Biot Theory) 

algorithms. Unfortunately none of the computer codes has Biot theory and interface 

algorithm at the same time. Among all compnter codes, NIKE2D & 3D and FLAC with 

dynamic option are chosen to study IBCD. When appropriate other programs may be 

added in the future. 

NIKE2D and N IKE3D 

Computer programs NIKE2D and NIKE3D ckveloped at Lawrence Livermore National 

Laboratory (LL L) for defense program applicH t ions provide a powerful tool that can 
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Table 2.3 Codes for Dynamic Analysis 

Codes for Dynamic Analys is of Dams 

SofLW o. r c: Type Element T y pe 2D 3D Pore P ress ure 50 11 M odel I nterface 

CO ST 

CESAR· LC P C FE · · · · · ~I·C, D· -
P.CC .VE .H· B 

DIANA FE • · · · - T ,M·C,D·P · TARA· ;l FE · - • - • F -
ADI NA f'E • · · · - D·P · ABAQUS FE • · · · • CC.D·P,M· C · NIK E2D F E ,IM P • - · - - R·O · NIK E3D(.) FE ,IMP · · · · - R· O · DY t\A2D FE,EXP · - · - - R·O · DYNA3D FE,EXP • · · · - R·O · DY NAFLOW FE,IMP · • · · . (Bia l ) D·P,M·C · FLAC FD ,EXP • · · - · M· C ,DY ,D·P · FLAC3D FD ,EXP · · · • • D· P,M·C · Sigrna· 2D FE • · · - - · Sigrna·3D FE • · · · - · · FLUSH FE ,FR · • · · - EQL -
QU AD4M FE • - · - - EQL -
TELDY N FE • - · - · · · RHEO·STAUB FE · - · - - VE ,VP,AEP -
DIA NA·S WA NDYNE II FE • - · - e (B lot) M·C .T S H S lip EICT1\ 

SASSI FE,FR • · · · - · -
DYSAC2 FE · · - . (B ia l ) -
CO=Conti nu um ST _S tructural , FE_ Finite Ele m e nt , I MP _ ImplicIt. FR; rrcquency D omain . FD; rilll t C' Dl ffr c ncc . 
EXP -=- Ex pil c il M~C= Mohr-CouJomb , D·P= Druckcl- Pragcr CC=Cam C lay, VN =von Mises , CC=Cam C ia\' VE=V isco-
c Jas t l( VP = V lscp- p lastl C' W·W=Wi lho.m- Wronklc, DY=Do u blc y ie ld Ii-B ::;: I-loe k-B ro wn . T = Tresca. F ::::: Flnn s Mo del , 
EQL :;; Eq ul vale nl Line ar . R.O= Ramberg-Osgood , TSH =Two- :> ur{acc harde ning , LA = Ladc 's Model. AEP = AOl sotropic 
c l ~t l .-· p l a::L I L ( . ) = tl.l o difi cd Cam C lay and Ladc 1s m o dcl havc bCt' O Imple me nted by the research g roup a t th e U nlvc r ~ l ty 
of Co lo rado a t D, 'lIve r through iu co llabo rati ve agreem e nt W llh LLNL 
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be used to analyze the response of important structures to large earthquakes. Computer 

simulat ion of nonlinear behavior is quite complex and the nonlinear finite element 

omputer programs developed at the LLNL are some of the world's most powerful 

programs for performing nonlinear structural analysis. 

NIKE2D is all implicit finite element code for analyzing the finite deformation, 

quasi tat ic and dynamic response of two dimensional , 8..'(isymmetric, plane stress and 

plane strain solids. The finite element formulation accounts for both material and 

geom 'tric non- linearities. A number of material models are incorporated to simulate a 

wid range of materia l behavior including, elasto-p last icity, anisotropy, creep, and rate 

dependence. Arbitrary contact between ind pendent bodies is handled by a variety of 

slidelinc algorithms. These algorithms model gaps aud sliding along material interfaces, 

including frictional interface. 

IKE3D is fully implicit three dimensional fini te element code for analyzing the finite 

strain static and dynamic response of inelastic solids, shells and beams. There are more 

than twenty material models implemented in the code. Like in NIKE2D contact-impact 

algorithms permit gaps, frictional slicling and mesh discontinuities along material 

interfacE'S. 

Chapter 3 discusses theoretical background of NIKE codes in detail. 
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FLAC 

FLAC [37] is an explicit 2D finite difference program. Constitutive equations are solved 

incrementally, thus allow large strains, material anisotropies, sliding interfaces and other 

nonlinearities. It has library of material models such as elastic, Mohr-Coulomb 

plasticity, ubiqui tous joint , double yield , viscous and strain softening. Some of its main 

feat ures are: several automatic grid generators. statistical distribution of any property, 

groundwater flow with full coupling to mechanical calculation including negative pore 

pressure for saturated soil, structural elements (including non-linear cables) with general 

coupling to continuum. FLAC has built-in language called FISH to add user defined 

features (new constitutive models, variables or commands). 

2.5.1 Interface formulation in FLAC 

Figure 2.3 A typical interface and zone dimensions of FLAC interface. 

FLAC has three options to define an interface; 

(1 ) Glued interface: No slip or opening is allowed. 

(2) COIL lomb Shear-Strength: The Coulomb shear-strength criterion limits the shear 

foret' by the following relation: 
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Fsmax = cL + tan ¢ Fn (2.9) 

where c =cohesion L = effective contact length and ¢ = friction angle of interface, 

Fs =tangential force , Fn =normal force along the interface. 

If the criterion is satisfied (i.e., if IPs I ~ F s max ), then F s = Fsmax· 

(3) Tension Bond: If the tension at the interface exceeds the tension bond interface 

breaks and all forces are set to zero. 

Stability and time step adjustments are strongly affected by interface stiffness 

parameters kn and ks. The effect of pore pressure is included in t he interface calculation 

by using effective stress as the basis for the slip condition. No pressure drop normal to 

the joint and no influence of normal displacement on pore pressure are calculated. Also 

condition of fluid along the interface is not modelled. 

In FLAC manual [37] it is recommended to choose kn and ks as ten times equivalent 

stiffness of the stiffest neighboring zone. The stiffness of a zone in the normal direction 

is; 

[
(K + ~G)] 

max tlZ . 
nun 

(2.10) 

where K and G are the bulk and shear moduli , and tlZmin is the smallest width of an 

adjoining zone in the normal direction and it is shown in Figure 2.3. 
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Selection of interface stiffness parameters requires utmost attention. High values may 

cause very small calculation timestep and low values may not reflect the real behavior of 

the interface. 

2 .6 Constit utive Models 

A material model idealization should possess the following necassary properties 

(Prevost , 1996) ; 

(1 ) The model should be complete, i.e. able to make statements about the material 

behavior for all strain and stress paths , and not merely restricted to a single 

class of paths; 

(2) It should be possible to identify t he model parameters by means of a small 

number of standart or simple material tests; 

(3) T he model should be founded on some physical interpretation of the ways in 

which the material is responding to changes in applied stress or strain (e.g., the 

material should not be modeled as elastic if permanent deformat ions are 

observed upon loading). 

2 .6 .1 Equivalent Linear Elastic Model 

Under strong shaking the soil may undergo large deformations and that might introduce 

llolliinear effects. In order to take this into account equivalent elastic linear procedure 

was ckveloped by Seed and Idriss (1969). In this representation the shear modulus 
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(GjGm=) and damping ratio of the soil are expressed as a function of shear strain. 

Nonlinear stress-strain behavior of the soil is accounted for by iteratively adjusting the 

modulus and damping values until a reasonable consistency is obtained between the 

selected parameters and the computed strain levels throughout the analysis. Seed and 

ldriss (1970) have published effective shear strain versus shear modulus reduction factor 

and damping ratio data for sand and clay. Currently the computer codes such as 

FLUSH and QUAD4M use this approach to reflect the nonlinear soil behavior in FEM 

analyses. The drawback of equivalent linear analysis is it is not possible to obtain 

permanent deformations. 

2.6.2 Hyperbolic Model 

Duncan and Chang [20] propo ed a stress-strain relation to approximate the non-linear 

soil behavior. Stress-strain curve is given by the equation: 

(2.11) 

where n =modulus exponent , K =modulus number, Ei = KPa (K) n, 

Pa =atmospheric pressure, RJ = tl_-(T~) [ , c =cohesion, and ¢ =angle of internal 
01 0"3 ulL 

friction. 

The usefullness of Equation 2.11 lies in its simplicity with regard to two factors [20]; 
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Figure 2.4 Deviatoric stress vs strain relation for hyperbolic model. 

(1) Because the tangent modulus is expressed in terms of st resses only it may be 

employed in analyses for problems involving any arbitrary initial stress 

conditions without any add itional complications, 

(2) The parameters X , n, and Rf may be determined readily from series of triaxial 

test tests for different confining pressure. The amount of effort required to 

determine parameters X , n, and Rf is not much greater than that required to 

determine the values of c and cjJ . 

The model mentioned above has heen implemented into many FEM codes. It is being 

Llsed for static and cyclic loading with small hysteresis . For cyclic loading, 

mod ulus-confining pressure relation is; 

(2 .12) 

in which EUT =is the unloading-reloading modulus, and X U T = is the corresponding 

modulus number and lets users to obtain permanent deformation upon unloading. 

De\'iatoric stress and stress relat ioll of hyperbolic model is shown ill Figure 2.4. 
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2.6.3 M ohr-Coulomb Model 

Mohr-Coulomb is the most commmonly used failure criterion in engineering practice. 

The relation between shear strength and t he normal stress can be expressed as; 

T c + an tan ¢ (2.13) 

(2 .14) 

where ¢ is the friction angle and c is the cohesion. Since lohr-Coulomb failure criterion 

relates two parameters T and an or al and a3 it can be represented by F igure 2.5. In 

addition Figure 2.5 shows the fa.ilure cri teria in a three-dimensional stress space where 

axes are principal stresses aj , a2 and a 3 . Hydrostatic axis is the line which forms equal 

angles with the thre axes. 

Since intermadiate principle st ress a2 is not included in the failure criterion it assumed 

not to have any influence Oil the strength . Mohr-Culomb theory is widely used in 

engineering practice because it is well understood and strength parameters ¢ and c can 

easily be obtained from confined compression and direct shear tests. 

2.6.4 R amber g-Osgood Mod el 

The R-O model is an analyt ical model and it is often used to represent t he hysteretic 

behavior of soil materials subjected to cyclic loading. Although unloading and reloading 

ar included in the model, inel(\stic deformations are not included in the sense of theory 

of plasticity. 
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The backbone (monotonic loading) strain-stress relation of the Ramberg-Osgood 

elasto-pla.'ltic model can be expressed by: 

~ = ~ (l +nl~lr-l) 
'Yy 7y 7y 

(2.15) 

where 'Y=shear strain, 7=shear stress, 'Yy=reference shear strain , 7y =reference shear 

stress, n=constant ~ 0, and r=constant ~ l. The factor n can be varied to adjust the 

position of the curve along the strain axis and the value r controls the curvature of the 

graph. When r=l a linear relationship between shear stress and shear strain is 

described. Formulation of R-O permits the use of integer value r which provides more 

flexibility in fitting laboratory test data. 

The Ramberg-Osgood equation is inherently one dimensional and is strictly applicable 

to shear components. To generalized this equation to t he mult idimensional case, it is 

assumed that each component of the deviatoric stress, and deviatoric strain is 

independently related by the above Equation 2.15. The volumetric behavior is assumed 

to elastic, and therefore the pressure, p , is determined using the elastic relation: 

p = -KEv (2.16) 

where Ev is the volumetric strain, and K is the bulk modulus. 

Figure 2.6 shows a typical loading and unloading curve for Ramberg-Osgood modeL For 

unloading and reloading, according to Masing's rule the relation becomes: 

-- --- l+n--'Y - 'Yo _ 7 - 70 ( 17 - 7y IT-I) 
2'Yy 2711 27y 

(2.17) 
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Figure 2.6 Typical loading and unloading curve for Ralllberg-Osgood Model. 
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where 'Yo=shear strain at point of stress reversal , and To =shear stress at point of stress 

reversaL The values of 'Yy, Ty, a, and r are to be determined from the laboratory 

experiment results. 

Ueng and Chen [77] developed an iterative procedure to obtain R-O parameters for soils 

using G/Grnax and damping ratio versus shear strain curves. Richart [61] performed 

curve fitting studies by changing R-O parameters a and r for clay and sand. 

By rearranging Equation 2.15 , the secant modulus for the backbone curve can be 

expressed as: 

Go ~ ~ ~ ~: (1+,,;;; I' ,) (2.18) 

For very small strain, i.e. , 'Y ~O and T -4 0, since r > 1, 

(2.19) 

Then the backbone relation can be rewritten as: 

(2.20) 

Therefore, besides Grnax , other parameters 'Yy, a , r should be determined for the 

Ramberg-Osgood model. Substituting T = Go'Y and rearranging Egn. 2.20 we get: 

(2.21 ) 

( Gmax 
) ( Go'Y ) log -G - 1 = log a + (r - 1) log -=G------'-

o rnax'Yy 
(2.22) 

Equation 2.22 can be plotted using only GIGmax data and then the values of r and a 

can be determined from slope and intercept respectively. ext step is plotting a similar 
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curve using only damping ratio curve and obtaining the same parameters one more time. 

Final values of r and o:are determined by taking the average. 0: and r are determined 

using only damping ratio curve as follows: The equivalent critical damping ratio, /3, for 

a hysteresis loop with the tip at ('o, To) can be expressed as: 

(2.23) 

where t:.E= energy dissipation in one loading cycle. Substituting Equation 2.21 in 

Equation 2.23 we get; 

(2.24) 

or 

_G_o_ = 1 __ /37r-..,.(_r_+_1:-,-) 
Gmax 2(r - 1) 

(2 .25) 

Substitute Equation 2.25 in Equation 2.22 , we obtain; 

[ 
/37r(r+1) ] ([ /37r(r+1)] ' ) 

log 2(r _ 1) _ /37r(r + 1) = log(o:) + (r - 1) log 1 - 2(r - 1) Iy (2.26) 

Finally Equation 2.26 can be plotted like Equation 2.22. Thus, a best fit straight line, 

and values of 0: and r can be found for data including both modulus and damping data. 

If we examine Equation 's 2.22 and 2.26 we see that both have fY . Therefore to 

determine IY and the other parameters an iterative procedure is followed as below; 

(1) Assume a value for IY and obtain the values of 0: and r by plotting the data 

according to Equation's 2.22 and 2.26. 

(2) Compute Iy according to Equation 2.23 from the given modulus and obtain an 

average value of Iy. 
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(3) Compare the new value of 1 y with the previous value. Repeat steps 1 and 2 if 

the difference is too great. 

Finally ex, 1y and r are all obtained. Then Ty can be calculated by using Equation 2. 19 

and this finishes the procedure for obtaining the Ramberg-Osgood material properties . 

2.6.5 Other Models 

T he other widely used soil models, 10dified Cam Clay and Lade's Model, have been 

implemented in IKE3D by the research group at the University of Colorado at Denver 

through its colloborative agreement wit h Lawrance Livermore National Laboratory 

(LLNL). This newly enhanced NIKE3D may b e used in the study of composite dams. 

Theoretical discussion of these models are not included in this study. 

2.7 P ore Pressure Generation fvlod e ls 

There are several pore pressure generation procedures developed for the last three 

decades. These procedures can be gathered under three headings; 1)uncoupled method , 

2)partially coupled m thod , 3) fully coupled method. 

Uncoupled method is based on an emprical relationship for pore pressure development 

in uniform cyclic tests as a function of the number of cycles of loading normalized by the 

number of cycles to initiate liquefaction. This method was developed by Seed [67] and 

will be expalined short ly in the next section. 
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In partially coupled method [25J the change in pore pressure is related to change in 

volumetric strain. Therefore pore pressure generation mechanism is linked to the 

nonlinear analysis results. Finn's model falls in this category and it will be discussed 

later in this chapter . 

In fully coupled method, pore pressure generation and dissipation are directly connected 

to the soil skeleton deformation according to Biot's formulation. This is the most 

rational method of analysis. 

2.7.1 Uncoupled Seed's Method 

In this model, actual measurements of pore water pressure build-up in cyclic loading are 

used. The only criteria is to determine the number of uniform stress cycles Nl which will 

produce a condition of initial liquefaction under undrained conditions. This can be 

obtained from eyclic simple shear or triaxial tests OIl representative samples. This 

method of analysis is implemented in the computer code APOLLO [51] and based on 

the emprical findings that the development of pore water pressure in granular soils 

under cyclic loading is of the form; 

(2.27) 

where ao' is the effective overburden pressure, N is the number of uniform cycles 

undergone by the soil sample and Nl is the accumulative number cycles at the same 

stress level required to reach initial liquefaction. As it has been stated in [51], for many 
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soils, the function F may be expressed as; 

N 2 N)-k 
F (-) = - arcsin (-

Nl 7r Nl 
(2.28) 

where a is an emprical constant and has a value of 0.7 which represent the average curve 

for many soils. 

Chameau [12] modified Seed's equation and obtained two parameter equation which is 

found to better follow pore pressure generation characteristics observed in laboratory 

tests; 

N [7r 1 ]2<> - = 1 - sin - (1 - R(3) 
Nl 2 

(2.29) 

where a and (3 are shape parameters and R is the excess pore pressure ~u, divided by 

initial effective confining pressure ao' . Chamaeu suggested that these parameters are 

cyclic stress ratio dependent. 

2.7.2 Partially Coupled Model of Finn 

An effective stress model based on strain controlled simple shear tests was developed by 

Finn, Lee and Martin [25] to account for the nonlinear accumulation of pore pressure 

during cyclic loading. The first assumption of this model is that the pore pressure 

development occurs due to the potential for the volumetric deformation of the soil when 

tested under drained condition. Pore water is assumed to be incompressible, in 

comparison with the soil skeleton. These assumptions yield the change in pore pressure 

as· , 
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(2.30) 

Where b.u is the change in pore prssure, Er is the elastic rebound modulus of the soil 

skeleton and ~Ev is the change in volumetric strain during a drained simple shear test. 

The incremental volumetric strain is a function of the total accumulated total 

volumetric strain, Ev , and the applied shear strain 'Y . The change in volumetric strain , 

~Ev , is calculated as; 

(2.31 ) 

where C1 , C2 , C3 , and C4 are emprically determined constants and 'Y is determined from 

a hyperbolic stress-strain relationship; 

J<iJ'Y 
7=-- -

a + fry 
(2.32) 

where a and bare emprical parameters. By knowing the stress history the development 

of pore pressures can be calculated by a sequential procedure. All the emprical 

parameters mentioned above are determined from strain controlled simple shear tests. 
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2.7.3 Fully Coupled Method: Biot Theory 

A freely moving fluid in a porous material causes changes in the behavior of bulk 

materia l. An increase in pore pressure causes the dilation of or contraction of solid 

results in the change in pore pressure. The theory of linear 3D consolidation of soil was 

formulated by Biot [5, 6]. Lat er this theory was extended to include various non-linear 

effects. both material and geometrical. A finite element formulation of Biot"s theory was 

first presented by Sandhu [62] . C urrently, Biot's principle is implemented in numerical 

analysis codes such as DIA IA-SWANDYNE. DYSAC2 and DYNAFLOW, etc. 

Biot's model of poroelastic materials addresses a coherent solid skeleton and a freely 

moving pore fluid in which solid and liquid phases are fully connected. Biot made the 

following assumptions: 

• soils are homogeneous and isotropic, 

• the strains are very small, 

• stress-strain relations are linear and perfectly elastic, 

• pore water is compressible and has no shear resistance, 

• t hE' fl ow of water is viscous and follow Darcy's law, 

• 11 0 capillary effects. 

Then Ill' obta ined the following equations for tMeses ; 

2/1/ e'l + .~ / ekkc5ij + QEc5ij 

Qekkc5,] + Rf.c5,] 
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where E is the dilatancy of the fluid and expressed by E = 6. . wp and wp is t he fluid 

displacement vector , 6ij is the Kronecker's delta and, eij is the strain tensor of soil 

skeleton. 

A close examination of constants N , 1\11 shows that t hese constants corresponds to 

Lame·s constants in the theory of elesticity, The coefficient represents shear modulus 

G of the bulk material, and the coeffi cient R is a measure of the pore pre. sure required 

011 the fluid phas to force a certain volume of the fluid into the pores of the so il 

aggregate while the total volume remains constant. The coefficient Q is of the nature of 

a coupling between the volume change of the solid and that of fluid phase. Biot claimed 

that one can perform experiments to measure the four elastic constants [69]. T he shear 

modu lus can be measured directly. 

In Biofs theory the assumption that the pore fluid is compressible introduces significant 

il1lprOVellient over previos theories and provides a more realistic explanatioll for the pore 

presslIH' generation. The treatment of soil as two-phase medium , accOllllti llg, for the 

co upling between phases, and , therefore , determining the stress distribution ill both the 

fluid and the soil phases, gives a more accurate and realistic representat ion of actual soi l 

behavior. 
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2.8 Summary and Conclusion 

This chapter discusses t he literature survey on composite dams. soil-concrete interface 

models, numerical analysis codes to ana lyze IBCD , constit utive soil models. and pore 

pressur generation models. 

T he li terat ure survey revealed tha there is no concrete and reliable method to 

investigate IBCD. 

T wo different interface t reatment approach was explained ; stiffness approach alld 

constraint approach. Stiffness approach techniques are are simple to implement but not 

reliable in case of separation . Therefore to study IBCD constrained approach is more 

appropriate. 

Severa l computer codes are listed including their main features. It has been shown that 

among others NIKE3D is one of most suitable FE software to analyze IBCD. 

Severa l soil constitutive models including Ramberg- Osgood, f'I 'Iohr-Couloll1b , etc. are 

presented . In terms of availability in IKE3D. Ramberg-Osgood is most sui table soil 

model that can be used in dynamic analysis. 

Diffen 'llt pore pressure schemes are also presented . Biot 's coupled l1Wt hue! is the most 

realist i< pore pressure generation algorithm. Since it is not available ill . 'IKE3D, 

a llalvzing IBCD using pore pressure generation models is left as a futme study. 
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3. Finite Element Analysis Codes 

3.1 Introduction 

This chapter describes the softwares llsed in 2-D, and 3-D parametric FE analyses . Pre 

and post processors, and NIKE3D are presented. TrueGrid [83] and GRIZ have been 

used as the pre-processor and post-processor, respectively. T heoret ical background of 

NIKE3D , its interface algorithm. and solut ion strategy are discussed . 

First, an input batch fi le is used by TrueGrid to produce an input fil e for NIKE3D. 

Then NIKE3D produces series of binary plot files to be read by GRIZ storing all nodal 

and element information throughout the analysis . Finally, one can obtain time history 

data using G RIZ . The analysis sequence is illustrated in Figure 3. 1. 

3.2 TRUEGRID 

TrueGrid [83] is a powerful , easy-to- use interactive and batch mesh generator. TrueGrid 

generates meshes for finite difference and finite element simulation codes that model the 

hr havior of fluids and structures. How'ever , TrueGrid can generatp cOlllplete input files 

for ma.ny simulation codes, such a,s ADINA, ANSYS, MARC, LS-DYNA , LS- IKE, etc . 

Along with defining the mesh , you can specify physical properties on the mesh . 
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Input 8alc.h FII~ 

t 
TRUEGRID 
PA£PAOC[S~ 

t 
tnpUI File for NIKE3D 

t 

B 
t 

BtnafyPlotF,lM 

t 
GRIZ 

POS'~ESSOft 

t 
Time Hj110ry Ascii FI~s 

Figure 3 .1 Analysis sequence. 
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TrueGrid generates multi-block, structured meshes . Each block is compos d of solid 

hexahedral (six-sided) elements and /or structural quadrilateral shell and beam elements 

arranged in rows, columns, and layers . TrueGrid uses a special projection method for 

mapping a block mesh onto one or more surfaces. Ther fore a compl x looking mesh can 

be built from a simple block very easily. An example is shown in Figure 3.2 with a 

simple block and cylindrical projection surfaces. 

[1:: 0 ~,t ~ l . · .. I , ,~.r ;'11 ",>" 
'",~, II" .. , 'pi .. , 

. -~ 

I""" . ,~n I ~ c e ~ '·".)l("f C "'~~c .. I . '.I~'. 
T , ,,"I,o, " .J ~ r l . y 

Figure 3.2 A simple block part and cylindrical projection surfaces [ 3]. 

TrucGrid have been used in all 2- D, and 3-D modelling efforts. Particularly, the 

complicated 3-D FE model was created easily saving considerable time. 

3.3 NIKE3D 

IKE3D developed at Lawrence Livermore National Laboratory (LLNL) for defense 

program applications provide a powerful tool that can be used to analyze the response 

of important structures to large earthquakes. Computer simulat ion of nonlinear 

behavior is quite complex and the nonlinear finite element computer programs 

develop d at the LLNL are some of the world 's most powerful programs for performing 

llonlinear structural analysis [47] . 
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IKE3D is fully implicit three dimensional finite element code for analyzing the finite 

strain static and dynamic respons . of inelastic solids , shells and beams. A number of 

material models are incorporated to simulate a wide range of material behavior 

including, elasto-plasticity, anisotropy, creep , and rat e dependence. Arbitrary contact 

between independ nt bodies is handled by a variety of slideline algori thms. These 

algorithms model gaps and sliding along material interfac s, including fri ctional 

interface. 

3.3.1 Elem ent Libra r y 

TIKE3D utilizes a relatively sma ll set of elements. All elements use low order 

illterpolation , requiring no midside node definitions. This appro(lch chooses highly 

efficient elements over more costly higher order elements. The available elements are 

solid , beam, and/ or shell elements, and they are shown in Figure 3.3. Eight node solid 

elements are integrated with a 2x2x2 point Gauss quadrature rule. Four node shell 

elements use 2x2 Gauss integration in the plane, and one of many available schemes for 

integration through the thickness. Two node beam elem nts use one integration point 

along the length , with many options for integration of the cross section. 

3.3. 2 Solution Stra tegy 

In NIKE3D, several nonlinear Sohlt ion strategies are available. including Full- , 

l'v lodified-, and Quasi-Newton method. By default, IKE3D uses t he BFGS method. An 
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y 

Figure 3.3 Elements available ill NIKE3D [47J. 

extensive set of diagnost ic messages have been incorporated into the quasi-Newton 

solvers to allow their convergence progress to be monitored. 

NIKE3D is based on upda ted Lagrangian formulation. During each load step, nodal 

displacement increments which produce a geometry that satisfies equili brium at t he end 

of the step are computed. After obtaining updated displacement increments, the 

displacement, energy, and residual norms are computed. and equilibrium convergence is 

tes ted using user defined tolerances. Once convergence is obtained. displacements and 

tresses are updated and proceeded to the next load step. If convergence is not achieved 

within the user-specified iteration limits, the optional automatic t ime step controller will 

adjust the t ime step size aud try again. 

3.3.3 Element Formulation 

The governing equation which is called equat ion of motion is: 

(3. 1 ) 
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where T is the Cauchy total stress tensor , bt is the body forc per unit volume, p is the 

density, U j are the relat ive displacements , [2 represents the continuum domain. The 

boundary of continuum can be divided into two parts as the boundary r u where 

displacements are described and the boundary r T wherE' stresses are described and the 

conditions on the boundary can be defined as: 

Uj = Ui (3.2) 

and 

(3.3) 

re pectively. 

The initial conditions an': 

Ui(O) = Uio (3.4) 

(3 .5) 

The rate deformation tellsor d,) is defined in terms of velocity it as: 

. 1 
d ·· = -(it + it) tJ 2 t ,) ) ,' 

(3.6) 

The Cauchy stress is , in genE-ml, a function of rate of def rmation dij a set of history 

variables H , and the temperature T : 

(3.7) 
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In 1 IKE codes . quadrilateral elements are used for the spatial discretization , yielding a 

system of ordinary differential equations: 

Mii + Fint( u , u, T ) = P (u , b , t , T ) (3.8) 

Where M is the mass matrix , F is the internal nodal force vector , and P is the external 

nodal force vector. P can be a function of noda l displacement u , body force per unit 

volume b , t ime t , and Ilodal temperature T. In dy namic analysis t he Equation 3. IS 

solv d by Newmark-,3 met hod . For quasistatic analysis the Equation 3.8 becomes: 

Fint (u , u, T ) = P (u , b . t. T ) (3.9) 

In quasistatic analysis the equation 3.9 is solved incrementally by an iterative strat.egy. 

Without thermal and viscous effects the Equation 3.9 becomes: 

(3.10) 

where un+! and P n+! are the nodal displacements and external load evaluation at time 

t n +1 . At each time step. quantities are known at tn, and the solution involves finding thE:' 

displacement Un+! that sat isfies the equation below: 

(3 .11 ) 

This new equilibrium solution is found by iteration. To obtain the solution at tn + l , the 

finite element Equatiolls 3.9 are first linearized about t he configuration at tn and the 

displacements at t,,+ I an' determined. Later the Equation 3. 11 solved iteratively. 
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Convergence is determined hy examining the both the displacement and energy norms. 

For displacement norm 

116ui ll --:S ed 
U max 

(3. 12) 

where U max is the ma.,'{imum displacement norm obtained overall of the n steps is used, 

and for energy norm : 

(3. 13) 

is used. Where ed and e are tolerances that are typically 10- 2 to 10- 3 or smaller. 

For dynamic analysis the _ -ewmark-{J method is used to integrate the semidiscretized 

finite element equations 3.1 in time. The Newmark-13 family methods is given hy: 

(3.14) 

(3. 15) 

In IKE2D the default values for (3 and 'Yare 1/ 4 and 1/ 2 respectively. This choice of 

parameters represents the trapezoidal rule which is second order accurate in time, is 

energy conserving for linear problems and does not introd uce numerical dissipation. 

To obtain the dynamic solut ion at tn +1 , the finite element equations 3.1 are first 

linearized about the ('onfiguration at tn and using the Expressions 3.14 and 3.15 th E' 

nodal acceleration , VE' locity, and displacements at t.n+ I are obtained. Finally the 
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equilibrium iterat ions performed with: 

(3. 1G) 

where 

(3.17) 

K * K I M -; D 
= + {3 .6.t2 + ,J6t (3. 18) 

where M is the damping matrix. For dynamic analysis. damping can be incorporated 

into the model at the element level in two ways: t hrou~h t he specification of dissipative 

material behavior or by a nonlinear adaptation of Ray leigh damping. Dissipative 

mechanisms in material behavior are pointwise in nature and include viscoelast icity and 

include hyst eret ic damping caused by cyclic plast icity. Generalized Rayleigh damping is 

more global in nature. However , it is implemented at the element level t o maximize 

comput ational effi ciency. 

3.3.4 Material Models 

NIKE3D has a wide range of material library. Among others Ramberg-Osgood wit h its 

hysteresis behavior is most suitable mat erial model for soils. Ramberg-Osgood material 

model is discussed in Section 2.6 .4 in detail. UCD Geotechnical Engineering CentN is 

collaborating with Lawrence Livermore National Lal!Oratory to make new soil models 
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F igure 3.4 Contact of node m with segment of jk [21 ]. 

such as Cam Clay and Lade's model efficient ancl axnil able in NIKE codes. Analysis 

with new material models are left as a futur study. 

3. 3.5 Interface mode ls 

In NII(E3D , interfaces are modelled with penalty formul ation which is a constraint 

approach as discussed in Section 2.4.2. 

3.3 .6 P enalty Formulation in NIKE3D 

If there is no penetration during the analysis of a contact problem nothing is done. If 

there is penetration then an interface force is applied between the surfaces of dissimilar 

materials. The magnitude of the force is proport ional to the amount of penetration . 

This maybe considered as the addition of an int (' rfaf'E' spring. Now consider a slideline 

with separation and closure. The following illustrates the NIKE3D 's argumentation of 

stiffness matrix KS and the internal nodal fOI"(,(, Ps when penetration is detected. in a 

plane strain cond ition . 
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Figure 3.4 shows an isolated portion of the interface where node m is penetrating 

through segment jk [21] . A local equilibrium relationship can be written as: 

(3.19) 

where ~u is the incremental displacement vector containing the penalty spring 

degrees-of-freedom K S is the spring stiffness, F 8 is the spring internal force , and p 8 is 

the external force arising from internal stress in the interface elements. The spring 

degrees of freedom are ordered: 

(3.20) 

The spring stiffness matrix K S is defined as: 

8 2 -(1 - a)s2 (1- a)se " a.sc -Be -as-

-Be c2 (1 - a)se -(1 - a)e2 ase -ac2 

KS = K, 

-(1 - a)s2 (1 - a )sc (1 - a)2s2 -(I - a)2se (1 - a)as2 -(1 - a)ase 
(3.21) 

(1 - a)sc -(1 - a)e2 -(I - a)2sc (1- a)2e2 -(I - a)ase (1 - a)a ·2 

- as2 asc (J - a)as2 - (I - a)ase a2s2 - a2sc 

ase -ae2 -(1 - a)ase (1 - a)ac2 -a2 sc a2c2 

where c = oos(8), s = sin(8), and K, is the penalty stiffness. The spring internal force FS 

is defined by: 

-s 

c 

(1 - a)s 
(3.22) 

- (1 - a)c 

as 

-ac 
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where -6 is the amount of penetration of node m through segment jk. The spr ing 

stiffness K S <?-nd force FS are computed for all active slideline nodes and segments, and 

are assembled into thE' global finite element eq uat ions. Thus the stiffness profile chang s 

as analysis with slidelines evolve. 

The penalty s iffness J-1, is unique for each segment, and i based all the contact area and 

bulk modulus of the penetrated material, and it is calculated with Equation 3.23: 

J-1,= (3.23) 

where iSl is the penalty stiffness scale factor. and ](" Ai, and V; are the bulk modulus, 

area, and volume of the penetrated material segment. 

If noticeable pelletration is observed, the penalty scale factor can be increasC'd . However 

high penal ." numbers can be detrimental to the convergence of global iterations unless 

the time step size is scaled back. In NIKE3D the default value of i si has been chosen as 

0.1 to balallC'c .e,lobal convergence rate with slideline constraint enforcement on a'vvide 

variety of problems. 

3.3.7 Damping Methods 

In IKE:3D codes damping is handled in three different ways: 

(1) algorithmic (or numerical or artificial) damping 

(2) dC1111ping with concentrated noda.l dampers, 

(3) p'('IH'm lized Rayleigh Damping. 



Algorithmic damping is introduced in integration of finite element equations with the 

ewmark-,6 method. Nodal dampers are considered purely viscous and represented by 

dashpot analogy. In Rayleigh Damping, damping matrix [e] is constructed by a linear 

combination of mass and stiffness matrices. 

In following sections only algorithmic and Rayleigh Damping will be discussed. 

3.3.8 Algorithmic Damping 

In integrating the semidiscretized finite element equations: 

Mit + pint(u, u) = P (u , b, t) (3.24) 

in time the Newmark-,6 method is used. The Newmark family of methods is given by 

[56]: 

(3.25) 

(3. 26) 

where,6 and "I are free parameters governing t he accuracy and stability of the time 

integration [21]. Stability of this algorithm is: 

unconditional stability when: 

conditional stability when 

1 
"'>-1-2 ' 

1 
,6<-

2 
and 

1 
2(.1 > '" > -fJ-'-2 

~h - 1/2) + J"I/2 - ,6 + f,2h - 1/2)2 
6 t< ----------~~~--~--------

- wmax h/2 -,6) 
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where W m ax is maximum undamped natural frequency and ~ is cri t ical damping ratio. 

The default setting of the parameters in NIKE3D is f3 = 1/4 and , = 1/ 2. This choice 

of paramet ers represents the trapezoidal rule which is second order accurat e in time and 

does not introduce numerical dissipation [21]. Taking , > 1/ 2 introduces numerical 

damping, but also reduces the accuracy of I ewmark methods t o the first order. Taking 

1 
j3 = -(-y + 1/ 2)2 

4 
(3 .29) 

maximizes the high-frequency dis ipatioll for a given value of , > 1/ 2 [14]. Because th 

higher modes of semidiscrete structural equat ions are the artifact s of the discret ization 

process and not representative of the behavior of the governing part ial differentia l 

equations, it is generally viewed as desirable and often is considered is absolutely 

necessary to have some form of algorithmic damping present to remove the participation 

of the high-frequency modal components. In terms of Newmark method , , > 1/ 2 is 

necessary to introduce high-frequency dissipat ion. For a fixed ~( > 1/ 2, one can select f3 

(see Equat ion 3.29) such that high frequency dissipa tion is maximized [35]. 

A disadvantage of Newmark method is that algorithmic damping can only be obtained 

at t he expense of reduced accuracy. In int roducing high frequency dissipation by 

selecting, > 1/ 2, it is , of course, desirable to maintain good accuracy in the low modes. 

Unfortunately, -1 1/2 results in a drop to fi rst-order accuracy [35]. A variety of useful 

techniquE's obtained from the Newmark family is listed in [14]. 
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3.3.9 Rayleigh Damping 

The common Rayleigh damping proposed by Caughey [8] given by: 

p-\ 

[e] = [M] Lak([Mrl[K])k (3.30) 
k=O 

is a reasonable approximation for small levels of damping [50] . Conceptually, in 

JIKE3D, Rayleigh damping is incorporated by replacing the internal nodal force vector 

F by: 

Fint 
f-- Fint(u) + aM u + {3Ku (3.31 ) 

In other words, the special case of Equation 3.30 when p = 2 is taken as the damping 

matrix [e] like a linear combination of the stiffness and mass matrices, also called 

two-term model , that is: 

[e] = a[M] + {3[K] (3.32) 

where a and {3 are called the stiffness and mass proportional damping constants 

respectively. The relation between a, {3 and and the fraction of critical damping ~ at 

frequency w is given by: 

(3.33) 

The advantage of Rayleigh damping is that no alteration is introduced to the mode 

shapes and the eigensolution or calculated response is thus greatly simplified. The 

two-parameter model as shown in Equation 3.32 has been used in some other large FEM 

codes such as NASTRAN and SAP5 [50]. 
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In practice , reasonable Rayleigh coefficients in the analysis of a specific str ucture may 

often he selected using available information on the damping characteristics of a typical 

similar structure; i. e., approximately the same ex and f3 values are used in the analysis of 

similar structures [3]. 

For a linear elastic model, t he model fract ion of critical damping an be specified at two 

naturc\1 frequencies Wj and W2, and using Equation 3.33 ex and (3 are found by solving 

sirnultenous equations as: 

(3.34) 

D mpillg associated with fJ[K] increases with increasing frequency, whereas damping 

assoc irt ted wi th ex[NI] increases with decreasing frequency. Usually W I is taken as the 

lowest natural frequency of the structure and and W2 is the maximum natural frequency 

of inte rest in the loading or response. For example in seismic analys is. 30 H z is often 

used as the upper frequency because the spectral content of seismic design spectra are 

illsigllihcant above that frequency [14]. 

Using t he coefficients ex and fJ and the initial tangent stiffness ma.trix K in Equation 

3.32, together with the mass matrix for the structure , provides a dal1lpiug matrix that is 

s ll itab le for representing visco'us energy losses thorough the entire re~ponse range of the 

st nwt me (linear and nonlinear). Additional hysteretic energy ImN's \yj[l be accounted 
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for directly by the changing values of the stiffness matrix coefficients during the step by 

step computat ion [14]. 

In t he analyses of structures wit h widely varying material properties, nonproportional 

may need to be used. For example in the analyses of foundat ion-structure interaction 

prohlems, significantly more damping may be observed in the foundation than in the 

surface structure. In this case it may be reasonable to assign in the COil truction of the 

clamping matrix different Rayleigh coefficients a and f3 to different parts of the structure 

[:3]. NIKE3D allows to use different coefficients for different mater ial parts. 

3.4 GRIZ 

GR IZ [72] is an interactive application for visualizing fini te element analysis results on 

three-dimensional unstructured grids. It was developed by the lVIethods Development 

Group at Lawrence Livermore 'ational Laboratory (LLNL). GRIZ has the ability to 

animate all representations over time with its user friendly graphica.l user interface 

(G U I). Time histories of desired results can easily be stored in a tf'xt file for further 

processing. 

3.5 Summary and Conclusions 

[]\: E3D, main numerical analysis code used in this study, TrueGrid , mesh generating 

software, and GRIZ as the post-processor are explained in this chapt er. Theory 

hcH"kground, element library, intf' rface models of NIKE3D are dis(" u!-'sed. It is shown that 

61 



based on the capability and avai lability, NIKE3D is the most appropr iate software to 

study dynamic IBCD. 
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4. Centrifu ge Testing and A Retaining Wall Simulation with NIKE3D 

4.1 Introduction 

Because of the dependence of t he mechanical propert ies of soil on ambient stress 

conditions (i.e. , gravity) , cent rifuge modelling ha evolved as an important tool for the 

simulat ion of t h behavior of a prototype dam and verification of numerical modelling 

results. 

To calibrate the reliability of IKE3D as a seismic design t ool t he dynamic analysis was 

performed and results were com pared wit h the dynamic centrifuge test of a retaining 

wall by Stadler [73] using the celltrifuge facility at t he University of Colorado at Boulder. 

Stadler investigated the dynamic behavior of 30 ft and 45 ft high ret aining walls with 

the Nevada # 100 Test Sand as the dry backfill. In the study the lateral deflection , and 

acceleration of the stem , accelerat ion and settlement of the backfill , and the wall-soil 

interface pressure (eart h press ure) were measured . 

In the following sections the principles of dynamic centrifuge t esting wit h emphasis on 

composite dams, and NIK E3D simulation of Stadler 's centrifuge test are presented. Wall 

deflection , earth pressure, aud horizontal accelerations of both soil and wall are 

compared with experimental measurements. Moreover, horizontal acceleration of soil 
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along the wall-soil interface is presented. Good agreements validate the IKE3D as a 

good analysis computer code. Stadler 's test results are extensively referenced in the 

IKE3D calibration effort. 

4 .2 Dynamic Centrifuge Testing 

Literature survey on dynamic c ntrifuge testing of IBCD has not yielded any significant 

results because nobody has worked on this topic before. It is possible to find numerous 

centrifuge studies on earth dams and concrete dams, but none of them addresses the 

interface behavior of composite dams. 

"Since centrifuge modelling allCl numerical analysis are oft n used in conjunction , and 

the oil properties, boundarv conditions. and input earthquake accelerations of the 

centri fuge model are easily co nlrolled in the laboratory, it is an excellent tool to collect 

data for numerical analysis verificat ion. Once validated, numerical analysis is used to 

predict prototype response [-104 ]." Thus . the author recommends to perform limited 

number of dynamic centrifuge test to gain a better understanding of IBCD and to verify 

NIKE3D results as a future st udy. 

The principle in centrifuge modelling is to simulate the stress and strain fields in a 

model, identical to that prototype dam. This can be achieved by subjecting a scaled soil 

model, where all linear dimensions are reduced by a factor N, to a centrifugal 

acceleration of N gravities , :\ig. In order to obtain a true lIlodel of prototype all the 

appropriate laws of sim Ili t lldp must be satisfied. Thus scali ng relat ions, to extrapolate 
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Table 4.1 Scaling relations [4 1, 15]. It is assumed that same soil and fluids are used in 
model and prototype. 

Quantity Prototype Ivlodel Quant ity Prototype Model 
length .v 1 time (dy namic) N 1 
area N 2 1 time (diffus ion ) N2 1 
volume N3 1 time (creep) I 1 
velocity 1 1 freque ncy 1 N 
acceleration 1 N fluid pressure 1 1 
mass N3 1 hydrau lic conductivity 1 N 
fo rce N 2 1 soi l intrins ic permeabi lity I 1 
energy N3 1 soil porosity 1 1 
stre&; 1 1 fluid density 1 1 
st ra in I 1 fluid viscosi ty 1 1 
mass density 1 1 pore fluid velocity 1 N 
energy de nsity 1 I 

the prototype response from the model response, must be well established. Scaling 

relations may differ depending on the materials used in the model and the problem type. 

A list of scaling relations is given in Table 4.1. 

Using the centrifuge machine, the static stress and strain fields are first simulated by 

raising t he g-level of the centrifuge model and then shaking is initiated to simulate the 

seismic behavior. 

In the next sections some essential features, that must be considered in obtaining fidelity 

between model and prototype, will be discussed in terms of studying dynamic behavior 

of composite dams. Figure 4.1 shows a representative composite dam cross-section in a 

centrifuge test container . Main components of the dam are concrete, soil and water. 

Modelling considerations of a composite dam can be grouped under three headings: 

geometric, material ano boundary effect considerat ions. 
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Figure 4.1 A represelltative composite dam cross-section in a centrifuge t est container. 
(Not drawn to scale.) 
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4 .2.1 Geometry Considerations 

Like the other geotechnical structures, the behavior of composite dam is dominated by 

gravity effects. Consequently. gravity fi eld should be simulated in a 1/ scale model by 

swinging it \-vith times stronger g-level. Therefore the primary g ometric consideration 

is scaling all physical d imension by the desired factor. On the other hand the capacity 

of centrifuge testing eqnipment is a limiting factor in determining t he desired prototyp e 

dimensions. 

4 .2.2 Mate rial Considerations 

In general if different material is used in the model material properties must be scaled. 

too. T he use of identical materials enables the issue of material property scaling to be 

bypassed , as homologous points in the geometrically similar model and prototype will be 

subjected to the same stresses and hence will develop t he same strains [41]. In the 

proposed study same soil will be used in model. There is a chance that concrete can be 

modelled wit h aluminum . Even though the same mater ials are used there are still some 

factors that need to be considered such as model size for concrete and particle size 

effects for soil. 

4 .2. 3 Concrete 

Interface behavior of a composite dam is mainly charRcter ized by separation and 

separation depth alon!!, the soil-concrete interface. SepRrat ion phenomena is great ly 
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Table 4.2 Scaling relations for retaining wall interpretations [19]. 

Quant ity Prototype lvlodel 
fl ex ural stiffness (E1) N" I 
flexural stiffness per unit width (EI) N3 1 

I 

thick ness ( §.m. \ 'N 1 
E" 

width 1 
he ight N 1 

affected by the flexibility of concrete. Therefore maximum care should be given 0 

modelling concrete monoliths. t-..lodels of concrete monoliths can be made using concrete 

or another material such as aluminum. 

It is very well known that concrete at small scales is potentially even more variable ill it 

stress-strain properties than it is at larger scales [7]. Therefore small concrete models 

may not reflect the real behavior. Waggoner et. al [7 ] have used normal strength 

concrete for 1.8 ft concrete dam model to study fracture and concrete dam-rock 

foundation interactioll . Bolton and Steedman [7] used 0.6 ft high microconcrete model 

under 80 g to study seismic behavior of a retaining wall. 

Another alternatiye is using diff rent material such a aluminium which has uniform 

stress-strain properties. !'vIany researchers has successfully used aluminium to model 

concrete walls in centrifuge testing of retaining walls [19, 58]. The flexural stiffness of 

the aluminium model must be scaled to represent hypothetical reinforced concrete 

monoliths that they were intended to simul ate. Table ,-1.2 shows some scaling reh-ttions 

derived for retaining wall modelling but also applicable to concrete monolith modellillg 

of a composite darn. F:m and Ep corresponds to Young 's Modulus of model and 

prototype respectively. 
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4.2.4 Soil and water 

As it is seen in Table 4.1, there is a conflict in ter ms of t ime scaling. Dynamic t ime is 

scaled by a factor of I /N whereas diffusion or conso lidation time is scaled by 1/ N 2 In 

this case it becomes difficult to extrapolate model response to the prototype scale. T his 

problem can be resolved by two ways [19]: 

• either by us ing small soil particles to r duce the permeability of the model soil. 

• or by using a subst it ute fluid \ ... 11ich is N t imes more viscous than water therefor 

making t he soil permeability N smaller. The soi l skeleton remains unchanged . 

Scaling particle size of soil i not attract ive. If different fluid is to b e used then there are 

some factors that must be considered seriousl? The substitute fluid should not alter the 

constit utive behavior of oil and must be able to generate pore pressure correctly in 

order to ma intain effect ive stress relations. 

Mandar [19] has shown that water-saturated soil models could not be considered as 

representative of the real behavior of the prototype. Furthermore as a substitute fluid 

"metolose" has been proposed as a better choice. Under the light of Nl andar 's study, 

metolose can also he used as a substitu te fluid ill cent rifuge modelling of compositp 

dams. 
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4.2 .5 Boundary E ffects 

Because of the limited space in the container of the centrifuge, it is not possible to work 

with large models. This introduces serious boundary effects on the composite dam 

model. These effects can be invest igated under four main groups; foundation-dam 

interaction, model-wall interaction , acceleration boundary conditions and 

instrumentatioll effects. 

4 .2 .6 Foundation-composite dam interaction 

If base sliding is not a concern then the foundcttion can be assumed as rigid fixed 

boundary. Therefore the concrete block must be bolted or fiXed to the base so that no 

sliding takes place. For the foundation underneath the soil it is required to make it rigid 

and rough to reduce t he potential sliding of th E' soil masses. Investigating the effect of 

base sliding and foundation stiffness on the d~' llal1lic behavior of composite dam can be 

another research area. 

4 .2 .7 B ox walls a nd t h e model 

Since the models are very small it is strongly required to set some mechanism to 

dissipate energy inside the system. Otherwise. undamped travelling stress waves may 

introduce the unreal response of the structure. In order to improve energy absorbing 

boundary conditions, researchers have attel1lptf'd to design special boxes that keeps the 

cross-sect ional area constant. Layered box is ()Il€' of the examples. It is also very 
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common to put some special material, su h as duxseal, along the model-wall interface of 

the box. For the case of composite dam modelling, because of the sloping faces along the 

x-axis (see Figure 4. 1), it is not required to put any energy absorbing material along the 

boundaries orthogonal to x-axis. On the other hand , in order to satisfy the plane strain 

conditions there must be a mechanism which eliminates the fri ction between model and 

walls orthogonal to z-axis . Oil soaked lat x membranes have been used to minimize 

friction along the walls in ret aining wall modelling studies [19] and this is also applicable 

to composite dam models. 

4 .2 .8 Input ground motion 

Input ground motion can be considered as acceleration boundary condition. To correctly 

scale inertial effects the model horizontal acceleration time history should have 

acceleration magnit udes equal to N times the prototype accelerations with a model 

frequency equal to 1 t he prototype frequency. 

4.2 .9 Instrumentation 

Instrumentations, such as accelerometer, tot al stress and pore pressure transducers are 

foreign materials embedded inside the small lllodel. Instrumentation tools should not 

effect the behavior of soil, in other words. t heir size should be small enough not to 

disturb any constitutive behavior. Especia lly ;:tlong the soil-concrete interface, 
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instrum entation should be done very carefull y. otherwise real fri ctiona l behavior may be 

altered and erroneous results may come up during the test. 

4.2.10 A Recommended Dynamic Composite Dam Centrifuge Test 

A mod I of (ol11posite dam should be tested in centrifuge t o: 

(l) in vest igate separation amount and separation depth , 

(2) ohtain stress and pore pressure di tribu t ion along the interface, 

A goocl instrumentation plan is requireu in order obta in the above information. F igure 

4.2 shows ... 1 teJl tative instrumentation plan . The number of instrumentation can be 

determ ined b~' the success of funding opportunity. 

Depending on t he feasibili ty, an instrumentation priority has been set as follows: 

(l) vertical and horizontal displacements must be monitored with LVDT _top_V and 

LVDT _top_H respectively. 

(2) placing LC 's at each instrumentation point. 

(3) pore pre sure monitoring by PPC <'t t each point . 

(-l ) p\;l(pment of LVDT's at each point to monitor separation and separation depth. 

On t}w ot hel' hand , because of the wide base . t he model height maybe very small. This 

may (rl IlSt' difficulties in preparing and illstrumenting the model. If the purpose of 

perfonlliJl~ centrifuge is to verify numerical analysis, not to obtain the response of a 
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Figure 4 .2 Instrumentation plan for centrifuge test ing. 
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certain prototype. a simplified composite dam cross-section can be used ill dVIlamic 

cent rifuge testing. Simplified cross-sect.ion must allow to build bigger model and capture 

the essE'nt ials of IBCD. Therefore the cross-section without downstream soil 

embankment is shown in Figure 4.3 as a proposed composite dam geomet ry. T his new 

geomet. ry a llows to have bigger model size and gives the basics of dynamic IBCD. 

Moreover. it will provide easiness in preparing computer model and shorte r run time. 

4.3 Stadler's Centrifuge Testing 

4.3 .1 Loading Sequence 

The purpose of centrifuge modelling is to simulate the prototype stress and stram fields 

USillg a centrifuge model of its prototype structure. Figure 4.4 is an illustration of static 

ami dVIl Cllllic events employed in the centrifuge testing. First , the celltrifllge is spun to 

the target g-Ievel (from 0 to A), t hen it is held for several minutes to allow the 
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Figure 4 .3 Simplified composite dam section. 
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instrumentation to stabilize (from A to B), and fin ally a dynamic event is init iated . The 

principles of centrifuge t esting are discussed in detail in Section 4. 

The U-Boulder centrifuge is capable of spinning two tons of material at 200 times the 

force of gravity, and it is mor powerful than any other civilian centrifuge outside the 

Soviet Union [44]. 

o 

Static Event 

A , 
Dynamic Event 

, 

B; 
• 

\ I,' I , 

Figure 4.4 Sequence of static and dynamic events. 

4 .3.2 Wall Geometry and Material Properties 

Time 

Stadler used T6061-T6 aluminum plate to model the wall. The Young's Modulus and 

Poisson's Ratio for this grade of aluminum are 10,000 ,000 psi and 0.32 , respectively. 

Nevada # 100 sand was used a ' the backfill. It has the specific gravity of 2.67 and 

ma..ximum and minimum dry unit weight of 110.3 pd and 88.3 pd, respectively. 

mong the three different wall configurat ions, the performance of the Model Wall Type 

B with 9.0 in stem height and 0.375 ill stem thickness in model dimensions was used in 

t.he II<E3D calibration effort . Under 40 g gravitational acceleration the selected model 
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wall height and stem thickness correspond to prototype dimensions of 30 ft and 12 .6 in , 

respect ively. 

Figure 4.5 shows the centrifuge test box configuration and Figure 4.6 shows 

(tccelerometer and LVDT locations. Additionally, Figure 4.7 shows eart h pressure 

transducer (EP), and strain gage (SG) locat ions on inboard face of the model wall. 

-

21' (Nommol) 

, 580·· 
Con hle .... t>f 

RetOln,ng ~ N O 100 Ne:...ado Sand 
Woll 

Ouct '5 e' ol Ponel 
(1/2 ~ true" Nom ) ~ 

J/ ' R PlywOOd Soocer '" 

" z 
'-r-

~ 

Figure 4 .5 Centrifuge test hox configuration. [73] 

4.4 Finite Element Model of the Retaining Wall 

Plain st rain conditions were simulated using 8-node brick elements for wall , soil , 

plywood spacer, and ductseal. T he mesh was created using TrueGrid [83], a mesh 

generating software for various numerical analysis softwares including NIKE3D. 

Wall-soil interface was simulated using NIKE3D's penalty formulat ion (a constraint 

approach) with Coulomb frictiun c(lefficient of 0.5. Figure 4.8 shows finite element mesh 

atld the location of nodes a lon?, t he wall-soil interface selected for data presentation. 
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Figure 4.6 Accelerometer and LVDT locations [73]. 
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Table 4 .3 Ramberg-Osgood and Elastic Model Parameters used in NIKE3D Analysis. 

Model Parameter Backfill Ductseal Wa ll P lywood 
Young 's l\ lod ulus 

- - 10.000.000 10.000.000 E (ps i) 
E last ic Poissoll 's ratio 

0.32 0.32 - -
1/ 

Unit Weight 
0.0578 0.0578 0.100 0. 100 

(lb/ in3 ) 

S hear Wave Velocity 
700 700 - -v. (ft /s) 

() 1.10 1. 10 -
Ra mberg-Osgood 7' 2.35 2.35 -

"Y, 0.000105 0.000105 - -

7'y (psi) 1.11 1. 11 -

The mesh has 912 brick elements and 68 nodes . Analyses were performed on a SGI 

R4400 Indig02 Workstat ion . 

Wall and soil material parameters used in NIKE3D analysis are summarized in Table 

4.3. Soil and ductseal are modelled with Ramberg Osgood non-linear model whereas 

concrete and plywood are modelled as linear elastic materials. 
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Figure 4.8 Wall mesh and selected nodes for data prescnt'ILio}l. 
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Ramberg-Osgood material parameters of sand with unit weight of 100 pcf are listed in 

Table 4.4 for different shear wave velocities. The parameters were calculated using 

Seed's [68] average damping ratio and G/Gmax versus shear strain curves for sand as 

shown in Figure 5.16. A special procedure was followed as explained in [77]. Gmax is 

calculated using the equation proposed by Seed and Idriss [68]; 

( 
, ) 1/ 2 Gmax = 1000K2max a m (4. 1) 

where Gmax is maximum shear modulus at low strains in psf, a~ is mean effective 

confining pressure in psf, K 2m ax is a factor which depends on relative density, maximum 

particle size, gradation, etc. of sand. 

a~ is calculated at the mid-depth of the backfill, and K 2rnax is taken as 52 corresponding 

to 60% relative density. After calculating Gm ax the shear wave velocity is calculated 

using the relation' 

(4.2) 

where Vs is the shear wave velocity, p is density. 

Finally, Vs was calculated to be approximately 700 ft ls and corresponding 

Ramberg-Osgood material parameters (Table 4.4) were used in NIKE3D analysis. 
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Ramberg-O,good i\Iaterial Parameter~ for Average Sand (-y = 100 pcf ) 

v. (ft ls ) C mor (I03ps f) 0 r '"Yv ( 10 3) TV (psf) 
100 31.10 1.l0 2.35 0.105 3.27 
ISO 69.97 1.10 2.35 0.105 7.36 
200 124.40 J.JO 2.35 0.105 13.09 
250 194.38 1.10 2.35 0.105 20.46 
:loo 279.90 J.l0 2.35 0.105 29.46 
350 380.98 1.l0 2.35 0. 105 40.10 
.tOO 49760 1.10 2.35 0.105 52.37 
,150 62978 1.10 2.35 0.105 66.2 
GOO 777.30 J.JO 2.35 0.105 81.83 
550 940.77 1.10 2.35 0.105 99.02 
hOO 1119.60 1.10 2.35 0.105 117 . .j 

h511 1313.97 1.l0 2.35 0105 13 .29 
700 1523.90 1.10 2.35 0.10,,) 160.39 
750 1749.38 1.10 2.35 0.105 184. 12 
, 00 1990AO 1.10 2.35 0.105 209.49 
850 2246.9 J.JO 2.35 0.105 23649 
900 25 19,10 1.l0 2.35 0,10- 265.13 
950 2 06.77 1.10 2,35 0.105 295.-11 

100(1 3110.00 1.10 2,35 0.105 327,32 
1050 342 .77 1.10 2.35 0.105 360. 7 
1100 3763.10 1.10 2,35 0.105 396.06 
11fiO 4 11 2.97 1.10 2.35 0,105 432.88 
12()0 4478.40 l.l0 2.35 0.105 471 .34 
1250 4859.38 1.10 2.35 0.105 511.44 
1:100 5255.90 1.10 2.35 0.105 553.1 
1350 5667.9 1.10 2.35 0.105 596.55 
1400 6095.60 l.l0 2.35 0.105 641.55 
14,,0 6538.77 1.10 2.35 0.105 688.20 
1500 6997.50 1.10 2.35 0.105 736.'1 
1550 7471. 77 1.10 2.35 0.105 i 6.39 
1600 7961.60 J.JO 2.35 0 .105 837.95 
W50 466.97 l.l0 2.35 0 .105 91.14 
1700 8987,90 1.10 2.35 0 .105 945.96 
1750 9524.38 1.10 2.35 0.105 1002.43 
ItlOO 10076.40 1.10 2.35 0.105 1060.53 
I 50 10643.97 1.10 2.35 0.105 1120.26 
1900 11 227.10 1.10 2.35 0.105 1181.63 
1950 11825. 78 1.10 2.35 0.105 1244.64 
2000 12440.00 1.10 2.35 0.105 1309.29 
2050 13069.78 1.10 2.35 0.105 1375.57 
2100 13715.10 1.10 2.35 0.105 1443.49 
2150 14375.97 1.10 2.35 0.105 1513.05 
2200 15052.40 1.10 2.35 0.105 15 4.24 
2250 15744.37 1.10 2.35 0.105 1657.07 
2300 16451.90 1.10 2.35 0.105 1731.54 
2.1')0 17174.97 1.10 2.35 0.105 1807.64 
2,100 17913,60 1.10 2.35 0 .105 1 8538 
2 150 18667.77 1.10 2.3 0.105 1964.75 
2500 19437.50 1.10 2.35 0. 105 2045.77 

Table 4.4 Ramber g-Osgood 111at erial properties for Seed ' s Average Sand with ')'= 100 pel 
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4.5 Input Motion 

In Stadler 's centrifuge testing each static event was perform ed as follows: The centrifuge 

was spun to the target g- level in about 10 minutes. Once the centrifuge was at the 

target g-level, it was held there for several minutes. The same sequence was followed in 

NIKE3D analysis using a 40 g loading curve as shown in Figure 4.9. This curve was 

obtained from Stadler's study and digitized using scanning techniques . 
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Figure 4.9 Input lotion for Static Loading. 

600 800 

Stadler used the prescri bed input motion consisted of twelve cycles of approximately 

sinusoidal motion . The first and last two cycles were "ramp-up/ramp-down" and the 

middle eight were at the full amplitude. The frequency of input motion was adjusted to 

1 Hz in prototype scale. Figure 4.10 shows the prescribed and measured horizontal 

input motion used ill the centrifuge test. Due to the mechanical and electrical 

limitations of the shakill!!, system the delivered motion was typically different frail ! t lw 
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prescribed mot ion. IVlany attempts including email ::1.J1d personal conversations were 

made to obtain the digitized measured input mot ion without success. Finally the a uthor 

scanned the measured input motion as shown in Figure 4.]0 and digit ized it using pixel 

r adings on the image . Then the dat a was interpolRted for every 0.0005 sec. The 

resulting accelerat ion time history is shown in Fil1:urp 4. 11. RMS acceleration value of 

interpolated acceleration time history was calcul ated as 5.51 g which is very close to the 

actual value of 5.6 g. 

0.1 

!: 

Prescribed 

0.2 
Time (sec) 

Measured (T8/D1) 

0.3 0.4 

_1L----------~--------~~--------~ ________ ~ 
o 0.1 0.2 0.3 0.4 

Time (sec) 

Figure 4 .10 Typical Prescribed and Measured H()l"Jzontal Input Motions [73] . 

4 .6 Centrifuge Test R esults 

Stadler presented dynamic profiles of wall-soil Syst(' 111 a t two time steps in addition to 

the initial state which represents the static condit l()11 hefore the dynamic excitation . 

The c.hosen time steps include the maximum posi r i ,'" horizontal input accelerations as 
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shown in Figure 4.12. The dynamic profiles at tim steps 249 and 637 are provided in 

Figures 4.13 and 4.14 , respectively. Each dynamic profi le includes earth pressure (O"y), 

moment (~I) , and wall deflection (y) versus wall height (z) plots. Earth pressure is 

normalized hy vertical stress at the base (O"z-base), moment is normalized by unit ",.,-eight 

times the wall h ight cube (-y H3 ) , finally wall deflection and height are normalized by 

the full wall height (H). in Figure 4.13 and 4.14 , left column of plots shows the initial 

(static) and total (dynamic state including the static) states of the wall . The right 

column show;.; only the net change in response due to the dynamic load ing alld it is 

called as illC'wnlental (total-initial). 
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Figure 4.12 ;"leasured Input Motion and step numbers for data gathering [731· 
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Figure 4.14 Dynamic Profiles at Step G37 [73] . 
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Table 4.5 Numbers of figures illustrating the comparison of measured and calculated 
data. 

Parameter Damping Ratio (%) Figure Numbers 
0 4.16 

Wall Deflection 10 4.17 
20 4.18 
0 4.19 

Earth Pressure 10 4.20 
20 4.21 

RMS Acceleration 0 4.22 
Ratio 10 4.23 

20 4.24 

4.7 NIKE3D Simulation and Comparisons 

Three NIKE3D analysis were performed with different Rayleigh damping ratios of 0, 10, 

and 20%. NIKE3D results were compared with measured data at two time steps chosen 

by Stadler. Wall deflection, eart h pressure, and root mean square acceleration (RMS) 

ratios are compared. The root mean square acceleration ratio is defined as; 

(4.3) 

where RMS is the root mean square acceleration, t is time, and T is is time interval of 

the measurement. Measured and calculated data are presented in Figures listed in Table 

4.5. 

In order to make exact comparisons wall deflection (y) , and earth pressure Cah) are 

normalized with full wall height (H), and vertical stress at the base (avoose ), respectively. 

Finally all parameters are plotted versus wall height, z, normalized by H. Figure 4.15 

shows the representation of wall deflection and height. 
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Figure 4 .15 Representation of defl ection, y, and depth, z. 
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TIKE3D prediction on wall deflection showed very good agreement with the measured 

data as shown in Figures 4.16,4.17, and 4.18 for different Rayleigh damping parameters. 

I llitial deflections calculated by 1KE3D are slightly bigger than measured data. On the 

other hanel deflections at other two time steps show very good agreement , almost like 

Iwst fit to the actual data. It should also be noted that the Raylegb damping does not 

S( ' III to affect the wall deflection. 

Earth pressure predictions are also in good agreement as shown in Figures 4.19 , 4.20. 

cLlld -1.21. Due to the suspicion in stress data measurements reported by Stadler it was 

llot possible to make exact comparison of earth pressures . In general lKE3D 

prediction follows the general trend of the measured stress data. Figures 4.19 , 4.20 , and 

.. I.::? 1 el isa show that the Ray legh damping does not seem to affect t he earth pressure 

cii-;tribution. It should be noted that the separation potential in the top half or two 

t lliros of the wall height is clearly demonstra.ted by both calculated and measured data. 

III t lit' bottom half of the wall height the measured data were quite scatter and 

111l'aSllfements were presented at only 7 locat ions out of 16 instrumentat ion points. This 

II IClkes the comparison difficult. 

11\1 . acceleration ratio comparisons are shown in Figures 4.22,4.23. and 4.24. RMS 

[,It io for both wall and soil are overpredicted by NIKE3D Llsing Rayleigh damping ratio 

(,I 011. . Increasing the Rayleigh damping ratio to 10% resulted in more reasonable 

; 1 ~ n't'lllent as shown in Figure 4.23. Finally, increasing the Rayleigh damping ratio to 

:l l) t f showed very good agreement for both waU and soil Rt,,[S accelerations as shown in 
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Figure 4.24. Increasing Rayleigh damping ratio from 0 to 20% decreased RI\IS 

acceleration ratio considerably while having very little effect on wall deflections and 

ear th pressures. At the top of the wall measured data shows R IS acceleration ratio 

around 1.5 and it is predicted by IKE3D to be slightly less than 1. Th is shows the 

amplification of ground motion as it propagates from base to the top. 

Finally RMS acceleration ratio in soil along the wall-soil interface and at two different 

locations, 1.3 inches and 6 inches away from the wall-soil interface a..<; shown in Figure 

4.25. are presented. Figure 4.26 shows R ifS acceleration ratio versLls wall height for the 

above mentioned locations and for damping ratios of 0, 10, and 20%. RMS acceleration 

ratio. with a maximum around 2, is highest in soil at the wall-soil interface. It should 

also be noted that ground motion is amplified from bottom to 50("{ of the wall height. 

Then , amplification is decreased in top half of the wall with a slight in rease at the very 

top. On the other hand at the other two locations amplification is almost linearly 

increased from bottom to the top. This shows the complicated d~'llaIllic behavior of 

wall-soi l interface. 

To se the damping ratio effect on the wall displacement at other time steps rather than 

tilt' ones used for data comparisons, partial deflection time histories of wall top are 

presented in Figure 4.27. Parti" (a) and (c) of Figure 4.27 show the clt'flection time 

hii"tories in the vicinity of Timp Step 249 and 637, respectively. alld it is shown that at 

these specific time steps, wall deflection values are very close for different damping 
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ratios. Figure 4.27 also shows that the effect of damping is more clear when the wall 

moves towards the soil (passive condition ). 
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Figure 4.16 Wall deflec tioll (omparison for ~ = 0%. 
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Figure 4.17 Wall d fif'crioll comparison for ~ = 10%. 

94 



I nitial 

0.8 

~ 0.6 
N 

0.4 

0 0.1 0.2 o 3 0.'; 

Deflection, y / H (t) 

Step 249 

1 /? 0 

0.8 

:x: 0.6 -... 
N 

0.4 

0.2 

0 0.1 0.2 0.3 0.4 

Deflection , y / H ( t 

S tep 637 

1 

/ 
0 

0 .8 

:x: 0 . 6 -... 
N 

0 . 4 

0 . 2 

0 0.1 0 . 2 0.3 0.4 

Deflection, y i H ( \ 

F igure 4.18 Wall deflection comparison for ~ = 20%. 

95 



Pressure 0h / Ovbase 

Step 637 
,---------_._. ---

1 

0.8 

:x: 0.6 --.. 
N 

0.4 

0.2 
o 

0.2 0 . 4 0. 6 0.8 1.2 1.4 

Pressure on / Ovbase 

Figure 4.19 Earth pressure comparison for E. = 0%. 
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Figure 4.20 Earth pressure comparison for f. = 10%. 
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Figure 4 .21 Earth pressure comparison for ~ = 20%. 
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4.8 Conclusions 

Wall deflections calculated by NIKE3D are in exceJlent agreement with the measured 

data. Relatively good agreement was obtained in earth pressure comparison. RMS 

accelerat ion ratios were overpredicted by JIKE3D for low Rayleigh damping ratio. On 

the other hand t he analysis with ~ = 20% showed very good R [S Clcceleration 

agreement as well as wall deflection and earth pressure. Increasillg damping ratio 

re~lllted in decrease of RMS acceleration ratio .vhile having very little effect on both 

wall defle t ion and earth pressure at the both t ime steps . Higher damping ratio can be 

used if olle desires to have a better agreement of RMS acceleratioll ratio. 

From the above mentioned comparisons it is concluded that the centrifug test serve as 

an excellent calibrator for dyn amic numerical analysis computer codes and the IKE3D 

is proven to be the effect ive nonlinear dynamic analysis compu ter code. 
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5. Selection of N umerical A na lysis P a r a m eters 

5 .1 Introduction 

Reliability of a numerical analysis strongly depends on the quality of the input. Every 

analysis parameter used as an input must be justified. Incorrect parameters make 

problems more intricate and difficult to interpret. In particular dynamic soil-structure 

interaction problems have already complicated nature. Thus the input parameters must 

be carefully selected. 

In this chapter all input parameters for both 2-D and 3-D FE analyses are explained in 

detail and referenced in the suhsequent chapters. They include input motion, FE mesh, 

material model parameters . interface treatment, and global damping parameters. 

5.2 Input Mot ion 

In all parametric FE anal~'ses, the ground motion record of Koyna Dam Earthquake of 

magnitude 6.5 , with amax= 0.87g in transverse direct ion , was used. Figure 5.1 shows 

time history of all three components of the ground motion . During the case study of 

Folsom Dam the transverse component was scaled to investigate the sensitivity of IBCD 
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to peak ground accelerat ion. Additionally, the transverse component of Koyna Record 

and it acceleration spectrum are presented in Figure 5.2. 
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Figure 5.1 (a) Transverse, (b) Longitudinal, and (c)Vf'rtical components of Koyna Dam 
Earthquake Record , 1967. 
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5.3 Finite Element Models 

The mesh used in a ll FE anaJyses was built using powerful mesh generating software. 

TrueGrid [83] . Besid s NIKE3D , TrueGrid has also the ability to produce mesh for 

other well known softwares such as ADI A, A SY . i\ lARC, LS-DY A, LS- IKE, etc. 

Its user friendly tools and powerful algorithms have pro\'ided flexibility and easiness to 

build the mesh for complicated 3-D soil-concrete interfac . 

T he following assumptions were made for all FE analyses ; 

(1) Foundat ion i assumed as fixed boundary conditioll. 

(2) Hydrostatic pressure is applied along the ups r am soil face. 

(3) 0 reservoir bottom absorption. 

(4) The Coulomb friction prevails along the soil-concrete interface with the 

coefficient of friction J,L=O .5. 

(5) Ramberg-O good non-linear model is used for oil , whereas concrete is assumed 

as elastic. In exploratory 3-D analysis, Chapter 7, soil was also assumed as 

elastic. 

(6) No uplift pressure i assumed. 

(7) Temperature effects are not considered . 
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Upstream Downstream 

mu md 

Figure 5.3 Hypot hetical composite dam. 

5.3.1 Two-Dimensional Model 

For this parametric st udy a cross-section of a hypothetical dam is selected for all alysis 

as iUu trated in Figure 5.3. The foll owings are the controlling parameters of 

cross-sectional geometry: e: the slope angle of the upstream interface; c/J, the slope angle 

of the downstrealll interface; mu, upstream soil slope; md, downstream soil slope; and , 

H, height as shown ill F igure 5.3. The ini tial geometry, in which e=o degrees, q>=26 6 

degrees, mu=20. alld md=2.0, is called as reference configuration. As presented in 

Chapter 6, th ("(llllrolling parameters of the cross-section were varied in certain a range 

start ing from the reference configuration. 

Figure 5.4 shows t 111' mesh created for plane strain analysis using 8-node brick ekments. 

It has 536 nodal poi nts and 218 brick elements. P lane strain conditions are simu lat.ed 

with three dillH' l j ~ ional elements. The interface is modelled using penalty formul at ion of 

NIKE3D as ('x pl<l illed earlier in Section 3.3.6 . It allows frictional sliding and sepa rat ion. 

Same mesh Wi'''S ("I e;)ted for all heights by scaling the height, H. Analyses were performed 

on a SGI R4..j ()() Illdigo2 Workstation . The material model parameters used ill thf' 

analyses are p ll'c.(' lIt('d bter in Section 5.4. 
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Figure 5.4 The me h for plane strain analysis. 
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5.3.2 Three-Dimensional Model 

Ideally a full 3-D model of a composite dam consists of three main parts; concrete 

monolith, left and right embankment wing dams as shown in Figure 5.5. Indeed, 

performing nonlinear FE analyses with the full 3-D model is quite time consuming. 

Thus it was decided to reduce the mesh to one half size. Figure .5 .6 shows the act ual 

mesh used ill 3-D FE analysis. In order to eliminate the boundary effects it was decided 

to extend the concrete mOllolith by 3H in lonp;itudinal direction, and soil embankment 

by 7H , where H is t he height of the composite dam. As a result , the tot al length of the 

dam is 10H. Upstream soil slope, downstream soil slope, upstream interface angle, ami 

downstream interface angle are t aken as 2, 2. 0 degrees, and 26.6 degrees, respec tively. 

Finally the transverse interface is assumed to be vert ical. The free ends of soil 

embankment and concrete monolith are restricted to move in longitudinal direction and 

freed in other directions. The mesh has 4902 nodal points and 4056 brick elements. 

Because of the complexity of the geometry, it is wort hwhile to illustrate all the 

soil-concrete interface areas in detail. Figure 5.7 illustrates the plan view of com posi te 

dam and three cross-sections showing dowllst. ream, transverse, and upstream interfaces 

in parts (b), (c), and (d) , respectively. For a bet ter illustration , concret e monoli t h and 

downstream embankment are removed frol11 t he mesh to expose the transverse and 

upstream interfaces as shown in Figure 5.8. Next , the concrete monolith and upstream 

soil embankment are removed to expose downstream interface as shown in Figure 5.9. 

Finally, Figures 5.10 , and 5. 11 shows all th ree interfaces on the concrete monoli th. 
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Figure 5.5 A complet e 3-D model of a cO lllposicc darn. 
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F igure 5 .6 3-D Mesh of the composite d a til and dimensions. 
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Figure 5.7 Representations of upstream, transverse, and downstream soi l-concrete inter­
fan' rtr f' as. 

116 



Tlan5Yef~ 

SOtI.(oncrete 
In terface A'~d 

Upst~am 

SoU-Concrete 
Interface Area 

F igure 5 .8 FE Mesh of upstream embankment and clay core. 

5.4 Mat e rial Parame t e r s 

To reflect the effect of overburden pressure on the material properties. upstream and 

downstream embankments were diyided into 3, and 2 layers, respectively. Figure 5.12 

i\lu trates the idealized cros -section with soil layers. 

Table 5. 1 lists the unit weight. 'Y, and density, p, of different matenals . Same densities 

were u ed for all geometric configurations. 

The shear modulus at low strains . G",nx, was calculated for each suil layer using the 

equation proposed by Seed and ldriss [68]: 

. (' ) 1/ 2 G II",,- = lOOO!{2max am (5.1) 
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F igure 5 .9 FE Mesh of downstream embankment and clay core. 

Concrete Monolith 

Transverse 
Soil-Concrete 
Interface Area 

Figure 5.10 FE Mesh of concreLe monolith and upstream interface . 

Table 5.1 Uni t Weight Distribu Lion. 

Materi a l 'umber 

2 
J 
4 
.~ 

(j 

7( c1a l) 

Unit Weight, I 

145 22.8 
135 21.2 
125 19.7 
1-10 22.0 
UO 20.4 
1:\5 21.2 
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Density, p 

sl11.gs/ f t 3 IV/9jm3 

4.50 0.072 
4 .19 0.067 
3.88 0.062 
4.35 0.069 
4.0-1 0.065 
4 .19 0.067 
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Figu re 5 .11 FE Mesh of concrCLC monolith and upstream intcrfacc. 

Figure 5.12 Idealized cross-sec tion of a composite dam with soil layers. 
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where Gmax is in psf, a:n is mean effective confining pressure in psf. K 2max is a factor 

which depends on relat ive density, maximum particle size, gradation, etc. of sand. a:n 

was calculated at the mid-depth of each layer . 

K 2max was taken as 100. To decide which value to use for K 2max , three FE test. runs 

were performed using the reference configuration of a 100 ft high composite dam. 

FE runs were performed for three K 2max values; 70, 100, and 130. Figures 5.13, and 5.14 

show t he maximum acceleration and maximum separation response of U /S interface, 

respectively, for the three K 2max values. As it is seen in Figures 5.13, and 5.14 the 

influence of change in K 2max , from 70 to 130, on the U / S interface performance is not 

significant. Therefore, t he average value, which is 100 was selected for all Gm ax 

calculatiolls. Once Gm ax was caculated the shear wave velocit ies were obtained using the 

relation: 

(5.2) 

where Vs is the shear wave velocity, p is density. Finally, shear wave (V~) , and maximum 

shear modulus (Gmax ) distributions for all heights are listed in Table 5.2. 

5.4.1 Ramberg-Osgood Model Parameters 

In the present analysis, the Ramberg-Osgood non-linear model was used to represent 

soils and linear elastic model for concrete. In explora tory 3-D analysis, Chapter 7, 

except one case, elastic model was used for soil as well . One of the advantage of using 

R-O nonlinear model that it introduces hysteresis damping which increases with 
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Figure 5.14 k2max effect on maximum U /S interfacf' separatioll . 
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Table 5 .2 Shear wave (Vs ), and maximum shear modulus (C:nw2,) distr ibutions. 

~ I aterial Number 
Vs 

fL ls m l s 
H=I00 ft 

2 1150 351 5790 227 
3 1000 305 4290 205 
4 750 227 2170 10 1 
5 1250 381 6671 ~ 1 9 

6 900 274 3396 163 

H=200 ft 
2 1350 412 8020 384 
3 1250 381 6395 30G 
4 900 274 3256 156 
5 1450 442 9155 -138 
6 1100 335 5132 2<16 

H=300 ft 
2 1450 442 9741 .j66 
3 1350 412 776t :172 
4 1050 320 4352 208 
5 1650 503 1208-1 571\ 
6 1250 381 638 1 305 

H=400 ft 
2 1550 473 10944 524 
3 1400 427 8485 .j06 
4 1100 335 4583 219 
5 1700 518 1269:3 (j0 
6 1400 427 7937 :l80 
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increas ing strain amplitude and retains high frequency vibrations. One disadvantage is 

the symmetry in the hysteresis loop that allows soil to have the same resistance in 

tension as well as compression. The use of more appropriate soil models with failure 

mechanism are left as a fu ture study. 

The equation for Ramberg-Osgood stress-strain relat ion is given by Equation 2. 15 in 

Section 2.6.4. The Ramberg-Osgood relations are inherently one-dimensional, and are 

assumed to apply to shear components. To generalize this theory to the multi­

dimensional case. it is assumed that each component of the deviatoric stress and 

deviatoric tensorial strain is independently related by the one-dimensional stress- strain 

equations [47]. 

Ramberg-Osgood parameters were obtained using the computat ional procedure 

proposed by Ueng and Chen [77]. This procedure, as explained in Section 2.6.4, 

calculates the Ramberg-Osgood parameters using Gmax value, and Seed's [68] average 

modulus and damping rat io versus shear strain curves as shown in Figures 5.15, and 

5. 16. Tables 5.3, and 5.4 list the Ramberg-Osgood model parameters for sand with unit 

weight of 125 pcf. and clay with unit weight of 135 pef, respectively. Ramberg-Osgood 

model parameters for sands, used in FE analyses, with unit weights of 130, 135 , 140, 

and 145 are presented ill Tables B.1 , B.2 , B.3, and B.4, respectively in Appendix B. The 

tables were produced fOI a range of shear wave velocities from 100 ft ls to 2500 ft /s . 

Once the shear waw' velocity of soil is calculated , one can obtain Ramberg-Osgood 

model parameters from those tables. 
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Since the volumetric behavior is elast ic in Ramberg-Osgood model, elastic bulk modulus , 

J{ , is one of the material input parameters. The bulk modulus is calculated by: 

J( = 2G( 1 + IL) 
3(1 - 21L) 

(5.3) 

where G is shear modulus, and IL is Poisson 's ratio. To tay in the elastic range. shear 

modulus, G, was assumed to be 85% of Gmax value , and IL was taken as 0.25. Then, the 

Equation 5.3 can be simplified to: 

J{ = 1.4Gmax (5. -1 ) 

5.4.2 Linear Elastic Model Parameters 

Linear elastic model has been used for soil in 3-D analyses only, whereas concrete has 

been modelled as linear elastic in all analyses. Young's modulus and Poisson 's ratio of 

concrete was assumed to be 432 ,000 ksf, and 0.2 respectively. Young's modulus of soil 

was calculated using he equatIOn: 

(5 .5 ) 

where J{ is bu lk l1ludulus, and IL is Poisson 's ratio. l( was calculated using Equatioll 

5.4 , and IL was assll llIeo to be 0.25 , and 0.35 for sand and clay, respectively. Table 5.5 

lists linear elast ic l11o<ie l parameters used in FE analyses. 
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Table 5.3 Ramberg-Osgood material properLie for Seed 's [6 1 average sand with 'Y 
125 pcf. 

Ramberg-Osgood Material Pa ramete r. for A verage Sand h = 125 pcf) 

V, (ft l s) Gmaz (J03psJ) a 'Yy (10 3) Tv (psJ) 
100 38.8 I.J 2.35 0105 4.08 
150 87.3 J.I 2.35 0. 105 9.19 
200 155.2 1.1 2.35 0.105 16.33 
250 242.5 1.1 2.35 0. 105 25.52 
300 349.2 1.1 '2.35 0. 105 36.75 
350 475.3 1 I 2.35 0.105 50.02 
400 620.8 1.1 2.35 0. 105 65.34 
450 785. 7 1.1 2.35 0.105 2.69 
500 9iO J.I 2.35 0.105 102.09 
550 U 73.7 1. 1 2.35 0105 123.53 
600 1396. l.l 2.35 0. 105 147.01 
650 1639.3 1.1 2.35 0. 105 172.053 
700 1901.2 1.1 2.35 0.105 200.1 
7050 2182.5 l.l 2.35 o 105 229.7 

00 2483.2 l.l 2.35 0. L05 261.35 
850 2803.3 I.J 2.35 0. 105 295.04 
900 3142.8 1.1 2 .:~5 0.105 330.77 
950 3501.7 l.l 2.35 0. 105 368.55 

1000 3880 1.1 2.35 0.105 40 .36 
1050 4277.7 1.1 2.3;' 0 .105 450.22 
1100 4694 .8 1.1 2.35 0. 105 494.12 
U 50 5131.3 1.1 2.35 0. 105 540.06 
1200 55 7.2 1.1 2.35 0.105 5 8 .04 
1250 6062.5 1.1 2.30; 0 .105 63 .07 
1300 6557.2 1.1 235 0.105 690. 13 
1350 7071.3 11 2.3·, 0 105 744.24 
1400 7604.8 l. 1 2.33 0. 105 00.39 
1450 8157.7 1.1 2.35 0.105 85 .58 
1500 730 1.1 2.35 0.105 9 1 .82 
1550 932l.7 1.1 2.35 0. 105 9 1.09 
1600 9932.8 l.l 2.35 0.105 1045.41 
1650 10563.3 I.l 2.35 0.105 111l.i7 
1700 11213.2 1.1 2.35 0.105 11 0.17 
1750 11882.5 1.1 2.35 0. 105 1250.61 
1800 12571.2 l.l 2.35 0. 105 1323.1 
1850 13279.3 I.l 2 J5 0. 105 1397. 63 
1900 14006.8 I.l 2.35 0. 105 1474.19 
1950 14753.7 l.l 2.35 0.105 1552. 
2000 15520 1.1 2.35 0. 105 1633.46 
2050 16305.7 1.1 235 0.105 1716. 15 
2100 17110.8 1.1 2.35 0.105 1800.88 
2150 17935.3 I.l 2.35 0. 105 1 7.66 
2200 18779.2 l.l 2.35 0.105 1976.48 
2250 19642.5 l.l 2.35 0. 105 2067.34 
2300 20525.2 l.l 2.35 0.105 2160.24 
2350 21427.3 1.1 2.35 0.105 2255.19 
2400 22348.8 1.1 2.3[; 0. 105 2352.18 
2450 23289.7 1.1 2.3[; 0 .105 2451.2 
2500 24250 1.1 2.35 0. 105 2552.27 
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Table 5.4 Ramberg-Osgood material properties for Seed's [68] average clay with 'Y = 135 
pd. 

Ramberg-Osgood Material Parameter> for Average C lay (-y = 135 pcf) 

Ii. (ft / 5) Gmax (1O.1psJ) Ct .,. "Y~ (10 3) Ty (psI) 
100 41.90 1.26 2.44 0.36 15.03 
150 94.28 1.26 2 .44 0.36 33.82 
200 167.60 1.26 2 . ~~ 0.36 60.13 
250 261.88 1. 26 2.44 0.36 93.95 
300 37 • . 10 1.26 2.44 0.36 135.29 
350 513.28 1.26 2.44 0.36 184 .15 
400 670.40 1.26 2.-14 0.36 240.52 
450 848.47 1.26 2 .-14 0 .36 304 .41 
500 1047.50 1. 26 244 0.36 375.82 
550 1267.47 1.26 2.44 0 .36 454 .74 
600 1!)08.40 1. 26 2.44 0.36 541.18 
650 1770.28 1.26 2.4~ 0 .36 635.13 
700 2053.10 1.26 24-1 0.36 736.60 
750 2356.88 I. 26 2 ~ 'I 0.36 845.59 
8UO 2681.60 1.26 2.44 0.36 962.09 
850 3027.27 1.26 2.-14 0.36 1086. 11 
900 3393.90 1.26 2.44 0.36 1217.65 
950 3781.48 1.26 2.44 0.36 1356.70 

1000 4190.00 1.26 2.44 0.36 1503.27 
1050 4619.48 1.26 2.4'1 0.36 1657.35 
1100 5069.90 1.26 2.44 0.36 1818.95 
1150 5541.27 1.26 2.44 0.36 1988.07 
1200 6033.60 1.26 2.44 0.36 2164.7 1 
1250 6546.88 1.26 2.44 0.36 2348.86 
1300 7081.10 1.26 2.44 0.36 2540.52 
1350 7636.27 1.26 2.44 0.36 2739.71 
1400 8212.40 1.26 2.44 0.36 2946.41 
1450 8809.47 1.26 2.44 0.36 3160.62 
1500 9427.50 1.26 2.4'1 0.36 3382.35 
1550 10066.47 1.26 2.44 0.36 3611.60 
1600 10726.40 1.26 2.44 0.36 3848.37 
1650 11407.28 1.26 2 .44 0.36 4092.65 
1700 12109.10 1. 26 2.44 0.36 4344.45 
1750 12831.88 1. 26 2.44 0.36 4603.76 
1800 13575.60 1. 26 2.44 0.36 4870.59 
1850 14340.28 1. 26 2.44 0.36 5 144.94 
1900 15125.90 1 26 2.44 0.36 5426.80 
1950 15932.47 1. 26 2.44 0.36 5716.1 
2000 16760.00 1.26 2.44 0.36 6013.07 
2050 17608.48 1.26 2A4 0.36 6317.49 
2100 18477.90 1.26 2.44 0.36 6629.41 
2150 19368.28 1.26 2.44 0.36 6948.86 
2200 20279.60 1.26 2.44 0.36 7275.82 
2250 21211.88 1. 26 2.44 0.36 7610.30 
2300 22165.10 1.26 2.44 0.36 7952.29 
2350 23139.28 1.26 2 .-1 4 0.36 8301.80 
2400 24134.40 1.2f) 2.44 0.36 8658.83 
2450 25 150.48 1.26 2.44 0.36 9023.37 
2500 26187.50 1.26 2.44 0.36 9395.43 
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Table 5.5 Young·s modulus (E), and Poisson's ratio (f.t ) used in FE analyses. 

Material Number -,----,,-__ E __ _ 
(103 ksf) kPa 

H= 100 ft 
2 12.29 588 0. 25 
3 9.10 436 0.25 
4 4.60 220 0.25 
5 1.40 67 0.25 
6 7.20 344 0.25 

7 (clay) 37.70 1805 0.35 

H =2oo ft 
2 17.00 8 14 0.25 
3 13.50 646 0.25 
4 6.90 330 0.25 
5 19.40 929 0.25 
6 109 522 0.25 

7 (clay) 37.70 ~05 0.35 

H=3oo ft 
2 20.70 991 0.25 
3 1650 790 0.2;; 
4 9.25 443 0.25 
5 2560 1226 0.25 
6 13.50 646 0.25 

7 (clay) 37.70 l805 0.35 

H=4oo ft 
2 23.30 1116 0.25 
3 18 00 861 0.25 
4 9.73 466 0.25 
5 26.90 12 0.25 
6 16.80 804 0.25 

7 (clay) 37.70 1805 0.35 
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5 .5 Interface Treatment 

Soil-concrete in terface was modell d using penalty formulation of NIKE3D . Penalty 

formu lation is a constrained approach for contact problems, and it is discussed in detail 

in Sect ion 2.4.2. No specific interface element is introduced between oil and concrete. 

Frictional behavior is governed by Coulomb type friction. In this study friction al 

coeffi ciellt, fl. was assumed to be 0.5 for all FE analyses. 

InterfacE' pressures have been calculated using horizontal, vertical , and shear st resses of 

the soil norles along the soil-concrete in terface. To verify the reli ability of this approach 

two alternate m thods were test ed; inclusion of thin interface element b tween soil and 

concrete , and USillg nodal forces in stress calculations. Test FE runs were performed 

using re ference configuration of 100 ft high composite dam and result. were 

compared at the U IS interface. 

First, a very thin layer of elements with 0.1 ft thickness were inserted along the U/ S 

interface. Same material parameters were used with concrete. Analysis was performed 

using the Koyna Dam Earthquake Record as the ground motion. Minimum , static , and 

maximum normal stresses were gathered for all interface elements. T hen. the results 

were compared with soil node stresses which were obtained in absence of the thll1 

interface layer. Figure 5.17 shows that com parison. As shown in Figure 5.1 7 soil node 

stresses are very close to t hat of interfacE' elements. It should also be noted that stress 

var iat iOIl ill interface elements exhibits a zigzag shape due to its peculiar hehavior. 
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Nloreover, towards the bottom of the dam there is a substantial decrease in static and 

ma..x.imum stresses which may be explained by boundary effects. Additionally, the 

inclusion of the thin layer of interface elements increased the number of interfaces which 

in turn increased the degree of nonlineari ty of the problem. Therefore the CPU time was 

longer to complete the analysis. As a result , since the pressures are in close agreement it 

was decided not to use interface element approach. 

Second , soil nodal forces were gath red along the soil-concrete interface. This was done 

with additional effor t because IKE3D r quire extra input to save nodal force 

information. Then t he gathered forces were divided by the area to calc ul ate stresses. 

The comparison is presented in Figure 5. 1 . The stresses calculated from nodal forces 

are affected by fixed boundary condit iOIl in the 20 ft long section from the bottom as 

shown in Figure 5.18. Maximum and minimum stresses are in very good agreement , but 

static stresses are slightly overestimated by the nodal force approach. Consequently, it 

was decided that using soil nodal normal stresses as the interface press ures was qu ite 

reasonable. 

5 .6 Rayleigh D amping Parameters 

General ized Rayleigh damping is another important parameter that affects the dynamic 

response of structures. Some background issues on Rayleigh damping arE' discussed in 

Section 3.3.9. 
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In general, 15 to 20o/c is used for soil structures, and 5 to 10% for concrete structures. 

For a composite dam case it is too difficult to make a general statement on the amount 

of Rayleigh damping parameter. Therefore, in this study it was attempted to invest igate 

the effect of change in Rayleigh damping parameter on the interface performance. As 

t.he performance criteria maximum separat ion and maximum acceleration were selected. 

By definit ion it is required to determine two frequencies to calculate the Rayleigh 

damping parameters; 0' , and {3. In this study first and fifth natural frequencies were 

selected. One can define different damping levels at different frequencies. Three FE 

analyses were performed with damping leve ls of 5-10%, 10-10%, and 20-20%. The first 

alld second numbers in each pair correspond to desired damping levels at the first and 

fifth natural frequencies , respectively. 

Figures 5.19 and 5.20 show the effec ts of all three damping levels on the maximum 

accelera tion and maximum separation of U IS interface. As shown in Figure 5.19, 

increasing damping level from 10-10o/c to 20-20% did not cause significant change in 

ma.'Cimum acceleration response. On the other hand increase in damping level caused 

a lmost 50% decrease in maximum s paration at the crest of the dam as shown in Figure 

5.20, and had no effect on separatioll depth. As a result it wa..c; decided to select 10% 

Rayleigh damping for the rest of the FE analyses. 
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5.7 Summary and Conclusions 

In this chapter the input parameters used in the FE analyses are discussed in detail. 

Input parameters incl ude; input ground motion , FE mesh , material model parameters , 

and numerical damping parameters. 

As the input ground motion, Koyna Dam Earthquake Record time history and its 

acceleration response spectrum are presented. FE mesh for both 2-D, and 3-D models 

are presented. Dimensions and boundary condit ions of the mesh are discussed. Material 

model parameters used in FE analyses for both linear elastic and Ramberg-Osgood 

models are presented. K 2max , and Rayleigh damping ratio effects on dynamic interface 

I erformance are investigated through several FE runs and the results are presented. As 

an additional discussion, the effects of K 2max , and Rayleigh damping ratio on maximum 

of maximum interface acceleration and separation response are presented in Figure 5.2l. 

Parts (a), and (b) of Figure 5.21 show K 2max effect on separation depth and maximum 

eparation. It is clearly shown that K 2max values greater than 100 do not cause changes 

in separation depth and maximum separation. Parts (c) , and (d) of Figure 5.21 

illustrates damping effect on interface performance. Increase in damping ratio from 10 

to 20% causes no change in separation depth but some decrease in maximum separation. 

III conclusion it is appropriate to use 10% Rayleigh damping ratio. and 100 for K 2max ' 
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6 . Two-Dimensional Parametric Study 

6.1 Introduction 

To have a better understanding of IBCD numerous 2-D parametric FE analyses were 

performed. In fact the geometry of t he interface area of composite dams is three 

dimensional and quite complicated . Since full blown 3-D FE analysis is extremely time 

consuming, it is appropriat e to start with 2-D FE analysis of the maximum cross-section 

of soil-concrete interface area. 

2-D FE analyses were performed on the hypothetical composite dam as shown earlier in 

Chapter 5. Four different heights were used; 100 , 200, 300, and 400 ft . The followings 

are the controlling parameters of cross-sectional geometry: 8, the slope angle of the 

upstream interface; cp, th slope angle of the downstream interface; mu, upstream soil 

slope; and , md, downstream soil slope as shown in Figure 5.3. Including height , 5 

controlling parameters were used to investigate IBCD. 

There are 11 , 9, 9, and 9 cases for 8, cp, mu, and md, respectively. This adds up to 38 

cases for each dam height . Since there are four different heights, the total number of 

successful 2-D non-linear FE computer runs is 152. Four addit ional FE analyses were 

performed to demonstrate the effect of vertical component of ground motion on IBCD. 
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Moreover 12 FE analyses were performed to observe the natural vibration characterist ics 

of composite dams. T herefore the total number of 2-D FE runs is 168. 

In the following sections, natural vibration characteristics of composite dams are given , 

numerical analysis procedure is explained, and 2-D FE analysis results are demonstrated. 

6 .2 Natural V ibration C h aracter is tics 

First , NIKE3D eigenvalue analyses were performed to obtain first natural frequencies of 

all cases. Figures 6.1 , 6.2, G.3, and 6.4 shows natural frequencies of all cases for heights 

100, 200, 300, and 400 ft . respectively. Finally Figure 6.5 shows the combined plots for 

all cases and all heights. Each of the above Figures is plotted Case # versus first natural 

frequency (Hz). Case numbers for each parameter are explained in Table 6.1. At the 

reference configuration, the natural frequencies are calculated by -IKE3D as 3. 1, 

2.3, 1.68, and 1.31 Hz for heights 100, 200 , 300, and 400 ft. respectively. In general, the 

change in () and 1> do not have significant effect on the natural frequency of the 

composite dam. In fact there is a slight increase due to the change in () for 200, 300, and 

400 ft cases as shown in Figures 6.2, 6.3, 6.4, respectively. On the other hand increase in 

mu and md caused significant decrease of natural frequency for all heights. For 100 ft 

high dam, as shown in Figure 6.1 , increase in mu caused more decrease in natural 

frequency than md. For ot. her heights, the relat ive effpcts of mu, and md on natural 

frequency are very close. 
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Table 6 .1 Case numbers for all parameters. 

Case # o (Degrees) Case # '" (Degrees) Case # mu (S lope ) Case # md (S lope) 
1 0 I 26.6 1 2.00 1 2.00 
2 1 2 27. 2 2.25 2 2.25 
3 2 3 28.8 3 2.50 3 2.50 
4 3 " 29.9 4 2.75 4 2.75 
5 4 5 30.9 5 3.00 5 3.00 
6 5 6 32 6 3.25 6 3.25 
7 6 7 33 7 3.50 7 3.50 
8 7 8 34 8 3 75 8 3.75 
9 8 9 35 9 ~ . OO 9 4.00 
10 9 
11 10 

h =100 Et 
4 

.= :L • - . • 3.8 , -- .... , - -..... -+- e -• -........ * !/> 
N , .... .... .c 3.6 ......... .. mu 

'. .... .... :>. " ""--
-6- md 

u 
" .,; , 

• J ... ' ,,-::l 
0- 3.4 

, , 
Ql • '" ' .. 
t.. 

• 
3.2 • 

• • 
0 2 4 6 8 10 

Case # ' s for 9 . cb. mu . and md 

Figure 6 .1 Natural frequencies for all cases of () , cp. nliL. and md (H=100). 
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Figures 6.6. alld 6.7 show the first five mode shapes of different cross-sectional 

geometries for 100 ft , and 400 ft high dams, respectively. The selected cross-sectional 

geometries arC' reference configuration, e=10 degrees, and mu=4.0. As shown in 

Figure 6.6, reference configuration has separation in first, third , and fifth mode shapes 

along the U / S interface. Second geometric configuration , with e= 10, has no separation 

in the first four mode. Instead sliding behavior is more dominant in all modes. The 

third configuration, with mu=4.0, has separation in all modes except the third mode. 

Figure 6.7 , which is for 400 ft high dam. has the same arrangement with Fi~ure 6.6. In 

Figure 6.7 , the mode shapes of reference configuration clearly show the contribution 

of the concrete flexibility. In the second configuration. with e= 10, the concrete is stiffer 

and sliding behavior is dominant in all modes. Finally, the th ird configuration , with 

mu=4.0 , has separation in its first mode and sliding in others . 

The response of dams during an earthquake depends upon the relationship between its 

natural frequency and t he frequency of the input motion. If the frequency of the input 

motion is at or near one of the natural frequencies of the dam resonance may 0(,(,11r. The 

horizontal component of Koyna Dam Earthquake Record and its accelerat ioll response 

spectrum are shown in Figure 5.2. The predominant frequency of the ground motion is 

around 1,4 Hz (T=0. 7 sec). This predominant frequency is close to natural frequC' l1 cies 

of a few configllfat ions of 300 ft high composite dam as shown in Figure 6.3. and 6.5 . 

Secondly, to observe the natural vibrational behavior , a unit horizontal base aneleration 

impulse was illt.roduced in 0.04 seconds as shown ill Figure 6.8. The accelenlt ion and 
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Figure 6.6 First five mode shapes of three different configurations, H= lOO ft 

Figure 6.7 Fi rst five mode shapes of three different configurat ions , H=400 It . 
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0.0 0.02 0.04 Time (sec) 

Figure 6.8 Unit base acceleration impulse 

displacement time histories of both soil and concrete nodes at the crest of the clam were 

gathered for 3 seconds. Using the reference configuration, three analyses were 

perform d for each height with three differen t Rayleigh damping parameters of 0, 5 and 

10%. 

Acceleration and horizontal displacement time histories of both soil and concrete nodes 

at the dam crest are presented in Figures G.10, 6.11: and 6.12 for 100 ft high dam, and 

Figures 6.13, 6.14 , and 6.15 show the response of 200 ft high dam. The graphs for 300, 

and 400 ft high dams are presented in Figures A.1, A.2, A.3, and AA, A.5, A.6, 

respectively in Appendix A.I. 

Parts (a) and (b) of Figure 6.10 illustrates the horizontal displacement and acceleration 

of the soil node, respectively. Parts (c) and (d) show the horizontal displacement and 

acceleration of the concrete node, respectively. As shown in part (a) the soil node is 

separated from concrete, in other words debonding, for the first 0.5 sec due to the base 

acceleration input. Approximately at t= O.5 s c it comes back to original position and 

rebonding occurs. At this point, a special att ention must be given to acceleration time 
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history of the same node at t=0.5 sec. Part (b) clearly shows the suddeu acceleration 

magnification , up to G g, at t=0.5 sec and at subsequent rebonding instances. The same 

phenomenon was observed in other cases with different Rayleigh damping parameters as 

shown in Figures 6.11 , 6.12. Increasing Rayleigh damping ratio resulted in decrease in 

acceleration magnitude and number of rebonding instances. The same behavior can be 

seen for <til other heights . 

The accelerat ion response of concrete node deserves attention as wel l. The acceleration 

time history of the concrete node exhibi ts different frequency content before and aft er 

the first rebonding action. This is best ShOW ll in part (d) of Figure 6.14 for 200 ft high 

dam with 5% Rayleigh damping. First rebonding takes place around t=0.75 sec. Before 

rebonding the acceleration response of concrete node has low frequency content, but 

after rebonding it has higher frequency content with lower magnitudes. With a careful 

observation , one can find the same beh<tvior in all other cases with different heights and 

damping ratios. 

The following conclusions can be made from the observations of natural vibrational 

behavior of composite dams; 

(1) The soil node acceleration magnification and change in concrete acceleration 

response during the rebonding process indicate the complexity of the 

soil-concrete interface behavior under dynamic loading. 

(2) Concrete displac.ements are very small compared to soil displacements. 
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(3) Acceleration magnification along the interface is generally high r in soil than 

concrete. 

(4) Separat ion can be repetitive. 

(5) Acceleration response of concrete has higher frequency content than soi l. 

(6) Upstream and downstream slopes hay ignificallt effect on the natural 

frequency of composite dams. 

(7) Although the up tream interface angle. e, has insignificant effect on natural 

frequency, it has significant effect on the mode shapes of t he composite dam. 

( ) As height increases the contribution of concrete flexibility to mod shapes 

increases. 

In the next sections the results of dynamic FE analysis of composite dam with different 

geometric configurations using Koyna Dam Earthquake ground mot ion are presented . 
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Figure 6 .10 Horizontal displacement and acceleration time histories of soil and concrete 
Jlodes at the crest , E = 0% (H= lOO). 
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Figur·e 6.11 Horizontal d isplacement and acceleration time histories of soi l and concrete 
nodes at th e crest, ~ = 5% (H= 100). 

147 



(a l ';=10 \ Top 50;.1 Node (e) ';=10 \ Top Concrete Node 

... 0.1 
... 0.1 

'" '" 
0.05 0.05 .... H 

g- o. 
0 " .~ 

N 
is 0 

~ 

~ 
-0.0 5 -0 .05 

N N 
.~ .. - 0.1 .. -0.1 0 0 

:I: '" 
0.5 1 5 2.5 0.5 1.5 2.5 

Time (sec I Time I sec ) 

(b) ';= 10 \ Top S011 Node (d , ';= 10 \ Top Concrete Node 

1.: I ----
1.5 

rn !!J 1 

~ 0.5 .i 0 . 5 
u u 
u U 

'" '" - 0.5 - 0.5 
N N 
~ - 1 

.~ 

-1 ~ .. 
0 0 

'" - 1. 5 :I: - 1 .5 

0.5 1.5 2 5 0. 5 1 5 2.5 

Time ( sec' Time (s ec ; 

Figure 6.12 Horizontal displacement and acceleration time histories of soil and concrete 
nodes at the crest. E = 10% (H= lOO). 
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Figure 6 .13 Horizontal disp!ru( 'IlH'llt and acceleration time histories of soil and concrete 
nodes at the crest, E = 0% (H = 200) . 

148 



(a l {= 5 , TOp SOL: Node (e l (.5 , Top Concrete Node 

" 0 2 " 0 .2 

0.1 0 .1 

f; 0. 

" . 
a ;:; V 

N - 0.1 N -0.1 
.~ .~ .. .. 
0 -0.2 0 -0 . 2 :r :r 

0.5 1.5 2.5 0.5 1.5 2.5 

Time (sec Time ( sec ) 

(h ) ,. 5 , Top SOll Node (d) ,.5 \ Top Concrete Nod e 

'" ~ 

~ 

~ 
~ 

u .,...., u 
u u 

'" r 1 « 

N 
- 1 

N 
- 1 

.~ .~ .. - 2 .. -2 
a a 
:r 

~ 
:r - 3 

0 . 5 1 5 ' .5 0.5 1 5 2.5 

Time ( seC I Time (sec ) 
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6.3 2-D Parametric Finite Element Analysis 

A representative cross-section of t he composite dam was explained earlier in Chapter 5. 

Among many factors affecting IBCD, upst ream & dovvnstream soil s lopes and interface 

slope angles were selected for this parametric study. For each height , every parameter 

was varied independent of each other in a certain range. T he mesh for 2-D model is 

shown in Figure 5.4. 

In the next sections the FE analysis procedure, results of 2- D FE parametric study, 

effect of vertical ground motion on IBCD are presented, and all findings are interpreted. 

6.3.1 FE Analysis Procedure 

As mentioned earlier, totally, 156 non-linear FE analy is were performed for this 2-D 

parametric study. The FE analysis has two events; static and dynamic. Figure 6.16 

illustrates the sequence of these events. 

tat ic analysis has two stages; gravity turn on and application of hydrostatic pressure. 

Each stage was performed in 10 sec with 1 sec time intervals. After completion of static 

analysis dynamic event was init iated using a horizontal ground motion as an input with 

0.02 sec time intervals. The change in analysis type (from stat ic to dynamic) was done 

Ilsing restart feature of NIKE3D . 
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For each height , every geometric param ter was varied starting from reference 

configuration while other paramet ers remained constant. The term reference 

configuration is used to define the initial geometry of cross-section in which the 

upstream soil slope (mu) is 2.00, the upstream interface angle (e) is 0.00 degrees, the 

downstream soil slope is 2.00, and finally the downstream interface angle (¢) is 26.6 

degrees. First, the upstream concrete angle, e, was varied from 0 to 10 degrees with 1 

degree intervals. Second , downstream concrete angle, cjJ. w.,. s varied from 26.6 degrees to 

35 degrees with approximately 1 degree intervals . Third. the upstream soil slope, mu, 

was varied from 2.00 to 4.00 with 0.25 intervals. Finally dow nstream soil slope, md, wa.<; 

varied in the same range with mu. After each analysis. t he maxim um separation , 

maximum acceleration, and interface pressure profiles were obtained for both upstream 

(U I S) and downstream (O/ S) interfaces. In other words the effects of each parameter on 

both / S and O/ S interfaces were investigated. The selected nodes for data 

presentation of both interfaces are shown in Figure 6.17. The related plots are shown 

later in this chapter. 

6.3.2 Separation Calculations 

Since the concrete displacements are very small compared to the soil displacements , it is 

assumed that concrete U / S and O/ S slopes remain unchanged. With this assumption , 

the separation of an ill terface, shown in F igure 6.18, was calculated using the following 

procedure; 
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(1) The soil and concrete nodes are initially mat hed along t he interface. 

(2) Verti<:;al and horizontal displacements (dXi ' d=,) are gathered for the 

corresponding soil and concrete nodes. 

(3) The distance hetween two nodes is calculated in vector form, r. 

(4) A unit vector. n. normal to the concrete surface is determined. 

(5) The position vector , r, and UIilt normal vector , n. are multiplied to find the 

normal distance between the soil node and concrete surface. This normal 

distance is ('alled as separation . 

In fact the dot product of nand r is used to distingllish t he slid ing & separation and 

sliding only cases as shown in F igure 6.18. For sliding on ly case the dot product would 

produce a zero value. meaning no separation. 

n ~ 

~ 

r ~node2 
nodel · 

i tlo 

Soil Surface 

Concrete Surface 

\ 

\ 

nOde,\ 

x 

• node2 

Separation & Sliding Case Sliding Only Case 

Figure 6.18 IIlusi ration of SEPARATIO for soi l-collcrete interface areas. 
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6.3.3 Acceleration Calculations 

Horizontal acceleration time histories of all soil nodes along the interface were gathered, 

then maximum acceleration of each time history was calculated. Moreover , root mean 

square acceleration of each acceleration time history was also calculated. The root mean 

square acceleration ratio is defined as; 

(6.1) 

where RMS is the root mean square acceleration, t is time, and T is is time interval of 

the measurement. The RMS acceleration has an advantage over the maximum 

acceleration of a time history, because it considers the whole time history as opposed to 

the maximum acceleration. The a2 in the equation removes the negative sign. The 

integration considers an accumulative effect and the liT takes an average over the time 

interval of the measurement. The RMS acceleration can also be considered an average 

rate of energy. Although the RMS acceleration has been used by structural engineers to 

quantify the intensity of earthquakes, it has been used to demonstrate the acceleration 

amplification along the soil-concrete interface in this study. RMS accelerations at the 

interface were also compared with maximum horizontal accelerations. 

6.3 .4 Interface Pressure Calcula tions 

Interface pressures were calculated using horizontal (ax) , vertical (a z), and shear stress 

(axz ) components of soil nodes along the interface. The stress normal to the interface 

which is called as interface pressure, was simply calculated by rotating the stresses 
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depending on the amount of inclination of the surface. The following equation ; 

(6.2) 

was used to calculate upstream interface pressure, where e is the angle of U IS interface. 

Finally the following equation; 

was used to determine downstream interface pressure , where ¢ is the angle of DIS 

interface. 

(6.3) 

All gat hered and calculated data were plotted versu. clam height and they are presented 

in the next section. 

6.3 .5 FE A na lysis Results 

After each FE run separation, interface pressure, and horizontal acceleration time 

histories were obtained for each soil node along the both U I S and DI S soil-concrete 

interfaces. As an example, the calculated time histories of the soil node located at the 

crest of the cl am (node # 198) are presented in Fignres 6. 19, and 6.20 for 100, and 400 ft 

high dams, respect ively. In part (a) of Figure 6.19 the time instance (t=13.6 sec) of 

rebonding is marked with an arrow . The time instances of maximum interface stress, 

and ma.ximum accelerat ion are also marked in pcHts (b), and (c) of Figure 6.19. It is 

clearly shown that maximum interface stress a ne! horizontal acceleration take place at 

the same tim!' step with rebonding action. Tht-' S8. II H' phenomenon is shown in Figure 
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6.20 for 400 ft high dam , and the time instance of rebonding action causing maximum 

response is t= 13. sec . 

Then the interface performance parameters arc presented for each dam height 

separat ely. They include maximum separation , maximum horizontal acceleration ratio , 

maximum root mean square acceleration (RMS) rat io , and minimum , static and 

maximum interface pressures. Table 6.2 lists the munbers of figures illustrating the 

response of each interface due to change in geometric controlling parameters. 

In this sec tion only the plots showing the effect of upstream interface angle, e, on both 

U IS and DIS interface behavior are presented for dams with heights 100, 200 , 300, and 

400 ft as examples . The plots showing the effect of other parameters are presented in 

Appendix A .2. 

Figures 6.24. 6.25, Figures 6.30 , 6.31 , Figures 6.36. 6.37, and Figures 6.42, 6.-13, 

represenL the U IS interface response due to illcrease ill e for heights 100, 200 , 300 , and 

400 ft, respectively. Figures 6.27 , 6.28, Figures 6.33 , 6.34, Figures 6.39, 6.40, and 

Figures 6.45 , 6.46, represent the DIS interface response due to increase in e for heights 

100, 200 , 300, and 400 ft , respectively. Figures with the same arrangement were 

obtained for all other parameters. 

To have a clear understanding of the arrangement of plots in the figure mentiol1rci ill 

the above paragraph , Figure 6.21 is provided to serve as a shared legend . In Figure 6.21 

the first column represents the variation of maximum separation along the dam height. 
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Table 6.2 Numbers of figures illustrating 2-D response 
Height (ft ) Parameter Response of F igure Numbers 

100 f) u/s 6.24, 6.25, 6.26 ,9.1 
el ls 6.27 , 6.28, 6.29,9.2 

¢ u/s A.7, A.8, A.9,9.3 
el l s A. l O, A.Il , A.12,9.4 

mu u/s A.13, A.14. A.15,9.5 
el ls A.16 , A.17, A.18,9 .6 

mel u/s A.19 , A.20, A.21. 9.7 
el ls A.22, A.23, A.24,9 .8 

200 () u/s 6. 30, 6.31 , 6.32 ,A.79 
dis 6.33, 6.34, 6.35,A.80 

dJ u/s A.25, A.26 , A.27 ,A.8 I 
el ls A. 28, A.29, A.30,A.82 

mu u/s A.31 , A.32, A.33,A.83 
di s A.34, A.35, A.36,A.84 

md u/ s A.37, A.32, A.39,A.85 
di s AAO , AA1 , AA2 .A .86 

300 () u/ s 6.36, 6.37, 6.38 ,A.87 
dis 6.39 , 6AO , 6A I ,A.88 

¢ u/s A A3 , AA4. A A 5,A.89 
el l s AA6, A A7, AA8 ,A.90 

mu u/ s A.49 , A.50, A.51,A.9I 
el l s A.52 , A.53, A.54,A.92 

md u/s A.55, A.56, A.57,A.93 
ells A.58, A.59 , A.60,A.94 

400 () u/s 6A2 , 6A3 , 6A4 ,A .95 
ells 6A5 , 6A6 , 6A7 .A .96 

¢ u/ s A.61, A.62 , A.63 ,A.97 
el ls A.64, A.65 , A.66 ,A.98 

mu u/ s A.67, A.68 , A.69 ,A.99 
el l s A.70, A.71 , A.72 ,A.100 

md u/ s A.73, A. 74, A.75 .A. 101 
r--' d/ s A. 76, A.77, A.78,A.I02 
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Maximum separatioll is presented as the percentage of the dam height , and vertical 

coordinate, z, of each node is normalized by the full dam height , H, as shown in Figure 

6.22. Same height definition is used in other plots. Every plot in the second column has 

two curves; RMS acceleration ratio (Rt\ IS(out)jRNIS (in)), and maximum horizontal 

accelerat ion ratio (Max. Acce.(out)jMax.Acce.(in)) versus height. Finally, each plot in 

the third column illustrates 3 curves; minimum, static, and maximum interface 

pressures . All three pressures are normalized by the bottom static interface pressure. 

1st Column 2ndColunm 3rdColumn 

Each row is for 

ei , I I ~ RMS(out) I RMS(in) I • Dynamic Min 
!'J. !'J. !'J. 

4>i ' ~ f- f- f-

~ :I: :I: :I: Static 
mU i or 

I.:J I.:J 
• Max. Horizontal 

I.:J 
W :u w 
:I: I :I: 

md i 
Acceleration Ratio • Dynamic Max 

Max Separation I H (%) Ratio cr / cr sta tIC. base 

1 1 1 
Figure 6.21 A shared legend for figures showing interface performance. 

Figure 6.22 Representation of height. zjH. 

ext. collective graphs of all response types are obtained. For example, Figure 6.26 

represent.s the combined graphs for cach response due to e for 100 ft high dam along the 

UjS interface. In Figure 6.26 there cUE' 6 plots. First column (parts (a), (b) , and (c)) 

shows minimum, static, and maXin1lll1l int erface pressures, respectively. In the second 

column, parts (d), (e), and (f) repn'S(·' llt maximum separation, maximum horizontal 
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acceleration ratio , and maximum R!\,IS acceleration ratio , respectively. Same 

arrangement was made for the D/S response as shown in Figure 6.29. This 

representation of U / S and D / S performance are repeat ed for each parameters within 

each height , and they are presented ill Appendix A.2. 

Next. the maximum of maximum separation , maximum acceleration rat io, and 

maximum RMS acceleration ratio were determined. Additionally, using maximum 

separation profiles, maximum separat ion depths were calculated for all cases. Separation 

depth is defined as the ratio of separated distance, d , to the height. H, of the dam, and 

it is illustrat ed ill Figure 6.23. To present the variation of the maximum value of these 

interface performance parameters versus both the control parameter and heights, bar 

charts are provided. Figures 6.48 and 6.49 illustrate the maximum separation , maximum 

separation depth, maximum acceleration ratio alld maximum RMS acceleration ratio 

versus e and height , H, for the U /S interface. Likewise, Figures 6.50 and 6.51 show the 

variation of all interface performance for D / S interface. Bar charts with the same 

arrangement are provided for other controlling parameters and presented in Appendix 

A .4 . 

Figure 6.23 Representation of separation depth , d/H . 

Finally. the variation of maximum and minimum dynamic interface pressures at the 

bot tom of the dam are gathered alld presented. For example, Figures 6.52 , and 6.53 
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show the variation of maximum and minimum interface pressure versus e for all heights 

at U /S and D / S interfaces, respectively. ext. all pressure profiles are collapsed in to 

olle figure for each interface. Figure 6.54 show these collapsed figures for U /S and D /S 

interfaces. The pressure profiles for all other controlling parameters are presented in 

Appendix A.5 . 

Interpretations of FE analysis results are presented later in this chapter. 
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Figure 6.30 [ax. Separation , Max. Acceleration , and Nodal Interface Stresses ( 1ax., 
Static, Min.) along the UPSTREAM Interface due to change of e (in degrees) (H=200) 
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Figure 6.52 The effect of () on minimum and maximum interface pressures along the 
U IS interface. 

6.4 Effect of Vertical Component of Ground Motion 

III order to investigate the influence of vertical component of ground motion , one FE 

alla lys is was performed for each dam height using the reference configuration . Vertical 

component of Koyna Dam Earthquake Record is shown in part (c) of Figure 5.1. It has 

peak ground acceleration of 0.26 g. The analysis results are compared with ones using 

horizontal ground motion only. 

Figures 6.55, 6.56, 6.57, 6.58 represent the comparison for dams with heights 100, 200, 

300, and 400 ft , respectively. Each figure has 6 plots. First column belong to U IS 

in t.erface and second column is for DIS interface. The top graph of each column relates 

the maximum separation, in feet , to the height (z/H). Second graph represents the 
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maximum acc leration, in g, versus height. Finally, t he third one shows maximum 

interface pressure, in ksf, versus height . 

T he inclusion of vertical component of ground motion had very li ttle or no effect in 

in terfac response as seen in Fi?;ures 6.55, 6.56, 6.57, 6.58. Vert ical component of ground 

motion caused some increase ill maximum accelerat ion response of U IS interface of 300 

ft high dam (Figure 6.57) , and in maximum interface pressure of DIS in terface of 400 ft 

high dam (Figure 6.58). 

Based on the conclusion that t he effect of vert ical ground motion on IBCD is not 

significant, no more analyses w re performed . 
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6 .5 Interpretation of 2-D FE R esults 

In this section the interpretations of 2-D FE results are presented. Detailed statist ical 

assessment is made in Chapter 9. 

Prior to furth er interpret ations typical shapes of maximum separat ion , maximum 

acceleration and interface pressure profiles are presented in Figures 6.59, 6.60, and 6.61, 

respectively. These typical shapes are referenced during the interpretations . 
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Figure 6.59 Representation of typical maximum separation response of U / S and D / S 
interfaces. 
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Figure 6.60 Representation of typical maximuCll acceleration response of U/ S and DIS 
interfaces. 
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(a) 

Upstream Interface Pressure Response 

o 

(b) 

Downstream Interface Pressure Response 

Figure 6.61 Representation of typical interface pressure response of U/ S and DIS inter­
faces. 
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6.5.1 Maximum eparation 

In Figure 6.59 two typical maximum separation response curves are illustrated for each 

U /S and D / S interface. The magnitudes of response at the dotted points ma.y vary 

depending on the problem. Downstream interface exhibits more wavy response than 

upstream interface. This can be explained by the existence of hydrostatic pressure 0 )) 

the upstream slope which has restricting effect on the displacements. Therefore 

downstream interface has more freedom to move. 

H=100 ft 

/ S maximum separat ion reached to 0.157 ft in some cases. Separation depth i <'1..<; high 

as 80% of the dam height . The shape of maximum separation profile is similar to part 

(a) of Figure 6.59 , and maximum value occurred at the crest. Change in () caused 

decrease in ma.ximum eparation . Other parameters had insignificant effect on 

maximum separation. 

D/S maximum separation profile is best described by part (c) of Figure 6.59 . Maximum 

is around 0.06 ft. Separation depth reached almost the full dam height . 

H = 200 ft 

U/S maximum separation reached to 0.16 ft in some cases. The general shape of the 

profile follow · part (b) of Figure 6.59. Change in () caused decrease in maximllm 

separation. Separation depth is 50% of the dam height . 
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DIS maximum separation is around 0.04 ft which is much smaller than that of 100 ft 

high dam. The shape is similar to part (d ) of Figure 6.59. Separat ion depth can be as 

high as 80%. Change in e caused a slight increase in maximum separat ion. 

H=300 ft 

U/S maximum separation reached to 0. 24 ft . Typical shape is similar to par t (b) of 

Figure 6.59. Change ill () caused d crease in maximum separation. Other parameters 

had insignificant effect on maximum separation . Separation depth may reach to 50%. 

DIS maximum separation profile follows the shape part (d) of Figure 6.59 with a very 

low magni tude of 0.03 ft . None of the parameters had significant effect on DIS 

maximum separation. 

H=400 ft 

U IS maximum separation is around 0.36 ft and profile shape is similar to part (b) in 

Figure 6.59. laximum value occurred at point B. Change in () caused decrease in 

maximum separation and separation depth. l\laximum separation depth may reach to 

50%. Parameter <p had also some decreasing effect on ma.'C.imum separation. 

DIS maximum separation is 0.08 ft . It follows the shape of part (d) of Figure 6.59. 

Geometric parameters did not have significallt effect on separation performance. 

Separation depth may reach to 80%. 
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6.5.2 Maximum Acceleration and RMS Acceleration Ratios 

Figure 6.60 has also two typical curves of maximum acceleration response for each 

interface. 

H = lOO ft 

U / S maximum acceleration ratio may be as high as 11 in some cases. The general shape 

of the profile is similar to part (a) of Figure 6.60, but exhibits quite scatter and zig zag 

distribution from A to B. There is no significant magnification in region from 0 to A. In 

that region no separation was observed. S('vere magnifications occurred where there wa 

separation. Parameter e has some effect 011 maximum acceleration. On the other hand 

RMS acceleration ratio profiles show much smoother and more consistent behavior. 

Maximum RMS acceleration ratio is around 4. 

D/S maximum acceleration ratio profile fo llows the shape of part (d) or (c) in Figure 

6.60. It also has scatter and zig zag distribution. Maximum value may be as high as II. 

Since separation depth may reach to 100%, acceleration magnification starts from the 

bottom of the dam. RMS acceleration ratio profiles show smoother and more consistent 

behavior. 

H=200 ft 

U /S maximum acceleration ratio valu(~ may reach to 10 in some cases. The shape is 

similar to part (b) of Figure 6.60. Parameters e and ¢ caused decrease in maximum 
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accelerat ion ratio. RMS acceleration ratio profi le is again more consistent with a 

maximum of 3. 

D / S ma.,ximum acceleration ratio may reach to 4 in some cases. Parameters fJ and ¢ 

caused increase in maximum acccl ration rat io. Maximum RMS acceleration rat io is 2.5 . 

H=300 ft 

P / S maximum acceleration rat io reached to 7 in some cases. Parameters e, ¢, amd m u 

had decreasing effect on maximUl 1 acceleration ratio. rVlaximum RJ\ IS acceleration ratio 

is around 2.8. 

D/ S maximum acceleration rat io is mu h smaller than that of VI S. The maximum is 

around 3. Maximum RMS acceleration ra tio 

H = 400 ft 

v / S maximum acceleration rat io may reach to as high as 8.5. maximum RMS 

accelerat ion ratio is around 4. Parameters e, f.L had decreasing effect on maximum 

acceleration ratio. 

D / S maximum acceleration ratio is again much smaller than t hat of V I S. The maximum 

nd ue may reach to 4. Ma.,ximum R IS acceleration ratio showed very similar 

magnification pattern with maxiJllul1I acceleration ratio profile. 

To further investigate the effect of separation on acceleration magnification, 4 more FE 

runs were performed with all so il noss- ection using the reference configuration of 
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each height. Maximum acceleration ratio and RMS acceleration rat io profiles are 

compared to cases with soil-concrete interface. Figure 6.62 shows the maximum 

acceleration ratio comparison. In Figure 6.62, first column of plots, parts (a) , (c), (e), 

and (g), represent the U/ S maximum acceleration ratio comparison for heights from 100 

ft. at the t op, t o 400 ft , at t he bottom. Second column. parts (b) . (d), (f), and (h), 

rppresent the DI S maximum acceleration comparison . It clearly seen t hat in parts (d), 

(f) : and (h) of Figure 6.62 , which correspond to DI S of 200, 300. and 400 ft high dams, 

the gap between two curves is not as big as in other parts. It wa.s shown earlier that 

DIS separation was not significant in 200, 300 , and 400 ft cases. Figure 6.63 show the 

R tvlS acceleration ratio comparison with the same arrangement wit h Figure 6.62. Again 

DIS of 200 , 300, 400 ft high dams (parts (d ), (f), and (h) of Figure 6.63), show less 

difference in maximum RMS acceleration profiles. 

6.5.3 Interface Pressure 

Finally Figure 6.61 shows a typical interface pressure respons for each interface. 

l" pstream interface pressure distribut ions follow almost a linear path whereas maximum 

interface pressure curve of downstream interface may show ~evere nonlinearity in the 

rpgion from G to E. In general, interface pressure increase due to seismic loading is 

!!,reater at the bottom and less towards the top. 

H=100 ft 
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U /S interface pressure profile was not affected by the geometric paramet rs. However 

parameter e slightly affected maximum interface pressure distribution . Maximum 

interface pressure at the bottom may reach to 1.7 t imes the static pr ssure. 

D/S pressure profile has the typical shape of part (b) of Figure 6.6l. Maximum interface 

pressure may also he l. 7 times t he static pressure. 

H =200 ft 

U / S interface pressure profi le was not affected by the geometric parameters. Maximum 

interfac pressure is 1.4 times the static pre sure. 

D / S interface pressure profile was not affected either. Maximum interface pressure is 1.8 

times the static pressure . 

H=300 ft 

In general bot h U /S and D /S interface pressure profiles were not affected , but mu, and 

md caused li ttle changes in U IS, and D /S maximum interface pressure profiles, 

respectively. Maximum interface pressure is l.5 and l. 6 times the st atic interface 

pressure in U /S and D / S interfaces, respectively. 

H=400 ft 

Same conditions apply as in H=300 ft. case. 
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6.6 Summary and Conclusions 

In this chapter natural vibration characteristics of 2-D composite dams are presented. 

FE element analys is procedure and data processing are explained . FE results are 

demonstrated through t.he series of graphs that relate geometric parameters to 

performance parameters such as; maximum separation , maximum acceleration rat io, 

maximum RMS accelerat ion ratio, and minimum , static, and maximum interface 

pressures. 

Following conclusions can be eh'awn from 2-D FE parametric study; 

• Soil may experience large accelerat ion magnification upon rebonding. 

• Acceleration amplification is dependent on the magnitude of separation; less 

separation less acceleration amplification. 

• Concrete displacements are very small compared to soil displacements along t he 

soil-concrete interface. 

• Acceleration magnification along t he interface is generally higher in soil than 

concrete. 

• Separation is repetit ive. 

• Acceleration response of concrete has higher frequency content than soil. 

• For all cases presented in this study, maximum dynamic interface pressure at 

the bottom of the dam is in the range of 1.3- 1.8 times the static pressure. 
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• Dynamic maximum and minimum interface pressures are not. affected 

significantly by geometric controlling parameters used in the analyses. 

• The crest of the dam is not necessarily the location of maximum response. 

• Height ha an important influence on IBCD. 

• As height increases the overall effects of geometric parameters decreases. 

• If there is no or very small separation maximum accelerat ion ratio and max 

RMS accelerat ion ra tio show similar amplificat ion pattern , as shown in Figures 

6.44 , 6.47 , A.63 , and A.66 . 

• As height increases maximum acceleration ratio decrea.''les along both U / S a llCl 

D / S interfaces. 

• Minimum interface pressure and separation profil es are ill good agreement. 

• Increase in D / S maximum interface pressure is always greater than that of U I S. 

• Vertical component of ground motion has litt le or no effect on IBCD. 
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7. Elastic Three-Dimensional Finite Element Analysis 

7.1 Introduction 

The soil-concrete interface area of a composite dam is in fact a three dimensional 

geometry that de erves at tention. Since 3-D FE analyses is quite time consuming and 

the output is volumillous it has not been possible to perform FE runs as maIlY as 2- D 

runs. 

T ile geometry of 3-D model, and analysis parameters including material model 

parameters are discussed in detail in Chapter 5. All 3-D FE analyses were performed on 

CRAY90 super computer , at San Diego Super Computer Center (SDCS) at the 

University of California at San Diego. An attempt was made to perform one 3-D 

analysis on a SGI R4400 computer at the University of Colorado at Denver. Due to the 

size of the problem it took 7 days to complete only one allalysis. T herefore it was 

strongly necessary to perform the analyses on a faster computer. Each FE run produced 

2.5 gigabyt es of data. 

The behavior of 3-D model has been studied under Koyna Dam Earthquake Record with 

linear elastic model. The effects of nonlinear soil model and all three components of 

ground motion were also studied. Maximum separation and acceleration results are 
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compared with 2-D analysis results. Surface contours of maximum separation at U I S, 

D IS, and transverse interfaces are presented. All findings are interpreted and compared 

to 2-D analysis findings where possible. 

3-D FE analysE's are limited to; 

• 4 runs with linear elastic soil model and horizontal ground motion , i.e one run 

for each height ; 100, 200, 300, and 400 ft. 

• 1 run with Ramberg-Osgood model and horizontal ground motion for 400 ft 

high dam. 

• 1 run with linear elast ic model and all components of ground motion for 400 ft 

high dam, 

• 1 run with Ramberg-Osgood model and all components of ground motion for 

400 ft high dam. 

In the next sect ions natural vibration characteristics and FE analyses results of 3-D 

model are givell and results are interpreted. 

7.2 Natural Vi bration C h a racteristics 

NIKE3D eigellV;'l.iue analyses were performed to obtain natural frequency and mode 

shapes of 3-D composite dam. Table 7.1 lists first natural frequencies of 3-D model and 

corresponding 2-D model of the composite dams. Natural frequencies of 3-D model are 

smaller than t hi"lt of 2-D model. Although it is not possible to make exact comparison 
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but 1ejirL [52] reported that when length over height rat io is greater than 6 for an earth 

dam , the difference in natural frequencies of 2-D and 3-D models may be significallt. In 

the current 3-D composite dam model the lengths of embankment dam and concrete 

monoli th are 7H , and 3H, respectively. Moreover first mode shape of 300 ft. high darn is 

present eI in Figure 7.1. 

Table 7.1 Nat ural Frequencies (in Hz) of Dam Models 

Height (ft ) 3-D 2-D 
100 3.564 3. 81 
200 2.059 2.30 
300 1.494 1.68 
400 1.167 1.31 

7.3 3-D Finite Element Analysis Results 

First, one FE analysis for each dam height was performed using linear elast ic soil model 

and 10% Ray jpigb damping. Maximum separation and acceleration of both U / S and 

D / S interfaces were gathered at the maximum cross-section for all heights. This is done 

for comparisoll purposes with 2-D model. Figure 7.2 , and 7.3 show VI S, anel D/ S 

maximum separation and normalized maximum separation, respectively. As showlI in 

Figures 7.2. ami 7.3 maximum separation increases with height in both G/ S auel D/ S 

interfaces. It should also be noted that separation depth reaches the full dam hf' ight for 

all cases prest' llt.ed in Figures 7.2, and 7.3. 

Figure 7..:1 Sh O'NS the maximum accelerat ion ratio (maximum acce. (out) / maxi1l1um 

acce. (in)) of both U / S and D / S interfaces. Maximum acceleration ratio reachf's to 

maximUlll of :2 :J amollg all heights. The maximum response takes place a t t 1)(' ( [Pst of 
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H=300 ft, Fist mode shape 

Figure 7.1 First mode shape of 300 ft high composite dam. 
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300 ft high dam. Figure 7.4 also show t he magnification of ground motion during 

upward propagation . 

T he maximums of all maximum separation and acceleration response profiles at the 

maximum cross-section are summarized in Table 7.2, and compared with 2-D model 

responses . As listed in Table 7.2 maximum accelerations are always lower in 3-D models 

for the same type of soil model. On the other hand max.imum separations of 3-D models 

are higher than that of 2-D models for higher dams. When elastic soil mod I is used in 

100 and 200 ft high dams maximum separations are higher in 2-D models. When R-O 

soil model is used in 400 ft high dam the U/ S maximum separation is less t han 2-D 

model response and D/S maximum separation is greater than 2-D model response. 

Table 7 .2 Comparison of 3-D and 2-D re ults. 

II 
U PSTREAM DO WNSTREAM 

(ft i 
M a x Acce leratio n Max Sc pa r.atl(l11 Max . Acceleration Max . Scp .ual lO n 

Ra t io (ft) Ratio (ft ) 

3· D 2- D 3- D 2·D 3·D 2-D 3· D '2-0 
EL R-O EL R ·O EL R O E L R O E L R-O EL R-O EL R ·O E L R·O 

100 1.90 18 55 0.05 020 015 1 89 17 7.0 0 .04 018 005 
200 21 5 9 .8 3 .5 0 . 14 o 1& Il 16 1 99 6 .8 2 .5 0. 10 0 11 00 1 
300 2 40 10 5 .0 0 .32 0 10 021 250 5 .7 3.0 0 .2 2 a a. 0 .03 
400 2 .20 1. 26 5.2 5. 5 0 5 2 a I 039 U 36 2. 15 1.22 3 .4 3 .9 0 .36 0 .28 0 04 0 .0 . 

EL- EJa..t IC, R-O-Ramberg-Osgood 

laximum separation surface and contour plots of each interface were a lso produced 

after each FE run. Table 7.3 lists the numbers of figures illustrating the maximum 

separation response of each interface. Both / S and D /S interfaces showerl significant 

separat ion whereas transverse interface showed li ttle or no separation. T he results are 

discussed in greater detail later in this chapter. 
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Table 7 .3 Numbers of figures illustrat ing 3-D response. 

Height (ft ) Interface Figure Numbers 
ul s 7.5 

100 t 7.6 
dis 7.7 
ul s 7.8 

200 t 7.9 
di s 7.10 
u/s 7.11 

300 t 7.12 
dis 7.13 
u/ s 7.14 

400 t 7.15 
di s 7.16 

u/s=upstream , t=transverse, dfs=downstream 
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Figure 7.5 Surface and cont our plots of maximum separa tion (in ft ) for upstream soil­
concrete interface area with elastic soil model (H=100ft) . 
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Figure 7.6 Surface and contour plots of maximum separation (in ft) for t ransverse soil­
concrete interface area with c1ast. ic soil model (H=100ft ). 

224 



DI S, h.: lOOfe , Separation Contours 

10 0 

90 

60 
u 

u 
.<! 

~ 
:r . 0 

20 

\ 

\\ 
\ ~ 

~ 
0.069 8 

0.0628-' 

\ 
~ .. ~::(~ 
O'041?~VJ 0.034 9~ ~0.0279~ 

___ 0.0209:-- / j ) 
_____ -0.0139~ / 

---0.0069--

25 50 15 100 12 5 150 

Long 1 tudina l Dutance I tl 
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Figure 7.13 Surface and contour plots f maximum separation (in ft) for downstream 
soil-concrete interface area with elastic soil model (H=300ft). 
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soil -concrete interface area with elastic soil model (H=400ft) . 
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7.4 Effect of Nonlinear Soil Model 

To investigate the effect of nonlinear soil model on interface performance of composite 

dams, 400 ft high dam was analyzed with Ramberg-Osgood nonlillear soil model. The 

nonlinear soil paramet ers are earlier presented in Section 5.4.1. 

Ma...ximum separation surface and contour plots are presented in Figures 7. 17. 7. 1 . and 

7.19 for U/S, transverse, and DIS interfaces respectively. As shown in contour plots 

maximum separation and separaLion depth are decreased. Besides, the transverse 

interface exhibits no separation. T his iudicates the model dependent behavior of 

soil-concrete interface. 
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Figure 7.18 Surface and contour plot of maximum separation (in ft) for transverse 
oil-concrete interface area with R-O soil model (H=400ft) . 
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Figure 7.19 Surface and contour plots of maximum separatioll (in ft) for downstream 
soil-concrete interface a.rea. with R-O soil model (H=400ft) . 
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7.5 E ffect of Vertical and Longitudinal Components of Ground Motion 

The effect of vertical and longitudinal components of ground motion on interface 

behavior were invest igated. All three components of Koyna Dam Earthquake Record are 

shown in Figure 5.1. 

The effect of additional components of ground motion on maximum separation and 

separatioll depth of soil-coner te interfaces were studied by using two different soil 

model; linear elast ic and Ramberg-Osgood nonlinear mod Is. In subsequent sections 

results are presented for each material model case. 

7.5.1 Case I : Linear Elastic Soil Model 

Linear elastic soil model parameters are listed earlier in . ec tioll 5.4.2. Maximum 

separation surface and contour plots are presented in Figures 7.20. 7.21 , and 7.22 for 

U/ S, transverse, and DIS interfaces respectively. The magnitude of maximum separation 

increased to 0.73 ft and 0.4 ft in I S, and DI S interfaces respectively. Additionally 

transverse interface experienced some separation with a maximum of 0.15 ft . 
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Figure 7.20 Surface and contour plots of maximum separation (in ft) for upstream soil­
concrete interface area with elastic soil model and all three ground motion components 
(H=400ft). 
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Figure 7.21 Surface and contour plots of maximum separation (in ft) for transverse soil­
concrete interface area with elastic soil model and all three ground motion component. 
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Figure 7.22 SurfacE' and contour plots of maximum separation (in ft) for downstream 
soil-concrete interfacc area with elastic soil model aud al l thrce ground motion compollellts 
(H=400ft). 
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7.5.2 Case II: Ramberg-Osgood Nonlinear Soil Model 

Finally, the effect of all three components of ground motion on interface behavior was 

investigated using Ranberg-Osgood nonlinear model. Maximum separation surface and 

contour plot ar shown in Figures 7.23 , 7.24 , and 7.25 for U IS, transverse, and D /S 

interfaces respectively. Compared to the response pre nted earlier with horizontal 

ground motion only case shown in Figures 7.17, 7. 1 ,and 7.19, the effect of additional 

components of ground motion on the interface performance is insigni ficant. 
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Figure 7.23 Surface and contour plots of maximum separation (in ft ) for upstream soil­
concrete interface area with R-O soil model and all three ground motion components 
(H=400ft). 
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Figure 7.24 Smfacc and contour plots of maximum separation (in ft ) for t ransverse 
soil-concrpfp int erface area with R-O soil model and all three ground motion cOIliponents 
(H= 400ft ). 
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F igure 7. 25 Surface and contour plots of maximum separation (in ft ) for downstream 
soil-c01H'I'l' t e inter face area with R-O soil model and all three ground motioll components 
(H=400ft) . 
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7.6 Interpretation of Results 

The interpretat ion of exploratory 3-D analyses are presented separately for each 

interface performance parameters; maximum acceleration , maximum separation, and 

separation depth. 

7.6.1 Maximum Acceleration 

Maximum accelerat ion profiles were obtained for U / S and D / S interfaces at the 

ma.'{imum C[oss-section only, i. e. at the intersection points of transverse interface with 

each U / S and D / S interfaces. They are shown in Figure 7.4. The maximum acceleration 

ratio is 2.5 which is substantially less than 2-D model response as compared in Table 

7.2. Because' of the much larger mass involved in 3-D analysis it is reasonable to have 

smaller acceleration amplification. 1 t is also worthwhile to mention that acceleration 

magnification is biggest in 300 ft high dam. This is because the first na tural frequency 

of 300 ft high dam, l.49 Hz, is very close to predominant frequency of the ground 

motion . 1.42 Hz. T herefore, resonance may occur in the response of 300 ft high dam. 

7 .6 .2 Maximum Sep a r a tion 

Maximum st'paration of all interfaces increases with increasing height. In downstream 

interface maximum separation takes place at the maximum cross-section ""hereas in 

upstrealll interface it occurs at some distance away from the maximum cross-section. 

The mi1.XiUlIlln separation reaches to 0.4. and 0.7 ft in D /S and U / S interfacp. 
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respectively for 400 ft high dam. Nonlinear soil model has a decreasing effect on the 

magnitude of the maximum separation of all interfaces . Further , the effect of vertical 

and longitudinal components of ground motion is insigni ficant OIl U /S and DIS 

interfaces, but significant on transverse interface as shown in Figure 7.21. Maximum 

separation of transverse interface is alwa.vs less than 0.0 ft. It should also he noted 

that , even though it is very small , the transverse interface separation takes place at the 

D IS corner in general. 

7.6.3 Separation Depth 

In all cases the separation depth is 100% of the dam height in the U IS, and DIS 

interfaces at the maximum cros -sect ion. and decreases at distances away from 

maximum cross-section. Nonlinear soil model has significant decreasing effect on 

separation depth of U IS interface but no effect on DIS interface response. As shown in 

Figure 7.17 the separation depth is decreased by 50% in U IS interface. 

7 .7 Summary and Conclusions 

In this chapter 3-D FE analysis results of composite dams are presented. One analysis 

was performed for each height using linear soil model. Additionally three analyses were 

performed to demonstrate the effect of nonlinear soil model and all three components of 

ground motion on the performance of soil-concrete interface. Maximum separation, 
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separation depth , and maximum acceleration profiles of interfaces are presented. 

Comparisons are made with 2-D model results where possible. 

Finally, the following conclusions are made on the exploratory 3-D FE analyses of 

composite dams; 

• Acceleration amplification along the in terfaces is always slightly less than 2-D 

model acceleration amplification. 

• Maximum separations at the maximum cross-section are higher than those of 

2-D model. 

• Maximum separation increases wi th increasing height . 

• Depth of eparation reaches to 100% of the dam height at the maximum 

cross-section for all cases, except nonlinear oil model case. 

• Interface behavior is soil model dependent. 

• Using nonlinear soil model causes decrease in maximum separat ion and 

separation depth. 

• The separation and separation depth are not critical at transverse interface, but 

th e maximum separat ion reaches to 0.15 ft in case with all three component of 

ground motion and linear soil model. 

• Vertical and longitudinal components of ground motion have significant effect on 

maximum separation and separation depth for linear elastic soil model case, but 

illsignificant effect for nonlinear soil model case. 
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• In DIs interface maximum separation takes place at the maximum section but 

in U IS interface it occurs some distance away from the maximum section. 
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8. A Case Study 

8.1 Introduction 

In this chap ter dynamic soil-concrete interface behavior of 180 ft high Folsom D'un 

10 ated in north-east of Sacramento , California is presented as a case st udy. 

8.2 Folsom Dam 

The Left Wing Dam of Folsom Dam is chosen in this study because it is very well 

documented . As indicated before, the interface separation phenomena was first pointed 

out in Seismic Stability Eva luat ion Reports of Folsom Dam. Because of lack of necessary 

computation tools no numeric analyses were carried out. Therefore, this current work is 

to confirm the suspicion on the potential interface separation of Folsom Dam. 

8.2.1 FLUSH Analyses 

The investigation of potential separation along the interface of the upstream side of the 

Left Wing Dam was first studied by N. Y . Chang and H. H. Chiang at the University of 

Colorado at Denver in 1989 , llsing the computer code FLUSH [46] . Due to the absence of 

interface properties allowing separat ion and frictional sliding. the interface condition was 
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assumed as hinge or roller connection. Horizontal normal stresses of the elements at the 

interface are traced t o ee if tensile stresses are developed during the dynamic analysis. 

Therefore the occurrence of tensile stress along along the interface indicates the presence 

of possible separation. Because of the lack of proper interface element, the FL SH can 

not provide the amount of separation due to the complexity of the problem. Typical 

strai n dependent sh ar modulus degradation and damping ratio curves were used. Using 

horizontal normal stress history output , maximum and minimum stresses are obtained 

for the boundary elements. Static analyses were also performed using FEADA~I. T he 

results from both stat ic and dynamic analyses are then uperimposed to obtain the 

distribution of resultant maximum and minimum horizontal stresses along the boundary. 

As een in Figure .1 , the distribution of superimposed stresses for the case with hinge 

support indicates the potential for separat ion along the interface down to a depth of 140 

ft , whereas for the case with roller support the separation is almost down to 120 ft. The 

result indicates possible repeated separation along the upper part of the interface. 

8.2.2 NIKE2D Analyses 

In FLUSH analyses, because of the lack of proper interface element , the separation 

potent ial was investigated only in terms of horizontal stress distribution along the 

interface. It was necessary to determine maximum separation and separation depth in 

order to confirm the FLUSH findings and beyond . Therefore, more powerful computer 

codes are needed , particularly a nonlinear dynamic analysis code with elasto-plastic 

material models and the interfacE' element allowing sliding, debonding and rebonding. 
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IKE2D and IKE3D developed at the Lawrence Livermore National Laboratory much 

better satisfy these requirements and they are adopted in the subsequent analysis. 

In NIKE2D analyses it was targeted to investigate : 

• effect of maximum input ground acceleration on the interface separation, 

• distribution of maximum interface normal s tresses during shaking. 

In the analysis with IKE2D , by scaling the Original Koyna Dam Earthquake record by 

0.75 and 0.5 three different base rock motions are obtained with maximum accelerations 

O. 7g, 0.65g and 0.44g respectively. These motions are used to study the effect of 

different maximum accelerations on the interface separation. In the analysis, an elastic 

model is used for concrete and the R-O model is used for soil. R-O parameters are 

obtained by t he computational procedure proposed by Ueng and Chen [77]. It calculates 

the R-O parameters using shear modulus and damping rat io versus strain curves. 

Frictional behavior is modelled with Coulomb friction and frictional constant f.L is taken 

as 0.5 for the soil-concrete interface. Using three differellt input motions the time 

histories at different nodes on the soil side along the interface are obtained. Figure 8.2 

shows the cross-section of dam and the location of the node # 444 at the time of 

maximum separation. With original Koyna Dam Earthquake record , maximum 

separation is found to be around as 0.8 ft at node 444 and depth of separation around 

108 ft from the top. At the scalillg factor of 0.75 and 0.5 , the magnitude of separation 

and the depth are found to he 0.55 ft and 90 ft and 0.23 ft and 72 ft , respectively. 
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Figure 8.2 shows the displacement time histories of node # 444 for two different ground 

motions and it can be seen that separation is repetitive. Finally, Figure 8.2 shows the 

variation of maximum s parations with depth , zero depth at the crest , for three different 

input ground motions. It shows that doubling the maximum acceleration amplifies the 

maximum separation about 4 t imes and deepens the separation by about 50 % (from 72 

ft to 108 ft. ). All. IKE2D analyses confirmed the suspicion of the interface separation 

revealed in the FLUSH analyses. 

Maximum normal stresses during shaking along the interface are compared with the 

static normal stress distribution and it is shown in Figure .3. According to Figure 8.3 

t he soil-concrete interface may be subjected to very high stresses during shaking. Static 

and earthquake induced maximum normal stresses seem to be close to each other below 

depth 120 ft . 

8 .3 Comparisons 

Maximum separation and separation depth are compared with the parametric study 

with 200 ft high composite dam as explained in Chapter 6. In the parametric study, the 

maximum separation and separation depth was found to he 0.156 ft and 120 ft for the 

reference configuration of 200 ft high dam. On the other hand for 180 ft high 

Folsom Dam , the separation and separation depth was estimated as 0.8 ft and 110 ft , 

respectively. Separat ion depth estimates are in good agreement , but maximum 

separation is overestimated in Folsom Dam case. In . IKE2D analysis of Folsom dam, 

255 



g 
c 

! 
<> 
" U) 

g 
c 
.2 
;;; 
~ 
<> 

" U) 

E , 
E ." 
~ 

0' 

0 

-0, 

-0.2 

-0.3 

-0.4 

-05 

-0.6 

-0.7 

-0.8 
0 

0.8 

0.7 \ 

\ 
0.6 

0.5 \ 
0.4 

0.3 

0.2 

0.' 

\. 

\ 

Separallon Time History of Node 444 

G(ound Motion scale lactor-1.0 -
Ground Mohon scale faclor-0.75 . 

6 8 '0 '2 ,. 
T,me (s) 

Maximum Separation vs Depth 

with angInal motion --­
wltn scaled mollon by 0 .75 "*­
with scaled mehon by 0.50 ---

16 

OL-__ ~ ____ -L ____ J-~ __ L-~~~ __ ~ ____ ~ ____ ~ __ ~ 

o 20 40 60 60 100 ' 20 '40 160 180 
Oep1h (ft) 

Figure 8 .2 Top: Finite element mesh of IKE2D at the time of maximum separation, 
Middle: Separation time history of node 444 for original and scaled ground motions, 
Bottom: Maximum separation versus depth for original and scaled ground motions. 

256 



90000 

80000 

70000 

~ 
60000 

'" '" 50000 ~ 
Vi .. 
E 40000 
l5 z 
E 30000 
~ x .. 
::; 20000 

10000 

0 

-10000 
0 

Maximum Nonnal Stress IrS. Depth 

-', 

'"., ...... - -)(\~ 

.~ 

,--" "",' \\ 
""1 \\ 

\ X." 

:.--~- - -~>~::::::::: ::::::: : 
O __ __ ___ -a ____ ____ &--- ---- c · 

20 40 60 80 100 
Depth (n) 

stallC stress dlstnbulJon -
wIth onglnal record -K-­

WIth scaled record by 0.75 -.. -­
with scaled record by 0 .5 -&--

o 

'0------_ 13"" "-

120 140 160 

Figure 8.3 Maximum Normal Stress Distribut ion along the interface_ 

257 

180 



no Rayleigh damping was used. Damping was incorporated with using nonlinear soil 

model only. Additionally the geometry of Folsom Dam is also qui te different than the 

hypothetical cross-section used in the paramet.ric study. The existence of found ation 

trench may affect the dynamic rBeD. 

8.4 Summary a nd Conclus ions 

As a case study. 10ft high Folsom dam was analyzed using IKE2D . The result s are 

presented in terms of maximum separation, separation depth and st atic, and maximum 

interface stresses. The results are compared with t he parametric FE analysis of 200 ft 

high composite clam. Good agreement was obs rved in separation depth. The findings of 

Folsom Dam case st Idy can be summarized as follows; 

• All numerical analysis codes verified the potential separation , 

• Separation and separation depth may reach significant values, 

• Separation is dependant on maximum input acceleration, 

• Upper interface may be subjected to very high normal stresses, 

• S paration is repetitive. 
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9. Statistical Assessment of Parametric Effects 

9.1 Introduct ion 

In a parametric stud · it is necessary t o perform st atistical assessment to inve t igate th 

dependency of str lcture's response to certain parameters. In this cha.pter sta tistical 

relations between controlling variables, called as independent variables, and maximum 

interface performance parameters, called as d pendent variables, are characterized. 

Independent vari ables are; 

• B, the slope angle of the upstream interface, 

• cP , the slope angle of the downstream illterface, 

• mu, upstream oil slope, 

• md, downstream soil slope, 

• H , dam height. 

Dependent variables are; 

• normalized maximum separation (Max. Sep.jH %), 

• normalized separation depth (Sep. Depthj H %), 

• maximum acceleration ratio (Max. Acce. (out) j Max. Acce. (in)) , 
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• maximum RMS acceleration ratio (lVla,'C. RMS Acce. (out.)/Max. RMS Acce. 

(in)) . 

Maximum separation and separation depth are normalized with dam height and 

presented in percentage unless it is stated otherwise. Therefore the terms maxim'um 

separation, and separation depth refer to normalized quantities. 

The statistical assessment ha.c; been performed through the investigation of sample 

mean, and standard deviation of dependent variable; second-order polynomial best fit 

models; and squared correlation coefficient, R2. Since within each dam height every 

independent vari8.ble was varied independently from others, each polynomial model has 

been formulated with one independent variable. ext correlation matrices have been 

determined and multiple regression analyses have been performed using all independent 

variables including t he dam height , H. 

All statistical parameters are tabulated and plots showing the second-order best fits are 

presented . Finally all findings are interpreted. 

9.2 B asic Statistics and Polynomia l Models 

The most common types of descriptive statistics are measures of central tendency and 

variability. The central tendency in a sample of data refers to what is called "sample 

mean' and it is denoted by X. The formula for sample mean is given by: 

(9. 1) 
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where n is the sample size. Sample mean does not summarize all the features of the 

data. One of the measures of varia bility is sample standard deviation. The formula for 

standard deviation is given by: 

S= (9.2) 

Using S together with x gives a fairly good idea of both the amount of spread and the 

center of the data, respectively. 

Polynomial model is a special case of multiple regression model where there is only one 

independent variable. The statistical second-order polynomial model can be written as: 

(9.3) 

where a, b, and c are unknown parameters called regression coefficients, and x is the 

dependent variable. The best fitting parabola can be estimated with least-squares 

method in which the sum of squares of deviations of observed points from corresponding 

points on the fitted parabola are minimized. 

To obtain a quantitative measure of how well the second-order model predicts the 

dependent variable squared multiple correlation coefficient, R2, can be used. The 

formula for R2 is given by: 

R2 _ SSY - SSE(secand.-OTder) 
(second-order) - SSY (9.4) 

dependent variable. The largest value that R2 can attain is 1 where there is a very 
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strong relationship between ind pendent variable and dependent var iable. Second-order 

model was assumed to be adequate for this study. No tests have been performed to 

check whether a higher order would be better t han second-order. 

For multiple linear regression analysis t he geueral equat ion can be written as: 

where a, is the regression coefficient and Xi is the independent variable. 

9.3 Univariate Statistical Assessment 

In the next subsections univariate statistical assessment for each dam height is 

explaiued. The multivariate statistical analys is is presented in the next section. 

9.3.1 Variation and Trend 

(9.5) 

In this section sample mean and standard deviation of dependent variables are presented 

in Tables from 9. 1 to 9.8. Tables 9.1 , and 9.2 show the response of U/S and DIS 

interfaces of all heights due to change in B, respectively. Tables 9.3, and 9.4 represent 

the similar information due to change in ¢Y. Tables 9.5 , and 9.6 are for the independent 

variable mu, and Tables 9.7, and 9.8 are for md. Additionally, in the aforementioned 

Tables. minimum and maximum ranges are provided together with the general trend of 

the dependent variables. T he trend is characterized by increasing (/), decreasing ("'"), 

horizont al (-4), parabolic ('-' or ~), and scatter (rv) behavior. The trend 
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character ization has been done through the plots showing variat ion of dependent 

vari ables . T he figure numbers of such plots are listed in Table 9.9 for each independent 

variable and height . As listed in Table 9.9 t he plots related to 100 ft high dam are 

presented in this sect ion. Others are presented in Appendix A.3. For example, Figures 

9.1 etud 9.2 show t he var iation of interface performance paramet ers due to change in e 

for IS. nd DI S interfaces, respectively. Maximum separat ion , separation depth , 

maximum acceleration ratio, maximum Ri\ IS acceleration ratio are presented in parts 

(a) , (b) . (c), and (d) of Figure 9.1, respect ively. Same arrangement were fo llowed for 

other plots in Table 9.9. 

9.3.2 Effects of e Variation 

As shown in Table 9.1 increase in e causes decrease in maximum separat ion at U IS 

interfaces of all heights. Separation depth does not change significant ly for 100, and 200 

ft high dams, but decreases from 60% to 40%, and from 60% to 35% for heights 300 and 

400 ft. respectively. Maximum acceleration ratio shows scat ter distribut ion with a mean 

va lue of 7.39 for 100 ft high dam . The maximum acceleration ratio mean values are 

3.76, <./. 03. and 4. 16 for 200, 300 , and 400 ft high dams, respectively. Addit ionally 

increas(' in e causes decrease in maximum acceleration for 300 and 400 ft high dams. 

Maximum RMS acceleration ra tio is not affected significantly, and the trend is 

horizolltal for all heights except 200 ft high dam . On the other hand maximum and 

milli ll lllll1 ranges of maximum RMS acceleration ratio are 3, and 2, respect ively for 200 
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ft high dam indicating an insignificant variation. In general () has decreasing effect on all 

U / S performance parameters for dams higher than 200 ft. 

Table 9.2 shows the variation of dependent variables of D / S interfaces of all heights due 

to change in U / S interface angle, (). In general the effect of () on D / S performance is not 

significant. Maximum separation is slightly increased in 100 and 200 ft high dams. 

Separation depth remains unchanged in all heights, however 300 ft high dam shows a 

very little change in separation depth with a mean value of 79%, and standard deviation 

of 3.01. IVIaximum horizontal acceleration ratio shows different varia tion for different 

dams. For example, in 100 ft high dam the mean value, and standard deviatioll are 7.10 

and 0.82 , respectively meaning insignificant variation In 400 ft high dam the maximum 

accelerat ion ratio decreases from 4.30 to 1.70. Maximum RMS acceleration ratio shows 

insignificant change due to () for all heights. 

9 .3.3 Effects of ¢ Variation 

Table 9.3 summarizes the effect of ¢ on U / S interfaces. Change in ¢ has no effect in 

separation depth for all heights. The maximum separation in 300. and 400 ft high dams 

is decreased with increasing ¢ . Maximum acceleration ratio shows quitl:' scatter behavior 

for all dams . It should be noted that the maximum horizontal mean acceleration values 

are generally higher than () cases. 'Iaximum RMS acceleration ratios du not show 

significant change for all heights. In 200 ft high dam RMS acceleration ratio show slight 

variat ion in the range from 2 to 3. 
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Table 9.4 shows th performance of DIS interfaces due to cP . cP has decreasing effect on 

maximum separation for 300 , and 400 ft high dams , however, mean values are very small 

a 0.003%, and 0.004% for 300, and 400 ft high dams , respectively. Separation depth is 

not affected by <b for the 400 ft high dam. On the other hand separation depth increases 

by 10%, and 20% with increasing cP in 100, and 200 ft high dams , respectively. 

Separation depth decreases by 60% in 300 ft high dam. Maximum accelerat ion ratio 

d creases in 300, and 400 ft high dams whereas it increases in 200 ft high dam. 

Maximum R is acceleration also decreases in 300, and 400 ft high dams. In general ¢ 

has decreasing effect on all D / S interface performance parameters for 300, and 400 ft 

high dams . 

9.3.4 Effects of mu Variation 

Table 9.5 shows the effect of mu on U / S interfaces. Ma.ximum separation increases in all 

dams with increasing mu. Separation depth decreases by 10% in 100 , and 400 ft high 

dams, and shows no significant change in 200 , and 300 ft high dams. Maximum 

horizontal acceleration ratio decreases in 300, and 400 ft high dams. laximum RMS 

ratio also deceases in 100 , 300, and 400 ft high dams and is not affected in 200 ft high 

dam. 

Table 9.6 shows the effect of m'U on D / S interfaces of all heights. It is clearly seen in 

Table 9.6 that mu has insignificant effect on all D/ S interface performance parameters. 
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9.3 .5 Effects of md Variation 

Table 9.7 summarizes the effect of md on U I S interfaces. T he overall effect of m d is also 

insignificant . Increase in md causes decrease in separation depth by 10% in 400 ft high 

dam . Maximum acceleration and RMS acceleration ratios are not affected significant ly. 

Finally, Table 9.8 shows the variation of DIS interface performance paramet ers due t o 

change in m d. Although the mean values are very small (0.008%), md causes increase in 

maximum separat ion in 200 , and 300 ft dams. Separation dept h is decreased significant ly 

by 70% and 45% in 300. and 400 ft high dams. respectively. Maximum acceleration 

ratios decreases wit h increasing md in 100 ft high dam. Maximum acceler ation ratio 

increases in 200 ft high dam and decreases in 400 ft high dam \vit hin a very small range. 

Further , md causes decrease in maximum RMS acceleration ratio in 100 ft high dam, 

and increase in 200, and 300 ft high dams, and no significant change in 400 ft high dam. 
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Table 9.1 UPSTREAM Response due to e 

UPSTREAM Response due to B 

Maximum Separation (%)(.) 

Height 'fl-end Range Mean Standard Deviation Comments 

100 ". 
0.08 

0.119 0 .026 
0.1 55 

200 ". 
O .O~ 

0.059 0.013 
0.08 

300 ". 
0.02 

0.039 0.Dl8 0.075 

400 ". 
0.01 

0.038 0.025 
0.08 

Separation Depth ('70)(.) 

Height 'fl-end Range ""lean Standard Deviation Comments 

100 
70 

7~ . 50 5.220 ~ 

80 

200 
60 

60.00 0.000 ~ 

60 

300 ". 
40 

47.27 9.045 60 

400 
35 

43.63 22.92 
60 

Maximum Horizontal Acceleration Ratio 

Height 'fl-end Range Mean Standard Deviation Comments 

100 
5.00 

7.39 1.381 
Max . at B-2°, and 3° 

~~ 

10.00 

200 / 
3.00 

3.76 0.403 4.20 

300 ". 
3.00 

4 .03 0.980 6.00 

400 ". 
2.20 

4 .16 1.31 6.00 

Maximum RMS Acceleration Ratio 

Height 'fl-end Range t-1ean Standard Deviation Comments 

100 
3.00 

3.76 0.530 - 5.00 

200 / 
2.00 

2.43 0295 3.00 

300 
2.20 

2.45 0.137 ~ 

2.80 

400 
2.00 

2.43 0.560 ~ 

4.00 

/ - increasing, ".-decreaslng, --. - horiwnta l, ~ or ~ - parabolic, ~ - scatter. 
(.) Maximum separat ion and separation depths a re normalized with d am he ights a nd 
presented in percentage. To convert them into ft t hey must be multip lied by a factor o f 
H/l00, where H is the dam height in ft. 
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Table 9 .2 DOWNSTREAM Response due to e 

DOWNSTREAM Response du to (;I 

:Vlaximum Separation (%)(*J 

Height 'lTend Ra nge Mean Standa rd Deviation Commen t~ 

100 /~ 
0.05 

0.073 0.021 0.12 

200 / 
0.005 

0.012 0.004 
0.OJ75 

300 
0.066 

0.007 0.0003 - 0.074 

400 
0005 

0.007 0.001 - 0.01 

Separation Depth (%)(*) 

l-[eight 'lTend Range Mean Standard Dev iation Comme nts 

100 
90 

90.00 0.00 - 90 

200 
70.00 

70.00 0.00 - 70.00 

300 
70.00 

79.00 3.01 - 80.00 

400 
70.00 

70 0.00 - 70.00 

Maximum Horizontal Acceleration Ratio 

Height Trend Range MeaH Standard Deviation Comments 

100 
6.00 

7.10 0.82 - 8.50 

200 / 
2.2 

2.97 0.46 3.5 

300 
\. 50 

2.08 0.360 ~- 2.80 

400 "-. 
1.70 

2.26 0.94 4.30 

Maximum RMS Acceleration Ratio 

Height 'lTend Range Mean Standard Deviation Comments 

100 
3.50 

4.57 0.60 ~ 

5.50 

200 
2.00 

2.2 0.14 - 2.40 

300 
2.00 

2.02 0069 - 2.20 

400 
\.90 

2.03 0.47 
Max. at 0_10, a nd 2° 

~~ 

3.50 

/ - increasing, ".-decreasing, --> - horizontal, ~ or ~ - parabolic, ~ - scatter. 
(*) Maximum separat ion and separation depths a re normalized with dam heights and 
p resented in percentage. To convert them into ft they must be multiplied by a factor of 
H/ 100, where H i, the dam height in ft . 
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Table 9 .3 UPSTREAM Response due to ¢ 

U P S TRE AM Response due to I/> 

Maximum Separation (%)( 0) 

Height 'frend Range Mean Standard Deviation Comments 

100 
0.1 40 

0. 149 0.003 ~ 

0.155 

200 
0.079 

0.081 0 .002 - 0082 

300 "-
0.062 

0.064 0.003 0 .070 

400 "-
O.OS 

0.062 0.014 0 .09 

Separation Depth (%)(. ) 

Height 'frend Range Mean Standard Deviation Comments 

100 
80 

80.00 0.00 - 80 

200 
60 

60.00 0.00 -> 
60 

300 
60 

60.00 0.00 -> 
60 

400 
60 

60.00 0.00 -> 
60 

Maximum Horizontal Acceleration Ratio 

Height 'frend Range Mean Standard Deviat ion Comments 

100 
S.50 

7.13 
Max . at 1/J =27°, and 30° 

~~ 

9.50 1.55 

200 /~ 
3. 2 

6.60 3.07 11.0 

300 "-
4.00 

5.26 0.66 6.50 

400 
4.50 

5.31 0.58 -> ~ 

6.50 

Maximum R MS Accelerat ion Ratio 

Height 'frend Range Mean Standard Deviation Comments 

100 
3.00 

3.81 0.49 -> 
5.00 

200 / 
2.00 

2.40 0.49 3.00 

300 
2.30 

2.36 0.09 - 2.50 

400 
1.90 

2.08 0. 11 - 2.2 

/ - increasing, "--decreasing, -> - horizontal , ~ or ~ = parabolic , ~ - scatter. 
(0 ) Maximum separation a nd separation depths are normalized with dam heights and 
presented in percentage. To convert them into ft t hey must be multiplied by a factor of 
H/ 100, where H is the dam height in ft. 
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Table 9.4 DOW STREAM Response due to ¢ 

DOWNSTREAM Response due to ¢ 

1aximum Separation (%)(.) 

Height Trend Range Mean Standard Deviatiolo Comments 

100 
0.04 

0.068 0.039 ~~ 

0.06 

200 / 
0.005 

0.008 0.002 
0010 

300 "-
0 .002 

0.003 0.002 0.008 

400 "-
0. 002 

0.004 0.003 0 .01 

Separation Depth (%)(.) 

Height Trend Range Mean Standard Deviation Comments 

100 / 
90 

98.88 3.33 
100 

200 / 
70.00 

78.88 7.81 
90.00 

300 "-
20.00 

40.00 30.00 80 .00 

400 
70.00 

70.00 0.00 - 70.00 

Maximum Horiwntal Acceleration Ratio 

Height Trend Ra nge Mean Standard Deviation Comments 

100 
5.50 

7.70 1.89 ~~ 

8.20 

200 / 
2.2 

2.79 0.62 4 .0 

300 "- ~ 
1.75 

2.00 0.37 3 .00 

400 "-~ 
2.00 

2.53 0.91 4 .20 

Maximum RIVIS Acceleration Ratio 

Height Trend Range Mean Standard Deviation Comments 

100 
4.20 

5.43 0.87 ~ 

7.00 

200 
2.00 

2. 16 0.16 - 2.50 

300 "-. 1.75 
1.82 1.12 2.00 

400 "-
1.50 

1.76 0.21 2.00 

/ = increasing, ,,-=decreasing, - = horiwntal , ~ or ~ = parabolic , ~ = scatter. 
(*) Maximum separation and separat ion depths are normalized with dam heights and 
presented in percentage To convert them into ft they mus t be multiplied by a factor of 
H/ lOO, where H is the dam height in ft . 
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Table 9.5 UPSTREAM Response due to mv 

UPSTREAl\II Res ponse due to mu 

Maximum Separation (%)(*) 

Height -rrend Range Mean Standa rd Deviation Comments 

100 / 
0.150 

0. 166 O.OOS 0.175 

200 / 
0.08 

0.09S 0.010 
0.01 1 

300 / 
0.07 

0.102 0.017 0. 12 

400 / 
0.09 

0.105 0.006 0.11 

Separation Depth (%)(.) 

Height Trend Range Mean Standard Deviation Comments 

100 "-
SO 

74 .44 5.27 70 

200 
60 

60.00 0.00 - 60 

300 
60 

60.00 0.00 -. 
60 

400 "-
60 

53.33 5.00 50 

Maximum Horizontal Acceleration Ratio 

Height Trend Range Mean Standard Deviation Comments 

100 
6.00 

S.92 2. 1 
Max. at ffiu-3-3.25 

~ ~ 

12.0 

200 
3.2 

4.90 1.13 
Max. at mu-3-3.25 

~ 

6.0 

300 "-
3.50 

4.44 1.21 7.00 

400 
, 2.S0 

4. 1S 0.90 "- 5.20 

Maximum RMS Acce leration Ratio 

Height Trend Range Mean Standard DeViation Comments 

100 "-
3.00 

3.29 0.24 3.90 

200 
2.00 

2.16 0.16 - 2.50 

300 "-
LiS 

I.S2 1.12 2.50 

400 "-
1.20 

1.76 0.21 
2.00 

/ - increasi ng, "--decreasing , -. - horizontal, or ~ - parabolic. ~ - scatter. 
(0) Maximum separation and separation depths are normalized with dam heights and 
presented in percentage. To convert them into ft they mus t be multiplied by a factor of 
H/ l00, wher .. H is the dam height in ft. 
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Table 9.6 DOWNSTREAM Response due to mu 

DOWNSTREAM Response due to mu 

Maxi mu m Separation (%)(.) 

Height Trend Range Mean Standard Deviation Comment~ 

100 
0.05 

0.055 0.009 - 0.08 

200 
0.005 

0.006 0.0002 - 0.007 

300 
0.007 

0.0076 O . OOO~ - 0.008 

400 
0.007 

0.0078 0.0007 - 0.009 

Separation Depth ('Yo}(.) 

Height Trend Range Mean Standard Deviation Comments 

100 - 80 
92.22 4.40 

100 

200 
70 

70.00 0.00 - 70 

300 
80 

0 .00 0.00 - 80 

400 
70 

70.00 0.00 - 70 

Maximum Horizontal Acceleration Ratio 

Height Trend Range Mean Standard Deviation Comments 

100 
6.00 

7.41 l.J6 -~ 9.50 

200 
2.00 

2.34 0.2 1 - ~ 2.70 

300 ". 
2.40 

2.80 0.32 3.50 

400 
2.10 

2.79 0.38 -~ 3.40 

Maximum RMS Acce lerat Ion Ratio 

Height Trend Range Mean Standard Deviation Comments 

100 
4.00 

4.48 048 -> 
5.00 

200 
2.00 

2.08 0.07 - 2.20 

300 
2.00 

2.08 0 .034 - 2.10 

400 
1.90 

2.00 0.05 - 2. 10 

/ - inc reasing, ".-decreasing, -> - horizonta l, ~ or ~ - parabolic, ~ - scatter . 
(*) Maximum separation and separation depth . are normalized with dam heights and 
presented in percentage. To convert them into ft they must be multiplied by a factor of 
H/ IOO, where H is the d am height in ft . 

272 



Table 9 .7 UPSTREAM Response due to md 

UPSTREAM Resp"Jl~e due to md 

Maximum Sepa ration (%)(.) 

He ight Trend Range Mean Standard Deviat ion Comments 

100 
0.14 

0.015 0.005 - 0.16 

200 
0.04 

0.055 0.01 4 ~ 

0.08 

300 
0.066 

0.068 0.001 - 0.070 

400 .- 0.085 
0.090 0.002 

0.095 

Separat ion Dep t h (0/0 )( *) 

Height Trend Ra nge Mean Standard Dev iat ion Comments 

100 
70 

78.88 3.33 ~ 

80 

200 
30 

52.22 9.7 1 ~ ~ 

60 

300 
60 

60.00 0.00 - 60 

400 "-
50 

55.55 5.27 
60 

Maximum Horizontal A~celeration Ratio 

Height '!tend Range Mean Standard DevIat ion Comments 

100 / 
5.50 

6.21 0.29 7.00 

200 
2.80 

3.39 0.35 -~ 4.00 

300 
4.1 

5.04 0.43 - 5.9 

400 /~ 
5.00 

6.31 1.00 "/.00 

Maximum RMS Accelerat ion Ratio 

Height Trend Range Mean Sta nda rd Deviation Comments 

100 
3.00 

3.38 0. 19 .-
4.00 

200 / 
2.00 

2.19 0. 10 2.50 

300 
2.00 

2.34 0.13 - 2.50 

400 
2.00 

2.26 0. 19 .-
2.90 

/ - increasing, "--decreasing, --< - horizont a l. - or ~ - parabolic , ~ - scatter. 
(0) Maximum separat ion and separation dept h, a re norma lized wi t h dam heights and 
prese nted in percentage. To convert them into It til y mus t be multiplied by a factor of 
H/ lOO, where H is the da m height in ft . 
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Table 9 .8 DOW STREAM Response due to rnd 

DOWNSTREAM Res ponse due to md 

Maximum Separattoll (% )(*) 

Heigh t 1tend Ra nge Mean Standard Devia tion Comments 

100 
0.048 

0.049 0.OU09 ~ 

0.050 

200 / 
0.005 

0 .008 0.002 
0.012 

300 / 
0.006 

0.008 0 002 O.Oll 

400 
0.0075 

0.013 000:3 
Max. a t m u - 3 

~ 

0.Dl5 

Separation Dept h (%,( . ) 

Height 1tend Range Mean Stallclarcl Devii\tion Comments 

100 
90 

90.00 000 ~ 

90 

200 
60 

64.44 5 .27 ~ 

70 

300 '" 
10 

52.22 25.75 
80 

400 '" 
25 

46.66 20.91 70 

Maximum Hori zo ntal Accelerat ion Ratio 

Height 1tend Range Mean Standard Dev Iatio n Comments 

100 "'~ 
4.00 

4.67 0.99 7.00 

200 / 
2.30 

2. 83 0 .32 3.50 

300 
2.4 

3.06 0.46 ~ 

3.6 

400 
2.00 
3.50 2.68 065 

Maximum RMS Acce leration Ra tio 

Height 1tend Range Mean Standard DevIation Comments 

100 '" 
2.30 

2.77 0.71 4.50 

200 / 
2.00 

2.26 0.21 2.50 

300 / 
2.00 

2.16 0.13 2.50 

400 
1.5 

1.79 U. 19 ~ 

2.1 

/ - increasing , "--decreasing, ..... _ horizontal. - o r ~ - parabolic, ~ - scatter. 
(.) 1\1aximum separation and separ atio n clep l h. are lIo rmalized with dam he ights and 
pre.ented in percentage. To convert the m into ft they mus t be mul tip lied by a factor of 
H/ I00 , where H is the dam height in ft . 
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Figure 9.1 Effect of B on DIS response, H=lOO ft . 

9.3 .6 Polynomial Best Fits 

Second-order best-fi t coefficients , and R2 values are summarized in Tables 9. 10. and 

9.11. Table 9. 10 lists the polynomial best fit parameters (a, b, and c) alld correlation 

coefficient R2 for 100, and 200 ft high dams. ext, the Table 9.11 lists the similar 

information for 300, and 400 ft high dams. In both Tables, R2 values greater than 0.80 

are typed in bold face. The number of occurrences of R2 greater than 0.80 is 3, 14 , 15, 

and 10 in 100. 200, 300, and 400 ft high dams. respectively. 

In 100 ft high dam, the R2 values for B-maximum separation and mu-maximum 

separation relat ions along the DIS interface are 0.97 and 0.95, respectively, indicating a 

very strong relation between the variables. As seen in part (a) of Figure 9.1 , maximum 
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Table 9.9 umbers of Figures showing var ia tion of independent variabl s and polynomial 
best-fit curves. 

Height Independent 
Interrace Figure Number (ft) Variable 

100 () 
u/s 9.1 
d j , 9.2 

¢ 
u s 9.3 
d s 9.4 
u s 9.5 

mu 
d ~ 9.6 

md 
u s 9.7 
di s 9.8 

200 (J u/s A.79 
d 5 A.80 

¢ 
u 5 A.S1 
d s A.82 
u s A.83 

mu 
d 5 A.84 

md 
u/s A.85 
dis A.86 

300 () u/s A.87 
d, 5 A.88 

¢ 
u 5 A .89 
d 5 A.90 
u 5 A.9 I 

mu 
d s A.92 

md 
u s A.93 
d s A.94 

400 (J 
u/s A.95 
d, s A .96 

¢ 
u s A.97 
di s A.98 
u s A.99 

mu 
d 5 A.loo 

md 
u s A.lOi 
d s A.102 

u/s-upstream, d is-downstream 
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separation decreases with increasing B, and second-degree polynomial best fit curve fits 

very well to the data. Part (a) of Figure 9.5 also shows the increasing trend of maximum 

separation and strong relation between mu and maximum sepa[(l.tion. Additionally, R2 

is O. 7 for md-maximum acceleration ratio relation along the U/S interface. Part (c) of 

Figure 9.7 shows that maximum acceleration ratio increased from 5.5 to 7.0 , however 

maximum RMS acceleration ratio (part (d)of Figure 9.7) do s not exhibit a strong mel 

dependent distribution. 

In 200 ft high dam the R2 values indicate strong relations between maximum separation 

and independent variables B, and ¢ along both U IS and DIS interfaces. In fact the 

change in maximum separation of DIS interfaces is very small , as shown in parts (a) of 

Figures A.SO, and A.S2. Ther is relatively a bigger change in U IS maximum separation 

due to B. As shown in part (a) of Figure A.7'J, U/S maximum separation decreases from 

O.OS% (0. 16 ft) to 0.04% (0.08 ft) with increasing B. Further , the change in U IS 

maximum separation due to ¢ is in t he close neighborhood of 0.0 % (0. 16 ft) as shown 

in part (a) of Figure A.81. The relation between separatioll depth and ¢ along the DIS 

interface is also strong, and shows increasing trend. Finally, Table 9.10 shows several 

strong relations between maximum RMS accelerat ion ratios and dependent variables. 

However all mean values of maximum RMS acceleration are in between 2.0S and 2.43, 

and the variation is very small . 

T he second-order best fit coefficients and R2 values for 300, and 400 ft high dams are 

presented in Table 9.11. In 300 ft high dam R2 values again show several strong 
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relations along both U /S and D /S maximum interface separations. In fact, the 

maximum separation along the D/S interface is very small and around 0.007% (0.021 ft) 

for all cases as shown in parts (a) of Figures A.88 , A.90 , A.92 , and A.94. e has the most 

significant effect on U /S maximum s paration as shown in part (a) of Figure A.S7. 

Maximum separation is decreased from 0.075% (0.225 ft ) to 0.02% (0.06 ft) with 

increasing e. Additionally, e has also significant effect on U / S separat ion depth, and 

maximum accelerat ion ratio with R2 values of 0.89, and 0.97. respectively. Separation 

depth is decreased from 60% to 40% as shown in part (b) of Figure A. 7. Maximum 

acceleration ratio is decreased from 6 to approximately 4. Another strong relation exists 

between maximum separation and mu along the U /S interface with an R2 value of 0.99. 

As shown in part (a) of Figure A.91 maximum separation is increased from 0.07% (0.21 

ft) to O.l1S% (0.354 ft) with increasing mu. Additionally D/ S separation depth is 

affected by cjJ , and md, and the trend is decreasing as shown in parts (a) of Figures A.90 , 

and A.94. 

In 400 ft high dam e has also Significant effects on U /S interface. As shown in part (a) 

of Figure A.95 , U /S maximum separation decreases from 0.08% (0.32 ft) to 0.02% (0.08 

ft) . U /S maximum acceleration ratio and separation depth are also significantly 

decreased with increasing e. The relation between D/ S interface angle, cjJ , and maximum 

separations of both U / S, and D / S interfaces is also strong and has decreasing effect as 

shown in parts (a) of Figures A.97 , and A.98 , respectively. Table 9. 11 shows two cases 

where maximum RMS accelerat ion ratio are strongly affected by cjJ, and mu, however 
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the variation is very small , and maximum RMS ratio mean values are in between 1.79 

and 2.43. 

9.4 Multivariate Statistical Assessment 

J n the previous section the dam height was not included in the statistical analysis. Since 

the effect of dam height is crit. ical it is necessary to investigate the statistical significance 

of dam height on estimating the interface performance parameters. First the correlation 

matrices have been determined for all variables. They are presented in Tables 9.12 , 9.13, 

9.14 , and 9.15. Tables 9.12 , and 9.14 list the information using normalized maximum 

separation and separation depth for U / S and D /S interfaces, respectively. Tables 9.13 , 

and 9.15 present the correlat ion coefficients using un-normalized maximum separation 

and separation depth (in ft ) for DIS and DIS interfaces, respectively. Second multiple 

regression analyses have been performed using all five independent variables. The 

regression equation used is: 

y = a + bH + cB + det> + e(mu) + ](md) (9.6) 

where a, b, c, d, e and j are coefficients. Associated R2 values are listed in Table are 

listed in Table 9.16. Third , additional multiple linear regression analysis has been 

performed with selected independent variables. The variables with high R2 values were 

elected from Tables 9.12. 9.13 , 9.14 , and 9.15. The new R2 values are presented in 

Table 9.17. Fourth, second-degree multiple regression analyses have been performed. 
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Table 9.10 Best Fit Parameters and correla tion coeffi cient for heights 100 and 200 ft . 

He ig It Dependent Independent Ili ter face Best Fit Coefficients R' 
( ft ) Variabl e Variable ,; ;, C 

~ 1 i\ximlllt1 8 ll ls 0 . 153 ·0 .006 · 0.00021 0 .97 
100 Sepa.ratlo n (%)( . ) I- 0 .056 0 .003 0 .00003 o:JO 

<b u s 0. 15'_ 0 I .0 0.07 
s 794 0 . 12 -0.0019 0 . 12 

mu u s 0 101 003 4 -=0-0 . 0.95 
s 0 .Of5 - ).00£1 0 .00 19 0 .05 

md " , 0_091 0 .04 25 -::0.00' (J.2~ 

d , S ).05 OS' O.OOB O. 4 
:::;cparatHJn d u /s _.24 - .946 0 .058 0 .76 

Dept h ('Jill( ' ) d , s 90 0 .0 00 O. 
,:, u /, 80 0.0 0.0 0.00 

d , s . In."2" 1<, 73 =, ll":63" 
mu u s 109.3 1 . I 7 0(; I 31 0 

d , S 35.22 39 108 -6.41 0 .33 
md u s 45 . , 26.' -4 .84 0-.0 : 

d . s 90 00 .0 1.00 
I\laxlmurn 8 u s 6.8" \)".072 = """U:"3O 
H O I"I L;O I1 L.;\1 d , • 6 .894 .006 0.005 0 .06 

A cce ler atio n '" u S 68 '23 5 .05 -0.084 O. 8 
RallO d , • '. 1 .382 -0. 1 :"2"! 

HItJ. u • -1~.S 9 17 .72 -269 15: 
d , S 2.83 - , -=o.:f9 """ll:lr 

md u s 4.91 0.036 0 . 1 0.87 
d • 17 .0 1 - (044 1.06 0 I 

~ I axlmllm 8 u 5 3.5 ', 0229 = :2!r 
R~IS d , S 4393 1.0~9 000 1 0.0 
Ratio <b u s -2 .52 0.388 00058 0-:03 

d ,s -36.24 2.6 -0. 4 .. 
mu u S 3.22 0 128 -0. 02, 0.00 

d , • 12.99 -6.385 """If.ll"O o.n-
md U 5 0. 15 0 .0001 1.0 1.0: 

d , S I. 94 0. 12 -0.0019 O.IT 
~Ia;( irn um 8 U 5 0.074 -0.00 15 -0.0002 0.98 

200 Separ atIOn (%)( w) d , • 0 .004 I.OC. O.OOOOS 0 .90 
<b U S 0 .088 .01 -0.00015 0 .88 

d , S -O.Ms IJ.llll3" -0-:00003 0.81 
mu U • - .058 0 .096 -0. 14 0 .96 

d , S 0.006 00000', -0.00004 O. 
md u s 0 .209 -00925 00T3i "55" 

d. S -0.0 11 .01 - 1. 00 13 0 . 87 
::'£'paratL o n " U 5 bU O.U 0.0 0.00 

Dept h (%)( . ) d, • 80.21 .95 . 1 0 . 11 
d> U s 60 0.0 0.0 0.00 

d ,s 9 1.58 ·3. 4 Ollll"n 0-:87 
mu u/s 60 0.0 0 .0 0 .00 

-d , S 70.cr U ,UU 0,00 D.lllJ 
Tnd u s 12 . 16 -4 _26 7 .099 O.!B · 99.J -17.05 1.73 o 70 , aXlmum 8 U S 3 183 . 15 - f.m rOlf 

H orizontal s 2 . 394 0 .079 O,O( 5 11 0 . 89 
Acccicratl {ln ,p U 5 13 08 6.9', -:o:ll99" IT 

Rat iO " 16 .· 78 .067 ).02 1.6' 
mu U S -I t 2 14 .82 -=2.38 0 .70 

5 3 .48 -0.866 0 . 155 
md u S I. •• 1.325 -0.257 0 .2 1 · - 1.191 475 - .36 1 0.6' 

1\ aX lm um • U 5 1 95 0 . 124 -0.0039 0 .92 
RMS Accelera tio n d 5 "2.033 0 ,0 62 -:0:003 8 0-:93 

Ratio d> U 5 - 4 .96 0324 - ).De 0.82 
5 lS.559 -U.4634 0.0082 0.75 

mu U " 76 1,92 -0. 32 1.43 
s 2.05! -0083 -0.03 0.811 

mlI U 5 0,5 0932 -=0- 11 0 .95 · 1.929 -0 . , 599 0 .86 

~/s- upstream . d />--=downstream 
(*) Maximum separa l.ion and separation depths arc normalized wit h dam heights and 
presented in percentage . To convert t hem into ft they must be multiplied by a factor of 
1-1/ 100. where H is the dam height in ft. 
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Table 9.11 Best Fit Parameters and correlation coefficient for heights 300 and 400 ft. 

Height Uependcnl Independent Interface Bc~t Fit Coe ffi c ients R2 
(ft) Variable Vari able " b c 
300 

l\'l aximum 8 u j' 0073 -001 0.0005 0.99 
Separat ion (%)( ... ) d s O.OOi _ -0.000 1 -0.00001 0 .20 

'" u • 0.192 -0.0076 .0001 0. 93 
s II - ).006' 0.000 0.99 

mu u/s -0 11 ,6 0 . 11<1 =75 0.99 , 001 0 .003 -0.OOU5 0.91 
md u • 0.061 0.00 -0001 4 0.96 

d , • 0 .0009 000 O. 0 .75 
!Separation 8 li :-0 39 1 -5. 368 0.291 0.89 

Depth (%)( . ) d , • 80 I 0 .958 0.J04 0 .11 
<I> u , W 00 0.0 0.00 

'd , , , .4 :1{),:35 150 lJ.81r 
f1lU U , 60 0 .0 O. 0.00 

d , > 800U 0.00 1.00 0 .00 
md u /s GO 0 O. -1).00 

d , S 12_ 75 - 12 .3 -3.5 0.80 
!\')axlInum 8 u S 50,1 -0,65 0 .0 42 0.07 
Horizontal <.I , S 2 ,31 -0.2 2 O. 5 

Accelf! r aLlon <I> u s - 10 .39 1.1 -0.02 0 0 .4 9 
Ratio d • 19.69 -I. 74 lJ.Ol!' 0.;3-

,.,w u • 16 J6 -6 ,85 .918 O. 6 
--(I , S ~ .5 1 u.bl -0. 16 o:o:r 

md u ,s 3743 0 51 -01 0.06 
d. s -066 2.2S -0.33 0 .27 

MaX im um 8 u S 2. 41 -0 . 0~15 Dllll'f.I" l!.3lr 
RMS • 51 .044 0.0055 _8: 
Ratio <I> u • -3945 U 43"2- -0.00 0.58 

s 36 . 18 .002 . 9 ~ 

mu u s 5.5 - 2 . 16 0 .29 0.B9 
d , S 38 0.4' -:0.074 ----o:B6 

md u • 288 - 0 .52 0. 11 0 .5 9 
S 1.588 02 18 -0.0089 0 .B2 

400 
l\Iaximum 8 u • 0086 -0.0149 0 .0008 0.9B 

Separation (%)( . ) d • 0008 -0 0008 0.0000 , 0 .4!f 
<I> u . S 0761 0 .041 0.0006 0 .0: d, s a 82 -004 0 .000049 O_BB 

mu u s 0 152 00001 0.0 0.07 

• '.0 136 -O,OU3 '.00034 0.15 
nod u S 0064 a u22 -0.004 0:1f7 

• -0 U5 10·1 - 1.0067 . 12 
::,eparat lo n • u s 53.99 625 - . 188 0.B9 

Depth (%)( . ) d > 0 1.00 .0 '110 

<> u s 600 00 0 .0 '.00 
d s 70,00 0. 00 o:lllf o:mr 

mu u s 111463 -34 .05 4 .6 0 .81 
d, • ruo U.U 0 .0 0.00 

md u s 61.69 3 . 12 1. r3 16 .16 
d S 30 66 -28.0 0.00 0 _B4 

MaXimum 8 u s 585 -0.285 - l.OOlT, IF.!" 
Hor izontal d • 4 .0 -0 .68 0.048 O. 3 

Acceleration <I> u s -2" 8, t I>o--:r --:-o:M8" 0.10 
Ratio d iS 36 ~2 -1. 9 U.02' . 73 

mu u • 968 -2 .69 0.274 064 
d S 5 .39', cr .25" 

md u • -019 3588 -0.452 1.39 
d • 54M - I 103 0.054 065 

l\lax lmurn U u • ! 45 0 - 1.0046 1.02 
Rt-.lS Accelerat ion . as '2 JS -u .u91 0.003 0 . 13 

RallO Q u · - !.09 ,25 - 1.0037 1.33 
d • 0477 0 156 -o.om 0 .9 2 

mu u 5 4 6J - 1.76 0. f30 0 .92 
d • I 498 0 .294 -0.039 1.68 

md u • 1.026 06.2 = f.1> 
s 504 - 2.201 0 .356 0.53 

~/s-upstream , _ d/s~downstrearn 
(.) Maximum separation and separation depths are normalized with dam he ights and 
presented in percentage. To convert them into f1. they mu, t be multiplied by a factor of 
Hj 100, where H is the dam height in ft . 
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Table 9.12 Correlation matrix of normalized variables for U IS interface. 

H fJ 

'" 
mu md MS(-) SO(.) fl. IAR MRMSR 

H 1 0 0 0 0 -0.61 -0.66 -0.43 -0.69 

(} 0 I -0.23 -0.23 -0.23 -0,47 -0.38 -0.23 0.18 

'" 
0 -u.23 1 -0.2 -0.2 -0.03 0.14 0 .22 0.13 

mu 0 -0.23 -0.2 1 -0.2 0.38 -0.01 0.04 -0.32 

m d 0 -0.23 -0.2 -0.2 1 0.01 -0.03 0 0.04 

MS(.) -0.61 -0...17 -0.03 0.38 0.01 1 0.77 0 .61 0.49 

SO(.} -0.66 -0.38 0.14 -0.01 -0.03 0.77 1 0 .56 0.57 

MAR -0.43 -0.23 0.22 0.04 0 0 .61 0.56 1 0.64 

MRM SR -0.69 0.18 0.13 -0.32 0 .04 0.49 0.57 0.64 1 

H= Height, MS=Maximum Separation , SO=Separation Oepth , MAR=Maximu m Accel-
erat ion Ratio, MRMSR=Maximum RMS Accelerat ion Ratio (* )=Percent of dam height. 

The equation used is: 

y = a + bx + CX'2 + dH (9.7) 

where x is the independent variable, and H is the dam height. The multiple correlation 

coefficients are listed in Table 9.18. Finally all R2 values obtained from all regression 

models were compared. The best regression equations were selected by considering the 

simplicity of models and the high R2 values. The selected regression equations are listed 

in Tables 9.19 , and 9.20 for U/S, and DIS interfaces , respectively. 

Inclusion of dam height in the multiple linear regression decreased the R2 values 

compared to univariate regression analysis performed for each dam height separately. 

Table 9.20 also shows that downstream concret.e angle has statistically insignificant 

effect on DIS interface performance. 
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Table 9 .13 Correlation matrix of un-normalized variables for U/S interface. 

H (J <P mu md MS(. ) SO(o) ~ IAR MRMSR 

H I 0 0 0 0 0.57 0 .97 -0.43 -0.69 

(J 0 1 -0 .23 -0.23 -0.23 -0.52 -0 .12 -0.23 0 .18 

cP 0 -0 .23 1 -0 .2 -0.2 -0 .07 0 .04 0.22 0. 13 

mu 0 -0.23 -0.2 1 -0.2 0.43 -0 .02 0.04 -0.32 

md 0 -0.23 -0.2 -0.2 1 O .O~ 0 .02 0 0.04 

MS(o) 0 .57 -0.52 -0 .07 0.43 0.04 I 0.65 -0.01 -0.5 

SO(*) 0 .9, -0 .12 0.04 -0.02 0.02 0.65 I -033 -0.63 

1\IAR -0.43 -0.23 0.22 0.04 0 -0.01 -0.33 I 0 .64 

MRMSR -0.69 0 .18 0.13 -0 .32 0.04 -0 .5 -0.63 064 1 

H= Height . :-IS=Maximum Separat ion , SO=Separation Depth, MA R=Maximum Accel-
eration Ratio, MRMSR=Maximum RMS Acceleration Ratio (o)= ln feet . 

Table 9 .14 Correlat ion matrix of normalized variables for D IS interface. 

H (J cP mu md t-.'1SI. ) SO(o) I\ IAR MRt-.'1SR 

H I 0 0 0 0 -0.7 -0.54 -0.7 -0.71 

(J U I -0.23 -0.23 -0.23 O.ll 0. 12 -0.01 0.06 

cb 0 -0.23 1 -0 .2 -0 .2 0 -0.08 0.03 0.08 
mu 0 -0.23 -0.2 1 -0 .2 -0.03 0.12 0.05 0 .04 

md 0 -0.23 -0.2 -0 .2 1 -0.0 1 -0.4 -0.1 -0.15 

!"vISI.) -0.7 0 .11 0 -0.03 -0.01 I 0.54 0.9 0.79 

SO(.) -054 0.12 -0 .08 0.12 -0 .4 0 .54 1 0 .56 0.57 

MAR -07 -0.01 0.03 0.05 -0 .1 0.9 0 .56 1 0 .91 

MR!"vISR -0.71 0.06 0.08 0 .04 -0 .15 0 .79 0 .57 0.91 1 

H= Height . IS=Maximum Separation, SO=Separatioll Depth, MAR=Maximum Accel-
erat ion Ratio. MRMSR=Maximum RMS Acceleration RatIO (. )= Percent of dam height. 

Table 9.15 Correlation matrix of un-normalized variables for DI S interface. 

H (J cb mu md MS(o) SO(.) MAR MRMSR 

H I 0 0 0 0 -0.44 -0.54 -0.7 -0.71 

(J 0 I -0.23 -0.23 -0.23 0.13 0.12 -0 .0 1 0 .06 

¢ 0 -0.23 1 -0.2 -0 .2 -0 .12 -0.08 0 .03 0.08 

mu 0 -0.23 -0.2 1 -0.2 -0.05 0. 12 0 .05 0.04 

md 0 -0.23 -0.2 -0.2 I U.09 -0 .4 -0.1 -0.15 

MS(* ) -0.44 0.13 -0. 12 -0 .05 0 .09 I 0 .4 0 .8 0 .64 

SOI_) -0 .54 0 .12 -0 .08 0.12 -0 .4 0 .4 I 0 .56 0.57 

MAR -0.7 -0 .0 1 0 .03 0.05 -0 .1 0 .8 0 .56 1 0 .9 1 

MRI\ISR -0.71 0 .06 0 .08 0.04 -0.15 0 .64 0 .57 0.91 I 

H= Height . MS=Maximum Separation, SO=Separation Depth , MAR=Maximum Accel-
eratIon Ratio. MRMSR=Maximum RMS Acceleration Rat io (. )= In ft . 
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Table 9.16 R2 values of regression models in the form ofy = a+bH +ce+d¢+e(mu) + 
j(md). 

DV 
R2(%) 

UI S DIS 

MS 
Norm 67.4 49.2 

Un-Norm 71.4 22 .3 

SD 
Norm 59.7 47.3 

Un-Norm 95.1 47.3 

MAR 26.8 49.3 

MRt-"ISR 59.3 53.8 

DV= Dependent Var., MS= JVlax. Sep. , SD= 

Sep. Depth, MAR= Max. Acce. Ratio, 

MRMSR= Max. RMS Acce. Ratio. 

Table 9.17 R2 values of linear regression models with selected independent variables. 

Norm Un-Norm 

DV UIS DIS UIS DIS 

MS 
IV H ,e,mu H H ,e ,mu H , e,¢ 

R2(%) 66.7 47.9 69.8 21.1 

SD 
IV H ,e,¢ H ,md H H ,md 

R2(%) 56.8 44.6 93.2 44.6 

r-. lAR 
IV H , e,¢ H H ,e ,d> H 

R2(%) 26.8 48 .2 26.8 48.2 

MRMSR 
IV H,mu H H , e ,mu H 

R2(%) 57.1 50.8 58.3 50.5 

DV= Dependent Var. , IV= Independent Var., MS= Max. Sep .. SD= Sep. 

Depth , MAR= Max. Acce. Ratio, MRMSR= l\·(ax. RMS Acce. Ratio. 
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Table 9.18 R2 values of second-degree linear regression models in the form of fj = it + 
bx + (;X 2 + dH. 

DV IV 
R2 (% ) 

DIS DIS 

MS 
H ,B 60.4 49.5(*) 

H ,¢ 33.3 48.4( *) 

H,m:u 53.6 48.4(*) 

H ,md 33.1 45.0(*) 

SD 
H ,B 95 .1 30.6 

H ,¢ 93.4 29.5 

H,mu 93.3 30.9 

H ,md 93.3 44.7 

MAR 
H , (J 23.9 48.3 

H ,¢ 23 .0 48.4 

H,mu 19.5 48.5 

H ,md 18.6 49. 1 

MRMSR 
H ,B 51.1 51.2 

H ,¢ 48.5 51.7 

H ,mu 57.6 51.0 

H ,md 47.1 54.0 

(0)= ormalized , OV= Dependent Var. , IV= In-

dependent Var. , IS= t-lax . Sep., SD= Sep. 

Depth , MAR= Max. Acce. Ratio , MRMSR= 

Max. Rt- IS Acce. Ratio. 

Table 9 .1 9 Best multivariate regression models selected for U IS interface performance 
parameters. 

Ii b c d 
69 MS(o) -0.36 + 0 .0049 H 0.015 f) + 0.058 mtL 
93. 2 50(0) 19.51 + 0.521 H 
26. MAR 2.99 0.0065 H 0.116 f) + 0.126 <P 
57.1 MRMSR 4.62 0.0044 H 0.433 mtL 

( . ) = l ln. No rma.lized 
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Table 9 .20 Best mult ivariate regression models selected for D/S interface performance 
pa.rameters. 

R2(%) ov Ii b c d 
60.4 MS(. ) 0.0627 0.00016 H 
44 .6 50(.) 127.41 0 .09 H 14.13 md 
49.1 MAR 7.5 0.965 md + 0 .114 md2 0.01 1 H 
54.0 MRMSR 8.724 3.039 md + 0.48 1 md2 0.0074 II 

( . )= Normalized 

9.5 Summary and Conclusions 

This chapter discusses the statistical relations between controlling parameters and 

interface performance parameters. Standard deviat ion, mean, and minimum and 

maximum ranges of interface performance parameters for each dam height are presented. 

Additionally, second-order polynomial best fit curves and correlation coefficients are also 

presented. Multiple regression analyses have been performed including the dam height 

as one of the independent variable and related R2 values are tabulated. Following 

conclusions are drawn from the statistical asses::;ment of parametric effects . 

• U /S maximum separation is strongly dependent on U /S interface angle, e for all 

heights . Increase in e causes decrease in maximum separation. The related 

correlation coefficients are all greater than 0.82. 

• U / S maximum separation is also significantly affected by U /S soil slope, mu. 

Increase in mu causes increase in /S maximum separation. 

• e has strong decreasing effect on U /S depth of separation and maximum 

horizontal acceleration ratio for 300 and 400 ft high dams. The related R2 

values are greater than 0.83. 
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• The decreasing effect of cD on all D /S interface performance parameters is more 

evident in 300, and 400 ft high dams. 

• In most cases maximum RMS ratio shows more consistent dependency on 

cOlltrolling parameters t han maximum horizontal acceleration ratio. 

• More strong relations are found between controlling parameters and interface 

performance parameters in 300, and 400 ft high dams than shorter dams. 

• U /S, and D / S soil slopes have insignificant effect on performance parameters of 

opposite sides. 

• In most cases second-order polynomial best fit curves are found to be adequate 

in modelling the variation of interface performance parameters. 

• Dam height has been found to have strong effect on estimating the interface 

performance parameters. 

• Including dam height in the multiple regression model caused decrease in R2 

values compared to single variable regression models , but they can still be 

considered as acceptable. 
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10. Summary, Conclusions and Recommendations 

10.1 Summary 

T he interface stability of a composite dam und r earthquake shaking is quit e crit ical to 

its seismic safety. In the evaluation of the seismic stability of a composite dam, besides 

others, the main problem is the dynamic interaction between concrete gravity dam and 

soil embankment. The wrap-around sections are the transit ional sections of a dam 

where it changes from concrete dam to embankment wing dams. This study covers both 

2-D and 3-D modelling of interface area, elastic-plastic material model, effect of different 

geometric configurations of the interface on the separation, separation depth , horizontal 

accelerat ion , and earthquake induced stresses along the both upstream and downstream 

interfaces . 

Literature survey has revealed that nobody has conducted any research attempt on 

Interface Behavior of Composite Dams (IBCD), except some preliminary numerical 

analysf's . Therefore IECD research is in its early stages, and this thesis is the first 

detailed research performed to study dynamic IBeD. Through the nonlinear finite 

element analyses, quite a bit of research effort has been devoted to the study of IECD, 

and el\l inordinately amount of data was generated . To gain a good insight into the IECD 

probklll. the results have been interpreted carefully. 
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In the following paragraphs a brief summary of each chapter is provided, and next 

sections present the conclusions drawn from dynamic IBCD study, and finally 

recommendations for future work are discussed. 

In Chapter 2 findings from the literature survey on composite dams, soil-concrete 

interface models, numerical analysis codes to analyze IBCD, constitutive' soil models , and 

porE' pre 'sure generation models are discussed. 

Chapter 3 describe the softwares used in 2-D, and 3-D parametric FE Cl.ll alyses. Pre 

and post processors, and NIKE3D [47] are presented. TrueGrid [83] and GRIZ [72] have 

been used as the pre-processor and post-processor , respectively. Theoret ical background 

of NIKE3D, its interface algorithm, and solution strategy are discussed. 

Chapter 4 discusses the principles of dynamic centrifuge testing with emphasis 0 11 

co mposite dams, and NIKE3D simulation of Stadler's [73] retaining wall centrifuge test. 

Y'. a ll deflection, earth pressure, and horizontal accelerations of both soi l and wall are 

compared with experimental measurements. Moreover, horizontal acceleration of soil 

along the wall-soil interface is presented. Although it was not possible to make direct 

comparisons of amount of separation along the wall-soil interface, calcu lated zero 

interface pressures were in good agreement with the measured data. Zero interface 

stresses are indication of possible separation and in all NIKE3D analysis results zero 

interface pressure and maximum separation regions match very well. Therefore IKE3D 
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is proven to be a reliable nnmerical analysis tool to assess the separation potential a long 

a soil-concrete interface. 

Chapter 5 summarizes the input parameters used in the FE analyses. and discusses 

them in detail. Input parameters include; input ground motion , 2-D and 3-D FE mesh , 

numerical damping , material , and interface model parameters. 

Chapter 6 presents the natural vibration characteristics of 2-D composite dams, and 2-D 

parametric nonlinear FE analyses that have been performed to assess the potent.ial for 

the interface separation, and the influence of the height, upstream , lope angle, upstream 

embankment slope, downstream interface slope and the downstream embankment slope 

on interface performance parameters such as: magnitude of interface separation, 

separation depth, maximum acceleration, maximum RMS accelerat ion ratio and static, 

minimum dynamic, and maximum dynamic interface pressures. Results are 

demonstrated through a series of graphs that relate geometric parameters to interface 

performance parameters. 

Chapter 7 presents the study on the behavior of 3-D model under Koyna Dam 

Earthquake Record with linear elastic model. The effects of nonlinear soi l model and all 

three components of ground motion are also presented. Max.imum separation and 

acceleration results are compared with 2-D analysis results. Surface contours of 

maximum separation at U IS, DIS, and longitudinal interfaces are presented. All 

findin gs are interpreted and compared to 2-D analysis find.ings when' possible. 
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Chapter 8 explains a case study of 180 ft high Folsom dam which was analyzed using 

NIKE2D. The results are presented in terms of maximum separation, separation depth 

and static, and maximum interface tresses along the upstream interface. The results 

are compared with the parametric FE analysis of 200 ft, high composite dam. Good 

agreement was observed in separation depth. 

Chapter 9 characterizes the statistical relations between controlling variables, called as 

independent variables, and maximum interface performance parameters, called as 

dependent variables. The statistical assessment has been performed through the 

investigation of sample mean , a.nd standard deviation of dependent variables; 

second-order polynomial best fit models; and squared correlation coefficient , R2. 

10.2 Conclusions 

The stability of the soil-concrete interface in composite dams und r seismic load was 

studied extensively using the computer code, NIKE3D , developed at the Lawrence 

Livermore National Laboratory. The code performance in studying the interface 

behavior is calibrated using the centrifuge test results on a retaining wall with a dry 

sand backfill . The comparison of results shows that the code is effective as a study tool 

for the interface behavior of composite dams under seismic shaking. 

Dynamic analyses were performed on the composite dams under Koyna earthquake 

shaking using only one set mater ial properties. The findings from the extensive 

plane-strain analyses are concluded as follows: 
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• The soil-concrete interface can separate and close during a seismic event. The 

separation/ closure phenomenon is repetitive and can take place anywhere along 

the interface. 

• The maximum eparat ion and the maximum depth of separation where the gap 

occurs increase with the dam height. The maximum separation also increases 

with the separation depth, and maximum soil response acceleration ratio , and 

de reases with the respect ive upstream or downstream slope of concrete face. 

• During the upward propagation the ground motion amplifies. In t he incident of 

interface separation, th embankment ground motion amplification is even more 

severe. This subsequent ly results in a very high interface earth pressure upon 

the separation closure. 

• The maximum dynamic earth pressure is about 1.3 to 1.8 t imes the st atic earth 

pressure. 

Since the wrapped-around section of a composition dam is in general three-dimensional, 

three-dimensional analyses were also carried out to investigate the potential difference 

between the plane-strain and three-dimensional simulations. The hndings are 

summarized as follows: 

• Applying only the maximum horizontal component in the transverse direction, 

three-dimensional effects using elastic soil model yield much smaller ma.ximum 

embankment acceleration for all dams, but larger separation for higher dams 

along both upstream and downstream interfaces. The maximum separation also 
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found to increase with the dam height . The separation, in all cases, can occur 

throughout the complete depth of the dam while not simultaneously. No 

significant interface problem along t he transverse interface . 

• When Ramberg-Osgood soil is used, the s paration and separation depth 

significantly decreases compared to the case with elastic soil. This shows the 

significant soil model dependency of the interface behavior. 

The simultaneous imposition of all t hree components of ground motion to the 400 ft 

high dam with elast ic soil causes significant increase in the separation along all three 

interfaces and the separation takes place throughout the whole depth while not 

simultaneously. 

10.3 Recommendations for Further Study 

While the study is extensive, it is preliminary. Much work is needed to gain further 

insight into the problem of soil-concrete interface behavior in composite dams. Since 

many composite dams of over 100 feet height exist in the world and many in seismically 

active areas, it is important to put this aspect of dam safe y to rest through vigorous 

study. It is recommended to pursue further research in the following areas: 

• Only elastic and Ramberg-Osgood models were used. The analysis results 

showed a strong soil model dependency of the interface behavior. It is 

recommended to investigate the soil model effect further. 
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• The best way to calibrate the effectiv n ss of a computer code in simulating the 

interface behavior in dam is by the way of centri fugal modelling. It is 

recommend d to perform centrifugal tests to provide t he datum for checkiug the 

validity of the computer codes and soil models. 

• The preliminary three-dimensional analysis shows the significant effe t of 

imposing all three components of ground motion on the interfac behavior of 

composite dams, it is recommended to investigate furt her the effect of the 

imposition of all three components of ground motion an I earthquake 

maguitudes Oil the interface behavior. 

• To allow t h problem to be manageable in t his stage of study, while knowing it 

is extremely important , the pore water pressure was never considered. Th 

saturated soil in the upstream area will cumulate excess pore water pressure 

during the seismic shaking, it is strongly r commended to study the impact of 

the excess pore water pressure on the interface behavior under seismic shaking. 

This can be accomplished via uncoupled formulat ion, part ially coupled 

formulation or coupled Biot formulation . 

• In this study the reservoir hydrodynamic effects was not considered. Instead, 

the hydrostatic water pressure was applied along the upstream slope. It is 

recommended to include the full hydrodynamic effect in the future study. 

298 



OTATIO I DEX 

• U IS: Down tream 

• DIS: Upstream 

• IBCD: Interface Behavior of Composite Dams 

• 8: Upstream interface angle 

• ¢: Downstream interface angle 

• mu: Upstream oil slope 

• mu: Downstream soil slope 

• H: Height 

• reference configuration: The geometric configuration when 8=0 .0° , ¢=26.6°, 

mu=2.0, and md=2.0. 

• RMS: Root mean square 

• T Unit weight 

• p: Density 

• E : Young's modulus 

• G: Shear Modulus 

• v,: Shear wave velocity 

• K : Bulk Modulu 

• J.L: Friction coefficient 
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• 1/: Poisson 's ratio 

• a: Stress 

• T: Shear stress 

• w: Freq uency 

• T: Period 

• u: Displacement 

• u: V locity 

• u: Acceleratioll 

• Eu : Volumetric strain 

• g: Gravitational acceleration 

• K : Stiffness matrix 

• M: lass matrix 

• C : Damping matrix 

• F : Force r.. latrix 

• ID: National Inventory of Dams 

• DV: Dependent Variable 

• IV: Independent Variable 

• MS: Maximum S par at ion 

• SD: Separation Depth 

• !fAR: Maximum Acceleration Ratio 

• MRMSR: r.. laximum RMS Acceleration Ratio 
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A. APPENDIX Figures 

A.I Free Vibrational Behavior 
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Figure A .I Horizontal displacement and acceleration time histories of soil and concrete 
nodes at the crest, F, = 0% (H=300). 
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A.2 2-D FE R esults 

A.2.1 H =100ft 
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Figure A.20 (Continued from previous figure) Max. Separation, Max. Acceleration, 
and Nodal Interface Stresses (Max., Static, Min.) along the UPSTREAM Interface due 
to change of md (H= lOO). 
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Static, l\lin. ) along the DOWNSTREAM Interface due to change of md (H=lOO). 
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Figure A .24 Collective graphs of Max . Separation , Acceleration, and interface pressures 
along the DOWNSTREAM Interface at all md's (H=lOO) . 
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Static, Min.) along the UPSTREAM Interface due to change of cp (in degrees) (H=200). 
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Figure A .26 (Continued from previous figure) Max. Separation , Max. Accelerat ion, 
and Nodal Interface Stresses (Max., Static, Min .) along t he UPSTREAM Interface due 
to change of ¢ (in degrees) (H=200). 
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Figure A.27 Collective graphs of Max. Separation , Acceleration , and interface pressures 
along the UPSTREAM In terface at all dl's (H=200). 
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Figure A .41 (Continued hom previous figure) Max. Separation, Max. Acceleration , and 
Nodal Interface Stresses (Max, Static, Min. ) along the DOWNSTREAM Interface due 
to change of md (H=200). 
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Figure A .44 (Continued from previous figure) Max. Separation, Max. Accelerat ion, 
and Nodal Interface Stresses (Max. , Static, Min .) along the UPSTREAM Interface due 
to change of ¢ (in degrees) (H=300). 
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Figure A.47 (Continued from previous figure) Max. Separation , Max. Acceleration and 
Nodal Interface Stresses (Max., Static, ~ Iin .) along the DOWNSTREAM Interface due 
to change of ¢ (in degrees) (H=300). 
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Figure A.48 Collective graphs of Max. Separat ion , Acceleration , and in terface pressures 
along the DOWNSTREAM Interface at all cP's (H=300) 
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Figure A .50 (Continued from previous figure) Max. Separation, Max. Acceleration , 
and Todal Interface Stresses (Max., Static, Min .) along the UPSTREAM Interface due 
to challge of mu (H=300). 
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Figure A.56 (Continued from previous figure) Max. Separation, Max. Accelerat ion. 
and Nodal Interface Stresses (Max., Static, Min.) along the UPSTREAM Interface due 
to change of md (H= 300). 
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Figure A .59 (Continued from previous figure) Max. Separation , Max. Acceleration , and 
Nodal Interface Stresses (Max., Static, Min .) along the DOWNSTREAM Interface due 
to change of md (H=300). 
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Figure A.61 Max. Separation , Max. Acceleration, and Nodal Interface Stresses (Ma.x., 
Sta tic, t\lin .) along the UPS TREAM Interface due to change of ¢ (in degrees) (H=400) . 
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Figure A .65 (Continued from previous figure) Max. Separation , Max . Acceleration , and 
Nodal In terface Stresses (Max., Static, Min .) along the DOWNSTREAM Interface due 
to change of ¢ (in degrees) (H=400). 

368 



0.8 

• O. 
u 
.c 
.~ 0.4 
QI 

X 0.2 

:z: 
........ 0.8 
N 

u 
.c 

0 . 6 

~ 0.4 ., 
:z: 0.2 

:z: 
..... 0.8 
N 

0.6 ... 
~ 0.4 ., 
:z: 0.2 

01 S Min. Oyn. Interface Str. 

o 0.5 1.5 

(al Stress (O /Obase 

O/ S Static Interface Str. 

o 0.5 1.5 
(b) Stress (O/Ob ••• 

0 1 S Max. Oyn. Interface Str. 

o 0.5 1.5 2 
(c) Stress (a la .... 

X 
..... 0.8 
N 

... 
.c 

0.6 

.~ 0.4 
QI 

x 0.2 

01 S t~ax. Separatlon 

o 0.02 0.04 0.06 0.08 0.1 

( d ) Max . Separatlon. Sep_./ H (\, 

DIS Max. Hor . Acceleration Ratio 

~ 0.8 

" 
... 
.c 

0.6 

.~ 0.4 ., 
X 0.2 

X 
0.8 

N 

0.6 ... 
.c 
.~ 0.4 ., 
X 0.2 

2 6 8 10 

(e) Acee. Ratio 

U S RMS Ra io ... 
\ 

2 4 10 

( f ) RMS(ou t I/ RMS(in) 

Figure A.66 Collective graphs of Max. Separation Acceleration , and interface pressures 
along the DOWNSTREAM Interface at all <jJ's (H=400). 

369 



• • , t:: • • • • , . • ._A • • • · + .. • • • .. • .. • • • 

· , . · • I)' = ... · + 
~ • • • • · • · • •• • • • • .. • •• • • • 

• - + , 
~:. • • · • , . · + • • • · • · • . + • + 

• • + ... • .. • • • 

'--"-----_1 
· - , 

~ .. · +-· • ,. •• • • • • • + · • • · + .. • • • • • .. • . + • • • . 
o 0 0 200400'001 II I 

Ll.--l 
* • , ,:. * + . + , . · • • • • 

* + • . + ,. • • • • .- • .. • .-
•• • • • • 

o 0 02 0.04 0 .0' 0 I')~ f) I " \: I, I. 
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Figure A.71 (Continued from previous figure) Max. Separation, Max. Acceleration, and 
Nodal Interface Stresses (Max., Static, Min. ) along the DOWNSTREAM Interface due 
to change of mu (H=400) . 

374 



DI S Min. Dyn . Interface St r. DI S Max . Separation 

:x: :x: 
p 

"- 0.8 "- 0 8 

" " 
0 .6 0 . 6 

w w 
.c .c 
.~ 0.4 .~ 0.4 
OJ OJ 
:x: 0.2 

:x: 0 .2 

0 0 5 1.5 2 0 0.05 0.1 0. 15 0 . 2 0.25 

(a ) Stress ( O / Oba u static ( d ) Max. Separa t .lon . Sep ... x I H (\ ) 

DI S S t.at i c Interface Str . DIS Max. Hor. Acceleration Rat~o 

• 1 

• :x: 
0.8 ... :x: 

0 . 8 .... .... 
N N 

0.6 ~ 0 .6 
w w 
.c .c 
.~ 0.4 .~ 0.4 
OJ OJ 
:x: 0.2 :x: 0.2 

0.5 1.5 2 2 1 0 

(b St.ress (o/oban - static (e ) Acce. Ratio 

DI S Max . Dyn . Interface Str. U/ S RMS Ratio 

:x: 
0.8 

:x: 
0 .8 .r "-

N " ; 
0.6 0 .6 .... u 

\ .c .c 
.~ 0.4 .~ 0 .4 
OJ OJ 
:x: 0.2 :x: 0 . 2 

0 0.5 1.5 2 2 4 6 8 10 

IC ) St.ress ( O/Oba .. static ( f ) RMS (out) I RMS (in) 

F igure A.72 Collecti'·e graphs of Max. Separation, Acceleration, and interface pressures 
along the DOWNSTREAM Illterface at all mu's (H=400). 

375 



U. .:1,., OCI 

.. + · t:: .. + .. + , . + .. .. + • ,+ • .. + .. ~ • .. • • ,. • • •• • .. • • • 
1111. 

.!., 2~ 

" .. · t:: .. .. • , . .. • • · • .. • ... - • + 
• • " ,. • + 
.. + • + 
• • .. 

U,. 

· t:: " +-.. + o • 

" + 
." -,-. • .. + .. .- • + 
• • • + .. • • + 
. + • " • • 

-.d ~ J ,l!rt 

• + · l: +"0 " ... .. , + ,. • + · .. + .. 
--- • .. + ,... -- • • 

~ • • ,. • • + 
. + • + 
• 'II + 

.d.. l .oO 

· t:: .. + • .. , . + .. ,+ + • -+ • .. + .. -- • * + 
~ • " + .. • .. + 
* + • • • • .. 

Figure A .73 Max. Separation , Max . Accelerat ion, and ada] Interface Stresses (lVlax _, 
Static, Min.) along the UPSTREAM Interface due to change of md (H=400). 

376 



nd , 1 ~ r.w:h12!O 

• + + ... + .. + ... + 

J 
.. + ... 

• * 
+ 

'" . + • '" + .. • ... + 
• • '" + .. • '" + 
"' . • ... + .. • '" + 

, . 
1tId4J !OO nd . J ') V ..ci .. ) 50 

'" . !.+ ... + \ .. ... • O. * ~ 
* " + 
'" ..-+ o • • * • . -. 

• * 
+ • • * + .. • '" + 

* + ., • " + .. • + 
'0> ... 

ed ) 7 !1 OS 

'" + t:: '" • '" • .. + 
* + + 
'" -+ • '" + .-. • * • • '" .. • * • .., "' . • '" • .. • '" • 

0 . 0' '. 5 

" ::J • • ., 
'" ,. . 
* * • * ... • • * • .. - • '" + 

• • * • .. • * • •• .., • '" • • -. '" • 
.'" • OJ Ol , ; 

Figure A.74 (Continued from previous figure) Max. 
and Nodal Interface Stresses (Max., Static, tvlin.) 

Separation, Max. Acceleration , 
along the UPSTREAM Interface due 

to change of md (H=400). 

377 



U/ S Mln. Dyn . Interface Str. U/ S Max. Separation 

::= :I: 
0.8 ,---> 0.8 

N 

0.6 0.6 .... u 
.c .c rI' OJ 0.4 .~ 0.4 I 
.~ , 
QI QI 
x 0.2 

:c 0.2 , 
• I 

0 0.5 1.5 2 0 0.02 0.04 0.06 0.08 0.1 

la) Stress (0/ abase - statlc (d) Max. Separation, sePmax /H ( t) 

U/ S Static Interface Str . U/ S Max. Hor. Acceleration Ratio 

1 .. a . - -
x 

0.8 
:c 

0 .8 -.. 
N 

0.6 0.6 .... u 
.c .c 
.S' o. q en 0.4 

~ 

QI QI 
x 0.2 :c 0.2 

0 0.5 1.5 2 4 8 10 
Ib ) Stress (O/Obue - static (e ) Acce. Ratio 

U/ S Max. Dyn . Interface Str. U/ S RMS Ratio 

:= 0.8 
:I: 

0 . 8 
f-

N N 

0.6 0.6 ( .... oJ I .c .c 
.~ 0.4 ~ 0.4 
QI QI x 0.2 :c 0 .2 : 

0 0.5 1.5 2 2 4 6 10 
Ie) Stress (Olobue I f ) RMS lout ) I RMS (i n ) 

Figure A .75 Collective graphs of Max. Sepamt ion I Acceleration, and interface pressures 
along t he UPSTREAM Interface at all mcts (H= 400). 



, s .".;< o~ 

.. , . ... --
0.' r .. t • .. .. • • .. .. • 

~ • .. • • .. • 
'J • • • -. 

, . w" .. ;. 

i .. • , t .. ~· ... 
• .. .. .. . ... ., .. . 
j · .. . 

( .. •• .. • .. .. • .. • .. • .. 

.. 
1 '~ ... -.. . . r· • .. . .. .. .. . ... ~ .. . .. 0. , . .. . ... · .. 1 • .. • -... 

• :!- • 1 .... .. , . .. . .. ~ ... 
" O. .. . .. · .. . 

0 . ' ... • .. • 
l • • .. 
• ... 

0; 5 Md o J 00 .,. .. I) 1)1'1 

.. • 1 ~ •• . -.. o. r· • .. . .. O. .. . 
,It · .. . 
~ • " • • .. . -" • • .. 

Figure A.76 Max_ Separation, Max_ Accelerat ion , and Nodal Interface Stresses (Max. , 
Static, lin. ) along the DOWNSTREAM Interface due to change of md (H=400)_ 



Figure A .77 (Continued from previous figure) Max. Separation, Max. Acceleration, and 
Nodal Interface Stresses (Max. Static, Min.) along the DOWNSTREAM Interface due 
to chaJlge of rnd (H=400). 
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A.3 Polynomial Best Fit Curves 
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A.4 Bar Charts 
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Figure A.IOB Max. Acceleration Ratio and Max. RMS Acceleration Ratio of U/ S 
interface vs mu and Height. 

403 



o 0 7 

0 . 06 

o OS 

o O' 

separat. ion Oepth He Ight. 

Figure A .109 Max. Separation and Separation Depth of D/ S interface vs mu and Height. 

404 



Max . Hor . Acce Ral10 

00 

Max . RMS Ac:c e Rallo 

Figure A.lIO fax. Acceleration Ratio and I\ Iax. RMS Acceleration RaLio of DIS 
interface vs mu and Height . 

405 



o 15 

o 14 

o 13 

o 12 
o 11 

0.1 

o O' 
• O' 

7' 

I Separal.l.on Depth He i C)ht , 

Figure A.III ]\/lax. Separation and Separation Depth of U /S interface vs rnd a lld Height. 

406 



Max . Hor Acce . R .. t to 

00 

Max IU1S Aeoce Ra do 

Figure A .112 Max. Acceleration Ratio and Max. RMS Acceleration Ratio of U / S 
interface vs mel and Height . 

407 



Ma x Sep~ra t 10n I Helght I , 

Figure A .1l3 Max. Separation and Separation Depth of DI S inter face vs md and 

Height . 

-to 



F igure A .1l4 Max. Acceleration Ratio and Max. RMS Accelerat ion Ratio of DIS 
interface vs md and Height. 
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A.5 Pressure Profiles 

410 



(a) H=100 ft , U/S (b) H=200 ft, U/ S 
2 

1. 75 1. 75 

'" 1.5 " "' .. .. .. .. .. .. .. 
'" 1.5 

" ... .. .. .. .. .. .. .. .. .. 
:l 1. 25 :l 1. 25 .. 1 .. 1 
'" '" '" 0.75 '" 0.75 .- .-+ .. • • ... .-....... - ...... ........-. " "- 0.5 "- 0.5 

0.25 0 . 25 

26 28 30 32 34 36 26 28 30 32 34 36 

C/> C/> 

(e) H=3 00 ft, U/ S (d) H=400 ft , U/ S 
2 

1. 75 l. 75 

'" 1.5 .. "' .. .. .. .. .. .. .. '" 1.5 .. .. .. .. .. .. .. .. .. 
" ... 
:l 1.25 :l 1. 25 

'" 1 '" '" '" '" 0.75 .- ..-....--..-. .. ...... • '" 0 . 75 .......--.. .. • • . .... " ... 
"- 0.5 0.. 0.5 

0 . 25 0.25 

26 28 30 32 34 36 26 28 30 32 34 36 

d> ell 

Figur A .115 The effect of ¢ on minimum and ma.x.imuID interface pressures along the 

U/ S inLe rfa.ce. 

411 



la) H_100 f t, D I S Ib ) H~200 ft, ~ ' S 

1. 75 . · · · · . • 1. 75 . . . . • 
1.5 1.5 · · · · " " ~ 1. 25 

~ 1. 25 
~ " .. .. .. III 

" 0.75 - -- . • -. • " 0 .75 
~ • • • h 

"- 0.5 "- 0.5 .-.--. -. • • • • • 0 .2 5 0 .2 5 

26 28 30 )2 34 36 26 28 30 32 34 36 

" 0 

Ie) H.300 ft, D I S ( d ) H.40 0 ft, D'S 

1. 7 5 1. 75 

1.5 • . . • · · · . 1 .5 • • • . * * · " • " • • 
~ 1. 2 5 

~ 1.25 
" " .. 1 -.- .. 1 .. ... • ------.... .. .-.--.--. • • • • • " 0 .75 " 0.75 
~ ~ 

"- 0.5 "- 0.5 
0.25 0.25 

26 28 30 32 34 36 26 28 30 32 34 36 

" ¢ 

Figure A.116 The effect of ¢ on minimum and maximum interface pressures along the 
D / interface. 
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Table B.l Ramberg-Osgood material properties for Seed 's [6 1 average sand with 'Y 
130 pcf. 

Rarnberg-Osgood Materi a l ParameLers for Average Sand h = 130 pef) 

V, (ft /.) Gmoz (l03psJ) a ')'~ (10- 3 ) Ty (psJ) 
100 45 1.1 2.35 0. 105 4.74 
150 101.25 1.1 2.35 0.105 10.66 
200 180 1 1 2.35 0.105 1 94 
250 281.25 1.1 2.35 0.105 29 .6 
300 405 1.1 235 0.105 42.63 
350 551.25 1.1 2.35 0. 105 58.Q2 
400 720 I.l 2.:J5 0. 105 75 .78 
~ 50 911 .25 1.1 2.35 0.105 95.91 
500 1125 1.1 2.:J5 0.105 118.4 
550 1361.25 1.1 2.35 0.105 143.27 
600 1620 I.l 2.35 0.105 170.5 
650 1901.25 I.l 2.35 0. 105 200.1 
700 2205 1.1 2.35 0. 105 232m 
750 2531.25 1.1 2.35 0. 105 266.4 1 
800 2880 1.1 2.35 0.105 303.12 

50 3251.25 1.1 2.35 0. 105 342.19 
900 3645 1.1 2.35 0. 105 383.63 
950 4061.25 1.1 2.35 0.105 427.44 

1000 4500 1.1 2.35 0. 105 473.62 
1050 4961.25 1.1 2.35 0.105 522.16 
1100 5445 1.1 2.35 0.105 573.08 
1150 5951.25 1.1 2.35 0.105 626.36 
1200 6480 1.1 2.35 0.105 6 2.01 
1250 7031.25 1.1 2.35 0.105 740.03 
1300 7605 1.1 2.35 0.105 00.41 
1350 8201.25 I.l 2.35 0.105 863. 17 
1400 8820 1.1 2.35 0105 928.29 
1·150 9461.25 1.1 2.35 0.105 995.78 
1500 10125 1.1 2.35 0.105 1065.64 
1550 10 11.25 1.1 2.35 0.105 1137.87 
1600 11520 1.1 2.35 0.105 1212.46 
1650 12251.25 1.1 2.35 0. 105 1289.42 
1700 13005 1.1 2.35 0.105 1368.76 
1750 13781.25 1.1 2.35 0.105 1450.45 
1800 14580 1.1 2.35 0. 105 1534.52 
1850 15401.25 1.1 2.35 0.105 1620.96 
1900 16245 1.1 2.35 0. 105 1709.76 
1950 17111.25 1.1 2.35 0.105 1 00.93 
2000 18000 1.1 2.35 0. 105 1 94.47 
2050 18911.25 l.l 2.35 0.105 1990.38 
2100 19845 1.1 2.35 0.105 2088.65 
2150 20801.25 1.1 2.35 0. 105 2 189.3 
2200 21780 1.1 2.35 0 .105 2292.31 
2250 22781.25 1.1 2.35 0 .105 2397.69 
2300 23805 1.1 2.35 0.105 2505.44 
2350 24851.25 1.1 2.35 0. 105 2615.55 
2400 25920 1.1 2.35 0.105 2728.04 
2450 27011.25 1.1 2.35 0.105 2842.89 
2500 28125 1.1 2.35 0.105 2960. 11 
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Table B.2 Ramberg-Osgood material properties for Seed 's [68] average sand with 'Y 
135 pef. 

Ramberg-Osgood Material Parameters for Average Sand b = 135 pcf) 

\ ', (ft / s) Gma:r (lOJps!) (} -,,~ (10 J) Ty (ps!) 
100 4 1.9 I.l 2.35 0.105 4.41 
150 94.28 I.l 235 0. 105 9 .92 
200 167.6 I.l 2.35 0.105 17.64 
250 261.88 1.1 2 :35 0 .105 27.56 
:300 377.1 1.1 2.3;; 0 . 105 39.69 
350 513.28 1.1 2.35 0 .105 54.02 
400 670.4 1.1 2.35 0 .105 70.56 
~50 48.47 1.1 2.35 O. lOS 89.3 
500 1047.5 1.1 2.35 0 . 105 110.25 
550 1267.47 1.1 2.35 0 . 105 133.4 
600 150 .4 1.1 2.:35 0 .105 158.76 
650 1770.28 1.1 2.35 0.105 1 6.32 
700 2053. 1 1.1 2.35 0 .105 216.09 
750 2356.88 1.1 235 0. 105 248.06 
800 2681.6 1.1 2.35 0 . 105 282.23 
850 3027.27 1.1 2.35 0.105 318.62 
900 3393.9 1.1 2.35 0 .105 357.2 
950 3781.48 1.1 2.35 0 .105 397.99 

1000 4190 1.1 2.35 0 .105 440.99 
1050 4619.48 1.1 2.35 0 .105 486.19 
1100 5069 .9 1.I 2.35 0.105 533.6 
1150 5541.27 1.1 2.35 0 .105 583.21 
1200 6033.6 I.l :.1.35 0.105 635.03 
1250 6546.88 1.1 235 0 .105 689.05 
1300 7081.1 1.1 2.35 0 .105 745.27 
1350 7636.27 1.1 2.35 0 .105 803.71 
1400 8212.4 1.1 2.35 0 .105 864.34 
1150 8 09.47 I.l 2.:35 0 .105 927.18 
1500 9427.5 1. 1 2.35 0. 105 992.23 
1550 10066.47 1.1 2.35 0.105 1059 .48 
1600 10726.4 1.1 2.35 0.105 1128.94 
1650 11407.2 1.1 2.35 0.105 1200.6 
1700 12109.1 1.1 2.35 0 .105 1274.46 
1750 12831.88 1 1 2.35 0.105 1350.53 
100 13575.6 1.1 2.35 0 .105 1428.81 
1 50 14340.28 1.1 2.35 0.105 1509.29 
1900 15125.9 1.1 2.35 0.105 1591.98 
1950 15932.47 1.1 2.35 0.105 1676. 7 
2000 16760 1.1 2.35 0.105 1763.96 
2050 17608.48 1.1 2.35 0.105 1853.26 
2100 18477.9 1.1 2.35 0. 105 1944.77 
2150 19368.28 1.1 2.35 0 . 105 2038.48 
2200 20279.6 1.1 2.35 0 .105 2134.4 
2250 21211.88 1.1 2.35 0. 105 2232.52 
2300 22165.1 1.1 235 0 .105 2332.84 
2350 23139.28 1.1 2 :~5 0 .105 2435.37 
2400 24134.4 1.1 2.:35 0 .105 2540.11 
2450 25150.48 l.l 2 :35 0.105 2647.05 
2500 26187.5 1.1 2.35 0 .105 2756.19 
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Table B .3 Ramberg-Osgood material properties for Seed 's [68] average sand with, 
140 pef. 

Ramberg-Osgood Material Parameters for i\ verage Sand b = 140 pcf) 

V, (ftls) Gmnx (l03 pst) C> 1 y ( 10 3) Ty (pst) 
100 43.5 I I 2.35 0.105 4.58 
150 97.88 1.1 2.35 0.105 10.3 
200 174 1.1 2.35 0.105 18.31 
250 271.88 1.1 2.35 0.105 28.61 
300 391.5 1.1 2. :15 0 .105 41.2 
350 532.88 J.l 2.35 0.105 56.08 
400 696 1.1 235 0 .105 73.25 
450 880.88 1.1 235 0 .105 92.71 
500 1087.5 1.1 2.35 0 . 105 114.46 
550 1315.88 1.1 235 0 .105 138.49 
600 1566 l.l 235 0 .105 164.82 
650 1837.88 \.l 2.35 0 .105 193.43 
700 2131.5 1.1 2.35 0 . 105 224.34 
750 2446.88 1.1 2.:l5 0.105 257.53 
800 2784 1.1 2.35 0 . 105 293.01 
850 3142.88 1.1 2.35 0 .105 330.78 
900 3523.5 l.l 2.35 0 .105 370.84 
950 3925.88 l.l 2.35 0.105 413.19 

1000 4350 1.1 2.35 0 .105 457.83 
1050 4795.88 1.1 235 0 .105 504.76 
1100 5263.5 l.l 235 0.105 553.97 
1150 5752.88 1.1 2 . 3~ 0.105 605.4 
1200 6264 l.l 2.35 0.105 659.28 
1250 6796.88 \.l 2.35 0.105 715.36 
1300 73~1.5 1.1 2.35 0.105 773.73 
1350 7927.88 l.l 2.35 0.105 834.4 
1400 8526 1.1 2.35 0 .105 897.35 
1450 9145.88 l.l 2.35 0 .105 962.59 
1500 9787.5 l.l 2.35 0.105 1030. 12 
1550 10450.88 \.l 2.35 0.105 1099.94 
1600 11136 l.l 2.35 0.105 1172.05 
1650 11842.88 l.l 2.35 0.105 1246.44 
1700 12571.5 1.1 2.35 0. 105 1323.13 
1750 13321 .88 1.1 2.35 0.105 1402.11 
1800 14094 1.1 2.35 0. 105 1483.37 
1850 14887.88 l.l 2.35 0.105 1566.93 
1900 15703.5 1.1 2.35 0.105 1652.77 
1950 16540.88 1.1 2.35 0.105 1740.9 
2000 17400 1.1 235 0.105 1831.32 
2050 18280.87 J.I 2.35 0. 105 1924.03 
2100 19183.5 l.l 2.35 0 .105 2019.03 
2150 20107.87 1.1 233 0.105 2116.32 
2200 21054 1.1 2.35 0 .105 2215.9 
2250 22021.87 l.l 2.35 0 .105 2317.77 
2300 23011.5 l.l 2.35 0.105 2421.92 
2350 24022.87 l.l 235 0.105 2528.37 
2400 25056 l.l 2.35 0 .105 2637.1 
2450 26110.87 J.l 2.35 0.105 2748.13 
2500 27187.5 1.1 2.35 0.105 2861.44 
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Table B.4 Ramberg-Osgood material propert ies for Seed 's [68] average sand with 'Y 
145 pef. 

Ramberg-Osgood Material Parameters fo r Average Sand ("y = 145 pef) 

Vs (ft fs) G max (103 psJ) Q ,. fY ( 10 3) Ty (ps!) 
100 40.4 1.1 2.35 0.105 4.25 
150 90.9 1.1 2.35 0.105 9.57 
200 161.6 1.1 2.35 0.105 17.01 
250 252.5 1.1 2.35 0.105 26.58 
300 363.6 1.1 2 .35 0.105 38.27 
350 494.9 1.1 2.35 0.105 52.09 
400 M6,4 l.1 2 . ~5 0.105 6 .03 
450 818.1 1.1 2.35 0.105 86. 1 
500 1010 1.1 2.35 0.105 106.3 
550 1222.1 1.1 2.35 0. \05 128.62 
600 1454 .4 1.1 2.35 0.\05 153.07 
650 1706.9 1.1 2.35 0.105 179.65 
700 1979.6 1.1 2.35 0.105 208.35 
750 2272.5 11 2.35 0.105 239.18 
800 2585.6 II 2.35 0.105 272.13 
850 2918.9 1.1 235 0105 307.2 1 
900 3272.4 1.1 2.35 0.105 344.41 
950 3646.1 l.l 2.35 0.105 383.75 

1000 4040 1.1 2.35 0.105 425.2 
1050 4454 1 1.1 2.35 0.105 468.79 
1100 4888.4 1.1 2.35 0.105 514.5 
1150 5342.9 1.1 2.35 0.105 562.33 
1200 5817.6 1.1 2.35 0.105 612.29 
1250 6312.5 1.1 2.35 0.105 664.38 
1300 6827.6 1.1 2.35 0.105 71 8.59 
1350 7362.9 1.1 2.35 0.105 774 .93 
1400 7918.4 1.1 235 0105 833.4 
1450 8494.1 1. 1 2.35 0.105 893.99 
1500 9090 1.1 2 .35 0.105 956.71 
1550 9706.1 1.1 2.35 0.105 1021.55 
1600 10342.4 1.1 2.35 0.105 1088.52 
1650 10998.9 1.1 2.35 0.105 1157.62 
1700 11675.6 1.1 2.35 0.105 1228.84 
1750 12372.5 I.l 2.35 0.105 1302.19 
1800 13089.6 l.l 2.35 0 .105 1377.66 
1850 13826.9 1.1 2.35 0.105 1455.26 
1900 14584.4 l.l 2.35 0.105 1534.98 
1950 15362.1 1.1 2.35 0.105 1616.84 
2000 16160 1.1 2 .35 0.105 1700.81 
2050 16978.1 I.l 2 35 0.105 1786.92 
2100 17816.4 I.l 2.35 0.105 1875.15 
2150 18674 .9 1.1 2.35 0.105 1965.5 
2200 19553.6 1. 1 2.35 0.105 2057.99 
2250 20452.5 I I 2.35 0.105 2152.59 
2300 21371.6 1. 1 2.35 0.105 2249.33 
2350 22310.9 J.J 2.35 0.105 2348.19 
2400 23270.4 1.1 2.35 0.105 2449.17 
2450 24250.1 1.1 2.35 0.105 2552.28 
2500 25250 1.1 2.35 0.105 2657.52 
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