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Abstract 

In this study hybrid isolation is proposed as an alternative to (full) seismic isolation 

for minimizing bridge damage in strong earthquakes. In this technique isolators are only 

used at the abutments, and monolithic or pinned connections remain at the piers. Both full 

and hybrid isolation can be shown to reduce the demand on critical members such as 

columns and foundations, but hybrid isolation also reduces superstructure displacements 

and the corresponding size of abutment movement joints. A key factor, however, to the 

success of hybrid isolation (where isolators are placed only at the abutments) is the ability 

of the abutments to take high lateral loads without damaging the underlying piles. 

This technique is applicable to a wide range of bridges including those not suitable 

for full isolation, such as a bridge with a continuous superstructure that is monolithic with 

its piers. Hybrid isolation may be used for both new construction and retrofit work. 

This research has focused on validating hybrid isolation as a viable alternative to 

(full) seismic isolation, gaining insight into the response of bridges with hybrid isolation, 

and quantifying the advantages and disadvantages of this approach. For this purpose, the 

AASHTO Simplified Method for analyzing fully isolated bridges (AASHTO, 2010) was 

modified to include yielding substructures (as necessary), and soil-abutment-pile-

structure interaction. Of note is a parallel study conducted on the stiffness and capacity of 

piles in sloping ground, since many abutment piles are located in sloping embankments 

under the end spans of bridges. This numerical investigation used the Deep Foundation 

System Analysis Program (DFSAP) and the results indicated the effect of slope on lateral 

stiffness and capacity of long, laterally loaded piles can be significant. Reduction factors 

for pile stiffness were obtained, and utilized in the improved Simplified Method for 
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studying the effect of embankment slope under the end spans on the response of hybrid 

isolated bridges. 

The methodology of hybrid isolation was numerically validated by conducting 

finite element analyses of a prototype bridge using SAP2000 for several different 

configurations of the bridge: (1) bridge with conventional details and unrestrained girders 

at the abutments, (2) fully isolated bridge, and (3) hybrid isolated bridge with/without 

soil-abutment-pile-structure interaction. The numerical analyses not only validated the 

advantages of hybrid isolation, but also its limitations by giving insight into the load 

sharing mechanism at the abutments. In addition, the numerical analyses illustrated the 

accuracy and reliability of the improved Simplified Method. 

To further validate the hybrid isolation methodology, a series of experiments on a 

large-scale model of a hybrid isolated bridge were conducted using the NEES shake table 

array in the Large-Scale Structures laboratory at the University of Nevada Reno. With a 

scale factor of 2/5
th
, a three-span curved bridge model had a 12-ft wide superstructure 

consisting of three steel girders and a concrete deck slab, and was 145 feet long with a 

radius of 80 feet at the centerline. The model spanned four shake tables and was 

subjected to scaled ground motions with increasing amplitudes from the 1994 Northridge 

earthquake. The results showed that hybrid isolation (1) was effective at keeping the piers 

elastic under the Design Earthquake, and essentially elastic at the Maximum Considered 

Earthquake, (2) reduced the superstructure displacements by a factor between 3 and 4, 

and (3) increased the shear force (lateral load) demand on the abutments by a factor about 

3, compared to full isolation. In addition, the experimental results showed the isolators 
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were stiffer than assumed in design, with properties that were very dependent on shear 

strain. 

A 3D finite element model of the above bridge was developed, and analyses were 

performed with actual material properties. Overall, good agreement was obtained with 

the experimental results, but it was found that the conventional properties used for the 

design of lead rubber isolators (target properties) needed to be modified for the relatively 

small strain range that is typical for hybrid isolators (0-50%). 
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Chapter 1 Background and Literature Review 

1.1 Background 

Highway bridges by their nature are susceptible to earthquake damage. They have 

little redundancy, are strongly orthotropic with weak and strong directions for earthquake 

loading, and often founded on poor soils at river and harbor crossings. Most abutments 

are supported on piled foundations in sloping ground (Figure 1ï1). Their vulnerability is 

well documented with a history of major damage and structural collapse in recent 

earthquakes (Costa Rica, 1991; Northridge, 1994; Kobe, 1995; Koacelli, 1999; Chi-Chi, 

1999; Nisqually, 2001; Niigata-Ken, 2004; Niigata, 2007; Wenchuan, 2008; Darfield, 

2010; Chile, 2010). Recent damage to highway bridges has increased awareness of the 

importance of soil-pile-interaction in the seismic response of highway bridges. The effect 

of slope on the lateral resistance of abutment piles is significant, especially for those piles 

at the crest of the slope. An understanding of the soil-pile interaction in sloping ground is 

important for effective design and satisfactory seismic performance of highway bridges. 

In addition, seismic isolation is known as an effective technology for the protection 

of bridges and other structures from earthquake damage. The intent is to reduce the 

seismic demand on a structure rather than increase its capacity, thereby avoiding 

structural collapse and reducing human casualties. This technology is suitable for both 

new bridges and seismic retrofitting. It has been widely used in practice and performed 

well in recent earthquakes. 
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1.1.1 Introduction to Seismic Isolation Design 

Conventional seismic bridge design is intended to increase the capacity of a 

capacity to resist earthquake damage. Seismic isolation is an alternative approach that 

rather than increasing capacity reduces the demand on a structure by decoupling it from 

the effects of earthquake ground motion. Uncoupling is achieved by interposing 

mechanical devices with very low horizontal stiffness between the superstructure (deck 

and girders) and substructure (piers and abutments). These devices are called seismic 

isolation bearings or simply isolators. Thus, when an isolated bridge is subjected to an 

earthquake, the deformation is concentrated in the isolators rather than the substructure 

elements. This greatly reduces the seismic forces and displacements transmitted from the 

superstructure to the substructure. 

Bridges are particularly suitable for isolation, and literature surveys indicate that 

more than 90% of the worldôs isolated structures are, in fact, bridge structures. 

Applications include both new construction and retrofit work (Buckle & Mayes, 1989). 

Specifically, isolation is especially suitable for bridges that are located on stiff soil sites, 

have relatively stiff substructures, and continuous superstructures with seat-type 

abutments. 

1.1.2 Introduction to Hybrid Isolation 

In hybrid isolation, isolators are only used at the abutments, and monolithic or 

pinned connections are used at the piers. The use of hybrid isolation was first proposed 

for reducing bridge vulnerability by Buckle and Mayes (1990a), and later by Buckle and 

Wei (2010). The technique is applicable to bridges with seat type-abutments and 
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continuous spans. In these situations, the elastomeric bearing pads used at the abutments 

to accommodate thermal and other movements may be replaced by isolation bearings 

with mechanical energy dissipators. Significant hysteretic energy dissipation may be 

possible with these devices, and reduced superstructure displacements and pier forces are 

the direct result. Furthermore, impact of the superstructure against the abutment back 

wall may be avoided. Since the piers are either pinned or monolithic with the 

superstructure, the fundamental period of vibration is almost unchanged. But the stiffness 

of the abutment isolators may be used to attract loads away from the piers to the 

abutments and the additional energy dissipation introduced by these isolators can be 

sufficient to damp the spectrum significantly even in the short period range, giving useful 

reductions in force and displacement. 

1.1.3 Introduction to the Lateral Response of Piles in Sloping Ground 

During strong shaking, longitudinal seismic loads push the abutment and pile 

foundations back into the fill behind the back wall (level ground). In this direction, 

abutments and pile/pile groups are known to have excessive capacity, but these loads also 

act in the reverse direction during an earthquake, i.e. away from the backfill and towards 

the sloping face under the end spans. It is known that the lateral response of piles at the 

crest of sloping ground is significantly different from that at level ground and this 

becomes an important consideration when the abutment backfill at the other end of the 

bridge is not engaged during the reversal in loading (pounding is avoided) . 
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1.2 Literature Review Part 1: Seismic Isolation 

1.2.1 Basic Principles of Seismic Isolation  

Seismic isolation is an alternative procedure for the earthquake-resistant design of 

bridges. The basic principles of seismic isolation are period shift and energy dissipation. 

The lower stiffness of an isolator (flexibility) shifts the fundamental period of a bridge 

away from the peak (or near-peak) of the design response spectrum to a more favorable 

part of the spectrum and the force demand on an isolated bridge is reduced as a result. 

The effect of isolator flexibility on bridge response is illustrated in Figure 1ï2. 

Although the flexibility of the isolators leads to reduced force demands, it also 

increases the displacement response of the superstructure. As a consequence, most 

isolation systems also include an energy dissipation mechanism to a significantly increase 

the level of damping in the bridge and control these displacements at acceptable levels 

(Figure 1ï3). 

Figure 1ï4 illustrates the effects of period shift and damping on seismic forces. The 

solid and dashed curves represent the 5% and 30% damped acceleration response spectra 

(AASHTO, 1999), respectively, for stiff soil conditions. The increased level of damping 

due to the energy dissipated by the isolation system leads to a further reduction in seismic 

forces. In this example, the result is a 60% reduction in the spectral acceleration due to 

period shift, and an additional 17% reduction due to an increase the damping ratio from 5% 

to 30%. It is noted that the effect of damping on spectral acceleration diminishes with 

increasing period and is not the prime reason for adding damping. Instead it is used to 

limit the displacements which increase with the period shift (Figure 1ï3). 
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However, the lateral flexibility of an isolator may allow the superstructure to move 

unacceptably under service loads, such as wind or vehicle braking forces. Resistance to 

these forces is important, and the dual requirement of rigidity for service loads and 

flexibility for earthquake loads is accommodated in a variety of ways. 

Hence, a seismic isolator possesses the following four characteristics: first, 

flexibility of the isolator will lengthen the period of vibration of the bridge to reduce 

seismic forces in the substructure; second, energy dissipation limits the displacements 

between the superstructure above the isolator and substructure below; third, adequate 

rigidity is provided for service loads (e.g. wind and braking loads) while accommodating 

environmental effects (e.g. thermal, creep, and other shorting effects); and fourth, a 

seismic isolators are required to self-center (Buckle et al., 2006a). 

Improved seismic performance of bridges is therefore possible for little or no extra 

cost, and older, seismically deficient bridges may not need strengthening if treated in this 

manner. 

1.2.2 Application of Seismic Isolation to Bridges 

The application of seismic isolation (seismic devices and design approaches) for 

new bridges and retrofitting existing bridges has been used world-wide for about 40 years. 

During this time, various isolation devices have been developed and implemented 

including lead rubber bearings, high-damping rubber bearings, and frictional bearings 

with both spherical and flat plate sliders.  

More than 200 bridges have been designed or retrofitted in the United States using 

isolation in the last 40 years, and more than 1,000 bridges have used this cost-effective 
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technique for seismic protection around the world, including Japan, China, Taiwan, 

Turkey, Italy, and New Zealand. Details of state-of-the-art seismic isolation designs and 

their applications to buildings and bridges have been widely reported by Buckle and 

Mayes (1990b), Kawashima et al. (1991), Kawashima (2001), Dolce (2001), Ou & Li 

(2004), Buckle et al. (2006a), and Zhou et al. (2006). In addition, Lee et al. (2001) 

summarized the observed performance of seismically isolated bridges in earthquakes in 

Japan, New Zealand, Taiwan, Turkey, and the United States.. 

1.2.3 Seismic Isolation Design Approaches 

There are a number of different ways seismic isolation has been implemented 

around the world. The suitability of a particular approach and the type of isolation device 

depends on many factors, such as the span, structural type (monolithic/simple supported), 

abutment type (seat-type/integral), end boundaries (restrained/free), seismicity of the 

region, spectral shape, soil type, maintenance, and replacement of facilities. In this 

section the following four isolation approaches are briefly discussed: 

¶ Full Isolation 

¶ Menshin Design 

¶ Partially Restrained Seismically Isolated Bridges 

¶ Partial Isolation 

1.2.3.1 Full Isolation 

In Full Isolation, isolators are located at all supports (piers and abutments) to 

separate the superstructure from the substructure in both the longitudinal and transverse 

directions. In buildings, this technique is called ñbase isolationò. This "fully-isolated" 
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approach is widely accepted in the United States and worldwide (Buckle & Mayes, 1989, 

1990b). 

As noted previously, Full Isolation is a very useful way to reduce the effect of an 

earthquake on bridges and buildings and is widely accepted in earthquake engineering. 

Full Isolation can reduce the force demand significantly due to both period shift and 

hysteretic damping. However, the reduction in force is accompanied by an increase in 

displacement demand, which likely exceed the clearance between the deck and abutment 

in standard bridges and results in pounding between the deck and abutments. If pounding 

is to be avoided, the gap will need to be increased and an expansion joint will be required 

to accommodate the movement and carry traffic across the gap. This joint can be a 

significant cost item and a disadvantage of Full Isolation, which is discussed further in 

Section 1.3. 

1.2.3.2 Menshin Design 

Full Isolation has long been advocated as a new technology to reduce the seismic 

response of structures and has been applied to bridges widely in Japan (Buckle, 1990; 

Kawashima et al., 1991; Kawashima, 2001). But due to the regionôs high seismic activity 

and soft soil conditions, sufficient lengthening of the natural period to achieve a 

significant reduction in spectral acceleration is difficult to do without incurring extremely 

large deck displacements Menshin Design was therefore developed in Japan to address 

these problems. Menshin Design (Kawashima et al., 1991, 1992; Sugita & Mahin, 1994) 

takes advantage of the energy dissipation capability of isolation bearings and their ability 

to redistribute lateral forces, instead of elongating the natural period. Additionally, it is 
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common to restrain the transverse displacements of the isolators so that the deform only 

in the longitudinal direction.  

The basic principles of the Menshin Design are as follows: 

1) The seismic response of a bridge deck is reduced by the energy dissipation 

capability of the isolators, and the lateral seismic force is distributed to as many 

substructures as possible by appropriate selection of the isolator stiffness. 

2) The natural period of the bridge is not intentionally lengthened, but needs to be 

selected to avoid the peak of the response spectrum. 

1.2.3.3 Partially Restrained Seismically Isolated (PRSI) Bridges 

Partially restrained seismically isolated (PRSI) bridges (Tsai, 2008) have been 

proposed for use in Taiwan. In this system, both ends of the superstructure are restrained 

from transverse movement and the superstructure is (1) fully isolated at each pier, and (2) 

longitudinally isolated at the abutments. The difference between the PRSI and Menshin 

Design is that the isolators at the piers are totally restrained in the latter, while they are 

restrained to deform within an allowable range in the transverse direction in the former. 

The seismic performance of PRSI bridges in the longitudinal direction is the same 

as bridges with full isolation. Their performance in the transverse direction has been 

investigated by Tsai (2008). Pier shear forces were reduced, accompanied by increases in 

abutment shear forces and superstructure bending moments. Hence, the transverse 

capacities of the abutments and bridge girders need to be calculated before implementing 

the technology in bridges. 
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The Bai-Ho Bridge was one of the first practical applications of PRSI technology in 

Taiwan. The seismic performance of this bridge under the Gia-Yi earthquake was 

investigated by Lee et al. (2001) and found to meet expectations. 

1.2.3.4 Partial Isolation 

Partial isolation (Hu, 2008) is a design wherein the isolation devices are installed at 

the piers to separate the superstructure from the piers, while the connections at the 

abutments remain fixed or integral.  

Numerical evaluation of performance of partial isolation has been conducted by Hu 

(2008). Performance was found to be similar to full isolation with regard to reduced force 

and displacement demands on the piers, but this only occurred when the stiffness of piers 

was larger than the stiffness of abutments. In other words, partial isolation was not 

effective in bridges with low pier stiffness (relative to the abutments). But compared to 

full isolation, partial isolation limits the superstructure displacements due to the large 

abutment stiffness, but results in excessive ductility demand on the abutments. Hence, the 

capacities of the abutments need to be studied for practical application. In addition, 

partial isolation may be a cost-effective way to reduce the demands on the piers for 

seismic retrofit applications where the abutment connections are integral, making full 

isolation impractical. 

1.3 Hybrid Isolation - An Alternative to Full Seismic Isolation 

As noted in Section 1.2.3.1, one of the significant disadvantages of full isolation is 

the occurrence of large displacements that accompany the reduction in forces when the 
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fundamental period is lengthened. In a bridge this displacement must be accommodated 

at the abutment seat and a large road joint may be necessary to not only allow this 

movement to occur but also carry heavy wheel loads onto and off the bridge.  

As proposed in this dissertation, it is the objective of hybrid isolation to reduce the 

superstructure displacement (and reduce the cost of the road joint) but also has the same 

performance as full isolation with regard to the piers i.e. elastic, or essentially, elastic 

behavior. 

As noted in Section 1.1.2, hybrid isolation is an approach where isolators are only 

used at the abutments, and monolithic or pinned connections remain at the piers. This 

technique is applicable to a wide range of bridges including those not suitable for full 

isolation, such as bridges with continuous superstructures that are monolithic with their 

piers. The technique involves the placement of large biaxial, hysteretic isolators at the 

abutments, thereby attracting load away from the piers and, at the same time, reducing 

the superstructure displacements. Because these dissipators must also allow thermal 

expansion to occur at the abutments, the most suitable device appears to be an 

elastomeric isolation bearing with a large lead core. 

For hybrid isolated bridges, pier shear forces may be sufficiently reduced to keep 

the piers elastic and displacements may be reduced significantly, to an order of 

magnitude that is similar to the thermal movements in the superstructure. These 

reductions can be significant and can materially improve the capacity/demand ratio for 

critical members that might otherwise need strengthening in a bridge retrofit project. 

In summary, the advantages of this technique are the following: 
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1) Reduced demand on piers, which will be particularly useful in retrofit situations 

where the strengthening of piers and/or their foundations (single or multi-

column) is difficult and expensive. 

2) Elimination of backwall pounding and uncertainties in response due to high 

impact accelerations. 

3) Reduction of superstructure displacements and the possibility of smaller 

movement joints at the abutments. 

4) No joint or bearing is introduced into the structure that is not required for 

another reason (thermal movements and the like), and there is no change in the 

degree of redundancy of the structure. 

5) Technique is applicable to both retrofit and new construction work. 

6) Force reductions are not dependent on period shift and are therefore insensitive 

to variations in shape of design spectrum. 

However, to implement this technique, the abutments must have the capacity to 

resist the forces attracted from the piers and these may be considerably higher than in 

conventional design. It is known that the capacity and stiffness of an abutment when 

pushed into backfill is substantial but in the opposite direction (away from the abutment) 

it can be significantly less. Reliance must then be placed on the piles under the abutment 

and the abutments at the opposite end of the bridge to help resist these loads. Load 

sharing between the two abutment back-walls and the underlying piles is not well 

understood at this time, partly because these piles are in sloping ground when pulled 

away from the back fill and few studies have been conducted on the stiffness and 

capacity of piles in this situation. 
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1.4 Literature Review Part 2: Bridge Abutments in Sloping Ground 

1.4.1 Earthquake Damage to Bridge Abutments in Sloping Ground 

In the 1991 Costa Rica Earthquake, eight major highway and railway bridges 

crossing rivers collapsed due to liquefaction and lateral spreading (Shea 1991). For 

example, Figure 1ï5 shows the Rio Viscaya Bridge, a three-span pre-stressed concrete 

bridge that collapsed due to abutment and pile damage due to lateral spreading. 

According to Buckle (1994), during the 1994 Northridge earthquake in Los 

Angeles, California, seven highway bridges suffered partial collapse and another 170 

bridges suffered damage ranging from minor cracking to the slumping of abutment fills. 

For example, Figure 1ï6 shows pounding damage at an abutment of the Santa Clara 

River Bridge during the Northridge earthquake. 

The 1995 Kobe Earthquake in Japan caused destructive damage to bridge structures, 

again because widespread liquefaction occurred along the coast or on man-made islands. 

Cooper and Buckle (1995) summarize typical damage, which includes shear and flexural 

failures in nonductile concrete columns, flexural and buckling failures in steel columns, 

unseated girders due to bearing failures, and gross foundation movements due to 

liquefaction. In addition, pounding between spans occurred, and approach fills behind 

abutment walls settled. Chung (1996) also gives detailed descriptions of the above 

damage to bridges. For example, Figure 1ï7 shows the near collapse of the approach span 

of the Shukugawa Bridge due to lateral movement of the pier toward the center of the 

channel. 



13 

 

During the 1999 Chi-Chi Earthquake in Taiwan, highway damage was widespread 

throughout Taichung and Nantou counties due to fault rupturing, which collapsed or 

crippled bridges. Damage was also caused by landslides, abutment back-wall failure, 

slope failures, and liquefaction. Buckle et al. (2000) presents brief descriptions of damage 

to ten bridges. For example, Figure 1ï8 shows the failure of the back-wall of the south 

abutment of the Ming-Tsu Bridge (Route 3), leading to the unseating of adjacent spans. 

During the 2007 Niigata-ken Chuetsu-oki earthquake, damage to bridges was not 

considered serious overall. However, substantial damage did occur to the Toyota Bridge 

due to the large movement of the abutment caused by soil failure (Figure 1ï9). 

In the 2008 Wenchuan Earthquake, many highway bridges were severely damaged 

or completely collapsed. Details of severe damage to 39 bridges are described by Zhuang 

et al. (2012), and damage to 14 bridges is described by Yen et al. (2011). For example 

Figure 1ï10 shows cracks in the abutment backwall and the abutment pile of the 

Mengzigou Bridge due to lateral spreading on the abutment pile. Figure 1ï11 shows 

damage to the Guxigou Bridge due to pounding between the deck and the abutment. 

During the 2010 Darfield earthquake, bridges in the Canterbury area suffered little 

damage in general. However as reported by Green and Cubrinovski (2010) significant 

damage was suffered by the Bridge Street Bridge. The abutment of this bridge moved 

slightly toward the channel due to the lateral spreading behind and under the abutment t, 

resulting in the pounding of the deck and rotation of the abutment (Figure 1ï12). 

During the 2010 Chile Earthquake, Bray and Frost (2010) reported that significant 

bridge damage appeared to be associated with lateral spreading or strong shaking. The 

most sizable failures were near river crossings along the coast, where several bridge 
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spans became unseated (e.g., in Tubul and Concepción) due to both lateral spreading and 

strong shaking. Significant liquefaction and lateral spreading was observed in 

Concepción and along the coast, which adversely impacted the performance of bridges. 

For example Figure 1ï13 shows column shear failure in the northeast approach to the 

Juan Pablo II Bridge due to lateral spreading. 

Investigations into earthquake damage of highway bridges during recent 

earthquakes show that primarily, bridge damage is not only due to the inertial forces in 

the superstructure, but also to soil failure, which can cause unseating and structural 

collapse. This is especially evident in bridges supported on poor soils at river and harbor 

crossings. Damage mechanisms include instability of the backfill, damage to the 

abutment backwall due to the transient inertial loads or deck pounding; lateral spreading 

behind and under the abutments due to the loss of soil strength,; and damage to 

substructures due to the reduction or loss of passive soil resistance adjacent to the slopes. 

All of these mechanisms are exacerbated by the presence of liquefiable soils. 

1.4.2 Response of Laterally Loaded Piles in Sloping Ground 

Methods of analysis of laterally loaded piles in level ground have been thoroughly 

summarized by Juirnarongrit (2002) and Nimityongskul (2010). Additionally, 

Nimityongskul (2010) has compiled a summary of research on lateral responses of piles 

near a slope or at the crest of a slope. Several researchers have tried to develop a reliable 

methodology to predict the lateral force capacity of piles near, or in, sloping ground. 

Based on the passive wedge model, Reese L. C. (2006) estimated the approximate 

ultimate soil resistance of a pile at the crest of a slope in clay to be the strength in level 
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ground scaled by the factor 1/(1+tanɗ) where q is the slope angle. He also suggested 

modifications for the ultimate soil pressure of traditional p-y curves for sand to account 

for sloping ground. Mirzoyan (2007) developed an expression to account for the slope 

effect on the ultimate lateral capacity of the piles in sand, based on the volume of the 

passive soil wedge. Stewart (1999) proposed a reduction factor, given by charts, to 

account for the slope effect on the lateral capacity of the piles in clay, based on upper-

bound plasticity theory. However, these methods give only the ultimate lateral resistance 

of piles at the crest of, or near, a slope, and do not permit the prediction of the lateral 

load-displacement history. 

Terashi et al. (1991), Mezazign and Levacher (1998), Gerogiadis and Gerogiadis, 

(2010), and Nimityongskul (2010) define a reduction coefficient, which is applied to the 

p-y curves determined for piles in level ground to give modified p-y curves for piles in 

sloping ground.. However, the reduction coefficients are just for a particular slope or a 

selection of slope angles and certain soil profiles. In addition, it is not possible to directly 

develop the load-displacement relationship by applying the reduction coefficient to the 

pile response determined for level ground.  

The results from this work reveal that a reduction in pile capacity should be 

considered for the piles in sloping ground, and that this reduction is especially significant 

for the piles at the crest of a slope. However, the available research results are not always 

comparable due to the variations and uncertainties in the soil properties used by each 

researcher. In addition, there is lack of systematic field testing to improve the knowledge 

database about pile/pile groups in sloping ground. In lieu of field data a systematic 

numerical investigation of piles and pile groups in sloping ground is necessary to 
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improve the understanding of the effect of slope on the lateral response of piles in sloping 

ground.  

1.5 Objectives  

The overall objective of this research is to determine the effectiveness of hybrid 

isolation at reducing seismic demands on the piers and, at the same time, reducing 

superstructure displacements, and preventing damage to the piles under the abutments. 

To satisfy the above overall objective, the following steps were undertaken: 

¶ Characterization of the slope effects on the lateral stiffness of the piles in 

sloping ground for inclusion in simplified and rigorous methods of analysis 

¶ Development of a Simplified Method for the analysis of a bridge with hybrid 

isolation including soil-abutment interaction. 

¶ Validation the hybrid isolation approach using rigorous response history 

analysis. 

¶ Verification of the accuracy and reliability of the Simplified Method. 

¶ Comparison of the seismic response of conventional, fully isolated and hybrid 

isolated bridges. 

1.6 Scope 

To investigate the seismic response of highway bridges with hybrid isolation, a 

series of numerical models were analyzed using the finite element program, SAP2000, 

and a series of shake table experiments of a large-scale curved bridge model were 
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conducted in the University of Nevada, Reno (UNR) laboratory. In addition, the effect of 

slope on the capacity and stiffness of abutment piles in sloping ground was analyzed by 

using the Strain Wedge Model, and the Deep Foundation System Analysis Program 

(DFSAP)., The organization of this dissertation is as follows: 

Chapter1 briefly introduces seismic isolation design, hybrid isolation and effect of 

slope on the lateral response of piles. It also includes a literature review of seismic 

isolation, design approaches and applications, earthquake damage to bridge abutments in 

sloping ground, and research work on the response of laterally loaded piles in sloping 

ground. 

Chapter 2 summarizes the Simplified Method of analysis for seismically isolated 

bridges as recommended in the AASHTO Guide Specifications for Seismic Isolation 

Design (AASHTO, 2010). Then, modifications for yielding piers and soil-abutment-

structure interaction are described in detail. An improved Simplified Method 

incorporating the above modifications is proposed. In addition, a design example of a 

three-span steel girder bridge with hybrid isolation is analyzed using the improved 

Simplified Method. The analytical results clearly verify the benefits of the hybrid 

isolation. 

Chapter 3 presents a numerical investigation of laterally loaded piles in sloping 

ground using the Deep Foundation System Analysis Program (DFSAP). This work 

confirms the effect of slope on the reduction of lateral stiffness and load capacity of a 

long pile in sloping ground is significant. The effect of slope on the response of a hybrid 

isolated bridge is studied by analyzing an example of such a bridge and explicitly 
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including the slope of the ground below the end spans, using the improved Simplified 

Method. 

Chapter 4 validates the seismic performance of bridges with hybrid isolation by 

analyzing a series of finite element models of a straight hybrid isolated bridge using 

SAP2000. Finite element modeling of different bridge configurations are described in this 

chapter, including a conventional bridge with free abutments, a fully isolated bridge, and 

a hybrid isolated bridge with/without soil-abutment interaction. The numerical analyses 

not only validate the advantages of hybrid isolation, but also improve the understanding 

of the load sharing mechanism at the abutments. This is particularly helpful when 

comprehending the limitations of the hybrid isolation. In addition, comparisons of the 

results from the finite element method and the Simplified Method illustrated the accuracy 

and reliability of the improved Simplified Method. 

Chapter 5 describes experimental validation of hybrid isolation by conducting 

shake table experiments on a 2/5 scale model of a three-span curved bridge with hybrid 

isolation in the Large Scale Structures Laboratory at the UNR. Specimen design, hybrid 

isolation design, experimental test set-up and analysis of experimental results are 

described in this chapter. In addition, comparisons with the experimental results of 

conventional bridges and fully isolated bridges (conducted by others) are given, which 

clearly demonstrate the advantages of hybrid isolation. 

Chapter 6 presents the results of numerical analyses of a 3D finite element model 

of the experimental bridge model using SAP2000. Validation of the numerical model 

against the experimental results is described. Actual material properties are used in the 

model, and the average of the achieved accelerations of the four shake tables are used as 
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the input motion in the finite element analyses. The analyses for the bridge model with 

design (target) properties and modified properties of isolators are computed. 

Chapter 7 presents conclusions and recommendations for future work. 
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Figure 1ï1  Sketch of Typical Highway Bridge 

 

Figure 1ï2  Effect of Isolator Flexibility on Bridge Response 

 

Figure 1ï3  Effect of Damping on Bridge Response 
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Figure 1ï4  Effect of Isolator on Bridge Response (Buckle et al., 2006a) 

 
Figure 1ï5  Abutment Pile Damage of the Rio Viscaya Bridge in the 1991 Costa Rica 

Earthquake (Shea, 1991) 
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Figure 1ï6  Santa Clara River Bridge Pounding Damage in the 1994 Northridge 

Earthquake (Buckle, 1994) 

 

Figure 1ï7  Near Collapse of the Approach Span of the Shukugawa Bridge due to Lateral 

Moment of the Pier toward the Center of the Channel (Chung, 1996) 
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Figure 1ï8  Abutment Damage of Ming-Tsu Bridge in the 1999 Chi-Chi Earthquake 

(Buckle et al., 2000) 
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Figure 1ï9  Damage Observation of ñToyota Bridgeò in the 2007 Niigata-ken Chuetsu oki 

Earthquake (Watanabe et al., 2007) 
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Figure 1ï10  Abutment Backwall and Pile Damage of Mengzigou Bridge in the 2008 

Wenchuan Earthquake (Zhuang et al., 2012) 

 

Figure 1ï11  Abutment Pounding Damage of Guxigou Bridge in the 2008 Wenchuan 

Earthquake (Zhuang et al., 2012) 
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Figure 1ï12  Abutment Rotation of Bridge Street Bridge due to Lateral Spreading in the 

2010 Darfield Earthquake (Green and Cubrinovski, 2010) 

 

Figure 1ï13  Column Shear Failure of the Juan Pablo II Bridge Northeast Approach due to 

Lateral Spreading in the 2010 Chile Earthquake (Bray and Frost, 2010)
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Chapter 2 Simplified Method of Seismic Analysis of Highway Bridges 

with Hybrid Isolation  

2.1 Introduction  

Seismic isolation is an innovative design approach to minimize the effects of 

earthquakes on buildings and bridges. The design intent is to minimize the seismic 

demand on a structure rather than increase its capacity, to prevent structural collapse and 

human casualties. As discussed in Chapter 1, there are several different approaches to 

seismic isolation design and some of them are widely used in the seismic protection of 

bridges. This Chapter focuses on a new approach, ñhybrid isolationò first proposed by 

Buckle et al. (1990a, 2010). Validation of this approach will be presented in subsequent 

Chapters. 

As recommended in the AASHTO Guide Specifications for Seismic Isolation 

Design (AASHTO, 2010), the Simplified Method of analysis may be used for initial 

design and the optimization of various design parameters of seismically isolated bridges. 

In this chapter it is modified for application to hybrid isolated bridges and includes 

yielding piers (if necessary), and soil-abutment-pile-structure interaction. These 

modifications are described in this Chapter and a design example is given of a highway 

bridge with hybrid isolation. 
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2.2 Objectives 

The basic strategy of the hybrid isolation technique in continuous bridges is to 

retain the advantages of a (full) seismic isolation while addressing some of the 

shortcomings, such as large superstructure displacements. The object of this chapter is to 

develop a simple method for analyzing hybrid bridges and to demonstrate its application 

to a 3-span, continuous, steel plate-girder and slab bridge with seat-type abutments.   

2.3 Spring Model for Hybrid Isolated Bridges 

In hybrid isolation, large lateral loads are deliberately attracted to the abutments 

and it is important to include the soil-abutmentïpile interaction in the model. This is done 

using a combination of linear and nonlinear springs for the basic components as shown in 

Figure 2-1 for a 2-span bridge.  

. Because of the gap elements, the stiffness and capacity of an abutment is different 

in the two directions of loading: C or T, where C = compression, towards the backfill, 

and T = tension, away from the backfill. In this situation reliance must be placed on the 

abutment at the other end of the bridge to help resist longitudinal loads Details of 

modeling the soil-abutment-pile interaction, including the effect of the sloping ground 

under the end spans, are described in Chapter 3. 

If the nonlinearity of the isolators may be represented by a bilinear force-

displacement curve, then an effective stiffness may be defined for a given displacement. 

Likewise an effective stiffness may be developed for the pier and soil that includes 

yielding (if necessary) based on pier and soil displacements. Since these displacements 
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are not known at the beginning of the analysis, an iterative solution is adopted starting 

with an initial estimate of these unknown quantities. In a similar manner, equivalent 

viscous damping is used to represent the hysteretic damping inherent in the isolators, soil-

abutment interaction, soil-pile interaction, and yielding piers. This process is described 

for the basic Simplified Method on the following section. 

2.4 Assumptions in the Simplified Method (AASHTO) 

All of the typical systems used to isolated bridges today have nonlinear properties 

in order to be ónear-rigidô for non-seismic loads but soften for earthquake loads. To avoid 

having to use explicit nonlinear methods of analysis, equivalent linear springs and 

viscous dampers are used to represent the nonlinear properties of the isolators in the 

Simplified Method. But since these equivalent properties are displacement dependent, an 

iterative approach is required to obtain a solution. This approach is also known as the 

óDirect Displacement Methodô.  

The basic assumptions of the Simplified Method (AASHTO, 2010, Buckle et al, 

2006a) are as follows:  

1) Superstructure acts as a rigid-diaphragm compared to the flexibility of isolators. 

2) Isolated bridge may be modeled as an equivalent single-degree-of-freedom.  

3) Displacement response spectrum for the bridge site is linearly proportional to 

the period. 

4) Piers remain elastic (see Appendix A for the case with yielding piers). 

5) Nonlinear properties of isolators may be represented by bilinear hysteretic 

loops. 
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6) Hysteretic energy dissipation may be represented by equivalent viscous 

damping, and the design response spectrum may be scaled for different viscous 

damping ratios by damping factors. 

2.5 Analysis Procedure  

The method involves iteration since many key properties of an isolated bridge 

system (effective stiffness (Keff), equivalent damping ratio (ɓeff), and effective period 

(Teff)) depend on the displacement of the superstructure, which is unknown at the 

beginning of analysis. The procedure is shown in Figure 2-2 and the various steps are 

described as following: 

Step 1. Estimate a value for the superstructure displacement Dô, based on an 

assumed effective period, Teffô = 0.5 sec, and 5% damping displacement. (Appendix A). 

Step 2. Calculate the effective stiffness and equivalent viscous damping ratio 

corresponding to Dô for each substructure unit: isolators, abutments, and piers. Details of 

these calculations are given in the sections indicated below: Abutment isolator stiffness 

and damping: Kiso, ɓiso (Section 2.6.1);  

Abutment soil stiffness and damping: Kabut, ɓabut (Section 2.6.2);  

Abutment piles stiffness and damping: Kpile, ɓpile (Section 2.6.3). 

Pier stiffness and damping: Kpier and ɓpier (Section 2.7) 

Step 3. Calculate the effective stiffness (Keff), equivalent viscous damping ratio 

(ɓeff) and effective period (Teff) for the hybrid isolated bridge system. 
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Step 4. Calculate the superstructure displacement D based on the response 

spectrum, and compare with Dô. If in close agreement go Step 5, otherwise go Step 2 

using Dô = D. 

Step 5. Calculate the total base shear in bridge and lateral load distribution to 

substructures. 

2.6 Equivalent Properties of Isolator-Abutment 

2.6.1 Bilinear Isolator Properties 

The mechanical characterization of a bilinear isolator may be represented by the 

following parameters: characteristic strength (Qd), elastic (unloading) stiffness (Ku) and 

post-elastic stiffness (Kd), as defined in Figure 2-3. 

The linearized properties of a bilinear isolator for use in an equivalent linear 

method, are the effective stiffness Kiso and equivalent viscous damping ratio ɓiso.  

As noted previously the effective stiffness depends on the isolator displacement, 

Diso, and may be obtained from an idealized bilinear force-displacement relationship 

(Figure 2-3), as follows: 
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        (Eq. 2-1) 

where Dy = yield displacement of the isolator 

The equivalent viscous damping ratio is found by equating the energy dissipated in 

each cycle of motion of a hysteretic device (with bilinear properties) to that dissipated by 

an equivalent viscous dashpot per cycle. This is achieved by setting the area under force-
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displacement loop of Figure 2-4(b), which represents the energy dissipated due to viscous 

damping, equal to the area enclosed by the hysteresis loop of Figure 2-4(a). It can then be 

shown that: 
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It follows from Eq. 2-2 that the equivalent viscous damping ratio (ɓiso) of the 

isolator system is given by: 
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2.6.2 Soil-Abutment Backwall Interaction 

To simplify the process of developing the force-displacement curve for the 

abutments, an elastic- perfectly plastic model was used. This model is based on the 

recommendations in the Caltrans Seismic Design Criteria (SDC, 2010), which in turn are 

based on results from large-scale abutment testing with a wall height of 5.5 feet at the 

University of California, Davis (Maroney, 1995), and the University of California, Los 

Angles (Stewart, 2007).  

As shown in Figure 2-5, the model uses two parameters: effective elastic stiffness 

(Kel,a) and passive capacity (Pult), where  
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where w and h are the width and the height of the back-wall, respectively. 

Once the abutment displacement exceeds the yield displacement (Yyield), the 

effective stiffness is given by 

( )ult
abut yield

P
K Y Y

Y
= >       (Eq. 2-6) 

where ult
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P
Y

K
=  

and the equivalent viscous damping ratio (ɓabut) to represent backfill yielding, 

according to (Eq. 2-2), is given by: 
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   (Eq. 2-7) 

As recommended in the Caltrans SDC (2010), the ultimate displacement of an 

abutment, depends on soil type, and may be taken as: 
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    (Eq. 2-8) 

 When including this behavior in the Simplified Method, the abutment being 

pushed into the fill (compression end of the bridge) is assigned the above stiffness, while 

the other end, which is pulling away from the fill (tension end), is assigned zero abutment 

stiffness. 

2.6.3 Soil-Abutment Pile Interaction in Level Ground 

Soil-pile interaction under seismic loads is highly nonlinear, and can greatly 

influence the seismic response of a bridge. The bilinear load-displacement curve of a pile 

head reflects the nonlinear properties of the pile and soil below the head, and the soil-pile 
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interface nonlinearity. The backbone curve of this relationship, for a pile in level ground, 

is shown in Figure 2-6, Key parameters are the elastic stiffness, 
,el pileK , and the post-yield 

stiffness of the pile, 
,y pileK . These quantities are given by: 
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=           (Eq. 2-9) 
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in which: 

yH   =  pile yield force 

yy   =  yield displacement of pile 

uH   =  pile ultimate force 

uy    =  ultimate displacement of pile 

It follows from Figure 2-6 that  

(1) the pseudo-yield force of the piles, Qpile, is given by: 

,pile y y pile yQ H K y= -         (Eq. 2-11) 

(2) the effective stiffness of piles, pileK , which is dependent on pile head 

displacement, y, is given by: 
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and  (3) the equivalent viscous damping (ɓpile) for the piles, due to plastic hinge 

formation and soil yielding, according to Eq. 2-2, is given by: 
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 A common approach for bridge engineers modelling piles in level ground is to 

represent the complexity of the soil profile, the type and arrangement of the piles, and 

nonlinear behavior of the soil, by equivalent, linear, lateral, pile-head springs with 

stiffness coefficients as recommended by Buckle et al. (2006b). This equivalent linear 

approach is applicable for piles up to about 2 feet in diameter. 

Pile-head lateral stiffness for a pile in a single soil layer is developed from the 

Beam-on-Elastic-Foundation theory with a linear subgrade modulus.. The solution is 

related to the coefficient of modulus of subgrade reaction (f) and the flexural stiffness of 

the pile (EpIp). Recommendations for f are given by Buckle et al. (2006b) in Figures 6-12 

and 6-13, for sand and clay, respectively. Design charts are also given by Buckle et al. 

(2006b) in Figures 6-8 to 6-11 For example, the lateral stiffness of piles with pinned 

heads (i.e., zero bending moment) can be read directly from Buckle et.al. (2006b) Figure 

6-11, or calculated by 
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where: 
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Unlike the pile itself (EpIp), soil behavior can be highly inelastic and non-linear. 

Hence, the coefficient of modulus of subgrade reaction (f) is the most significant 
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parameter for developing the pile-head lateral stiffness. However, this coefficient is an 

empirical quantity that varies with a number of other parameters, such as deflection, 

depth, pile diameter, pile shape, pile material, and type of loading. The recommended 

value for f is computed from a linear Es profile relative to the given lateral load level., 

which corresponds to one-third to one-half of the ultimate lateral load (corresponding to a 

safety factor of two to three ), or the given level deflection (1 inch for 1 foot diameter pile 

(Lam et, al. 1991)). 

Lam and Martin (1986) found that a linear subgrade approach, using the 

recommended coefficient f for sands, yields reasonable results up to 1.0 inch of pile-head 

deflection for every 1 foot of pile diameter. Based on a sensitivity study by Lam and 

Martin (1986), typical pile head deflection for most highway bridges ranges from 0.02ò 

to 0.5ò. Hence, the recommended coefficient (f) is reasonable for use in structural 

analysis of highway bridges with limited ranges of pile head deflection.  

 In this study, an equivalent linear model for characterizing soil-pile interaction is 

also presented. The backbone curves for bilinear and equivalent linear models for piles in 

level ground are shown in Figure 2-6 and Figure 2-7, respectively. 

2.6.4 Soil-Abutment Pile Interaction in Sloping Ground 

Many highway bridges have abutment pile foundations in sloping ground due to the 

presence of embankments under the end spans. During an earthquake, in one half cycle of 

loading longitudinal inertia loads push the abutment and pile foundations against the 

backfill, which is into level ground, But in the next half cycle these forces reverse 

direction, i.e. they pull the abutment away from the back fill and towards sloping ground 
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(Figure 2-8). The stiffness of the abutment is markedly different in these two directions, 

not only because the back fill is engaged in one case and not the other, but also because 

the piles have reduced stiffness when being pulled toward the slope. 

Consequently asymmetric constitutive models for nonlinear and linear springs are 

necessary to model slope effects on pile lateral stiffness as shown in Figure 2-9 and 

Figure 2-10. A separate analysis to develop the load-deformation relationship of a 

laterally loaded pile foundation in sloping ground is described in the Chapter 3, using the 

computer program DFSAP and the Strain Wedge Model. 

To implement this behavior in the Simplified Method, the end of the bridge that is 

being pushed into the backfill (compression side) is assigned lateral stiffness for a pile in 

level ground, and the other end, that is being  pulled away from the backfill (tension side), 

is assigned stiffness for a pile in sloping ground. 

2.6.5 Abutment-Bridge Deck Impact 

Abutment-bridge deck impact is modeled by a gap spring that is engaged when the 

bridge deck pounds the backwall and the superstructure joint closes. It opens without 

resistance when the loads reverse. The compression gap spring has very large stiffness, 

generally 10 to 100 times the stiffness of the stiffest adjacent spring in the numerical 

analysis. Its initial opening is usually taken to be the clear opening of the expansion joint. 

The property of the gap spring is shown in Figure 2-11. 

2.6.6 Soil-Abutment-Structure Interaction 

As noted above, to incorporate soil-abutment-structure interaction in the Simplified 

Method, the practice is to assign only the pile foundation stiffness at the tension end, and 
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the combined abutment backfill and pile foundation stiffness at compression end, in 

addition to the gap stiffness once the gap has closed. Details for modeling for soil-

abutment-structure interaction are shown in Figure 2-12 and Figure 2-13. 

At the tension end, the substructure effective stiffness, Keff,1 is given by: 

, ,1

,1

, ,1

pile T iso

eff

pile T iso

K K
K

K K
=

+
       (Eq. 2-15) 

where: 

Kpile,T  =  effective stiffness of soil-pile interaction in sloping ground 

Kiso,1  =  isolator effective stiffness at substructure 1 

At the compression end, when the gap is not closed, the substructure effective 

stiffness, Keff,N is given by: 

, , ,

,

, , ,

( )abut C pile C iso N

eff N

abut C pile C iso N

K K K
K

K K K

+
=

+ +
    (Eq. 2-16) 

where: 

Kabut,C =  effective stiffness of soil-abutment backfill interaction 

Kpile,C  =  effective stiffness of soil-pile interaction in level ground 

Kiso,N  =  isolator effective stiffness at substructure N 

When the gap is closed, the isolator is deactivated and the gap stiffness is engaged. 

So the equivalent stiffness of the isolators in parallel with the gap as shown in Figure 

2-14, where Kiso+gap is given by: 

0 ,

,

( )( )gap d iso N gap

iso gap

iso N

F K K D
K

D
+

+ + -D
=    (Eq. 2-17) 

in which, F0 is the isolator shear force at displacement, ȹgap, and is calculated by: 
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0 d d gapF Q K= + D         (Eq. 2-18) 

where 

Kgap  =  gap element stiffness (assuming infinite value) 

ȹgap  =  gap opening or expansion joint length 

Diso,N  =  isolator displacement at substructure N 

and the substructure effective stiffness, Keff,N is given by: 

, ,

,

, ,

( )abut C pile C iso gap

eff N

abut C pile C iso gap

K K K
K

K K K

+

+

+
=

+ +
     (Eq. 2-19) 

2.7 Equivalent Properties of Yielding Piers  

Although it is not directly addressed in most seismic design specifications, the 

concept of Performance-Based Design (PBD) forms the basis of earthquake engineering. 

Table 2-1 summarizes a commonly used set of performance objectives that represents the 

foundation of PBD. Under large earthquakes, damage in the pier plastic hinge zone is 

acceptable, but the structure is required to deform in a dependable, predictable and stable 

manner. During small earthquakes, the bridge is expected to remain essentially elastic, 

undamaged and serviceable. 

The significant benefit of hybrid isolation design is that it keeps the piers elastic 

without having to accommodate large superstructure displacements. But this reduction in 

pier shear force is accompanied by an increase in force demand at the abutments. 

Whenever the seismic hazard is unusually high, the corresponding force at abutments 

may be unacceptably large. In these cases there may be no alternative but to accept yield 

in the piers. Although this is not a preferred situation, pier yield is permitted by the 
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AASHTO Guide Specification for Seismic Isolation Design (AASHTO, 2010), provided 

the response modification factors for the columns are limited to one-half of those for a 

conventional bridge (Art 6, AASHTO 2010). 

Hence, the Simplified Method is modified below to allow for the possibility of 

yielding piers. The nonlinear behavior of a pier with a plastic hinge is assumed to be 

bilinear (Figure 2-1), from which the effective stiffness (Kpier) and equivalent viscous 

damping ratio (ɓpier) may be found in the same manner as for bilinear isolators. 

2.7.1 Moment-Curvature Analysis 

The lateral load and displacement capacities of bridge piers are calculated by 

moment-curvature (Mīʌ) analysis based on expected material properties. In moment-

curvature analysis, moments are calculated corresponding to a range of imposed 

curvatures for a cross section with the applied axial load, based on the principles of strain 

compatibility and equilibrium of forces. 

In this study, the XTRACT program was used for this analysis. Three material 

models for reinforced concrete section were used in the section analysis: Manderôs 

unconfined concrete model for the concrete cover, Manderôs confined concrete model for 

the core concrete, and a parabolic strain hardening model for the longitudinal steel 

reinforcement.  

Results from the moment curvature analysis give the behavior of the column cross-

section for increasing moment as a series of data points that can be plotted as a 

curvilinear function. It is convenient to bilinearize this curve with a primary and 

secondary slope, which are chosen to pass through the moment and curvature 
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corresponding to first yield of the reinforcement, and the moment and curvature 

corresponding to ultimate conditions. The second slope is then adjusted to balance the 

area under the actual curve and that under the equivalent bilinear representation, as 

shown in Figure 2-15. 

2.7.2 Idealized Bilinear Force-Displacement Curve 

Once the design of the pier is complete, a bilinear force-displacement curve of the pier 

can be developed (a pushover curve) utilizing the moment-curvature results from 

XTRAC. Column displacement capacity is calculated for both the fixed-free case and 

fixed-fixed case. See Figure 2-16 for details of the fixed-free case (cantilever pier). 

u y pD =D +D         (Eq. 2-20) 

in which 

2

3

y

y

LF
D =          (Eq. 2-21) 

( / 2)p p pL LqD = -        (Eq. 2-22) 

p p pLq= F          (Eq. 2-23) 

( )p u yF = F -F        (Eq. 2-24) 

where: 

uD  =  ultimate displacement 

yD  =  effective yield displacement 

L  =  distance from the point of maximum moment to the point of 

contraflexure 

    for single curvature, L = column height 
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for double curvature, L = one-half column of height 

yF  =  effective yield curvature 

uF  =  ultimate curvature 

pq   =  plastic rotation 

pL  =  length of the plastic hinge 

  =  0.008 0.15 0.30 ( , )ye b ye bL f d f d in ksi+ ²  

fye  =  steel yield stress 

db  =  longitudinal bar diameter 

For the seismic isolation, single curvature behavior of the piers is assumed. Hence 

the effective yield force, Fy, and ultimate force, Fu, correspond to the effective yield 

moment, My, and ultimate moment, Mu, divided by the full pier height (L), respectively.  

Then the bilinear force-displacement characteristics can be represented by the 

elastic stiffness Kel.p, and post-yield stiffness of the piers, Ky, as follows:: 
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        (Eq. 2-25) 
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         (Eq. 2-26) 

where: 

E  =  elastic modulus of column 

Ieff  =  effective cracked moment of inertia of column 

  =  
y
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y

M
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E
=
F
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From which the pseudo-yield force of pier, Qp, may be calculated from:: 

p y y yQ F K= - D         (Eq. 2-27) 

It follows that the equivalent linear properties of the pier for use in the Simplified Method 

are  

(1) the stiffness of the pier (Kpier), at displacement Dp, as follows: 

, , ( )

/ , ( )

el p p y
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p p y p y

K D
K
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+ >Dí
        (Eq. 2-28) 

and  (2) the equivalent viscous damping (ɓpier) for the pier due to plastic hinge 

formation, given by Eq. 2-2 as follows: 

2

0 ,
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=ì

-D >Dí
     (Eq. 2-29) 

2.8 Seismic Response of Hybrid Isolated Bridge by Simplified Method 

The piers and abutments are considered as the substructure elements in these 

simple models. A single-degree-ofïfreedom model for the complete bridge is developed, 

as shown in Figure 2-17. 

The effective stiffness Keff for the complete bridge with N substructures is given by: 

,

1

N

eff eff jK K=ä         (Eq. 2-30) 

and the equivalent viscous damping for the complete bridge with N substructures is 

given by: 
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     (Eq. 2-31) 

where 
elasticb  = elastic viscous damping ratio 

     = 0.05 for concrete structures 

The effective period Teff, of a single-degree-of-freedom system with mass W/g, and 

stiffness Keff, at displacement D, is given by: 

2 / ( )eff effT W gKp=        (Eq. 2-32) 

where W =  weight of the complete bridge 

The displacement D, of single-degree-of-freedom system with effective period Teff, 

and effective damping ratio ɓeff, is given by: 
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      (Eq. 2-33) 

in which 1 1D vS F S= ; DS a sS F S=  

where: 

Fv  =  site factor for long-period range of the design response spectrum 

S1  =  horizontal response spectral acceleration coefficient at 1.0 sec 

period on rock (Site Class B) 

Fs  =  site factor for short-period range of the design response spectrum 

Ss  =  horizontal response spectral acceleration coefficient at 0.2 sec period 

on rock (Site Class B) 
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Ts  =  corner period at which spectrum changes from being independent of 

period to being inversely proportional to period 

BL  =  numerical coefficient related to the effective damping of the isolated 

system in long-period range of the design response spectrum 

=  (ɓeff/0.05)
0.3 

BS  =  numerical coefficient related to the effective damping of the isolated 

system in short-period range of the design response spectrum 

=  (ɓeff/0.05)
0.5

 

The total lateral force in the system at a displacement D is given by: 

effF K D=          (Eq. 2-34) 

This force is the total base shear for the bridge including pier shear force, 

abutments and piles lateral loads.  

The force in any substructure is given by: 

sub sub subF K D=        (Eq. 2-35) 

The force in all the isolators on a given substructure is given by: 

iso iso isoF K D=         (Eq. 2-36) 

Individual isolator forces may be found by dividing Fiso by the number of isolators 

on the same substructure (if all isolators have identical properties), or in proportion to 

their individual stiffnesses. 

It is noted that these two forces should be same since both the isolator/gap element 

and substructure óseeô the same shear force due to serial nature of the load path. 
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2.9 Design Example of a Straight Bridge by Simplified Method 

In this section, the above methodology is applied to the analysis of a three-span, 

continuous, steel plate-girder superstructure with single column piers and seat-type 

abutments. The three-span straight bridge has span lengths of 105 feet, 152.5 feet, and 

105 feet, and a total superstructure weight of 1,656.63 kips. Each pier is a single, 60-inch 

diameter reinforced concrete column, 230 inches high, fixed at the base and pinned at the 

top. Basic geometry is shown in Figure 2-18. Fully isolated, and hybrid configurations 

are shown in Figure 2-18. 

In the fully isolated bridge, isolators were used at each support, whereas in the 

hybrid case isolators were used only at abutments, and the connections over the piers 

were pinned as in the conventional bridge. 

For a full understanding of the seismic performance of highway bridges with 

hybrid isolation, a series of configurations was analyzed by the improved Simplified 

Method as shown in Table 2-2.  

The effect of soil-abutment-structure interaction on bridge response was not 

investigated for the fully-isolated case due to negligible abutment pile displacements. For 

the hybrid isolated configuration, impact between the abutment and deck was considered 

under the Maximum Considered Earthquake (MCE). For comparison, the lateral stiffness 

of each abutment was taken to be 1.0x10
6
 k/in when soil-abutment interaction was 

ignored.  
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The seismic response of the fully isolated and hybrid isolated bridge, with/without 

considering soil-abutment interaction are discussed in Sections 2.9.2 and 2.9.3, for both 

the Design Earthquake (DE) and Maximum Considered Earthquake (MCE) . 

2.9.1 Design Example Parameters 

2.9.1.1 Design Response Spectrum 

The bridge is located on a rock site in Zone 3 and the 1000-year design response 

spectrum is defined by PGA = 0.47g, SS = 1.14g and S1 = 0.41g, based on AASHTO 

national ground motion maps. From Tables 3.4.2.3-1 and 3.4.2.3-2 in the Guide 

Specification for LRFD Seismic Bridge (AASHTO, 2009), the site coefficients are: Fpga = 

1.0, Fa = 1.0 and Fv = 1.0. The corresponding acceleration response spectrum for the 

Design Earthquake is shown in Figure 2-19. The Maximum Considered Earthquake 

(MCE) is 1.5 times the Design Earthquake (DE). 

2.9.1.2 Bilinear Properties of the Piers 

All the piers are single, 60-inch diameter reinforced concrete columns. The 

longitudinal steel ratio is 1%, and transverse steel ratio is 1%. The column section used 

20 #11 longitudinal rebars confined by #8 spiral reinforcement pitched at 6 inches. 

The specified concrete compressive strength is 5.5 ksi. The steel reinforcement is 

ASTM A706 grade steel with a yield strength of 68 ksi for #11 longitudinal rebar and #8 

spiral reinforcement. Material properties are shown in Table 2-3. 

The moment-curvature analysis for the column under constant axial load (824 kips) 

using the program XTRAC is shown in Figure 2-20., The corresponding bilinear force-

displacement curve for the 60-inch column calculated from the equations in Section 2.3.4 
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is shown in Figure 2-21. The effective yield displacement is 2.28 inches, and ultimate 

displacement is 15.70 inches. The elastic stiffness Kel,p and the post-yield stiffness Ky are 

101.00 k/in and 2.18 k/in respectively. 

2.9.1.3 Soil-Abutment-Structure Interaction in Level Ground 

First, soil-abutment backwall interaction is investigated. The abutment backwall is 

8 feet high and 39.5 feet wide and the backfill soil is medium dense sand. Based on the 

SDC (2010) equations, the elastic stiffness of the abutment is 2872.7 k/in, the ultimate 

capacity is 2298.18 kips and ultimate displacement is 4.8 inches. The load-displacement 

curve is shown in Figure 2-22. 

Second, soil-pile group interaction is represented by a linear model for level ground. 

Soil damping and group effects are ignored. Hence, the stiffness of the piles is 

determined by multiplying the stiffness of a single pile by the total number of piles at the 

abutment. 

Each abutment is supported by seven, 40 foot long, 12-inch nominal diameter steel 

pipe piles with spacing of 5.83 feet in medium dense sand with a friction angle of 34 

degrees. The steel pipe piles are filled with concrete with compressive strength of 4 ksi. 

The pipe is Grade 50 steel with a yield stress of 50 ksi. The water table is assumed to be 

at the surface. 

According to the soil properties, (medium dense sand, friction angle of 34 degrees, 

below the water table), the coefficient of modulus of subgrade reaction, f is 12 lb/in
3
 from 

Figure 2-23 (Figure 6-12, Buckle et al., 2006b). The bending stiffness of a single pile, 

EpIp is 1.18x10
10

 lb-in
2
 including the concrete fill. The characteristic length, T is 62.86 



49 

 

inches. The free head stiffness of a single pile, Kpile, is 19.435 k/in and the lateral stiffness 

of the pile group, Kpg, is calculated as 136.045 k/in. 

Based on the moment-curvature analysis of a single steel pipe pile filled with 

concrete, the ultimate moment is 266 k-ft. According to the equivalent cantilever method, 

the equivalent cantilever length, Lf = 1.8T = 113.14 inches, and the ultimate lateral load, 

Pu is 28.21 kips. The ultimate load of the pile group is therefore 197.47 kips. 

2.9.1.4 LRB Properties and Design 

The mechanical characteristics Qd and Kd of the LRB isolators were obtained from 

preliminary analyses of the isolated bridges using the Simplified Method, which 

primarily involved the determination of the properties of the isolators themselves. The 

design of the circular lead rubber bearings is not discussed here.Step-by- step details can 

be found in the GSID Design Examples (Buckle et al., 2011). Two designs are 

summarized below, one for the hybrid case and the other for the full isolation case. 

(1) Isolator Design for Hybrid Isolation Case 

The shear force-deflection relationship for all bearings was assumed to be bilinear. 

Values for the characteristic strength (Qd) and post-elastic stiffness (Kd) summed over all 

the isolators were Qd = 0.154W = 255.24 kips, and Kd = 67.5 k/in. Isolator properties at 

each abutment (total for three isolators), and the weights carried at each substructure, are 

given in Table 2-4. 

It will be noted that the yield point is relatively high (about 15% of the structure 

weight), which means that for small earthquakes, these devices will not yield but remain 

elastic. However this yield level was chosen to control response during moderate-to-
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major earthquakes. Behavior for small events should be checked separately but it is not 

anticipated that the design will be governed by, or seriously affected by, the requirements 

for this case. 

Three isolators were located at each abutment and designed for a combination of 

dead and live load as well as thermal and seismic movements. To satisfy these 

requirements and to reduce the demand on the columns to less than yield (i.e. elastic 

performance), the following bearing sizes were chosen: 

Plan dimensions (Circular): D = 22 inches  

Overall height:     H = 5.45 inches  

Diameter of lead core:   dL = 6.875 inches  

(2) Isolator Design for Full-Isolation Case 

For comparative purposes, a fully isolated bridge was designed and analyzed as 

described below. Values for the pseudo-yield point (Qd) and post-elastic stiffness (Kd) 

summed over all the isolators were Qd = 0.09W = 152.4 kips, and Kd = 70.02 k/in. 

Isolator properties at each abutment (total for three isolators), and the weights carried at 

each substructure, are given in Table 2-5. 

In this case isolators were provided at each abutment and at each pier (total of 12 

isolators) and designed for a combination of dead and live load, as well as thermal and 

seismic movements. To reduce the demand on the columns to less than yield (i.e. same 

performance requirement as for the hybrid case), the following bearing sizes were chosen: 

Abutments: 

Plan dimensions (Circular): D = 14 inches 

Overall height:     H = 9.52 inches  
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Diameter of lead core:   dL = 3.5 inches 

Piers: 

Plan dimensions (Circular): D = 17 inches  

Overall height:     H = 4.375 inches  

Diameter of lead core:   dL = 4 inches 

A summary of isolators for hybrid and full isolation cases is given in Table 2-6. 

2.9.2 Design Example Results and Comparisons of Hybrid Isolation and Full 

Isolation 

The Simplified Method was executed using an Excel spreadsheet following the steps 

given in Sections 2.3 to 2.5. The results of the analyses by the Simplified Method for 

fully isolated and hybrid isolated bridges are given in Table 2-7. For the response history 

analyses given in these tables, the Sylmar 360° record from the 1994 Northridge 

earthquake was chosen and scaled by 0.475 such that the S1 value of the scaled record 

was 0.41g. Comparison of the acceleration spectrum for this scaled record (Figure 2-24) 

and the design spectrum indicated that adjustments should be made for a fair evaluation 

of the results from the Simplified Method against response history analyses. This 

adjustment was done based on the predominant period of each case: 0.7 sec to 0.9 sec for 

the hybrid case, and 1.5 sec to 2 sec for the full isolation case. As shown in Figure 2-24, 

it turned out that no modification was necessary for hybrid isolation case, but for the full 

isolation case, the design spectrum was amplified by 1.4 to match the response spectrum 

of the 0.475*SYL360 record.  
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As noted above, the sizes of the isolators and their lead cores were chosen to keep 

the columns elastic in both the hybrid and fully isolated cases. Figure 2-21 indicates that 

effective yield occurs at 2.28 inches and therefore the maximum displacement at the top 

of the column must be less than 2.3 in for elastic behavior. Table 2-7 shows that this 

target was satisfied for both the isolated configurations at the Design Earthquake but was 

exceeded during Maximum Considered Earthquake. Table 2-8 extracts key data from 

Table 2-7 for the Design Earthquake for both configurations. 

It is clearly seen in Table 2-8 that hybrid isolation not only keeps the columns 

elastic (ȹ < ȹy) but also reduces the superstructure displacements by 68% for the Design 

Earthquake, compared to full isolation. This means that the likelihood of abutment 

pounding is much less and, depending on the clearance provided for thermal effects, may 

not occur at all. However the abutment shear forces increased by a factor of about 2.7 and 

the abutment structures need to be evaluated for this increase in demand. 

It is expected that many abutments have sufficient capacity by engaging the fill 

behind the back wall when the load is towards the abutment. However capacity and 

stiffness in the opposite direction (away from the abutment) is substantially less and 

reliance must be placed on the abutment at the opposite end of the bridge to help resist 

these loads. The importance of this load sharing mechanism between the two abutments 

is discussed in following section. 
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2.9.3 Effect of Soil-Abutment Interaction on Seismic Response of Highway Bridges 

with Hybrid Isolation 

The effect of the reduction in pile stiffness due to sloping ground on the seismic 

response of highway bridges is discussed in Chapter 3. In this example, slope effects 

were taken into account using equivalent linear stiffness of pile groups in level ground (as 

explained in Chapter 3). As shown in Table 2-2, soil-abutment interaction and gap 

closure was investigated in this example. Table 2-9 and Table 2-10 compare the results 

from the Simplified Method for the three cases for the DE and MCE levels respectively. 

As shown in Table 2-9, under the Design Earthquake no pounding is expected, and 

hence the results from HI_2 and HI_3 are same. The superstructure displacement and pier 

shear force are increased by about 16.6% in HI_2 and HI_3, while the total base shear is 

close, compared to HI_1. This is because soil-abutment interaction causes stiffness 

redistribution while it does not influence the effective stiffness of the whole bridge 

system significantly. In other words, the piers attract more force, and the abutment on the 

tension side has less shear but a larger displacement demand, compared to HI_1. 

Moreover, it is obvious the abutment backfill takes a large portion of the load from the 

superstructure and the piles have negligible displacement, due to the large stiffness of 

backfill on the compression side. It is seen that the pile foundations bear the entire load 

passed through the isolators and have large displacement on the tension side. This 

demand may exceed the displacement capacity, especially, where the piles are in sloping 

ground. The displacement of the piles on the tension side is 1.167 in, which is about 18 

times the displacement of 0.065 in on the compression side. Hence, the pile 

displacement/force on the tension side is a critical design parameter. 



54 

 

Table 2-10 shows the comparison for the MCE level. The same conclusion is 

reached as for the DE level that soil-abutment interaction increases superstructure 

displacement and pier shear, comparing HI_1 and HI_2. The displacement of the pile 

foundations on the tension side is 1.368 in, which is 18 times the displacement of 0.076 

in on the compression side. However the difference in pier shear in HI_1 and HI_2 is 

small, because the piers have small post-yield stiffness after yielding in the MCE. In the 

HI_3 case, the impact between deck and backwall occurs where gap was assumed to be 

2.5 in. Comparing HI_2 and HI_3, gap closure reduces the superstructure displacement 

by 12% and pile displacement by 5% on the tension side, while it increases the force and 

displacement of the abutment on the compression side by a factor of 3.0. However, the 

displacement of 0.234 in is still less than the backfill yield displacement of 0.8 in, that is, 

the abutment has reserve capacity on the compression side. But if pounding is avoided, 

the displacement of the abutment is only 0.076 in. 

Table 2-11 compares the pile force on the tension side against the pile ultimate 

capacity for the full isolation and hybrid isolation case 3 (HI_3) under the DE and MCE. 

The pile force is 36% and 49% of the ultimate load in full isolation for the DE and MCE 

respectively. But for hybrid isolation the pile force is up to 80% and 89% of the ultimate 

load for the DE and MCE respectively. The comparison shows the pile force is less than 

the ultimate capacity for both the full and hybrid isolation cases under both the DE and 

MCE levels. But the pile force in hybrid isolation is about twice that of full isolation, and 

close to the ultimate capacity. 
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2.10 Summary of Hybrid Isolation Design 

The chapter has presented an improved Simplified Method that includes yielding 

substructures and soil-abutment-pile-structure interaction. The analysis procedure and 

modeling of the isolators, yielding substructures, and soil-abutment interaction have been 

described. A design example has been given of a three-span, steel girder bridge with 

hybrid isolation using the improved Simplified Method. The seismic performance of the 

bridge verifies the benefits of hybrid isolation. 

According to the analysis results, both hybrid isolation and full isolation were 

effective at keeping the piers elastic under the design earthquake, However hybrid 

isolation reduced the superstructure displacements by a factor about 3 for both the DE 

and MCE respectively, compared to full isolation. On the other hand, the abutment shear 

forces were increased in hybrid isolation by a factor about 2.5. The abutments must 

therefore be able to transfer forces from the superstructure to the foundation that are 

considerably higher than in conventional design. Hence load sharing between the two 

abutments needs to be studied to understand the limitations of the technique. 

Soil-abutment-pile-bridge interaction was therefore introduced in the improved 

Simplified Method. Prior to impact, soil-abutment interaction shifts forces to the piers 

due to stiffness redistribution but it does not influence the total base shear of the whole 

bridge system significantly. Superstructure displacements also increase.. After impact, 

gap closure reduces the superstructure displacements while increasing the total base shear. 

It also increases the forces and displacements of the abutment dramatically on the 

compression side. However the abutment backfills have sufficient capacity to bear the 
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loads. The piles have small displacements on the compression side, but are much larger 

on the tension side. These displacements may exceed the capacity of the piles in sloping 

ground. This topic is discussed in Chapter 3, where it is shown that the capacity and 

stiffness of piles in sloping ground is substantially less than in level ground. Sloping 

ground is found under the end spans of most bridges and affects the properties of the 

abutment piles accordingly. 
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Table 2-1  Design Earthquakes and Seismic Performance Objectives (NCHRP Project, 2001) 

  Performance Objective 

Probability of Exceedance For Design 

Earthquake Ground Motions 
  Life safety Operational 

Maximum Considered Earthquake (MCE)  

3% PE in 75 years or 1.5 Median 

Deterministic 

Service 
Significant 
Disruption 

Immediate 

Damage Significant  Minimal 

Expected Earthquake (EE)                               

50% PE in 75 years 

Service Immediate Immediate 

Damage  Minimal  Minimal to None 

 

 

Table 2-2  Analytical Cases of Hybrid Isolation by Simplified Method 

Analytical Case Soil-Abutment Interaction Gap Closure 

HI_1 No No 

HI_2 Yes No 

HI_3 Yes Yes 
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Table 2-3  Material Stress-Strain Properties Used in XTRACT Analysis 

Material Properties 

Unconfined Concrete 

fc' (ksi) 5.5 

Ůcc 0.002 

Ůcu 0.004 

Ůps 0.006 

Confined Concrete 

f'cc (ksi) 7.217 

Ůcc 0.0051 

fcu (ksi) 5.72 

Ůcu 0.0152 

#11 Steel Bars 

fy (ksi) 68 

Es (ksi) 29000 

Ůy 0.0023 

Ůsh 0.0125 

fsu (ksi) 95 

Ůsu 0.11 

#8 Steel Spirals 
fy (ksi) 60 

Ůy 0.0021 

 

Table 2-4  Overall I solator Properties for Hybrid Isolation (All Three Isolators)  

Substructure Wsub (kips) Qd (kips) Kd (k/in) 

Abutment 1 164.89 127.62 33.75 

Pier 2 663.43 / / 

Pier 3 663.43 / / 

Abutment 4 164.89 127.62 33.75 

Totals 1656.63 255.24 67.50 
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Table 2-5  Overall I solator Properties for Full Isolation (All Three Isolators)  

Substructure Wsub (kips) Qd (kips) Kd (k/in) 

Abut 1 164.89 33 6.72 

Pier 2 663.43 43.2 28.29 

Pier 3 663.43 43.2 28.29 

Abut 4 164.89 33 6.72 

Totals 1656.63 152.40 70.02 

 

 

Table 2-6  Summary of LRB Design 

Parameters 

Hybrid Isolation Full Isolation 

Abutment 

Isolator 

Abutment 

Isolator 

Pier 

Isolator 

Total Height, H (in) 5.450 9.520 4.375 

Bonded Diameter, B (in) 21 13 16 

No. of Layers, n 11 22 8 

Total Rubber Thickness, Tr (in) 2.75 5.50 2.00 

Lead Core Diameter, dL (in) 6.875 3.500 4.000 

Bonded Area, Ab (in
2
) 309.24 123.110 188.500 

Elastic Stiffness of Rubber, Kr (k/in) 11.25 2.24 9.43 

Characteristic Strength, Qd (kips) 42.54 11.00 14.40 

 

 

 

 

 

 



60 

 

Table 2-7  Comparison of Results for Full isolation and Hybrid Isolation by SM 

   DE (0.475*Syl360)  MCE (0.7125*Syl360) 

  
Full 

Isolation 

Hybrid 

Isolation 

Full 

Isolation 

Hybrid 

Isolation 

Parameters   

S1 (g) 0.41 0.41 0.62 0.62 

Qd (kips) 
Abut 33 127.65 33 127.65 

Pier 43.2 / 43.2 / 

Kd (k/in) 
Abut 6.72 33.75 6.72 33.75 

Pier 28.29 / 28.29 / 

Qd/W, % 9.2% 15.4% 9.2% 15.4% 

Basic Response   

  Disp. of Superstructure (in), D 5.68 1.79 9.53 2.88 

  Disp. of Isolator at Abut (in), Diso,a 5.68 1.79 9.53 2.88 

  Disp. of Isolator at Pier (in), Diso,p 4.10 / 6.66 / 

  Disp. of Pier (in), Dp 1.58 1.79 2.87 2.88 

  Ductility Ratio, ɛ 0.69 0.79 1.26 1.26 

Force Distribution (kips)   

  Abut 1 71.17 188.03 97.01 224.95 

  Pier 2 159.27 180.79 231.56 231.59 

  Pier 3 159.27 180.79 231.56 231.59 

  Abut 4 71.17 188.03 97.01 224.95 

  Total Base Shear (kips) 460.88 737.64 657.14 913.08 

Base Shear/Weight, % 27.82% 44.53% 39.67% 55.12% 

Table 2-8  Comparison of Behavior for Full isolation and Hybrid Isolation 

  Full Isolation Hybrid Isolation 
Change 

Hybrid/Full 

Superstructure Displacement (in) 5.68 1.79 0.32 

Column Displacement (in) 
1.58 1.79 1.14 

(ȹy =2.28in) 

Column Shear (k) 159.27 180.79 1.14 

Abutment Shear (k) 71.17 189.04 2.66 
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Table 2-9  Summary of Results for Hybrid Isolation Cases under DE by SM 

  
DE (0.475*Syl360) 

HI_1 HI_2 HI_3 

Parameters   
 

S1 (g) 0.41 0.41 0.41 

Qd (kips) Abut 127.65 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response   
 

  Period (sec), T 0.689 0.725 0.725 

  Disp. of Superstructure (in), D 1.790 2.088 2.088 

  Disp. of Isolators (in), Diso 
Abut 1 1.790 0.921 0.921 

Abut 4 1.790 2.023 2.023 

  Disp. of Substructures (in), Dsub 

Abut 1 0.000 1.167 1.167 

Pier 2 1.790 2.088 2.088 

Pier 3 1.790 2.088 2.088 

Abut 4 0.000 0.065 0.065 

Force Distribution (kips)   
 

  Isolators 
Abut 1 188.03 158.71 158.71 

Abut 4 188.03 195.89 195.89 

  Gap 
Abut 1 / 0.00 0.00 

Abut 4 / 0.00 0.00 

  Piles 
Abut 1 / 158.71 158.71 

Abut 4 / 8.86 8.86 

  Backfill 
Abut 1 / 0.00 0.00 

Abut 4 / 187.04 187.04 

  Pier 2 180.79 210.89 210.89 

  Pier 3 180.79 210.89 210.89 

  Total 737.64 776.38 776.38 

Difference  % 0.0% 5.3% 5.3% 
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Table 2-10  Summary of Results for Hybrid Isolation Cases under MCE by SM 

  
MCE (0.7125*Syl360) 

HI_1 HI_2 HI_3 

Parameters   
 

S1 (g) 0.62 0.62 0.62 

Qd (kips) Abut 127.65 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response   
 

  Period (sec), T 0.786 0.831 0.631 

  Disp. of Superstructure (in), D 2.884 3.100 2.734 

  Disp. of Isolators (in), Diso 
Abut 1 2.884 1.732 1.439 

Abut 4 2.884 3.024 2.500 

  Disp. of Substructures (in), Dsub 

Abut 1 0.000 1.368 1.295 

Pier 2 2.884 3.100 2.734 

Pier 3 2.884 3.100 2.734 

Abut 4 0.000 0.076 0.234 

Force Distribution (kips)   
 

  Isolators 
Abut 1 224.95 186.08 176.18 

Abut 4 224.95 229.67 212.00 

  Gap 
Abut 1 / / / 

Abut 4 / / 492.00 

  Piles 
Abut 1 / 188.08 176.18 

Abut 4 / 10.38 31.83 

  Backfill 
Abut 1 / 0.00 0.00 

Abut 4 / 219.28 672.17 

  Pier 2 231.59 232.07 231.27 

  Pier 3 231.59 232.07 231.27 

  Total 913.08 881.89 1342.72 

Difference  % 0.0% -3.4% 47.1% 
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Table 2-11  Comparison of Piles Force on the Tension Side against Ultimate Capacity 

Ultimate Load      = 197.4 kips 
  

Earthquake Level Tension Side FI HI_3 

DE 

Pile Force Demand (kips) 71.17 158.71 

Pile Force Demand     

/Ultimate Load 
0.36 0.80 

MCE 

Pile Force Demand (kips) 97.01 176.18 

Pile Force Demand     

/Ultimate Load 
0.49 0.89 
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Figure 2-1  Schematic of the Physical Model in the Simplified Method 
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Figure 2-2  Flowchart of the Simplified Method for the Seismic Analysis for Hybrid 

Isolation 
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Figure 2-3  Bilinear Hysteresis Loop for Typical Isolators 

 

 

 

Figure 2-4  Definition of Equivalent Viscous Damping 
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Figure 2-5  Bilinear  Force-Displacement Relationship for the Abutment Backfill  

 

Figure 2-6  Bilinear Lateral Force-Displacement Curve of Pile Head in Level Ground 
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Figure 2-7  Equivalent Elastic Lateral Force-Displacement Curve of Pile Head in Level 

Ground 

 

 

 

Figure 2-8  Abutment Pile Foundations in Sloping Ground Subjected to Seismic Load 
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Figure 2-9  Bilinear Lateral Force-Displacement Curve of Pile Head in Sloping Ground 

 

Figure 2-10  Equivalent Elastic Lateral Force-Displacement Curve of Pile Head in Sloping 

Ground 
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Figure 2-11  Force-Displacement Relationship for Gap Spring 

 

 

 

Figure 2-12  Soil-Abutment-Structure Interaction on the Tension Side 
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Figure 2-13  Soil-Abutment-Structure Interaction on the Compression Side 
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Figure 2-14  Effective stiffness of Isolators Parallel to Gap after Gap Closure 

 

Figure 2-15  Moment-Curvature Bilinearization in XTRACT  
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Figure 2-16  Details of Developing Bilinear Force-Displacement Relationship for a 

Cantilever Pier 

 

Figure 2-17  the Equivalent SOF Model of a Completed Isolated Bridge 

 

 

 

 

 

Lp

L

Plastic

 Hinge

Lp/2

F

ūy ūu ȹy ȹu

My

Mu

Fy

Fu

Mu

Lp

ūu ūy

ūp

ȹy ȹp

ȹu

Moment

Diagram

Curvature

Diagram
DisplacementSubstructure

K
el,p

Ky

K
pier

Qp

Displacement, ȹCurvature, ū

F
o

rc
e

, 
F

M
o

m
e

n
t,
 M

W1 W j WN

Keff,1 Keff,j Keff,N

W, D

Keff



74 

 

 

 

 
a) Conventional Bridge 

 
b) Fully Isolated Bridge 

 
c) Hybrid Isolated Bridge 

Figure 2-18  Three-Span Isolated Bridges and Conventional Bridge 
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Figure 2-19  Acceleration Response Spectra of DE and MCE 

 

Figure 2-20  Moment Curve Relationship by XTRACT Analysis 
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Figure 2-21  the Bilinear Force-Displacement Curve for 60-in Column 

 

Figure 2-22  the Bilinear  Force-Displacement Curve for Soil-Abutment Backwall 
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Figure 2-23  Recommended Coefficient of Variation in Subgrade Modulus (f) with Depth of 

Sand (Figure6-12, Buckle et al., 2006b) 

 

Figure 2-24  Design Spectra in Simplified Method for Hybrid and Full Isolations Cases 
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Chapter 3 Abutment Pile Foundations Capacity in Sloping Ground 

3.1 Background 

As discussed in Chapter 1, highway bridges by their nature are susceptible to 

earthquake damage, and often supported by pile foundations at both their piers and 

abutments. Recent damage of highway bridges has confirmed their vulnerability and 

highlighted the importance of soil-pile interaction in their seismic response (Costa Rica 

1991; Kobe 1995; Chi-Chi 1999; Wenchuan 2008; Chile 2010; Karantzikis & Spyrakos, 

2000; Crouse et al.; 2006, Barbosa & Silva, 2007). 

During an earthquake, reversing seismic loads in the superstructure push the 

abutment and backwall into the backfill in one direction and pull it away from the 

backfill in the other direction. The stiffness of the abutment-pile-soil system varies in 

each of these directions for two reasons: first the backfill is only effective in the push 

direction, and second, the pile stiffness is less in the pull direction than the push. 

This first phenomenon is well known, but the second is not so well understood, and 

is the subject of the research described in this chapter. In the push direction the pile is 

also pushed into soil that has a level surface (bridge approach), but in the pull direction 

the pile is pulled towards the slope that is found under most bridges between the 

abutment seat and the river or road below (Figure 3ï1). The stiffness and capacity of 

piles in sloping ground is therefore of importance. 

It is noted that abutment piles in bridges with expansion bearings are not engaged 

in the pull direction and their properties in sloping ground are of little interest. The 
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phenomenon just described occurs in bridges with integral abutments and those with 

fixed bearings or large isolation bearings at the abutments, as in the case of hybrid 

isolation. 

Work conducted to date on piles in sloping ground include field tests (Bhushan, 

1979; Gabr & Borden, 1990; Mirzoyan, 2007; Nimityongskul, 2010), scale model tests 

(Poulos, 1976; Boufia & Bouguerra, 1995; Mezazigh & Levacher, 1998; Chae, 2004), 

numerical models (Brown & Shie,1991; Terashi, 1991; Chen & Martin, 2001; Gerogiadis 

& Gerogiadis, 2010) and mathematical models (Poulos, 1976; Gabr & Borden, 1990; 

Mezazign & Levacher, 1998; Stewart, 1999; Mirzoyan, 2007; Nimityongskul, 2010) have 

been done to access the lateral response of piles near the slope or at the crest of the slope. 

The results from this body of work show a reduction in pile lateral load for piles in 

sloping ground and especially for piles at the crest of the slope. But these efforts have 

been limited to studying the effect of edge distance to the crest of the slope and then only 

for one or two slope angles. In addition, there is lack of systematic field testing to 

improve the knowledge of the pile/pile group behavior in sloping ground. 

In hybrid isolation, a large portion of the seismic loads are deliberately attracted to 

the abutments and the soil-abutment interaction should be included in the seismic 

analysis and design approach. It is expected that many abutments can provide the 

required capacity by engaging the fill behind the back wall when the loads are towards 

the abutment. However abutment capacity and stiffness in the opposite direction (away 

from the abutment) are substantially less and depend on the sloping ground. Hence, a 

comprehensive analytical analysis of single long pile subjected to lateral load at the crest 
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of sloping ground is investigated in this chapter using the computer program, Deep 

Foundation System Analysis Program (DFSAP). 

The outcome of this work is a reduction factor for elastic stiffness of pile 

foundations in level ground to obtain properties in sloping ground. Existing stiffness 

charts of pile foundations in level ground are used for this purpose. 

3.2 Overview of Strain Wedge Model (DFSAP) 

The Deep Foundation System Analysis Program (DFSAP) is based on the Strain 

Wedge Model (SWM), and provides direct assessment of the load-displacement 

relationship of a single short, intermediate, or long pile, or a pile group, with or without 

cap, by the Load and Resistance Factor Design (LRFD) procedure. 

The Strain Wedge Model (SWM) utilizes the geometry (horizontally and vertically) 

of the three-dimensional passive wedge of soil developing in front of the pile (Figure 3ï2) 

or pile group as it is loaded laterally. The interference of overlapping shear zones 

between the piles in the group is considered (Figure 3ï3). The Strain Wedge Model has 

the capability of analyzing a laterally loaded shaft/pile in different types of soils (sand, 

clay, C-ű soil, and rock) with different pile head boundary conditions such as free-head, 

fixed-head, zero head rotation and zero head deflection (Figure 3ï4). Moreover, 

nonlinear material behavior of pile is accounted for in this program. The Manderôs model 

is assigned for stress-strain relationship of concrete, and linearly elastic-perfectly plastic 

model is employed for stress-strain relationship of steel. Additionally, the sloping ground 

surface may be considered in the program and definitions for positive and negative slopes 

are given in Figure 3ï5. 
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Due to the different failure mechanism between a short rigid pile and a long 

flexible pile, analysis procedure is different for short, intermediate and long piles. 

Eventually, the short rigid pile will fail by rotation, while long flexible pile will fail by 

bending (developing a plastic hinge). Definitions of the short, intermediate and long piles 

are shown in Figure 3ï6. 

3.3 Validation of DFSAP to Predict the Capacity of Pile in Sloping Ground 

The validation of DFSAP to predict the behavior of laterally loaded short, 

intermediate and long piles and pile groups in different soil deposits for level ground, has 

been demonstrated by comparisons with other computer programs, scale model tests and 

full-scale field tests (Ashour et al 1998, 2002a, 2002b, 2004; Ashour & Norris, 2000, 

2003, 2006). Validation of DFSAP for piles in sloping ground is made in this chapter 

using results from two published full-scale field tests. The different studies are compared 

against field test results with LPILE by Mirzoyan (2007) in sand at the Salt Lake City 

International Airport Site, and with Plaxis 3D Foundation by Nimityongskul (2010) in 

cohesive soil at the Caltrans test site at Oregon State University. Observed differences 

between the numerical results and experimental data are believed to be due to errors of 

soil properties between field conditions and computer modeling. Nimityongskul (2010) 

proposed that possible factors that affect the soil properties, especially in the upper soil 

layers are seasonal water table, evaporation of surface moisture, and changes in stress 

history due to mobilization of construction equipment and excavation. Especially, the 

excavation of the slope significantly affected the soil properties and consequently affects 

the lateral pile response particularly for pile at the crest of slope ground. As noted by 
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others (Duncan, 1994; Dustin, 2006; Gerogiadis & Gerogiadis, 2010; Nimityongskul, 

2010), soil within 6D to 10D (D = pile diameter) below the ground surface is most 

important with regard to the lateral response of pile to lateral load. Hence, some 

modifications of the upper soil profile were made by Mirzoyan (2007) and 

Nimityongskul (2010) in their numerical simulations of the two published full-scale field 

tests. Likewise some modification of the upper soil profiles is made in the DFSAP. 

In addition, numerical analysis of these two field tests was performed using Plaxis 

3D for comparison with the analytical results from DFSAP. 

3.3.1 Salt Lake City International Airport Site Test 

Full-scale lateral loading tests on single driven steel pipe piles in sand (Mirzoyan, 

2007) were conducted at a site near the Salt Lake International Airport to observe the 

effects of sloping ground (slope angle = 30°) and pile location from slope crest on the 

lateral response of piles. 

The steel pipe pile had a length of 44 feet, an outer diameter of 12.75 inches, a wall 

thickness of 0.375 inches, and an average yield strength of 58.7 ksi. The upper 8 feet 

backfill was washed concrete sand with friction angle (ű) = 40Á, unit weight (ɔ) = 106 psf. 

The water table was 6-7 feet below the ground surface. The applied lateral load point was 

approximately 19.5 inches above the ground surface. 

To match the field test for pile in level ground, the upper sand was modeled as silt 

with friction angle of 54.5Á, and the cohesion (c) and strain (Ů50) of the layer were 

manipulated in the LPILE program (Mirzoyan, 2007). The same soil profile was used in 

DFSAP as in LPILE, except that the friction angle for the first two upper layers soil was 
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changed to 52°, which achieves a better match with the field tests for both level and 

sloping ground. The soil properties used in DFSAP is shown in Table 3-1. 

The comparison of lateral load-displacement at pile head is showed in Figure 3ï7. 

Good agreement is shown for both the short and long pile data with DFSAP giving 

slightly better results than LPILE. Another way to look at the data is define a load ratio, ɣ, 

at a particular lateral displacement, D, as follows: 

Load required at displacement D,  in sloping ground

Load required at displacement D,  in level ground
y =   (Eq. 3-1) 

Then for the Salt Lake City Tests, at D= 3 inches, ɣ = 0.77, 0.77, and 0.86, for the 

Field Tests, DFSAP and LPILE respectively. 

3.3.2 Caltrans Test Site at Oregon State University 

A series of full-scale lateral loading tests on isolated driven steel pipe piles in 

cohesive soils were carried out at Oregon State University (Nimityongskul, 2010) to 

assess the behavior of laterally loaded piles in the free-field and near the edge of a slope 

conditions (ɗ = 26.57Á). This slope was constructed by excavation after the piles had been 

driven and tests conducted in level ground. 

The piles had a length of 30 feet, an outer diameter of 12.75 inches, wall thickness 

of 0.375 inches, and an average yield strength of 74.7 ksi. The test piles were driven to a 

depth of 26 feet. The upper 10 feet soil was stiff to very stiff clay with upper bound Su = 

2400 psf, and average Su = 1600 psf. The water table was 7 feet below the ground surface. 

The applied lateral load point was approximately 3 feet above the ground surface. 

Firstly, the upper bound value of the upper cohesive soil and elastic pile properties 

were used in analyses by Plaxis 3D Foundation program for both cases of level ground 
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and sloping ground. Then, a factor of 0.45 and 0.6 was applied to undrained shear 

strength (Su) and soil modulus (E50) of the upper soil layer to account for soil disturbance 

due to mobilization of construction equipment and excavation by Nimityongskul (2010). 

To give better agreement between DFSAP and the field tests, a modified Su = 2000 psf 

was assigned to the upper 4 feet soil for level ground. Also, to account for soil 

disturbance during slope excavation a modified Su = 900 psf was assigned to the upper 4 

feet soil for sloping ground. The idealized soil profiles of level ground and sloping 

ground in DFSAP is shown in Table 3-2 and Table 3-3. 

Comparison of the results from the numerical models and field tests data are 

shown in Figure 3ï8. 

3.3.3 Comparisons of DFSAP and Plaxis 3D by Field Tests 

Also numerical modeling of the above two field test was carried out by Plaxis 3D 

for additional verification of DFSAP analysis of piles in sloping ground. Elastic piles and 

nonlinear soil model (Mohr-Coulomb Soil Model) were considered in Plaxis 3D, while 

nonlinear pile and nonlinear soil properties were considered in DFSAP. 

Based on the soil and pile properties in the first field test conducted by Mirzoyan, 

2007, at a site near the Salt Lake City International Airport, the material properties of 

piles and soil layers in Plaxis 3D are shown in Table 3-4 and Table 3-5. Analysis that 

modeled the top layer as cohesionless sand with a friction angle of 40° from both Plaxis 

3D and DFSAP significantly underpredicted the strength of the pile in level ground, 

which is consistent with the observation from LPILE analysis by Mirzoyan (2007). 

Analytical results from Plaxis 3D, DFSAP and LPILE are compared against the field test 
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data in level ground in Figure 3ï9. To match the field test results, the above analyses 

were then repeated using friction angles in the upper sand layer of 54.4° and 52° in Plaxis 

3D and DFSAP respectively. These angles were chosen to match field test data in level 

ground and then applied to the sloping ground case. Results are compared in Figure 3ï10 

where it is shown that the numerical models tend to overpredict pile capacity in level 

ground and Plaxis 3D underpredicted the lateral load by about 25%; DFSAP program 

gives a good prediction of lateral load in sloping ground. 

In the second full-scale lateral loading tests at the Caltrans test site at Oregon State 

University by Nimityongskul (2010), numerical analysis of the laterally loaded piles in 

clay was conducted by Plaxis 3D. The same soil properties and pile properties are used in 

this study by Plaxis 3D, as shown in Table 3-6 and Table 3-7. Figure 3ï11 is a 

comparison of the Plaxis 3D results obtained in this study with Plaxis 3D results by 

Nimityongskul, 2010. Good agreement is demonstrated. 

Analytical results for piles in level ground and slope ground computed by 

Nimityongskul, 2010, are referred to compare with DFSAP results. The above Plaxis 3D 

results by Nimityongskul, 2010, are compared against DFSAP results and field test data 

in Figure 3ï12. Both models are in good agreement with the field data for level ground 

but over predict the capacity of piles in sloping ground, based on soil properties for level 

(undisturbed) ground. But as noted in Section 3.3.2, the slope at the test site was 

constructed by excavation and to account for the soil disturbance in the upper layers, 

factors of 0.45 and 0.6 were applied to the undrained shear strength (Su) and soil modulus 

(E50) in Plaxis 3D, and 0.45 to the undrained shear strength (Su) in DFSAP in the upper 4 

feet of soil. With these adjustments to the soil properties, better agreement is obtained 



86 

 

between the numerical models and the field test data for the sloping ground case, as 

shown in Figure 3ï8 

3.4 Laterally Loaded Long Pile in Sloping Ground by DFSAP 

Based on the above validations of DFSAP against field tests data and Plaxis 3D 

modeling, it is concluded that the DFSAP provides reasonable prediction of laterally 

loaded pile-soil responses for piles in sloping ground. A parametric study of the effect of 

slope on the capacity and lateral stiffness of laterally loaded piles is therefore investigated 

using DFSAP program as described in this section. 

Since highway bridges are typically supported by long driven piles, less than 2 feet 

in diameter, the response of a single laterally loaded long pile is investigated in slopes of 

varying degrees. 

3.4.1 DFSAP Modeling of Piles in Sloping Ground 

A model used in DFSAP for a pile-supported abutment is shown in Figure 3ï13, 

i.e., pushing the pile/pile group against the backfill is treated as response of pile/pile 

group in level ground (Figure 3ï13 a)); while pulling the pile/pile group away from the 

backfill is considered as response of pile/pile group in sloping ground (Figure 3ï13 b)). 

In a few field tests, a gap was observed for both cohesive (Gabr & Borden, 1990; 

Nimityongskul, 2010) and cohesionless soils (Gabr & Borden, 1990; Dustin, 2006; 

Mirzoyan, 2007). It suggested that only considering the passive wedge of the soil in front 

of the pile is accurate. 
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A appropriate pile at the crest of slope (Figure 3ï13 b)) is therefore modeled as 

continuous slope in front of and behind the pile but only a passive wedge of the soil down 

slope of this pile is considered in DFSAP. 

3.4.2 Parametric Study on Effect of Slope on Lateral Capacity for Single Long Pile 

Generally, the lateral capacity of the pile in the transverse direction is enough and 

usually, there is no slope in transverse direction, hence, lateral load in longitudinal 

direction is considered. The pile head connection for a typical bridge with seat-type 

abutment could be treated as a pinned connection, since the abutment seat may rotate. 

The free-head condition is applied. For convenience in analysis, axial stiffness of the 

piles was assumed to be independent of the lateral stiffness. So lateral load in 

longitudinal direction is considered in, and axial load at the pile is ignored. The following 

assumptions are made in this parameter study: 

(1) Free-head condition 

(2) The ground behind the pile is flat 

(3) The pile is at the crest of the slop 

(4) Abutment seat is not embedded in ground and its effect may be ignored 

(5) Liquefaction may be ignored 

The properties of a single, steel, pipe pile located in a soil layer of infinite depth 

and at the crest of a slope, are studied for varying soil properties, pile geometry, and 

slope angle, ɗ. Figure 3ï14 shows pile location and principal dimensions. Soils are 

characterized by friction angle, ű (28°, 33° and 40° for loose, medium, and dense sands 

respectively), and undrained shear strength, Su (800, 1500, and 2200 psf for soft, medium, 
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and stiff clays respectively), and keep other parameters constant. Later, pile behavior is 

studied for varying geometry and boundary conditions for different soil types and slope 

angles. Soil properties are summarized in Table 3-8 and pile properties in Table 3-9. 

As noted in Sec 3.3.1, it is useful to use a load ratio, ɣ, to describe trends in 

behavior. But in this case the definition in Eq. 3-1, is modified to express ultimate load 

ratios rather than load ratios at displacement, D. It will be seen that an ultimate load ratio, 

ɣL, is a simple and effective way to illustrate the effect of slope on pile behavior because 

it describes the reduction in capacity of a pile at the crest of a slope compared to the same 

pile in level ground. It is defined as follows: 

( )

( )

slope

L

level

ultimate load

ultimate load
y =        (Eq. 3-2) 

where (ultimate load)slope is the ultimate lateral load of the pile at the crest of the 

slope, and (ultimate load)level is the ultimate lateral load of the pile in the level ground. 

3.4.2.1 Slope Angles 

For this parameter study, slope angles were varied from 0° (i.e. level ground) to the 

maximum stable slope angle or 60° in clays in increment of 5°. For sand, the maximum 

slope angles are 25°, 30°, and 35° for loose, medium dense and dense sand respectively. 

Figure 3ï15 shows the ultimate load ratio plotted against slope angle for free-head 

long piles in sands and clays. From this figure, the reduction in ultimate load of the piles 

is about 30% and 55% at a slope angle of 25° in sands, and 60° in clays respectively. 
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3.4.2.2 Soil Type 

Figure 3ï16 and Figure 3ï17 both show the reduction in capacity is almost 

independent of soil type, sand or clay. It is true however, that piles in sand are more 

sensitive to slope effects than those in clay, their ultimate capacity decreasing at a 

consistently faster rate with slope angle than those in clay. 

3.4.2.3 e/D Ratio 

Pile head distance (e) above the ground surface is a significant parameter for 

determining slope effects on the ultimate load ratio of the long piles. To study the effect 

of pile head distance above the ground surface (e), a series of analyses were conducted 

for a free-head pile, keeping the same total pile length (H = 65 feet) and same diameter 

(D = 2 feet), while varying the e/D ratio at free-head case from 0 to 6. 

Ultimate load ratios are again used to show the influence of the e/D ratio on slope 

effects, as shown in Figure 3ï18 to Figure 3ï26 for all soil types. For all soil types, the 

larger e/D ratio, the less reduction in ultimate load ratio as the slope angle increases. At 

large e/D ratio, the effect of slope on the ultimate load ratio is very small particularly for 

slopes less than 20° in sand and 50° in clay. 

3.5 Results and Discussions 

Based on the comparisons of results from field tests and analytical modes, 

discrepancy exists due to the difference of soil properties between field conditions and 

computer modeling. According to analysis of slope effects on response of long piles at 

the crests of sloping grounds, conclusions can be summarized as following: 
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1) Slope effect on response of piles at crest of slope is more significant with 

steeper slope.  

2) The reduction of ultimate load of piles is obvious, about 30% and 45% for long 

pile at slope angles of 25° in sand and 60° in clay respectively. So reduction of 

ultimate capacity of piles in sloping ground should be considered in pile design. 

3) For sand, the reduction rate is greater with higher slope angle, while smaller 

reduction rate with higher slope angle for clay 

4) Slope effect on ultimate load ratio of piles at crest of slope is almost not 

influenced by soil type at mild slope (from 0 to 25 degrees). The influence of 

slope on ultimate load ratio of piles in sand is larger than in clay with steeper 

slope. 

5) Pile head boundary does not affect slope effect on the ultimate load ratio of 

piles at the crest of slope much. 

6) Slope effect is smaller with larger e/D ratio of long piles, and insignificant 

reduction of ultimate load for mild slope. And larger pile head distance above 

ground, the slope effect could be ignored at the larger slope range. 

7) At small slope range, the effects of e/D ratio on ultimate load ratio of long 

piles due to slope change are not dominated by soil types. 

8) With larger e/D ratio, the reduction of ultimate load ratio is almost same for 

sands, while the reduction of ultimate load ratio due to the slope angle change 

is more insensitive for piles in stiffer clay. 

There are few differences of ultimate load ratio in the parametric study. For 

example, linear interpolation of ultimate moment of pile is adopted, while the relationship 
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of moment and lateral force is not linear. However the increment of moment is small, the 

small differences are acceptable. 

3.6 Reduction Factor of Pile Stiffness for Bridge Engineer Practice 

A common approach for bridge engineers when considering soil-pile interaction is 

to represent the complexity of the soil profile, the type and arrangement of the piles, and 

nonlinear soil behavior by equivalent, lateral, pile-head springs with stiffness coefficients 

given by charts (e.g. Buckle et al., 2006b). There is a great deal of information of this 

type in the literature but only for piles in level ground; there is very little data for piles in 

sloping ground. 

Accordingly it is proposed to generate modification factor to be used with existing 

charts for piles in level ground to account for the effects of slope, using the analytical 

methods presented in Section 3.4. 

3.6.1 Analytical Model of Pile in Sloping Ground Using Equivalent Piles in Level 

Ground 

To develop modification factors for piles in sloping ground, an analytical model of 

an equivalent pile in level ground is developed (Figure 3ï27). Based on analysis of 

laterally loaded single long pile located at the crest of slopes with increasing gradients, 

and in level ground with increasing load eccentricities by DFSAP, the equivalent 

relationship of slope angle and e/D ratio is found by equivalent eccentrically loaded piles 

in level ground yielding the same stiffness as those in sloping ground. The detailed 

procedure of the equivalent approach is shown in Figure 3ï28. 
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3.6.1.1 Step 1. Developing Bilinear Load-Displacement Curve 

To characterize the properties of behavior of laterally loaded pile, actual lateral 

load-pile head displacement curve for piles in level ground was replaced by bilinear load-

displacement curve. The procedure to develop the bilinear load-displacement curve is 

shown in the Figure 3ï29, and elastic stiffness (Kel,pile) is focused on in this study. 

3.6.1.2 Step 2. Reduction Factor of Lateral Stiffness of Long Laterally Loaded Piles in 

Sloping Ground or With Load Eccentricity 

Typically, lateral load vs pile head deflection curve is accepted by evaluating the 

slope effect. To simplify the process of considering slope effect on the response of 

laterally loaded long piles at the crest of slope, reduction factor of elastic stiffness was 

adopted to consider slope effect on the response of long laterally loaded piles at the crest 

of sloping ground and effect of equivalent load eccentricity (e) on piles in level ground. 

The definitions are as following: 

,

( )

( )

slope

K s

level

Elastic Stiffness

Elastic Stiffness
y =  and /

, /

( )

( )

e D
K e D

level

Elastic Stiffness

Elastic Stiffness
y =  (Eq. 3-3)  

where (Elastic Stiffness)slope is the lateral stiffness of soil-pile system at crest of 

slope, (Elastic Stiffness)e/D is the lateral stiffness of soil-pile system at level ground with 

e/D ratio, and (Elastic Stiffness)level is the lateral stiffness of soil-pile system in level 

ground (e/D = 0). 

According to the definition of reduction factor, repeating Step 2 to get bilinear 

curve for piles in level ground with e/D ratio and piles at the crest of different sloping 

ground, reduction factors with slope angle or e/D ratio for sand and clay are obtained 

based on DFSAP analysis (Figure 3ï30 and Figure 3ï31). 



93 

 

3.6.1.3 Step 3. Relationship between Slope Angle and e/D Ratio 

For investigating the effects of pile diameter on the reduction factor of lateral 

stiffness with e/D ratio, e/D ratio was used to express the equivalent load eccentricity (e). 

Based on the reduction factor of lateral stiffness by DFSAP analysis, Figure 3ï32 shows 

the effect of pile diameter on reduction factor of lateral stiffness with e/D ratio is 

insignificant. The way to access the equivalent load eccentricity (e) is that piles in sloping 

ground and piles with load eccentricity in level ground yield the same reduction factor of 

lateral stiffness at pile head (Figure 3ï33). 

3.6.2 Lateral Stiffness Based on Beam on Elastic Foundation (BEF) for Laterally 

Loaded Long Piles with Load Eccentricity 

Based on the Beam on Elastic Foundation (BEF) characterization that considers 

pile as a beam of flexural stiffness (EpIp) supported by a series of discrete springs of 

stiffness, modulus of subgrade reaction (Es), the governing ordinary deferential equation 

for the laterally load piles is: 

4

4
( ) ( ) 0p p s

d y
E I E y

dz
+ =        (Eq. 3-4) 

For a typical laterally loaded pile shown in Figure 3ï34, the closed form solutions 

by using characteristic length (T) for combined applied lateral loads and applied moments 

are as following: 

Deflection, y = 

3 2

0 0y y

p p p p

A H T B M T

E I E I
+       (Eq. 3-5) 

Slope, s = 
2

0 0s s

p p p p

A H T B M T

E I E I
+       (Eq. 3-6) 
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Bending moment, Mp = 
0 0m mA H T B M+        (Eq. 3-7) 

Shear force, V = 0
0

v
v

B M
A H

T
+         (Eq. 3-8) 

Soil reaction, p = 
0 0

2

p pA H B M

T T
+        (Eq. 3-9) 

where: 

T       = characteristic length 

       = 
1
5( )

p pE I

f
 

f       = coefficient of modulus of subgrade reaction  

H0       = applied lateral force at z = 0 

M0      = applied moment at z = 0 

Ay, As, Am, Av, Ap = non-dimensional coefficients relating to an applied 

lateral force H0 for deflection, slope, bending moment, 

shear and soil reaction, respectively 

By, Bs, Bm, Bv, Bp  = non-dimensional coefficients relating to an applied 

moment M0 for deflection, slope, bending moment, shear 

and soil reaction, respectively 

For typical bridge condition where the ratio of embedded length of the pile to the 

characteristic length (Lem/T) is greater than 4, the infinitely long pile solution would yield 

sufficient accuracy (within 10 percent of the actual finite length solution). Therefore, the 

infinitely long pile solution was adopted by Lam and Martin (1986). A tabulation of non-

dimensional A and B coefficients for various combinations of H0 and M0 were presented 

for clay and sand of linear subgrade modulus (Es). 
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In addition, single-layer pile-head stiffness design charts were developed by Lam et 

al. (1991) with subgrade modulus increasing linearly with depth, from zero at ground 

surface where pile head is located for both sands and clays (Figure 3ï35). Given the 

coefficient of modulus of subgrade reaction (f), and the flexural stiffness of the pile (EpIp), 

stiffness matrix can be read directly from the charts in Figure 3ï36 to Figure 3ï39 

(Figure 6-8 to Figure 6-11, Buckle et al., 2006b). Design chart for piles with pinned head 

(i.e., zero bending moment) is given in Figure 6-11 (Buckle at al., 2006b) or calculate by 

, 3
0.41

p p

el pile

E I
K

T
=        (Eq. 3-10) 

The coefficient of modulus of subgrade reaction (f) is not an intrinsic soil property. 

The recommendations for f are represented in Figures 6-12 and 6-13 (Buckle et al., 2006b) 

for sand and clay, respectively. 

For free-head condition, the deflection at pile head for laterally loaded pile with 

load eccentricity (e) (Figure 3ï40(a)) can be derived from pile head deflection under 

lateral load at the ground surface based on solutions of the BEF (Figure 3ï40(b) and 

cantilever deflection (Figure 3ï40(c)). 

t s cy y y= +          (Eq. 3-11) 

tan( )s gy y e s= +        (Eq. 3-12) 

For small slope, s = tan(s), hence, then 

( )s gy y e s= +         (Eq. 3-13) 

According to the beam on elastic foundation approach, 

Pile deflection at ground surface, yg  =  

3 2

0 0y y

p p p p

A H T B M T

E I E I
+  
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Pile slope at ground surface,   s  =  
2

0 0s s

p p p p

A H T B M T

E I E I
+  

where: 

H0   =  applied lateral force at pile head 

e   =  load eccentricity 

M0  =  applied moment at ground surface due to load eccentricity (= H0 e) 

EpIp  =  pile flexural stiffness 

T   =  characteristic length 

   =  
1
5( )

p pE I

f
 

f   =  coefficient of modulus of subgrade reaction 

yt   =  total pile head deflection 

ys   =  pile head deflection under lateral load at the ground surface 

yc   =  cantilever deflection 

   =  
3

0

3 p p

H e

E I
 

hence, the total deflection at pile head, 

3 2 2 3
0 0 0 0 0( )

3

y y s s
t

p p p p p p p p p p

A H T B M T A H T B M T H e
y

E I E I E I E I E I
= + + + +    (Eq. 3-14) 

0
, 3 2 3

1

( ) ( ) 0.33( )

p p

el pile

t y y s s

E IH
K

e e ey T A B A B
T T T

= =
+ + + +

  (Eq. 3-15)  

Define Sc =  
2 3

1

( ) ( ) 0.33( )y y s s
e e eA B A B
T T T

+ + + +
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The coefficients Ay, By, As, Bs at ground surface (ie. z = 0) are shown in Table 3-10. 

Based on the beam on elastic foundation method, substituting load eccentricity (e 

or e/D) from the equivalent approach to Eq. 3-15, then Eq. 3-3, the reduction factor of 

lateral stiffness is gotten as bellow, 

2 3( ) ( ) 0.33( )y y s s

K

y

e e eA B A B
T T T

A
y

+ + + +
=      (Eq. 3-16) 

3.6.3 Reduction Factor of Pile Lateral Stiffness in Sloping Ground 

Curves of the reduction factor of lateral stiffness with slope angle are plotted in 

Figure 3ï41, which shows that the soil types have small impact on the reduction factor of 

lateral stiffness, therefore, average reduction factor is recommended after curve fitting in 

this study for sands and clays respectively (Figure 3ï42). 

3.7 Abutment Pile Foundations Transverse Capacity in Sloping Ground 

Abutment Pile foundation not only subjected to longitudinal load from 

superstructure, also subjected to transverse load from superstructure, as show in Figure 

3ï43. While there is lack of field test data for pile in sloping ground subjected to parallel 

lateral load. DFSAP is not suitable for analyzing soil-pile response in that case. limited 

numerical analyses of parallel laterally loaded pile by Plaxis 3D were conducted, which 

was based on the soil profile and pile properties from Caltrans test site at Oregon State 

University. 

The side view of modeling of transverse laterally loaded pile is shown in Figure 3ï

44. Only three slope angles 26.57° (S1), 45° (S2) and 60° (S3) were applied. Figure 3ï45 
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shows the computed lateral load-pile head displacement curves. The numerical results 

indicate effect of slope on the response of transverse laterally loaded pile is larger with 

steeper slope. The load ratio at 2.5 inches is 91%, 86% and 82% at slope = 26.57°, 45° 

and 60° respectively. 

Though the reduction of pile load exits, the reduction could be ignored base on this 

case. Hence no reduction of lateral stiffness of pile subjected to transverse lateral load in 

sloping ground is recommended. 

3.8 Example of Effect of Slope on Seismic Response of Hybrid Isolated Bridge 

using Simplified Method 

Based on analysis in the Chapter 2, the piles on the tension side take the entire load 

transferred from the superstructure, and have large force and displacement demands. 

While the previous analysis assumed piles have same capacity on the compression side 

and tension side where is sloping ground. But according to above study, reduction in 

capacity and lateral stiffness of the piles in sloping ground is significant. For further 

understanding seismic response of hybrid isolated bridges, the same bridge design 

example is re-analyzed by applying the reduced stiffness for piles in sloping ground.  

There was no detail of the slope ground for the benchmark bridge, hence slope of 

30 degree is assumed. The water table was assumed at the surface of pile head ground. 

The pile properties and soil profile are shown in Figure 3ï46. 
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3.8.1 Linear Model of Soil-Pile Group Interaction in Sloping Ground 

Recall from the calculation of elastic stiffness of piles level ground in Section 2., 

lateral stiffness of the pile group Kpg is calculated as 136.045 k/in and the ultimate load 

for piles is 197.47 kips. 

Based on the assumption of slope of 30 degree, the reduction factor of lateral 

stiffness is 0.53 from the proposed reduction factor vs. slope angle curve and the 

reduction factor of lateral capacity is 0.65 from the reduction factor vs. slope angle curve. 

That is, the lateral stiffness of piles is 136.045 k/in on the compression side and 72.101 

k/in on the tension side; the lateral capacity of piles is 197.47 kips on the compression 

side and 128.36 kips on the tension side. 

3.8.2 Analysis of Hybrid Isolated Bridge Considering Soil-Pile Group Interaction in 

Sloping Ground by the Simplified Method 

Seismic analyses for hybrid isolated bridge with soil-abutment interaction in 

sloping ground were conducted for both the Design Earthquake (DE) and Maximum 

Considered Earthquake (MCE), and compared with the previous analyses of hybrid 

isolated bridge where soil-abutment interaction in level ground was assumed. 

Gap closure effect is also investigated using the Simplified Method. ñHIò case 

assumes the abutment system is rigid, and the ñHI_Levelò case is the hybrid isolated 

bridge with soil-abutment interaction in level ground, and the ñHI_Slopeò case for 

sloping ground. The results of the above three cases using the improved Simplified 

Method are shown in Table 3-11 to Table 3-13. 
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At the Design Earthquake (DE) level, as shown in Table 3-11, the superstructure 

displacement and pier shear are increased about 27% in the ñHI_Slopeò case, while total 

base shear is only increased about 7.7%, compared with the ñHIò case. Comparing with 

the ñHI_Levelò case, the slope ground does not affect the superstructure displacement 

and total base shear dramatically. The force of piles in the ñHI_Slopeò case exceeds the 

ultimate load capacity of piles in sloping ground but the force of piles in the ñHI_Levelò 

case does not, as shown in Table 3-14, since sloping ground remarkably decreases the 

ultimate load capacity of piles, even force of the piles on the tension side at the 

ñHI_Slopeò case is reduced by 15%. 

At the Maximum Considered Earthquake (MCE) level, reduced piles stiffness on 

the tension side due to sloping ground increases superstructure displacement and pier 

shear slightly, and reduce force of piles on the tension side in both the ñGap Openò and 

ñGap Closureò cases. In the ñGap Openò case as shown in Table 3-12, force of piles on 

the tension side in the ñHI_Slopeò case is decreased by 14.3%, and displacement of 

abutment on the compression side is increased a little, compared with the ñHI_Levelò 

case. But in the ñGap Closureò case as shown in Table 3-13, force of piles on the tension 

side in the ñHI_Slopeò case is decreased by 14.4%, and displacement of abutment on the 

compression side is increased by 18%, compared with the ñHI_Levelò case. 

Table 3-14 and Table 3-15 extract the piles force on the tension side against the pile 

ultimate capacity in level and sloping grounds. The comparisons show force of piles on 

the tension side in sloping ground is over the ultimate load capacity by 5%, 26% at the 

DE and MCE levels respectively for the ñGap Openò case, but within the ultimate load 

capacity in level ground. In addition, force of piles on the tension side in sloping ground 
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exceeds the ultimate load capacity by 17%, since the closure of gap diminishes the force 

demand of piles. 

3.9 Summary 

Since most of the analytical programs and theoretical methods, and design codes 

are only validated for piles in level ground, an analytical model of laterally loaded pile in 

sloping ground using equivalent pile in level ground was conducted in this study to make 

use of the methodologies in level ground. Based on systematic analysis of single long pile 

subjected to lateral load in sloping grounds or level grounds by the strain wedge model 

computer program, deep foundation system analysis program (DFSAP), relationships 

among reduction factor of lateral stiffness, slope angle and lateral load eccentricity were 

derived. Correspondingly, a relationship between reduction factor of lateral stiffness and 

lateral load eccentricity was derived from long laterally loaded piles in level ground 

based on the Beam on Elastic Foundation (BEF). The curves of reduction factor of lateral 

stiffness with slope angle were achieved for sands and clays respectively, to predict the 

lateral force of piles at the crest of sloping ground from analysis of piles in level ground. 

The results show the lateral stiffness of a pile foundation is considerably greater 

when pushing into level ground (backfill direction) than when pulling away and towards 

the slope. The thorough parametric studies show the effect of pile diameter on reduction 

factor of lateral stiffness with slope angle is insignificant, that is, the reduction factor of 

lateral stiffness is suitable for different pile diameter. The effects of friction angle and 

undrained shear strength on the reduction factor of lateral stiffness are negligible for 

sands and clays respectively. Then an average reduction factor is recommended for sands 
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and clays. Reduction in lateral stiffness of pile is increased with increasing slope angle up 

to 58% for 60° slope in clays and for 35° slope in sands. Hence, the slope effect on lateral 

stiffness should be explicitly included for evaluation of seismic response of piles found 

highway bridges. 

The effect of slope on seismic response of hybrid isolated bridge was also studied 

by considering the reduced stiffness of piles in sloping ground using the improved 

Simplified Method. The results show effect of slope is to increase the displacement 

demand on the abutment on the tension side dramatically, due to significant reduction of 

elastic stiffness of piles in sloping ground. These results also show the force demand on 

the tension side is decrease, but it exceeds the ultimate load capacity, since reduction of 

load capacity of piles is great due to sloping ground. 

However, there are several assumptions in this analytical study for simplifying the 

complexity of soil-pile interaction in sloping ground. Some of the suggestions are listed 

below: 

¶ Linear assumption of soil subgrade modulus profile is applicable for sands and 

soft clay, while in case of stiff clay, modulus of subgrade reaction is generally 

assumed to be constant with depth. Hence, multiple approaches are 

recommended for stiff clay. 

¶ Linear soil modulus of subgrade could lead to a reasonable approximation of 

the nonlinear solution in limited ranges of pile head deflection. Compatibility 

with force demand and displacement demand should be check in choosing the 

coefficient of modulus of subgrade reaction. 
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¶ Lateral load of pile is significantly resistant by the soil surrounding the piles 

within a depth equal to 5 to 10 pile diameters, hence, complete and thorough 

soil tests should be conducted, especially near the surface. 

¶ Slope effect on a single laterally loaded pile is studied here. Generally, the 

abutment is supported by a pile group, which is a more complex problem. 

Given the many uncertainties in site conditions and pile group configuration, 

such as pile group location and pile space, the same reduction factor of lateral 

stiffness is recommended for pile group in sloping ground.  

Additionally, the reduction factors are obtained from the analytical analysis, which 

need to be verified by more full-scale field tests. The error exists due to bilinear curve 

instead of real curve, and the empirical value of f. Therefore, multiple approaches are 

recommended in actual analysis and engineering judgments should be applied. The 

computer approach is recommended to accommodate the nonlinear, multilayer soil 

situation. 



104 

 

 

Table 3-1  Soil Profile of Salt Lake City International Airport Site Test in DFSAP 

No of 
Layer 

Soil 
Type 

Thickness 
(ft) 

Eff. Unit 
Weight (pcf) 

Friction 
Angle (°) 

Ů50 
Su Top 
(psf) 

Su Bot. 
(psf) 

layer 1 C-Phi 6.96 106.27 52 0.010 136.80 136.80 

layer 2 C-Phi 1.00 43.20 52 0.010 136.80 136.80 

layer 3 Clay 1.00 57.02 0 0.010 864.00 864.00 

layer 4 Clay 3.00 57.02 0 0.010 1044.00 1044.00 

layer 5 Clay 3.00 57.02 0 0.010 835.20 835.20 

layer 6 Sand 5.75 51.84 38 0.000 0.00 0.00 

layer 7 Clay 1.75 57.02 0 0.010 1188.00 1188.00 

layer 8 Clay 1.75 57.02 0 0.015 522.72 522.72 

layer 9 Clay 2.00 57.02 0 0.010 1127.52 1127.52 

layer 10 Sand 37.16 57.02 47 0.000 0.00 0.00 

 

Table 3-2  Soil Profile of Caltrans Test Site at Oregon State University for Level (L) 

Ground in DFSAP  

No of 

Layer 

Soil 

Type 

Thickness 

(ft) 

Eff. Unit 

Weight (pcf) 

Friction 

Angle (°) 
Ů50 

Su Top 

(psf) 

Su Bot. 

(psf) 

layer 1 Clay 4 115.0 0 0.01 2000 2000 

layer 2 Clay 3 115.0 0 0.01 2400 2400 

layer 3 Clay 3 52.6 0 0.01 2400 2400 

layer 4 Sand 3 67.6 40 0.00 0 0 

layer 5 Clay 5 52.6 0 0.01 2400 2400 

layer 6 Sand 5 67.6 45 0.00 0 0 

layer 7 Clay 14 47.6 0 0.01 3500 3500 
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Table 3-3  Soil Profile of Caltrans test site at Oregon State University for Sloping (S) 

Ground in DFSAP 

No of 

Layer 

Soil 

Type 

Thickness 

(ft) 

Eff. Unit 

Weight (pcf) 

Friction 

Angle (°) 
Ů50 

Su Top 

(psf) 

Su Bot. 

(psf) 

layer 1 Clay 4 115 0 0.01 900 900 

layer 2 Clay 3 115 0 0.01 2400 2400 

layer 3 Clay 3 52.6 0 0.01 2400 2400 

layer 4 Sand 3 67.6 40 0 0 0 

layer 5 Clay 5 52.6 0 0.01 2400 2400 

layer 6 Sand 5 67.6 45 0 0 0 

layer 7 Clay 14 47.6 0 0.01 3500 3500 
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Table 3-4  Soil Profile of Salt Lake City International Airport Site Test in Plaxis 3D 

No of 

Layer 

Soil 

Layer 

Soil Unit Weight Cohesion 
Young's 
Modulus 

Poisson's 
Ratio 

Friction 
Angle 

Dilatancy 
Angle 

Interface 
Reduction Factor 

ɔunsat ɔsat cref Eref ɜ ū ɣ Rinter 

lb/in
3
 lb/in

3
 psi psi - degrees degrees - 

layer 1 Sand 0.061 0.061 0.95 8.0 0.35 54.5/40 10 1 

layer 2 Sand 0.061 0.061 0.95 8.0 0.35 54.5/40 10 1 

layer 3 Clay 0.069 0.069 6 1.5 0.495 - 0 1 

layer 4 Clay 0.069 0.069 7.25 2.0 0.495 - 0 1 

layer 5 Clay 0.069 0.069 5.8 1.5 0.35 - 0 1 

layer 6 Sand 0.066 0.066 - 5.0 0.495 38 3 1 

layer 7 Clay 0.069 0.069 8.25 2.0 0.495 - 0 1 

layer 8 Clay 0.069 0.069 3.63 1.0 0.495 - 0 1 

layer 9 Clay 0.069 0.069 7.83 2.0 0.495 - 0 1 

layer 10 Sand 0.069 0.069 - 7.0 0.35 47 4 1 

Table 3-5  Pile Properties of Salt Lake City International Airport Site Test in Plaxis 3D 

Material 

Parameter 

Type of 

Behavior 
Element type 

Density Thickness Young's Modulus Poisson's Ratio 

ɔsteel d E ɜ 

lb/in
3
 in ksf - 

steel pipe pile elastic plate (wall) 0.289 0.375 4.18E+06 0.1 

 bottom cap elastic plate (floor) 0.289 2 4.18E+06 0.15 
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Table 3-6  Soil Profile of Caltrans Test Site at Oregon State University in Plaxis 3D 

(Nimityongskul, 2010) 

 

Table 3-7  Pile Properties of Caltrans Test Site at Oregon State University in Plaxis 3D 

(Nimityongskul, 2010) 

 

Table 3-8  Soil Property Parameters in DFSAP 

Soil Type 

Eff. Unit 

Weight 

Friction 

Angle 

Unstrained 

Shear Strength Ů50 

ɔ (pcf) ű (Á) Su (psf) 

Sand 

Dense DS 57.6 40 / 0.005 

Medium Dense MDS 57.6 33 / 0.005 

Loose LS 57.6 28 / 0.005 

Clay 

Stiff StC 57.6 / 2200 0.01 

Medium Stiff MSC 57.6 / 1500 0.01 

Soft SoC 57.6 / 800 0.01 
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Table 3-9  Steel Pipe Pile Properties in DFSAP 

Pile 

Type 

Pile 

Length   
Lt (ft) 

Dia.     

D 
(ft) 

Wall 

Thickness 
t (in) 

fy 

(ksi) 

Es 

(ksi) 

Lem/T Ratio ( e/D = 0 ) 

LS MDS DS SoC MSC StC 

Long 

Pile 
65 2 0.5 60 29000 7.65 8.77 9.75 6.89 7.81 8.43 

Table 3-10  Coefficients Ay, By, As, Bs at ground surface for Es = fz  (Lam & Martin, 1986))  

z/T Ay As By Bs 

0.00 2.435 1.623 1.623 1.749 
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Table 3-11  Comparison of Results from SM for Hybrid Isolation Cases at the DE level 

 

DE (0.475*Syl360) 

HI HI_Level HI_Slope 

Parameters 
 

S1 (g) 0.41 0.41 0.41 

Qd (kips) Abut 127.65 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response 
 

  Period (sec), T 0.69 0.73 0.75 

  Damping Ratio, ɕ 21.9% 15.5% 13.0% 

  Disp. of Superstructure (in), D 1.79 2.09 2.27 

  Disp. of Isolators (in), Diso 
Abut 1 1.79 0.92 0.40 

Abut 4 1.79 2.02 2.20 

  Disp. of Substructures (in), Dsub 

Abut 1 0.00 1.17 1.87 

Pier 2 1.79 2.09 2.27 

Pier 3 1.79 2.09 2.27 

Abut 4 0.00 0.065 0.067 

Force Distribution (kips) 
 

  Isolators 
Abut 1 188.03 158.71 134.74 

Abut 4 188.03 195.89 201.90 

  Gap 
Abut 1 / 0.00 0.00 

Abut 4 / 0.00 0.00 

  Piles 
Abut 1 / 158.71 134.74 

Abut 4 / 8.86 9.13 

  Backfill 
Abut 1 / 0.00 0.00 

Abut 4 / 187.04 192.77 

  Pier 2 180.79 210.89 229.07 

  Pier 3 180.79 210.89 229.07 

  Total 737.64 776.38 794.78 

  Difference,  % 0.0% 5.3% 7.7% 
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Table 3-12  Comparison of Results from SM for Hybrid Isolation Cases for Gap Open at 

the MCE level 

  
MCE (0.7125*Syl360) 

HI HI_Level HI_Slope 

Parameters 
 

S1 (g) 0.62 0.62 0.62 

Qd(kips) Abut 127.65 127.65 127.65 

Kd(k/in) Abut 33.75 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response 
 

  Period (sec), T 0.79 0.83 0.86 

  Damping Ratio, ɕ 26.8% 25.3% 24.5% 

  Disp. of Superstructure (in), D 2.88 3.10 3.23 

  Disp. of Isolators (in), Diso 
Abut 1 2.88 1.73 1.00 

Abut 4 2.88 3.02 3.15 

  Disp. of Substructures (in), Dsub 

Abut 1 0.00 1.37 2.24 

Pier 2 2.88 3.10 3.23 

Pier 3 2.88 3.10 3.23 

Abut 4 0.00 0.076 0.078 

Force Distribution (kips) 
  

  Isolators 
Abut 1 224.95 186.08 161.21 

Abut 4 224.95 229.67 234.04 

  Gap 
Abut 1 / 0.00 0.00 

Abut 4 / 0.00 0.00 

  Piles 
Abut 1 / 188.08 161.21 

Abut 4 / 10.38 10.58 

  Backfill 
Abut 1 / 0.00 0.00 

Abut 4 / 219.28 223.46 

  Pier 2 231.59 232.07 232.34 

  Pier 3 231.59 232.07 232.34 

  Total 913.08 881.89 859.93 

  Difference,  % 0.0% -3.4% -5.8% 
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Table 3-13  Comparison of Results from SM for Hybrid Isolation Cases for Gap Closure at 

the MCE level 

  
MCE (0.7125*Syl360) 

HI HI_Level HI_Slope 

Parameters   

S1 (g) 0.62 0.62 0.62 

Qd(kips) Abut 127.65 127.65 127.65 

Kd(k/in) Abut 33.75 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response   

  Period (sec), T 0.79 0.63 0.61 

  Damping Ratio, ɕ 26.8% 15.4% 13.3% 

  Disp. of Superstructure (in), D 2.88 2.73 2.78 

  Disp. of Isolators (in), Diso 
Abut 1 2.88 1.44 0.69 

Abut 4 2.88 2.50 2.50 

  Disp. of Substructures (in), Dsub 

Abut 1 0.00 1.30 2.09 

Pier 2 2.88 2.73 2.78 

Pier 3 2.88 2.73 2.78 

Abut 4 0.00 0.234 0.276 

Force Distribution (kips) 
  

  Isolators 
Abut 1 224.95 176.18 150.75 

Abut 4 224.95 212.00 212.00 

  Gap 
Abut 1 / 0.00 0.00 

Abut 4 / 492.00 617.79 

  Piles 
Abut 1 / 176.18 150.75 

Abut 4 / 31.83 37.52 

  Backfill 
Abut 1 / 0.00 0.00 

Abut 4 / 672.17 792.27 

  Pier 2 231.59 231.27 231.35 

  Pier 3 231.59 231.27 231.35 

  Total 913.08 1342.72 1443.24 

  Difference,  % 0.0% 47.1% 58.1% 
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Table 3-14  Force Demand against Ultimate Load for Piles at the DE Level 

Ultimate Load in Level Ground        = 197.47 kips 
  

Ultimate Load in Sloping Ground     = 128.36 kips 
  

Earthquake Level Tension Side HI_Level HI_Slope 

DE 

Pile Force Demand 
(kips) 

158.71 134.74 

Pile Force Demand     

/Ultimate Load 
0.80 1.05 

Table 3-15  Force Demand against Ultimate Load for Piles at the MCE Level 

Ultimate Load in Level Ground        = 197.47 kips 
  

Ultimate Load in Sloping Ground     = 128.36 kips 
  

 
Tension Side HI_Level HI_Slope 

Gap Open 

Pile Force Demand 

(kips) 
186.08 161.21 

Pile Force Demand     

/Ultimate Load 
0.94 1.26 

Gap Closure 

Pile Force Demand 
(kips) 

176.18 150.75 

Pile Force Demand     

/Ultimate Load 
0.89 1.17 
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Figure 3ï1  Typical Pile Foundations Subjected to Seismic Load in Sloping Ground 

 

Figure 3ï2  Basic Strain Wedge Model in DFSAP (Ashour et al. 1998) 
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Figure 3ï3  Interference between Two Piles in a Group (Ashour et al. 2004) 

 

Figure 3ï4  Pile Head Boundary Conditions in DFSAP (Ashour and Norris, 2006) 
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Figure 3ï5  Sloping Ground and Load Direction Definitions in DFSAP     

 (Ashour and Norris, 2006) 

 

 

Figure 3ï6  Short, Intermediate and Long Pile Definitions as Used in DFSAP     

 (Ashour and Norris, 2006) 
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Figure 3ï7  Comparison of Lateral Load-Displacement at Pile Head in Salt Lake City 

International Airport Site Test ( L - Level Ground   S - Sloping Ground, ɗ = 30Á) 

 

Figure 3ï8  Comparison of Lateral Load-Displacement at Pile Head in Caltrans Test Site at 

Oregon State University (L - Level Ground   S - Sloping Ground, ɗ = 26.57Á) 
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Figure 3ï9  Comparison of Analytical Results from Plaxis 3D, DFSAP and LPILE against 

the Field Test Data in Level (L) Ground, Salt Lake City Site 

 

Figure 3ï10   Comparison of Analytical Results from Plaxis 3D, DFSAP against the Field 

Test Data in Level (L) Ground and Sloping (S) Ground, Salt Lake City Site 
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Figure 3ï11   Comparison of Plaxis 3D Results by Nimityongskul, 2010 and This Study in 

Level (L) Ground and Sloping (S) Ground, Oregon State University Site 

 

Figure 3ï12   Comparison of Load-Displacement Results from DFSAP, and Plaxis 3D 

against Field Test Data in Level (L) Ground and Sloping (S) Ground, Oregon State 

University Site 
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Figure 3ï13   Simplified Models of Typical Abutment Pile Foundations 

 

Figure 3ï14   Pile Configuration and Soil Dimension 

H
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Pile

Foundation
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H

Pile

Foundation

H

Pile

Foundation

Field Condition DFSAP Condition

a) push pile against the backfill (Level Ground)

b) pull pile away the backfill (Sloping Ground)
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Figure 3ï15   Ultimate Load Ratio vs. Slope Angle for Free-Head Long Pile in Different Soil 

Types 

 

Figure 3ï16   Ultimate Load Ratio vs. Slope Angle for Free-Head Long Pile in Sands 
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Figure 3ï17   Ultimate Load Ratio vs. Slope Angle for Free-Head Long Pile in Clays 

 

Figure 3ï18   Ultimate Load Ratio vs. Slope Angle for Long Pile with Different e/D Ratios in 

Loose Sand 
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Figure 3ï19   Ultimate Load Ratio vs. Slope Angle for Long Pile with Different e/D Ratios in 

Medium Dense Sand 

 

Figure 3ï20   Ultimate Load Ratio vs. Slope Angle for Long Pile with Different e/D Ratios in 

Dense Sand 
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Figure 3ï21   Ultimate Load Ratio vs. Slope Angle for Long Pile with Different e/D Ratios in 

Soft Clay 

 

Figure 3ï22   Ultimate Load Ratio vs. Slope Angle for Long Pile with Different e/D Ratios in 

Medium Stiff Clay 
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Figure 3ï23   Ultimate Load Ratio vs. Slope Angle for Long Pile with Different e/D Ratios in 

Stiff Clay 

 

Figure 3ï24   Ultimate Load Ratio vs. Slope Angle for Long Pile with e/D = 1 in Different 

Soil Types 
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Figure 3ï25   Ultimate Load Ratio vs. Slope Angle for Long Pile with e/D = 3 in Different 

Soil Types 

 

Figure 3ï26   Ultimate Load Ratio vs. Slope Angle for Long Pile with e/D = 5 in Different 

Soil Types 
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Figure 3ï27   Equivalent Model of Piles in Level Ground for Piles in Sloping Ground 

 

 

Plot Load-Displacement Curve by DFSAP Analysis 

 Developing Bilinear Load-Displacement Curve 

Derive Reduction Factor of Elastic Stiffness with Slope Angle, e/D Ratio 
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Figure 3ï28   Flowchart of the Equivalent Approach 
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Figure 3ï29   Flowchart of Procedure to Develop the Bilinear Load-Displacement Curve 

y
H     = pile yielding force 

u
H     = pile ultimate force 

yy      = yielding displacement of pile 

uy      = ultimate displacement of pile 

,el pile
K = elastic stiffness of soil-pile 

  system 

,y pile
K = yielding stiffness of soil pile 

 system 
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Figure 3ï30   Reduction Factor of Lateral Stiffness with Increasing Slope Angle 

 

Figure 3ï31   Reduction Factor of Lateral Stiffness with Increasing e/D Ratio 
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Figure 3ï32   Reduction Factor of Lateral Stiffness vs. e/D Ratio with Different Pile 

Diameters in Stiff Clay  

 

Figure 3ï33   Equivalent Relationship of e/D Ratio and Slope Angle 
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Figure 3ï34   Deflection, Slope, Bending moment, Shear, and Soil Reaction Obtained from a 

Complete Solution (After Reese and Matlock, 1956) 

 

 

Figure 3ï35   Soil Subgrade Modulus Linear Profile 

Es = fz

f

z
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Figure 3ï36   Lateral Pile-head Stiffness (Fixed-head Condition) (after Buckle et al., 2006b) 

 

Figure 3ï37   Rotational Pile-head Stiffness (after Buckle et al., 2006b) 
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Figure 3ï38   Cross-coupling Pile-head Stiffness (after Buckle et al., 2006b) 

 

Figure 3ï39  Lateral Pile-head Stiffness (Free-head Condition) (after Buckle et al., 2006b) 
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Figure 3ï40   Pile Head Deflection Calculation 

 

Figure 3ï41   Reduction Factor of Lateral Stiffness with Slope Angle for All Soil Types 
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Figure 3ï42   Average Reduction Factor of Lateral Stiffness with Slope Angle 

 

Figure 3ï43   3D View of a Pile in Sloping Ground 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0 10 20 30 40 50 60

R
e
d

u
c
ti
o

n
 F

a
c
to

r 
o

f 
L

a
te

ra
l 
S

ti
ff

n
e
s
s
, ɣ

K

Slope Angle, ɗ(degrees)

Ave_Sand

Ave_Clay

X
Y

HY

H
ʻ



135 

 

 

 

Figure 3ï44   Modeling of a Transverse Laterally Loaded Pile in Sloping Ground 

 

Figure 3ï45   Lateral Load-Pile Head Displacement Curves for Pile Subjected to Transverse 

Load in Sloping Grounds (L = Level Ground; S1 = 26.57°;S2 = 45°; S3 = 60°) 
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Figure 3ï46   Soil and Pile Properties 
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Chapter 4 Numerical Validation of Hybrid Isolation Methodology  

4.1 Introduction  

To validate the seismic performance of highway bridges with hybrid isolation, 

verify the improved Simplified Method, and comprehend the load sharing mechanism 

between the two abutments, a benchmark bridge was chosen and a series of finite element 

models were created using SAP2000. These models were then analyzed using the 

nonlinear response history method. 

The design of the benchmark bridge satisfied the AASHTO LRFD Bridge Design 

Specifications (AASHTO LRFD), AASHTO Guide Specifications for LRFD Seismic 

Bridge Design (AASHTO Guide Specifications), and the AASHTO Guide Specifications 

for Seismic Isolation Design, based on preliminary analysis of isolated bridges using the 

Simplified Method. The detailed modeling of superstructure, substructures, isolators, and 

soil-abutment interaction are presented respectively.  

Finite element modeling of three different bridge configurations: conventional 

bridge with ófree-abutmentô, fully isolated bridge, and hybrid isolated bridge were 

conducted. Numerical results and comparisons are described in this Chapter.  

4.2 Benchmark Bridge 

The three-span bridge had total length of 362.5 feet (105 feet-152.5 feet-105 feet). 

The superstructure comprised three steel I-girders with 30 feet wide concrete deck. The 

substructures consisted of two seat-type abutments and two single, 60 inches diameter 
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reinforced concrete columns with drop caps. The geometry for the benchmark bridge is 

shown in Figure 4ï1. 

The reinforced concrete deck was 30 feet wide with 3.75 feet overhangs. The 

overhangs were 8.125 inches thick with 1.875 inches haunches. The girders were built-up 

sections, with spacing of 11.25 feet. Each girder consisted of a 15/16-in by 65-in web 

plate and two 1-9/16-in by 22.5-in flange plates. Chevron cross-frames were selected, and 

spaced at every 15 feet along the length of the bridge except at the middle of the bridge 

where two cross-frames were spaced at 16.25 feet. the intermediate cross-frames used 

single 5-in by 5-in by 5/8-in angles for the diagonals and double angles 3-in by 3-in by 

1/2-in by 15/16-in for both the top and bottom chords; pier cross-frames used single 6-in 

by 6-in by 3/4-in angles for the diagonals and double angles 3-in by 3-in by 1/2-in by1-

1/4-in for both the top and bottom chords. 

Each pier was a single, 60 inches diameter reinforced concrete column, 230 inches 

high, with a drop cap that is 334 inches long and 72 inches wide. A side view of the pier 

is shown in Figure 4ï2. The longitudinal reinforcement ratio was 1.1% and lateral 

reinforcement ratio was 0.96%. The column section used 20-#11 longitudinal rebar 

confined with #8 spiral reinforcement pitched at 6 inches. The clear cover was 2 inches. 

The specified concrete compressive strength of was 5.5 ksi and the steel reinforcement 

was ASTM A706 grade steel with a yield strength of 68 ksi for #11 longitudinal 

reinforcement and 60 ksi for #8 spiral reinforcement. 
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4.3 Finite Element Modeling using SAP2000 

Since only the longitudinal response of the bridges was to be investigated by finite 

element analysis, and the cross-frames had a minimal effect in this direction, a plate-and 

beam model was adopted. The deck was modeled by shell elements while the girders 

were modeled by beam elements which were connected to the bearings by rigid links. 

The isolators were modeled by bilinear links, the piers were modeled by fiber sections, 

and the soil-abutment interaction was simulated by a combination of gap links and Wen 

plasticity links. 

In addition to soil-abutment interaction, effect of slope on the lateral stiffness of 

piles under end abutment was investigated. The matrix of models analyzed using SAP 

2000 is shown in Table 4-1. 

Finite element models of the conventional bridge with ófree-abutmentô, fully 

isolated benchmark bridge, and hybrid isolated benchmark bridge without soil-abutment 

interaction are shown in Figures Figure 4ï3 to Figure 4ï5. The hybrid isolation 

benchmark bridge with soil-abutment interaction is shown in Figure 4ï6. The detailed 

simulation of the benchmark bridge components using SAP2000 is described in the 

following subsections. 

4.3.1 Superstructure Model 

The superstructure was a composite slab and girder section. Shear studs were used 

to connect the concrete deck slab to the top flanges of the steel plate girders. The deck 

was modeled with shell elements. The girders and cross frames were modeled with beam 
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elements. The deck, girders and bearing were connected by rigid links to model the 

vertical eccentricities between these elements. 

4.3.2 Bearing Model 

Three types of bearing were used in these analyses: (1) pin bearings were located 

on the two pier caps and flat slider were used at the abutments in the conventional bridge; 

(2) pin bearings were located on the two pier caps and bilinear isolation bearings were 

placed at the abutments in the hybrid isolated bridge; and (3) bilinear isolation bearings 

were placed at both the piers and the abutments in the full isolated bridge. The pinned 

bearings were modeled as linear links with very high stiffness in the lateral and vertical 

directions but free to rotate about any axis. The slider bearings were modeled as linear 

link with very high stiffness in the vertical direction and free to rotate about any axis and 

slide in any horizontal directions. The bilinear isolation bearings were simulated by 

rubber bearing links (nonlinear links) with yield force (Fy), initial stiffness (Ku) and post-

yield stiffness ratio (Kd/Ku) based on isolator properties. 

4.3.3 Pier Model 

To simulate the tapered geometry of the bent cap correctly, the bent cap was 

defined by non-prismatic section utilizing multiple sections. The bending stiffness, EI, 

about the vertical axis of the non-prismatic section was defined to vary linearly along the 

taper. The bending stiffness EI, about the horizontal axis of the non-prismatic section was 

defined to vary cubically along the taper. In addition, the top of the cap beam and the 

cardinal point referenced for insertion was selected as the top center of the section for 

representing the tapered cap geometry. 
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Then, the column was modeled using three beam elements: two end elements of 

37.85 inches length and middle element of 154.3 inches length. The two short elements 

represented the plastic hinge lengths for the columns. To capture the non-linear properties 

of the column, a PMM fiber hinge was assigned to the mid-height of each short element 

using the assumption of constant plastic curvature throughout the plastic hinge zone. This 

fiber hinge was developed using SAP 2000 section designer to determine the fiber layout 

with a total 121 fibers as shown in Figure 4ï7. 

In addition, the column properties were modified based on recommendations from 

Aviram and Mackie (2008). To account for the anticipated development of cracking in 

the columns due to gravity and dynamic loads, the effective flexural inertia (Ieff) was 

taken as: 

Ieff = My/Eūy         (Eq. 4-1) 

where My and ʌy is the effective moment and effective curvature respectively. 

The effective torsion moment of inertia (Jeff) was reduced according to the following: 

Jeff = 0.2Jg          (Eq. 4-2) 

where Jg is the torsion moment of inertia of the column gross cross-section. 

Due to the combined effects of flexure and axial load, a reduction of shear area was 

taken as following: 

Av, eff  = 0.8Av, g       (Eq. 4-3) 

Where Av,eff and Av, g is the effective shear area and gross shear area respectively. 

Moment-curvature analysis by XTRACT was used for calculating the cracked 

moment of inertia. The moment-curvature relationship of the 60 inches column is shown 
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in Figure 2-20 where Ieff is calculated to be 0.31Ig. In summary the column properties 

were taken to be 0.31Ig, 0.2Jg, and 0.8Av,g in these numerical analyses. 

4.3.4 Soil-Abutment System Interaction Modeling 

The longitudinal interaction between the bridge deck, abutment backwall, abutment 

pile foundations and soil backfill in this direction was modeled by a gap element to 

represent the longitudinal expansion gap, three passive soil springs, and an isolator spring. 

In addition, since soil has limited ability to take tension and it is likely that gaps due to 

soil separation occur near the tops of pile foundations. This has been observed in limited 

field tests for both cohesive (Gabr & Borden, 1990; Nimityongskul, 2010) and 

cohesionless soils (Gabr & Borden, 1990; Dustin, 2006; Mirzoyan, 2007). Hence, a zero-

opening gap spring was used in series with passive soil spring to simulate gap formation. 

The proposed approach is believed to simulate the seismic response of soil-

abutment-bridge realistically and reliably. When longitudinal loads push the abutment 

against the backfill, prior to gap closure or pounding, the inertia forces from the 

superstructure are directly transferred through the isolation bearings to the backfill and 

pile foundations. After gap closure, the superstructure loads are transmitted through both 

the abutment back wall and isolation bearings, subsequently to the backfill and pile 

foundations. During load reversal, forces pass through the isolation bearings directly to 

the pile foundations. 

The modeling of soil-abutment-isolator interaction in SAP 2000 is shown in Figure 

4ï8. This system was connected to the bottom flange of each girder. The rigid beams 

shown in Figure 4ï8 had zero mass, that is, the participating mass of the abutment and 
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the soil behind the backwall was not considered in this analytical investigation. Soil-pile 

foundations interaction was modeled by two soil springs representing the passive soil 

wedges in front of and behind the pile foundations. 

In modeling soil-abutment interaction in this study, the backfill soil that resists the 

loads pushing the abutment system is on the compression side, whereas the soil side of 

the abutment, adjacent to the river or crossing is on the tension side. The gap element was 

assigned an initial opening of 2.5 in for the gap between the bridge deck and abutment 

backwall. The backfill spring and soil-pile interaction springs were simulated by Wen 

plasticity links, and assigned properties based on the models in the previous analysis 

using the Simplified Method. For numerical convergence, the stiffness of the gap links 

generally was limited to 10 to 100 times the stiffness of the stiffest adjacent spring. 

4.3.5 Ground Motion Input 

As discussed in Chapter 2, the Sylmar 360° record from the 1994 Northridge 

earthquake (Figure 4ï9) was used for these numerical analyses. Since the Design 

Earthquake for this bridge had a spectral acceleration at 1.0 second equal to 0.41g, the 

Sylmar record was scaled to have the same value for S1. The scale factor was 0.475. The 

Maximum Considered Earthquake was taken to be 1.5 times of the Design Earthquake 

and was therefore equal to 1.5 x 0.475Sylmar = 0.7125Sylmar. 

4.4 Calibration of Soil-Abutment System-Isolator Model in SAP 2000 

Before incorporating the soil-abutment-isolator model into the whole bridge model 

for considering soil-abutment-bridge interaction, this model should be able to simulate 
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the seismic interaction between the bridge deck, abutment backwall, abutment pile 

foundations and the embankment soil realistically and reliably. A cyclic nonlinear 

pushover analysis for the model of a single soil-abutment-isolator in the longitudinal 

direction was performed using SAP2000. The nonlinear properties of soil-backwall 

spring were calculated using the Caltrans SDC (2010) and are shown in Chapter 2. The 

nonlinear properties of soil-pile spring in Chapter 2 were represented by a bilinear curve 

based on DFSAP analysis, and are shown in Figure 4ï10. The backbone on the 

compression side is for soil-pile interaction in level ground, and on the tension side is for 

soil-pile interaction in sloping ground. Isolator properties were from the hybrid isolation 

design case. 

The top of isolator (Point A) in Figure 4ï11 was subjected to a lateral load pattern 

under displacement control of Point A in this pushover analysis. Cyclic pushover analysis 

was performed through a sequence of pushover analyses where the applied lateral load 

was opposite to that of the previous pushover load case. The monitored displacement at 

Point A is shown in Figure 4ï11. The displacement magnitude is 10 inches for the first 

cycle and 15 inches for the second cycle. 

The hysteresis loops for the soil-backwall and soil-pile interactions on the 

compression and tension sides are shown in Figure 4ï12, Figure 4ï13 and Figure 4ï14. 

These figures indicate the zero-opening gap link with nonlinear spring in the soil-

abutment-isolator model complies with the mechanism of soil-abutment interaction. 

Under a cyclic lateral load (seismic load), the spring follows the backbone curve on 

initial loading in the compression direction. After reaching the yielding point when the 

load reverses at the monitored displacement of Point A equal to 10 inches (= 7.5ò 
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backwall + 2.5ò gap closure), the spring unloads following the initial slope until reaching 

zero force with permanent deformation developed. Further loading in the tension 

direction, the spring deforms with zero force (separation). Reloading in the compression 

direction, the spring force remains at zero until the gap is closed at a deformation equal to 

the previous permanent plastic deformation, then follows the backbone path. 

Figure 4ï15 shows the hysteresis loop of isolator. The isolator link follows the 

bilinear backbone and reaches the maximum displacement of 2.5 inches on the 

compression side due to the gap closure. Figure 4ï16 shows the hysteresis loop of piles 

subjected to cyclic load in sloping ground that is the combination of Figure 4ï13 and 

Figure 4ï14.  

Figure 4ï17 shows the comparison of the sum of the displacements of the isolator 

and substructure with the superstructure displacement. Figure 4ï18 shows the sum of the 

forces in the isolator and gap with the sum of the forces in the backfill and soil-pile 

interaction. The comparisons indicate the model satisfies displacement compatibility and 

force equilibrium.  

In summary, the links representing the gap isolator, soil springs are compatible 

with each other, and the overall behavior of the model satisfy equilibrium. 

4.5 Numerical Comparison of Hybrid Isolation and Full Isolation against 

Conventional Bridge 

As stated above, nonlinear direct integration response history analyses for the 

conventional bridge, fully isolated bridge and hybrid isolated bridge were conducted to 

validate the seismic performance of highway bridges with hybrid isolation. Based on the 
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objectives of the hybrid isolation, superstructure displacement, pier top displacement, 

pier shear force and abutment force are tabulated in Table 4-2 and Table 4-3 for the 

Design Earthquake and Maximum Considered Earthquake respectively. Table 4-4 

extracts key data from Table 4-2 for the Design Earthquake for both Full Isolation and 

Hybrid Isolation configurations. 

It is clearly seen in Table 4-4 that hybrid isolation not only keeps the columns 

elastic (ȹ < ȹy) same as in full isolation but also reduces the superstructure displacements 

by 64% for the Design Earthquake, compared to full isolation. This means that the 

likelihood of abutment pounding is much less and, depending on the clearance provided 

for thermal expansion effects, may not occur at all. However the abutment shear forces 

increase by a factor of about 2.6 and the capacity of abutment structures needs to be 

evaluated for this increase in demand. 

4.6 Comparison of Finite Element Method and Simplified Method for Full 

Isolation and Hybrid Isolation 

In addition, in order to verify the accuracy and reliability of the Simplified Method 

for full isolation and hybrid isolation, nonlinear response history analyses using SAP2000 

were performed for comparison against the results from the Simplified Method. The 

results from the Finite Element Method (FEM) and the Simplified Method (SM) for two 

levels of ground motion (DE and MCE) are summarized in Table 4-5 and Table 4-6 for 

full isolation and hybrid isolation respectively. 

As shown in Table 4-5 and Table 4-6, the Simplified Method is in good agreement 

with the results from the finite element analysis response history solution, for both full 
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isolation and hybrid isolation configurations under both the Design Earthquake and the 

Maximum Considered Earthquake. In full isolation case, the error of the superstructure 

displacement and the total base shear is 5.7% and 2.0% at the DE level, respectively. It is 

8.8% for the superstructure displacement and 4.9% for the total base shear at the MCE 

level. In the hybrid isolation case, the error of the superstructure displacement and the 

total base shear is 2.5% and 0.8% at the DE level, respectively. It is 5.9% for the 

superstructure displacement and 2.7% for total base shear at the MCE level. 

4.7 Seismic Response of Hybrid Isolated Bridges with Soil-Abutment-Bridge 

Interaction  

To better understand the advantages and disadvantages of hybrid isolation, a series 

of nonlinear response history analysis using SAP2000 for the hybrid isolated bridge with 

soil-abutment s interaction were executed. An equivalent linear model for soil-pile 

interaction is a common approach in bridge engineering, and was used in these analyses. 

The effect of slope on the lateral stiffness of piles in sloping ground and the effect of gap 

closure were also considered. The matrix of numerical models used in these analyses is 

shown in Table 4-1.  

In addition, to verify the analysis procedure for hybrid isolation using the improved 

Simplified Method, finite element analysis results from SAP2000 are compared against 

these from the Simplified Method using excel spreadsheets. 
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4.7.1 Comparison of Results from SAP and SM for Hybrid Isolated Bridge with 

Abutment Piles in Level Ground 

As noted in the Section 2.6, the lateral stiffness of the piles was equal to 45.35 k/in 

and this value was assigned to each soil-pile link in the finite element model for both the 

compression and tension sides. Values for elastic stiffness of the abutment backfill 

(957.57 k/in), yield force (766.06 kips) and post-yield stiffness ratio (1.0x10
-6
) were 

assigned to each backfill link in the finite element model. The gap opening was 2.5 

inches for ñGap Closureò case, and infinite for ñGap Openò case. 

The nonlinear response history analysis of the hybrid isolated bridge with soil-

abutment interaction was analyzed and compared with the improved Simplified Method. 

The results from both solutions for both the DE and MCE levels of input motion are 

summarized in Table 4-7 to Table 4-9. 

In the ñGap Closureò case (HI_L_GC), pounding/gap closure was not expected to 

occur at the DE level, and the results are almost same as for the ñGap Openò case 

(HI_L_GO) and the ñGap Closureò case (HI_L_GC) from the finite element analysis. 

Note that the superstructure displacements are those of the deck at the center of the 

bridge. 

As shown in Table 4-7 to Table 4-9, the improved Simplified Method incorporating 

soil-abutment interaction matches the results of the finite element analysis response 

history solution very well at both the ñGap Openò and ñGap Closureò cases. 

In the ñGap Openò case (HI_L_GO), the improved Simplified Method 

underestimates the superstructure displacement by about 9% (MCE level) due to more 

rigorous modeling of the eccentricity of the deck above the pinned bearings in the finite 
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element model. While it predicts the pier displacement very well, and overestimates the 

pier shear by about 18% at DE level improving to 5% at MCE level. The maximum error 

in the total base shear is 7% at the DE level. 

At the MCE level in the ñGap Closureò case (HI_L_GC), the improved Simplified 

Method underestimates the superstructure displacement by about 7%; while it 

overestimates the pier displacement by about 2% and the pier shear by about 5%. The 

improved Simplified Method also underestimates the abutment displacement at the 

compression side up to 32%, but only 5% for the tension side. In addition, the maximum 

error for the total base shear is about 18% at the DE level. This is because the abutment 

displacement on the compression side is very small, and even small absolute error may 

cause a large relative error. 

4.7.2 Comparison of Results from SAP and SM for Hybrid Isolated Bridges with 

Abutment Piles in Sloping Ground 

To take into account the effect of slope on the lateral stiffness of the pile 

foundations, a reduction factor of 0.53 was taken for piles in sloping ground. As in the 

previous section, the lateral stiffness of piles in level ground was taken as 45.35 k/in, and 

this value was assigned to each soil-pile link on the compression side. On the tension side 

this stiffness was taken as 0.53 x 45.35 k/in = 24.03 k/in. 

As noted above, gap closure/pounding was not expected at the DE level, and 

comparison of the improved Simplified Method and Finite Element method was 

performed for the ñGap Openò case. As shown in Table 4-10, the improved Simplified 

Method incorporating with soil-abutment interaction achieves a good agreement with the 
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results of the finite element analysis response history solution, except the pier shear. The 

error in the pier shear is up to 24%, the main reason is believed to be the difference 

between the bilinearization and the actual nonlinear force-displacement curve of the piers. 

Table 4-11 and Table 4-12 compare the seismic response of the hybrid isolated 

bridge with abutment piles in sloping ground, calculated by the improved Simplified 

Method and the Finite Element Method, at the MCE level for the ñGap Openò and ñGap 

Closureò cases respectively. For the ñGap Openò case, the errors in the superstructure 

displacement, pier displacement, pier shear, and pile forces on the compression and 

tension sides are 11%, 3 %, 4%, 6% and 4% respectively. For the ñGap Closureò case, 

the errors in the superstructure displacement, pier displacement, pier shear, and pile 

forces on the compression and tension sides are 7%, 2%, 7%, 3% and 26% respectively. 

In sum, the same conclusions may be make as for level ground case. The improved 

Simplified Method is in good agreement with the results from finite element analysis, 

overall. The improved Simplified Method underestimates the superstructure displacement 

slightly, while overestimates the pier displacement and the pier shear slightly. It 

underestimates the pile forces on the compression side moderately. 

4.7.3 Effect of Abutment Pounding on Seismic Response of Hybrid Isolated Bridges 

with Soil-Abutment-Bridge Interaction 

Based on the above numerical analyses for a hybrid isolated bridge with soil-

abutment interaction, the comparisons of the ñGap Closureò and ñGap Openò cases are 

summarized in Table 4-13 and Table 4-14 for level and sloping grounds respectively at 

the MCE level. 
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It is seen that from Tables, gap closure reduces the seismic response of hybrid 

isolated bridges except that it increases the displacement and force demands on the 

abutment on the compression side. For the ñlevel groundò case, the reduction in the 

superstructure displacement, pier displacement, and abutment demands on the tension 

side is 16%, 17%, and 7% respectively. On the other hand, abutment demands on the 

compression side increase to 4 times of the ñGap Openò case. For the ñsloping groundò 

case, the reduction in the superstructure displacement, pier displacement, and abutment 

demands on the tension side is 17%, 18%, and 8% respectively. Abutment demands on 

the compression side increase to 4.5 times of the ñGap Openò case.  

No matter whether in level ground or sloping ground, gap closure has negligible 

effect on pier shear due to a very small post yield stiffness. But it greatly increases the 

total base shear due to a very large increment in the abutment demands on the 

compression side. 

When pounding/gap closure is avoided, the maximum abutment backwall 

displacement is 0.084 inches as shown in Table 4-14. This is about one tenth of the 

yielding displacement of 0.8 inches, and the abutment backfill has enough capacity to 

resist the load towards the abutment. In addition, hybrid isolation not only reduces 

superstructure displacement demand dramatically, also limits it to 3.63 inches during the 

MCE. This displacement would require only a small increase in the width required for 

service load expansion effects (2.5 inches) to prevent pounding from occurring.  
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4.7.4 Effect of Slope on Seismic Response of Hybrid Isolated Bridges with Soil-

Abutment-Bridge Interaction 

As concluded in Chapter 2 and the above numerical comparison of hybrid isolated 

bridge against fully isolated and conventional bridges, hybrid isolation keeps piers elastic 

under the Design Earthquake, and essential elastic under the Maximum Considered 

Earthquake. It also reduces the superstructure displacement demand. However the 

abutments in the hybrid isolation configuration take a large portion of longitudinal 

seismic load transferred from the superstructure, and especially the abutment piles take 

the entire seismic load at the abutment when the abutment is pulled away from the 

backfill. 

Comparisons of seismic response of hybrid isolated bridges without and with soil-

abutment-bridge interaction in level ground from numerical analysis using SAP2000 are 

made in Table 4-15 and Table 4-16 for the DE and MCE levels respectively. These 

comparisons clearly illustrate that soil-abutment interaction has a significant effect on the 

seismic response of hybrid isolated bridges, which is consistent with the conclusions 

made in Chapters 2 and 3. Compared to the case of rigid abutments, soil-abutment-bridge 

interaction increases the superstructure displacement by 18%, pier displacement by 18% 

and pier shear by 8% at the DE level; 15%, 15% and 4% respectively at the MCE level. 

The difference in pier shear at the MCE level is small, because the piers yield and their 

post-yield stiffness is quite small. 

The effect of slope was investigated by comparing the seismic response of hybrid 

isolated bridges with abutment piles in level and sloping grounds. Results are shown in 

Table 4-17 to Table 4-19 for the DE and MCE levels respectively. Overall, the reduced 
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stiffness of piles on the tension side has negligible impact on the superstructure 

displacement, pier displacement and shear, total base shear, abutment displacement and 

force on the compression side. However it increases the displacement demand on the 

abutment significantly and reduces the force demand on the abutment moderately on the 

tension side, at both the DE and MCE levels for both the ñGap Openò and ñGap Closureò 

cases.  

At the DE level in the ñGap Openò case shown in Table 4-17, the increase in the 

superstructure displacement, pier displacement and shear are about 4%; the increase in 

the displacement of the piles on the tension side is up to 62%, whereas it is 2% for piles 

on the compression side; and the reduction of force in the piles on the tension side is 14%. 

Similar observations may be made for the MCE. At this level in the ñGap Closureò case 

shown in Table 4-19, the increase in the superstructure displacement is about 3%; pier 

displacement and shear is about 2% each; the increase in the displacement of the piles on 

the tension side is up to 61% and about 10% for the piles on the compression side; and 

the reduction in the pile forces on the tension side is 15%. 

Tables Table 4-20 and Table 4-21 compare the pile forces on the tension side 

against the pile ultimate capacity in level/sloping ground, for both the DE and MCE 

levels. As stated in corresponding comparisons for the improved Simplified Method, 

similar observations are concluded for the numerical analysis. The comparisons show the 

pile forces on the tension side in sloping ground exceed the ultimate load capacity by 9%, 

and 31% at the DE and MCE levels respectively for the ñGap Openò case. But they are 

within the ultimate load capacity in the case of level ground. In addition, pile forces on 

the tension side in sloping ground exceeds the ultimate load capacity by 21%, though gap 
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closure diminishes the force demand on the piles at the MCE level for the ñGap Closureò 

case. 

4.8 Comparisons of Simplified Method with Modification of Calculation of 

Damping Ratio for Yielding Piers 

As shown in Figure 4ï19 and Figure 4ï20, the hysteresis loop for the plastic hinge 

in a yielding pier is not a full loop, and the area under the hysteresis loop is close to one-

half of idealized bilinear hysteresis loop in the Simplified Method. This means the 

effective damping ratio in the simplified method is overestimated. Hence, the equivalent 

viscous damping (ɓpier) due to a yielding pier should be modified from that in the Eq. 2-

32, as following: 

2( ) / ( )pier p p y pier pQ D K Db p= -D      (Eq. 4-4) 

As noted before, hybrid isolation protects the pier at design earthquake (DE) level 

to remain elastic. Therefore, analysis using the simplified method with a modified 

damping ratio for yielding pier (SM*) were redone for full isolation, hybrid isolation, 

hybrid isolation with soil-abutment interaction, hybrid isolation with soil-abutment 

interaction and gap closure at the maximum considered earthquake (MCE). The 

comparisons of seismic response for all of the above cases from the simplified method 

(SM), the simplified method with modified damping ratio for yielding pier (SM*) and 

finite element method (FEM) are shown in Table 4-22 to Table 4-27. 

It is shown that the SM* improves the agreement with seismic response of isolated 

bridges: full isolation, hybrid isolation, hybrid isolation with soil-abutment interaction, 
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hybrid isolation with soil-abutment interaction and gap closure, from the finite element 

analyses. The improvement is not significant for full isolation and hybrid isolation, as 

shown in Table 4-22 to Table 4-23. This is because the damping from the isolators 

dominated the effective damping of the isolated bridge system. But the corrected 

damping ratio for the yielding piers improves the agreements for hybrid isolation with 

soil-abutment interaction. Similar observations are obtained for hybrid isolation with soil-

abutment interaction in level and sloping ground. Taking the case of hybrid isolation with 

soil-abutment interaction in sloping ground for example, the corrected damping ratio for 

the yielding piers improves the accuracy significantly for superstructure displacement 

from 11% to 3%, and isolator displacements at the abutments from 18% to 3% for the 

tension side and from 11% to 3% for the compression side in the ñGap Openò case (Table 

4-26). It also influences the abutment demands (displacement and force) on the 

compression side significantly in the ñGap Closureò case, and reduces the error from 27% 

to 14% for displacement demand, and from 25% to 13% for force demand (Table 4-27). 

This is because the damping ratio from the yielded piers makes a larger contribution to 

the effective damping ratio of the hybrid isolated bridge with soil-abutment interaction 

and gap closure, even though the effective damping of the isolated bridge system is still 

controlled by the damping from the isolators. 

4.9 Summary 

This chapter presented the results of a series of finite element analyses of a hybrid 

isolated bridge without/with soil-abutment interaction for level and sloping grounds. In 

addition, results from the finite element analyses of full isolation and conventional 
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configurations are presented for comparison. The numerical modeling of each component 

of the hybrid isolated bridge, and the soil-abutment-bridge system were first described. 

Before the above analyses were undertaken the soil-abutment-bridge interaction model 

was validated by cyclic pushover analysis using SAP2000. 

The numerical analyses not only validated the advantages of hybrid isolation 

described in Chapter 2, but also confirmed the accuracy of the Simplified Method. The 

following conclusions are made: 

¶ Hybrid isolation significantly reduces the superstructure displacement demand 

by a factor of about 3 in this example, which reduces the possibility of 

pounding at the abutment back-walls and requires significantly smaller 

movement joints at the abutments. 

¶ Hybrid isolation effectively keeps the piers elastic under the design earthquake 

and essentially elastic under the maximum considered earthquake. That is, 

hybrid isolation has the same advantage as full isolation. 

¶ However hybrid isolation increases the shear force demand on the abutments by 

a factor about 2.5, compared to the fully isolated case. 

Moreover, soil-abutment interaction plays an important role in the seismic response 

of hybrid isolated bridges. Even though soil-abutment interaction has negligible impact 

on the total base shear of hybrid isolated bridges, but it increases the displacement and 

force demands of piers compared to the case of rigid abutments and reveals the load 

sharing mechanism at abutments. In addition, the reduced stiffness of piles on the tension 

side due to the slope effect, increases the displacement demand of abutment on the 

tension side dramatically. This increase in demand which could exceed the displacement 
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capacity of the piles in sloping ground, and cause less force in the abutment on the 

tension side. Also investigations of gap closure show that it is more beneficial to avoid 

pounding/gap closure since hybrid isolation could limit the superstructure displacement 

to fall within the small range required by service conditions (thermal effect and live load 

etc.). Even pounding/gap closure slightly reduces the superstructure displacement and 

pier displacement and force. Based on the above comprehensive comparisons of a hybrid 

isolated bridge with soil-abutment interaction, the effects of soil-abutment interaction and 

sloping ground are summarized as following: 

¶ Soil-abutment interaction may shift seismic forces to the piers, which increases 

the pier demands 

¶ Abutment on the compression side has enough capacity to resist the seismic 

load transferred from the superstructure when gap closure has not occurred. 

¶ Gap closure reduces overall seismic response of hybrid isolated bridges, but 

increases the displacement and force demands on the abutment on the 

compression side by a factor of 4.5 at MCE level in the example with abutment 

piles in sloping ground. 

¶ Pounding/gap closure may increase the likelihood to damage in the backfill. 

¶ Abutment piles on the tension side bear the entire seismic load transferred from 

the bearings, and the displacement and force demands of piles on the tension 

side is the critical parameter for pile foundation design. 

¶ Effect of slope is to increase the displacement demand on the abutment on the 

tension side dramatically, due to significant reduction of elastic stiffness of 

piles in sloping ground, and  
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¶ Abutment piles on the tension side may fail in sloping ground despite the 

reduction in force demand, because there is a very large decrease in capacity 

due to the slope. 

Additionally, the numerical analyses against the results from the improved 

Simplified Method also illustrate the accuracy and reliability of the improved Simplified 

Method. This study describes an extension to the Simplified Method for the analysis of 

hybrid isolated bridges recommended in the AASHTO Guide Specifications for Seismic 

Isolation Design. Specifically the method is modified to include ductile substructures and 

soil-abutment interaction while maintaining all the attractive features of the original 

method. The improved Simplified Method is applied to analyze a hybrid isolated, three-

span, highway bridge of total length 362.5 feet. The results are compared to a nonlinear 

response history solution using SAP2000 for two levels of input motion: 0.475, and 

0.7125 times the 360
0
 component of the Sylmar ground motion. Displacements and 

substructure shear forces were found to be within 24% at the DE level motion improving 

to within 6% at the MCE level motion, considering the reduced stiffness of piles in 

sloping ground. This agreement is very satisfactory considering the assumptions made in 

the method and validates the approach for the preliminary design of hybrid isolated 

bridges when soil-abutment interaction and column yield are to be considered. 
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Table 4-1  Analytical Matrix in SAP2000 Modeling 

Analytical 

Model 

Bearing Type Soil-Abutment 

Interaction 

Gap 

Closure 

Slope 

Effect 
at Abutments at Piers 

Conv.  Flat Slider Pin Bearing No No / 

FI 
Bilinear  

Bearing 

Bilinear  

Bearing 
No No / 

HI 
Bilinear  
Bearing 

Pin Bearing No No / 

HI_L_GO 
Bilinear  

Bearing 
Pin Bearing Yes No No 

HI_L_GC 
Bilinear  

Bearing 
Pin Bearing Yes Yes No 

HI_S_GO 
Bilinear  
Bearing 

Pin Bearing Yes No Yes 

HI_S_GC 
Bilinear  

Bearing 
Pin Bearing Yes Yes Yes 
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Table 4-2  Numerical Comparison of Hybrid Isolation and Full Isolation against 

Conventional Bridge at Design Earthquake Level 

 
DE (0.475*Syl360) 

 
Conventional 

Full 
Isolation 

Hybrid 
Isolation 

Parameters 
 

S1 (g) 0.41 0.41 0.41 

Qd (kips) 
Abut / 33 127.65 

Pier / 43.2 / 

Kd (k/in) 
Abut / 6.72 33.75 

Pier / 28.29 / 

Qd/W, % / 9.2% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 6.02 5.38 1.95 

  Disp. of Isolator at Abut (in), Diso,a / 5.37 1.95 

  Disp. of Isolator at Pier (in), Diso,p / 3.96 / 

  Disp. of Pier (in), Dp 5.54 1.66 1.77 

  Ductility Ratio, ɛ 2.43 0.73 0.78 

Force Distribution (kips) 
 

  Per Abut 0.00 69.08 192.99 

  Per Pier 241.47 166.07 161.66 

  Total Base Shear (kips) 482.93 470.30 709.30 

Base Shear/Weight, % 29.15% 28.39% 42.82% 
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Table 4-3  Numerical Comparison of Hybrid Isolation and Full Isolation against 

Conventional Bridge at Maximum Considered Earthquake Level 

 
MCE (0.7125*Syl360 ) 

 
Conventional 

Full 
Isolation 

Hybrid 
Isolation 

Parameters 
 

S1 (g) 0.62 0.62 0.62 

Qd (kips) 
Abut / 33 127.65 

Pier / 43.2 / 

Kd (k/in) 
Abut / 6.72 33.75 

Pier / 28.29 / 

Qd/W, % / 9.2% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 9.95 10.44 3.07 

  Disp. of Isolator at Abut (in), Diso,a / 10.43 3.06 

  Disp. of Isolator at Pier (in), Diso,p / 7.18 / 

  Disp. of Pier (in), Dp 9.19 3.65 2.80 

  Ductility Ratio, ɛ 4.03 1.60 1.23 

Force Distribution (kips) 
 

  Per Abut 0.00 103.10 230.35 

  Per Pier 257.90 242.55 214.39 

  Total Base Shear (kips) 515.80 691.30 889.48 

Base Shear/Weight, % 31.14% 41.73% 53.69% 
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Table 4-4  Comparison of Behavior for Design Earthquake for Three Configurations 

 
Conventional 

Full 
Isolation 

Hybrid 
Isolation 

Change 

Hybrid/Full 

Superstructure Displacement (in) 6.02 5.38 1.95 0.36 

Column Displacement (in) 
2.54 1.66 1.77 1.07 

(ȹy = 2.28 in) 

Pier Shear (kips) 241.47 166.07 166.88 1.00 

Abutment Shear (kips) 0.00 69.08 192.95 2.79 
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Table 4-5  Comparison of Finite Element Method and Simplified Method for Full  Isolation 

 

DE (0.475*Syl360) MCE (0.725*Syl360) 

FEM SM FEM SM 

Parameters 
 

S1 (g) 0.41 0.57 0.62 0.87 

Qd (kips) 
Abut 33 33 33 33 

Pier 43.2 43.2 43.2 43.2 

Kd (k/in) 
Abut 6.72 6.72 6.72 6.72 

Pier 28.29 28.29 28.29 28.29 

Qd/W, % 9.2% 9.2% 9.2% 9.2% 

Basic Response 
 

  Disp. of Superstructure (in), D 5.38 5.68 10.44 9.53 

  Error, % 5.7% -8.8% 

  Disp. of Isolator at Abut. (in), Diso,a 5.37 5.68 10.43 9.53 

  Disp. of Isolator at Pier (in), Diso,p 3.96 4.10 7.18 6.66 

  Disp. of Pier (in), Dp 1.66 1.56 3.65 2.87 

  Ductility Ratio, ɛ 0.73 0.68 1.60 1.26 

  Eff. stiffness of isolator (k/in), Kiso 
Abut 12.86 12.53 9.88 10.18 

Pier 39.15 38.82 34.26 34.78 

  Eff. Stiffness of Substructure (k/in), Ksub 100.35 101.00 66.52 80.74 

  Period (sec), T / 1.55 / 1.69 

  Damping Ratio, ɕ / 21.5% / 19.4% 

  Damping Factor, B / 1.55 / 1.50 

Force Distribution (kips) 
    

  Per. Abut 69.08 71.17 103.10 97.01 

  Per. Pier 166.07 159.27 242.55 231.56 

  Total 470.30 460.88 691.30 657.14 

  Error, % -2.0% -4.9% 

Base Shear/Weight, % 28.39% 27.82% 41.73% 39.67% 
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Table 4-6  Comparison of Finite Element Method and Simplified Method for Hybrid 

Isolation 

  
DE (0.475*Syl360) MCE (0.725*Syl360) 

FEM SM FEM SM 

Parameters 
 

S1 (g) 0.41 0.41 0.62 0.62 

Qd (kips) 
Abut 127.65 127.65 127.65 127.65 

Pier 0 0 0 0 

Kd (k/in) 
Abut 33.75 33.75 33.75 33.75 

Pier 1.00E+09 1.00E+09 1.00E+09 1.00E+09 

Qd/W, % 15.4% 15.4% 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 1.95 1.79 3.07 2.88 

  Error, % -8.4% -5.9% 

  Disp. of Isolator at Abut. (in), Diso,a 1.95 1.79 3.06 2.88 

  Disp. of Pier (in), Dp 1.77 1.79 2.80 2.88 

  Ductility Ratio, ɛ 0.78 0.79 1.23 1.26 

  Eff. stiffness of isolator (k/in), Kiso Abut 98.95 105.05 75.25 78.00 

  Eff. Stiffness of Substructure (k/in), Ksub 94.17 101.00 76.68 80.30 

  Period (sec), T / 0.69 / 0.79 

  Damping Ratio, ɕ / 21.9% / 26.8% 

  Damping Factor, B / 1.56 / 1.65 

Force Distribution (kips) 
 

  Per. Abut  192.95 188.03 230.35 224.95 

  Per. Pier  166.88 180.79 214.39 231.59 

  Total 719.66 737.64 889.48 913.08 

  Error, % 2.5% 2.7% 

Base Shear/Weight, % 43.44% 44.53% 53.69% 55.12% 
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Table 4-7  Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Open for Level Ground (HI_L_GO) at DE Level 

  
DE (0.475*Syl360) 

FEM SM 

Parameters 
 

S1 (g) 0.41 0.41 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Period (sec), T / 0.73 

  Disp. of Superstructure (in), D 2.31 2.09 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.04 0.92 

Abut 4 2.25 2.02 

  Disp. of Substructures (in), Dsub 

Abut 1 1.22 1.17 

Pier 2 2.07 2.09 

Pier3 2.12 2.09 

Abut 4 0.069 0.065 

Force Distribution (kips) 
 

  Isolators 
Abut 1 162.75 158.71 

Abut 4 203.61 195.89 

  Gap 
Abut 1 0.00 0.00 

Abut 4 0.00 0.00 

  Piles 
Abut 1 162.79 158.71 

Abut 4 9.19 8.86 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 194.04 187.04 

  Pier 2 178.25 210.89 

  Pier 3 182.23 210.89 

  Total 726.51 776.38 

  Error (base on FEM), % / 6.9% 
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Table 4-8  Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Open for Level Ground (HI_L_GO) at MCE Level 

  
MCE (0.7125*Syl360) 

FEM SM 

Parameters 
 

S1 (g) 0.62 0.62 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Period (sec), T / 0.83 

  Disp. of Superstructure (in), D 3.52 3.10 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 2.02 1.73 

Abut 4 3.45 3.02 

  Disp. of Substructures (in), Dsub 

Abut 1 1.47 1.37 

Pier2 3.18 3.10 

Pier 3 3.24 3.10 

Abut 4 0.082 0.076 

Force Distribution (kips) 
 

  Isolators 
Abut 1 195.68 186.08 

Abut 4 243.95 229.67 

  Gap 
Abut 1 0.00 0.00 

Abut 4 0.00 0.00 

  Piles 
Abut 1 195.68 188.08 

Abut 4 10.98 10.38 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 232.13 219.28 

  Pier 2 220.57 232.07 

  Pier 3 221.98 232.07 

  Total 881.34 881.89 

  Error (base on FEM), % / 0.1% 
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Table 4-9  Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Closure for Level Ground (HI_L_GC) at MCE Level 

  
MCE (0.7125*Syl360) 

FEM SM 

Parameters 
 

S1 (g) 0.62 0.62 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Period (sec), T / 0.63 

  Disp. of Superstructure (in), D 2.95 2.73 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.59 1.44 

Abut 4 2.50 2.50 

  Disp. of Substructures (in), Dsub 

Abut 1 1.36 1.30 

Pier 2 2.68 2.73 

Pier 3 2.68 2.73 

Abut 4 0.343 0.234 

Force Distribution (kips) 
 

  Isolators 
Abut 1 181.14 176.18 

Abut 4 212.08 212.00 

  Gap 
Abut 1 0.00 0.00 

Abut 4 805.95 492.00 

  Piles 
Abut 1 181.18 176.18 

Abut 4 45.83 31.83 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 967.85 672.17 

  Pier 2 220.42 231.27 

  Pier 3 221.94 231.27 

  Total 1637.21 1342.72 

  Error (base on FEM), % / -18.0% 
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Table 4-10  Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Open for Sloping Ground (HI_S_GO) at DE Level 

  
DE (0.475*Syl360) 

FEM SM 

Parameters 
 

S1 (g) 0.41 0.41 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Period (sec), T / 0.75 

  Disp. of Superstructure (in), D 2.39 2.27 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 0.37 0.40 

Abut 4 2.34 2.20 

  Disp. of Substructures (in), Dsub 

Abut 1 1.98 1.87 

Pier 2 2.14 2.27 

Pier 3 2.20 2.27 

Abut 4 0.070 0.067 

Force Distribution (kips) 
 

  Isolators 
Abut 1 139.97 134.74 

Abut 4 206.47 201.90 

  Gap 
Abut 1 0.00 0.00 

Abut 4 0.00 0.00 

  Piles 
Abut 1 139.96 134.74 

Abut 4 9.35 9.13 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 197.58 192.77 

  Pier 2 185.09 229.07 

  Pier 3 187.70 229.07 

  Total 719.68 794.78 

  Error (base on FEM), % / 10.4% 
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Table 4-11  Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Open for Sloping Ground (HI_S_GO) at MCE Level  

  
MCE (0.7125*Syl360) 

FEM SM 

Parameters 
 

S1 (g) 0.62 0.62 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Period (sec), T / 0.86 

  Disp. of Superstructure (in), D 3.63 3.23 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.21 1.00 

Abut 4 3.55 3.15 

  Disp. of Substructures (in), Dsub 

Abut 1 2.38 2.24 

Pier 2 3.28 3.23 

Pier 3 3.34 3.23 

Abut 4 0.084 0.078 

Force Distribution (kips) 
 

  Isolators 
Abut 1 168.41 161.21 

Abut 4 247.26 234.04 

  Gap 
Abut 1 0.00 0.00 

Abut 4 0.00 0.00 

  Piles 
Abut 1 168.42 161.21 

Abut 4 11.23 10.58 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 236.14 223.46 

  Pier 2 225.24 232.34 

  Pier 3 224.51 232.34 

  Total 865.53 859.93 

  Error (base on FEM), % / -0.6% 
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Table 4-12  Comparison of FEM and SM for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Closure for Sloping Ground (HI_S_GC) at MCE Level  

  
MCE (0.7125*Syl360) 

FEM SM 

Parameters 
 

S1 (g) 0.62 0.62 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Period (sec), T / 0.61 

  Disp. of Superstructure (in), D 2.99 2.78 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 0.81 0.69 

Abut 4 2.50 2.50 

  Disp. of Substructures (in), Dsub 

Abut 1 2.19 2.09 

Pier 2 2.72 2.78 

Pier 3 2.72 2.78 

Abut 4 0.377 0.276 

Force Distribution (kips) 
 

  Isolators 
Abut 1 154.77 150.75 

Abut 4 212.00 212.00 

  Gap 
Abut 1 0.00 0.00 

Abut 4 904.44 617.79 

  Piles 
Abut 1 154.93 150.75 

Abut 4 50.32 37.52 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 1063.37 792.27 

  Pier 2 226.10 231.35 

  Pier 3 217.25 231.35 

  Total 1711.97 1443.24 

  Error (base on FEM), % / -15.7% 
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Table 4-13  Comparison of ñGap Openò and ñGap Closureò from FEM  for Hybrid 

Isolation with Soil -Abutment Interaction for Level Ground  

  
MCE (0.7125*Syl360) 

HI_L_GO HI_L_GC 

Parameters 
 

S1 (g) 0.62 0.62 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 3.52 2.95 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 2.02 1.59 

Abut 4 3.45 2.50 

  Disp. of Substructures (in), Dsub 

Abut 1 1.47 1.36 

Pier 2 3.18 2.68 

Pier 3 3.24 2.68 

Abut 4 0.082 0.343 

Force Distribution (kips) 
 

  Isolators 
Abut 1 195.68 181.14 

Abut 4 243.95 212.08 

  Gap 
Abut 1 0.00 0.00 

Abut 4 0.00 805.95 

  Piles 
Abut 1 195.68 181.18 

Abut 4 10.98 45.83 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 232.13 967.85 

  Pier 2 220.57 220.42 

  Pier 3 221.98 221.94 

  Total 881.34 1637.21 

  Difference, % / 85.8% 
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Table 4-14  Comparison of ñGap Openò and ñGap Closureò from FEM  for Hybrid 

Isolation with Soil -Abutment Interaction for Sloping Ground  

  
MCE (0.7125*Syl360) 

HI_S_GO HI_S_GC 

Parameters 
 

S1 (g) 0.62 0.62 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 3.63 2.99 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.21 0.81 

Abut 4 3.55 2.50 

  Disp. of Substructures (in), Dsub 

Abut 1 2.38 2.19 

Pier 2 3.28 2.72 

Pier 3 3.34 2.72 

Abut 4 0.084 0.377 

Force Distribution (kips) 
 

  Isolators 
Abut 1 168.41 154.77 

Abut 4 247.26 212.00 

  Gap 
Abut 1 0.00 0.00 

Abut 4 0.00 904.44 

  Piles 
Abut 1 168.42 154.93 

Abut 4 11.23 50.32 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 236.14 1063.37 

  Pier 2 225.24 226.10 

  Pier 3 224.51 217.25 

  Total 865.53 1711.97 

  Difference, % / 97.8% 
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Table 4-15  Comparison of Hybrid Isolation with/without Soil -Abutment Interaction for 

Level Ground at DE level 

  
DE (0.475*Syl360) 

HI HI_L_GO 

Displacement Response 
 

  Disp. of Superstructure (in), D 1.95 2.31 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.93 1.04 

Abut 4 1.97 2.31 

  Disp. of Substructures (in), Dsub 

Abut 1 / 1.22 

Pier 2 1.75 2.07 

Pier 3 1.80 2.12 

Abut 4 / 0.069 

Force Distribution (kips) 
 

  Isolators 
Abut 1 191.37 162.75 

Abut 4 194.54 203.61 

  Gap 
Abut 1 / 0.00 

Abut 4 / 0.00 

  Piles 
Abut 1 / 162.79 

Abut 4 / 9.19 

  Backfill 
Abut 1 / 0.00 

Abut 4 / 197.04 

  Pier 2 164.38 178.25 

  Pier 3 169.38 182.23 

  Total 719.66 729.51 

  Difference,  % 0.0% 1.4% 
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Table 4-16  Comparison of Hybrid Isolation with/without Soil -Abutment Interaction for 

Level Ground at MCE level 

 

MCE (0.7125*Syl360) 

HI HI_L_GO 

Displacement Response 
 

  Disp. of Superstructure (in), D 3.07 3.52 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 3.07 2.02 

Abut 4 3.05 3.45 

  Disp. of Substructures (in), Dsub 

Abut 1 / 1.47 

Pier 2 2.77 3.18 

Pier 3 2.82 3.24 

Abut 4 / 0.082 

Force Distribution (kips) 
 

  Isolators 
Abut 1 229.08 195.68 

Abut 4 231.61 243.95 

  Gap 
Abut 1 / 0.00 

Abut 4 / 0.00 

  Piles 
Abut 1 / 195.68 

Abut 4 / 10.98 

  Backfill 
Abut 1 / 0.00 

Abut 4 / 232.13 

  Pier 2 213.18 220.57 

  Pier 3 215.61 221.98 

  Total 889.48 881.34 

  Difference,  % 0.0% -0.9% 
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Table 4-17  Comparison of Hybrid Isolation with Soil -Abutment Interaction in Level 

Ground/Sloping Ground at DE level 

  
DE (0.475*Syl360) 

HI_L_GO HI_S_GO 

Parameters 
 

S1 (g) 0.41 0.41 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 2.31 2.39 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.04 0.37 

Abut 4 2.25 2.34 

  Disp. of Substructures (in), Dsub 

Abut 1 1.22 1.98 

Pier 2 2.07 2.14 

Pier 3 2.12 2.20 

Abut 4 0.069 0.070 

Force Distribution (kips) 
 

  Isolators 
Abut 1 162.75 139.97 

Abut 4 203.61 206.47 

  Gap 
Abut 1 0.00 0.00 

Abut 4 0.00 0.00 

  Piles 
Abut 1 162.79 139.96 

Abut 4 9.19 9.35 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 194.04 197.58 

  Pier 2 178.25 185.09 

  Pier 3 182.23 187.70 

  Total 726.51 719.68 

  Difference, % / -0.9% 
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Table 4-18  Comparison of Hybrid Isolation with Soil -Abutment Interaction and Gap Open 

in Level Ground/Sloping Ground at MCE level 

  
MCE (0.7125*Syl360) 

HI_L_GO HI_S_GO 

Parameters 
 

S1 (g) 0.62 0.62 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 3.52 3.63 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 2.02 1.21 

Abut 4 3.45 3.55 

  Disp. of Substructures (in), Dsub 

Abut 1 1.47 2.38 

Pier 2 3.18 3.28 

Pier 3 3.24 3.34 

Abut 4 0.082 0.084 

Force Distribution (kips) 
 

  Isolators 
Abut 1 195.68 168.41 

Abut 4 243.95 247.26 

  Gap 
Abut 1 0.00 0.00 

Abut 4 0.00 0.00 

  Piles 
Abut 1 195.68 168.42 

Abut 4 10.98 11.23 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 232.13 236.14 

  Pier 2 220.57 225.24 

  Pier 3 221.98 224.51 

  Total 881.34 865.53 

  Difference, % / -1.8% 
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Table 4-19  Comparison of Hybrid Isolation with Soil -Abutment Interaction and Gap 

Closure in Level Ground/Sloping Ground at MCE level 

  
MCE (0.7125*Syl360) 

HI_L_GC HI_S_GC 

Parameters 
 

S1 (g) 0.62 0.62 

Qd (kips) Abut 127.65 127.65 

Kd (k/in) Abut 33.75 33.75 

Qd/W, % 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 2.95 2.99 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.59 0.81 

Abut 4 2.50 2.50 

  Disp. of Substructures (in), Dsub 

Abut 1 1.36 2.19 

Pier 2 2.68 2.72 

Pier 3 2.68 2.72 

Abut 4 0.343 0.377 

Force Distribution (kips) 
 

  Isolators 
Abut 1 181.14 154.77 

Abut 4 212.08 212.00 

  Gap 
Abut 1 0.00 0.00 

Abut 4 805.95 904.44 

  Piles 
Abut 1 181.18 154.93 

Abut 4 45.83 50.32 

  Backfill 
Abut 1 0.00 0.00 

Abut 4 967.85 1063.37 

  Pier 2 220.42 226.10 

  Pier 3 221.94 217.25 

  Total 1637.21 1711.97 

  Difference, % / 4.6% 
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Table 4-20  Force Demand from FEM against Ultimate Load for Piles at DE Level 

Ultimate Load in Level Ground        = 197.47 kips 
  

Ultimate Load in Sloping Ground     = 128.36 kips 
  

 
Tension Side HI_Level HI_Slope 

Gap Open 

Pile Force Demand (kips) 162.79 139.96 

Pile Force Demand     

/Ultimate Load 
0.82 1.09 

 

Table 4-21  Force Demand from FEM against Ultimate Load for Piles at MCE Level 

Ultimate Load in Level Ground        = 197.47 kips 
  

Ultimate Load in Sloping Ground     = 128.36 kips 
  

 
Tension Side HI_Level HI_Slope 

Gap Open 

Pile Force Demand 

(kips) 
195.68 168.42 

Pile Force Demand     

/Ultimate Load 
0.99 1.31 

Gap Closure 

Pile Force Demand 

(kips) 
181.18 154.93 

Pile Force Demand     

/Ultimate Load 
0.92 1.21 
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Table 4-22  Comparison of FEM, SM and SM* for Full Isolation 

 

MCE (0.725*Syl360) 

FEM SM SM* 

Parameters 
 

S1 (g) 0.62 0.87 0.87 

Qd (kips) 
Abut 33 33 33 

Pier 43.2 43.2 43.2 

Kd (k/in) 
Abut 6.72 6.72 6.72 

Pier 28.29 28.29 28.29 

Qd/W, % 9.2% 9.2% 9.2% 

Basic Response 
 

  Disp. of Superstructure (in), D 10.44 9.53 9.79 

  Error, % / -8.8% -6.3% 

  Disp. of Isolator at Abut. (in), Diso,a 10.43 9.53 9.79 

  Disp. of Isolator at Pier (in), Diso,p 7.18 6.66 6.68 

  Disp. of Pier (in), Dp 3.65 2.87 3.11 

  Ductility Ratio, ɛ 1.60 1.26 1.36 

  Eff. stiffness of isolator, Kiso 
Abut 9.88 10.18 10.09 

Pier 34.26 34.78 34.76 

  Eff. Stiffness of Substructure, Ksub 66.52 80.74 74.64 

  Period (sec), T / 1.69 1.70 

  Damping Ratio, ɕ / 19.4% 18.4% 

  Damping Factor, B / 1.50 1.48 

Force Distribution (kips) 
 

  Per. Abut 103.10 97.01 98.76 

  Per. Pier 242.55 231.56 232.08 

  Total 691.30 657.14 661.68 

  Error, % / -4.9% -4.3% 

Base Shear/Weight, % 41.73% 39.67% 39.94% 
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Table 4-23  Comparison of FEM, SM and SM* for Hybrid Isolation  

 

MCE (0.725*Syl360) 

FEM SM SM* 

Parameters 
 

S1 (g) 0.62 0.62 0.62 

Qd (kips) 
Abut 127.65 127.65 127.65 

Pier 0 0 0 

Kd (k/in) 
Abut 33.75 33.75 33.75 

Pier 1E+09 1E+09 1E+09 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 3.07 2.88 3.04 

  Error, % / -5.9% -0.8% 

  Disp. of Isolator at Abut. (in), Diso,a 3.06 2.88 3.04 

  Disp. of Pier (in), Dp 2.80 2.88 3.04 

  Ductility Ratio, ɛ 1.23 1.26 1.33 

  Eff. stiffness of isolator, Kiso 75.25 78.00 75.72 

  Eff. Stiffness of Substructure, Ksub 76.68 80.30 76.27 

  Period (sec), T / 0.79 0.80 

  Damping Ratio, ɕ / 26.8% 24.0% 

  Damping Factor, B / 1.65 1.60 

  Force Distribution (kips) 
 

  Per. Abut 230.35 224.95 230.25 

  Per. Pier 214.39 231.59 231.94 

  Total 889.48 913.08 924.38 

  Error, % / 2.7% 3.9% 

Base Shear/Weight, % 53.7% 55.1% 55.8% 
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Table 4-24  Comparison of FEM, SM and SM* for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Open for Level Ground 

  
MCE (0.7125*Syl360) 

FEM SM SM* 

Parameters 
 

S1 (g) 0.62 0.62 0.62 

Qd (kips) Abut 127.650 127.65 127.65 

Kd (k/in) Abut 33.750 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 3.52 3.10 3.33 

  Error, % / -12.0% -5.5% 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 2.02 1.73 1.91 

Abut 4 3.45 3.02 3.25 

  Disp. of Substructures (in), Dsub 

Abut 1 1.47 1.37 1.41 

Pier 2 3.18 3.10 3.33 

Pier 3 3.24 3.10 3.33 

Abut 4 0.082 0.076 0.079 

Force Distribution (kips) 
 

  Isolators 
Abut 1 195.68 186.08 192.22 

Abut 4 243.95 229.67 237.25 

  Gap 
Abut 1 0.00 0.00 0.00 

Abut 4 0.00 0.00 0.00 

  Piles 
Abut 1 195.68 188.08 192.22 

Abut 4 10.98 10.38 10.73 

  Backfill 
Abut 1 0.00 0.00 0.00 

Abut 4 232.13 219.28 226.52 

  Pier 2 220.57 232.07 232.56 

  Pier 3 221.98 232.07 232.56 

  Total 881.34 881.89 894.59 

  Error (base on FEM), % / 0.1% 1.5% 
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Table 4-25  Comparison of FEM, SM and SM* for Hybrid Isolation with Soil-Abutment 

Interaction and Gap Closure for Level Ground 

  
MCE (0.7125*Syl360) 

FEM SM SM* 

Parameters 
 

S1 (g) 0.62 0.62 0.62 

Qd (kips) Abut 127.650 127.65 127.65 

Kd (k/in) Abut 33.750 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 2.95 2.73 2.78 

  Error, % / -7.3% -5.8% 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.59 1.44 1.47 

Abut 4 2.50 2.50 2.50 

  Disp. of Substructures (in), Dsub 

Abut 1 1.36 1.30 1.30 

Pier 2 2.68 2.73 2.78 

Pier 3 2.68 2.73 2.78 

Abut 4 0.343 0.234 0.275 

Force Distribution (kips) 
 

  Isolators 
Abut 1 181.14 176.18 177.29 

Abut 4 212.08 212.00 212.00 

  Gap 
Abut 1 0.00 0.00 0.00 

Abut 4 805.95 492.00 615.34 

  Piles 
Abut 1 181.18 176.18 177.29 

Abut 4 45.83 31.83 37.41 

  Backfill 
Abut 1 0.00 0.00 0.00 

Abut 4 967.85 672.17 789.93 

  Pier 2 220.42 231.27 231.35 

  Pier 3 221.94 231.27 231.35 

  Total 1637.21 1342.72 1467.33 

Error (base on FEM), % / -18.0% -10.4% 
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Table 4-26  Comparison of FEM, SM and SM* for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Open for Sloping Ground 

 

MCE (0.7125*Syl360) 

FEM SM SM* 

Parameters 
 

S1 (g) 0.62 0.62 0.62 

Qd (kips) Abut 127.650 127.65 127.65 

Kd (k/in) Abut 33.750 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 3.63 3.23 3.51 

  Error, % / -10.9% -3.3% 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 1.21 1.00 1.18 

Abut 4 3.55 3.15 3.43 

  Disp. of Substructures (in), Dsub 

Abut 1 2.38 2.24 2.32 

Pier 2 3.28 3.23 3.51 

Pier 3 3.34 3.23 3.51 

Abut 4 0.084 0.078 0.081 

Force Distribution (kips) 
 

  Isolators 
Abut 1 168.41 161.21 167.57 

Abut 4 247.26 234.04 243.29 

  Gap 
Abut 1 0.00 0.00 0.00 

Abut 4 0.00 0.00 0.00 

  Piles 
Abut 1 168.42 161.21 167.57 

Abut 4 11.23 10.58 11.00 

  Backfill 
Abut 1 0.00 0.00 0.00 

Abut 4 236.14 223.46 232.29 

  Pier 2 225.24 232.34 232.97 

  Pier 3 224.51 232.34 232.97 

  Total 865.53 859.93 876.80 

  Error (base on FEM), % / -0.6% 1.3% 
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Table 4-27  Comparison of FEM, SM and SM* for Hybrid Isolation with Soil -Abutment 

Interaction and Gap Closure for Sloping Ground 

 

MCE (0.7125*Syl360) 

FEM SM SM* 

Parameters 
 

S1 (g) 0.62 0.62 0.62 

Qd (kips) Abut 127.650 127.65 127.65 

Kd (k/in) Abut 33.750 33.75 33.75 

Qd/W, % 15.4% 15.4% 15.4% 

Basic Response 
 

  Disp. of Superstructure (in), D 2.99 2.78 2.82 

  Error, % / -7.2% -5.6% 

  Disp. of Isolator at Abut. (in), Diso,a 
Abut 1 0.81 0.69 0.72 

Abut 4 2.50 2.50 2.50 

  Disp. of Substructures (in), Dsub 

Abut 1 2.19 2.09 2.11 

Pier 2 2.72 2.78 2.82 

Pier 3 2.72 2.78 2.82 

Abut 4 0.377 0.276 0.324 

Force Distribution (kips) 
 

  Isolators 
Abut 1 154.77 150.75 151.85 

Abut 4 212.00 212.00 212.00 

  Gap 
Abut 1 0.00 0.00 0.00 

Abut 4 904.44 617.79 762.07 

  Piles 
Abut 1 154.93 150.75 151.85 

Abut 4 50.32 37.52 44.04 

  Backfill 
Abut 1 0.00 0.00 0.00 

Abut 4 1063.37 792.27 930.03 

  Pier 2 226.10 231.35 231.46 

  Pier 3 217.25 231.35 231.46 

  Total 1711.97 1443.24 1588.84 

  Error (base on FEM), % / -15.7% -7.2% 
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Figure 4ï1  Plan and Elevation of the Benchmark Bridge 

 

Figure 4ï2  Side View of a Singe Column Pier 
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Figure 4ï3  Finite Element Model of Conventional Bridge with Free Abutments 

 

Figure 4ï4  Finite Element Model of Fully-Isolated Bridge 

 

Figure 4ï5  Finite Element Model of Hybrid-Isolated Bridge 
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Figure 4ï6  Finite Element Model of Hybrid Isolated Bridge with Soil-Abutment 

Interaction 
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Figure 4ï7  Fiber Section for Plastic Hinge Zone 

 

Figure 4ï8  Schematic of Soil-Abutment-Bridge Model Used in SAP2000 
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Figure 4ï9  Acceleration Response history of the Sylmar 360 component 

 

Figure 4ï10   Idealized Bilinear Lateral Load -Displacement Curve for  Pile Group in 

Level/Sloping Ground 
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Figure 4ï11   Cyclic Pushover Analysis of Soil-Abutment-Isolator Model 

 

Figure 4ï12   Hysteresis Loop of Abutment Backfill  
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Figure 4ï13   Hysteresis Loop of Abutment Piles on the Compression Side 

 

Figure 4ï14   Hysteresis Loop of Abutment Piles on the Tension Side (30° slope) 
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Figure 4ï15   Hysteresis Loop of the Isolator Subjected to Cyclic Load 

 

Figure 4ï16   Hysteresis Loop of the Piles Subjected to Cyclic Load in Sloping Ground 
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Figure 4ï17   Comparison of the Sum of Displacements of Isolator and Substructure with 

the Superstructure Displacement 

 

Figure 4ï18   Comparison of the Sum of Forces of Isolator and Gap with the Sum of Forces 

in Backfill  and Soil-Pile I nteraction 
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Figure 4ï19   Moment-Rotation of Bottom Plastic Hinge of Pier 2 for Hybrid Isolation with 

Soil-Abutment-Structure Model in Sloping Ground 

 

Figure 4ï20   Moment-Rotation of Bottom Plastic Hinge of Pier 3 for Hybrid Isolation with 

Soil-Abutment-Structure Model in Sloping Ground 
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Chapter 5 Experimental Validation of Methodology 

5.1 Introduction  

In order to investigate the seismic performance of highway bridges with hybrid 

isolation, a large-scale shake table experiment was conducted to validate the 

methodology. In this experiment the performance of a 2/5 scale model of a three-span 

curved bridge, which was 145 feet long with an 80 feet radius at the centerline, was 

investigated. The model was supported on four shake tables (three two-degree-of-

freedom shake tables and one six-degree-of-freedom shake table) in the Large-Scale 

Structures Laboratory at the University of Nevada Reno (UNR). The superstructure 

consisted of a three steel I-girders with a composite concrete deck slab. 

The prototype bridge selection, the specimen design criteria, the hybrid isolation 

design, the experimental test set-up and analysis of experimental results are described in 

this chapter. 

5.2 Prototype Bridge 

The basic geometry of the prototype curved bridge was taken from the FHWA 

Seismic Design example No.6, a three-span continuous cast-in-place, concrete box bridge 

with seat-type abutments. Due to the limits of the shake table capacities (shown in Table 

5-1 and Table 5-2), a three-span, continuous, steel plate girder bridge was substituted for 

the concrete box girder. The prototype bridge has a total length of 362.5feet (105feet-

152.5feet-105feet) along the centerline with a subtended angle of 104 degrees. The 

superstructure has three steel I-girders supporting a 30 feet wide concrete deck. The 
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substructures consist of two seat-type abutments and two single 60 inches diameter 

reinforced concrete columns with a drop pier cap. The design of the prototype bridge 

satisfied the AASHTO LRFD specifications. A plan view of the geometry of the bridge is 

given in Figure 5-1.  

The prototype bridge is located on a rock site in Seismic Zone 3 and the 1000-year 

design response spectrum was developed using the AASHTO LRFD specifications taking 

PGA = 0.47g, SS = 1.14g and S1 = 0.41g. For the response history analysis and laboratory 

experiment, the ground motion was taken to be the Sylmar 360 degree and 90 degree 

components of the 1994 Northridge earthquake recorded at the Sylmar Olive View Med 

FF station. It was scaled such that the S1 value of the scaled record was 0.41g (Figure 

5-2). Likewise the two horizontal components of the 1940 El Centro earthquake and the 

1968 Japan Tokachi-oki earthquake were also chosen and scaled by 0.84 and 0.77 

respectively, as shown in Figure 5-3 and Figure 5-4. 

5.3 Specimen Development 

The selection of the prototype bridge and the scale factor to be used in this research 

project were constrained by the physical model size that could be constructed within the 

UNR laboratory, which includes laboratory space, test equipment capacities. Considering 

UNR laboratory restrictions and large model requirement, hence, 2/5 scale factor was 

adopted in this study. The geometry of prototype and structural model is shown in Table 

5-3. The plan view of the scale curved bridge in the UNR laboratory is shown in Figure 

5-5. 



197 

 

 

The specimens modeling criteria satisfied the laws of similitude and main physical 

parameters for dynamic model are determined through dimensional analysis with the 

Buckingham ́  theorem.  

5.3.1 Specimen Scale Design 

To obtain complete dynamic similarity between the structural model and the 

corresponding prototype, a true simulation of geometry, the stress-strain relationship of 

the materials, the gravity force, and the initial boundary conditions should be achieved. 

Therefore, not only the overall bridge model, but also its components need to be 

representative of the prototype bridge by satisfying the similitude requirements that 

govern the dynamic relationships between the model and prototype depending on the 

geometric and material properties. These relationships can be written from dimensional 

analysis as following: 

1 0.5 0.5
( , , , , , , ) 0

/ // /

t u v a g
f

E L E L E L L EL E E

s w

r r rr r
- -

=  (Eq. 5-1) 

where: 

ů = stress 

E = elastic modulus 

ɟ = density 

t = time 

L = length 

u = displacement 

v = velocity 

a = acceleration 
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g = gravity 

ɤ = frequency 

In order to achieve similitude between the physical model and the corresponding 

prototype in a dynamic test, both the Froude and Cauchy similitude laws must be 

satisfied, which requires that the 

Froude value  = 
2

g

v

L
       (Eq. 5-2) 

and Cauchy value  = 
2v

E

r
       (Eq. 5-3) 

are same in the prototype and the model. 

As previously stated, a 2/5 scale factor was chosen to be as large as possible but 

still satisfy laboratory constraints. The main physical parameters for dynamic model were 

then determined by dimensional analysis using the Buckingham ́  theorem. A summary 

of scale factors that satisfied the Froude and Cauchy similitude is shown in Table 5-4. 

Since the same materials were used in both the physical model and the prototype, 

the required density scale factor was not satisfied and additional mass was required to be 

added to the model. The amount of supplement mass is given by 

2
p E L Madd

m m ml l= -  (Eq. 5-4) 

where: 

addm   = added mass 

Pm   = prototype structure mass 

El   = scale factor of elastic modulus 
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Ll  = scale factor of length 

Mm   = structure model mass 

The total weight of the prototype bridge including the superstructure, the pier caps, 

and the columns is 2003 kips. The scale model, without any additional mass, weighs 

126.5 kips. Using the above scale factors, and if the densities were accurately scaled, the 

model would weigh 320.5 kips. Due to the same materials were used, 160.2 kips of added 

mass was required for superstructure similitude, and 16.9 kips of added mass was 

required for substructures similitude. The superstructure added mass distributed on the 

deck with 8 lead pallets and 7 steel pallets, and substructure added mass, steel plates, 

were put on the pier caps. The added mass configurations in the experimental tests are 

shown in Figure 5-6 and Figure 5-7.  

5.3.2 Specimen Construction 

Based on the prototype bridge selection, and chosen scale factors, the specimen 

was designed satisfying the requirements of AASHTO LRFD Bridge Design 

Specifications (AASHTO LRFD), AASHTO Guide Specifications for LRFD Seismic 

Bridge Design (AASHTO Guide Specifications) and AASHTO Guide Specifications for 

Seismic Isolation Design. Detailed descriptions of superstructure, substructure, and 

isolator design are presented respectively. 

5.3.2.1 Superstructure 

As mentioned previously, a steel plate girder superstructure was selected for this 

model. Complete design details were given by Monzon (2013). 
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The superstructure of the model had the same identical curvature and number of 

girder lines as the prototype. It had three steel I-girders with 104 degrees of curvature, a 

centerline radius of 80 feet and total centerline length of 145 feet. The concrete deck slab 

was composite with the three steel I-girders. The slab was 144 inches wide with 18 inches 

overhangs and 3.25 inches thick with 0.75 inches haunches over the girders. The girders 

were built-up sections, with a spacing of 54 inches. Each girder consisted of a 0.375-in by 

26.0-in web plate and two 0.625-in by 9-in flange plates. Chevron cross-frames were 

selected, at a spacing of every 6 feet along the length of the span except at the middle of 

the bridge where two cross-frames were spaced at 6.5 feet. Intermediate cross-frames 

used single 2-in by 2-in by 1/4-in angles for the diagonals and double 1-1/4-in by 1-1/4-in 

by 1/4-in for the top and bottom chords respectively. Cross-frames at piers used single 2-

1/2-in by 2-1/2-in by 5/16-in angles for the diagonals and double 1-1/4-in by 1-1/4-in by 

1/4-in angles for the top and bottom chords respectively. Cross-frames at abutments used 

Buckling Restrained Brace (BRB) only in one bay, where the top and bottom chords were 

double 1-1/4-in by 1-1/4-in by 1/4-in angles. In the adjacent bay, double 3-in by 5-in 

channels were used for the bottom chord and support a radial shear key. Web stiffeners 

were 4-in by 0.375-in and were placed at all cross-frame locations. Figure 5-8 shows a 

typical cross-frame details at different locations in the superstructure. The Buckling 

Restrained Braces were described in Section 5.3.2.3. 

The superstructure was constructed in three segments in the fabrication yard 

adjacent to the laboratory. Two segments were each 51 feet long and one was 31 feet 

long. Full depth, bolted, moment- connections were made between the segments after 

each had been moved into the laboratory and lifted into place. 
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5.3.2.2 Substructures 

The substructure was designed following the requirements of AASHTO LRFD 

Bridge Design Specifications (AASHTO LRFD) and AASHTO Guide Specifications for 

LRFD Seismic Bridge Design (AASHTO Guide Specifications.). In addition, both the 

Caltrans Bridge Design Specifications (BDS) and Caltrans Seismic Design Criteria (SDC) 

were used for comparison of design details. After a comprehensive analytical study on 

column size, longitudinal steel ratio, plastic moment capacity, modal properties of the 

bridge, and displacement and ductility demands by Levi (2011), a 24 inches diameter 

column was selected. 

Each pier was single, 24 inches diameter reinforced concrete column, 92 inches 

high, with a drop pier cap that was 134 inches long and 29 inches wide. The side view of 

the pier is shown in Figure 5-9. The longitudinal reinforcement ratio was 1.1% and lateral 

reinforcement ratio was 0.97%. The column section used 16-#5 bars for longitudinal 

reinforcement and #3 bars for spiral reinforcement pitched at 2 inches. The column had a 

concrete clear cover of 0.75 inches. The specified concrete compressive strength was 

6.37 ksi and the steel reinforcement is ASTM A706 grade steel with a yield strength of 

71 ksi for #5 longitudinal reinforcement and 68 ksi for #3 spiral reinforcement. Actual 

material properties of these materials are shown in Table 5-5. With these properties 

determined, the column displacement capacity was determined by the Caltrans SDC 

procedure which is based on a cantilever column in single curvature. 

Following the Caltrans SDC equations, as previously described in the Section 2.7, 

the bilinear force-displacement curve was developed based on effective yielding and 

plastic displacement (Figure 5-10). For single curvature behavior, the effective yield 
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displacement was 0.98 inches and the ultimate displacement was 14.94 inches, the 

corresponding effective yield force was 38.49 kips and the ultimate force was 46.89 kips. 

The moment-curvature relationship for the 24 inches diameter column is shown in Figure 

5-11. Computer program XTRACT was used for these calculation. 

5.3.2.3 Buckling Restrained Brace (BRB) 

A Buckling Restrained Brace (BRB) is an effective way to decrease the seismic 

loads in a structure by yielding in both tension and compression. Detailed application of a 

BRB is summarized in Appendix B. In the hybrid isolation experiment, Buckling 

Restrained Braces (BRB) were used as diagonal members of the end cross-frames at the 

abutments (Figure 5-12), in order to limit the forces transmitted to the abutments to an 

acceptable value. 

The axial force-deflection relationship of a BRB may be represented by a bilinear 

curve characterized by initial stiffness, yield force and post-yield stiffness. In this 

experiment, values for these properties were determined by the need to protect the shake 

tables under each abutment. In field applications, these properties would be determined 

by the need to protect the piles under the abutment seats. Hence, the initial stiffness was 

set at1390 k/in, the yield force at20 kips, and the post-yield stiffness at 10 k/in. Details 

are shown in Table 5-6. 

5.4 Isolator Design for Hybrid Isolation 

In hybrid isolation, isolators are located only at the abutments; connections at the 

piers are made using conventional steel pot bearings. As in full isolation, design of a 

hybrid bridge primarily involves the determination of the properties of the isolators 
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themselves. Since circular lead rubber isolators are commonly used in the United States, 

the Lead Rubber Bearing (LRB) was selected for this hybrid isolation experiment. The 

LRBs were designed using the Simplified Method for the analysis of seismically isolated 

bridges recommended in the AASHTO Guide Specifications for Seismic Isolation Design, 

as previously discussed in the Section 2.2. These isolators were supplied by Dynamic 

Isolation System (DIS) and isolators were also manufactured by DIS.  

5.4.1 LRB Isolator Design 

The objective of hybrid isolation is to keep the columns elastic under the design 

earthquake, and this objective sets the performance requirement for the design of the 

isolators.  

All parameters used in the Simplified Method were determined from the above 

superstructure and substructure properties. The Value for the characteristic strength (Qd) 

and post-elastic stiffness (Kd) summed over all isolators is 0.19W ( = 52.74 kips) and 

15.72 k/in, respectively. Overall isolator properties at each abutment (total three isolators) 

and the weight carried at each substructure are given in Table 5-7.  

It is noted that the yield point is relatively high (about 19% of the structure weight), 

which means that for small earthquakes, these devices may be ineffective. However this 

yield level was chosen to control response during moderate-to-major earthquakes. 

Behavior for small events should be checked separately but it is not anticipated that the 

design will be governed by, or seriously affected by, the requirements for this case. 

Final isolator design properties were determined by the AASHTO Guide 

Specifications for Seismic Isolation Design (Buckle, 2011). Based on the material 
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properties supplied by the manufacturer, Dynamic Isolation System (DIS), the rubber 

shear modulus, G = 60 psi, and the rubber elastic modulus, E = 180 psi. Specific values 

for the rubber layer thickness and steel shim thickness were 0.25 inches and 0.1196 

inches respectively. A summary of material properties is given in Table 5-8.  

Each isolator had a shape factor of 10.112, and consisted of 8 rubber layers, 7 steel 

shims. Their total height was 4.337 inches, bonded diameter was 11inches and lead core 

diameter was 3.125 inches. The characteristic strength, Qd was 8.789 kips and the elastic 

stiffness of rubber, Kr was 2.621 k/in. A sectional view of the lead rubber isolator is 

shown in Figure 5-13 and a design summary of lead rubber isolator is shown in Table 5-9. 

A finite element analysis of the model bridge with hybrid isolation was done to 

verify the final design of lead rubber isolators. Under design earthquake, the column 

displacement was found to be 0.87 inches which is less than the column yield 

displacement of 0.98 inches. The displacement of the LRB was 1.04 inches. 

5.4.2 LRB Isolator Capacity Check 

The final isolator design was checked against the requirements in the AASHTO 

Guide Specifications for Seismic Isolation Design for material and stability limit states. 

The AASHTO Specification requires a strong restoring force in the isolation 

system, to prevent cumulative permanent displacement. This leads to a minimum 

restoring force capacity as following, 

sup0.025 /dK W² D       (Eq. 5-5) 

where: 

Wsup = superstructure weight 
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ȹ  = isolator design displacement 

For seismic load combination, the bearing should satisfy 

, 0.5 5.5c s eq rg g g+ + <        (Eq. 5-6) 

where: 

cg  = shear strain due to compression 
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Dc  = shape coefficient for shear strain due to compression 
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P  = axial load on the bearing 
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dt  = total design displacement of isolator 

Tr  = total rubber layer thickness 

rg  = shear strain due to rotation 
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2
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Dr  = shape coefficient for shear strain due to rotation 

  = 0.375 for circular bearings 

Ū  = design rotation due to rotational effects of DL, LL and construction 

  = 0.01 is suggested 

Max compressive stress in steel shim satisfies 
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+
      (Eq. 5-7) 

where: 

ůs  = compressive stress of steel shim 

ůy  = steel yield stress 

ts  = thickness of steel shim layer 

The stability of isolator needs to be checked in both the undeformed and deformed 

displaced states. Under undeformed state (i.e. ɔ = 0), the factor of safety against 

instability is calculated by dividing Pcr, by the total load due to dead plus live load, and 

given by 

3.0cr

DL LL

P
FOS

P +

= >          (Eq. 5-8) 

where: 
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PDL+LL  = axial force in bearing under dead load plus live load 

Pcr   = critical load at ɔ = 0 
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I   = moment of inertia of bearing 

E   = elastic modulus of rubber 

Heff  = effective height of bearing (total rubber thickness plus steel shims) 

R   = shear stiffness for bearing of unit height 

   = 
r effK H  

Kr   = lateral stiffness of bearing 

In the deformed state (ȹ = 1.5D, for seismic zone 3), the factor of safety against 

instability is calculated by dividing Pcr, by the combined load due to dead and seismic 

load, and given by 

@
1.0

1.2

cr

DL EQ

P
FOS

P P

D
= >

+
       (Eq. 5-9) 

where: 

1.2PDL+PEQ = combined axial force from factored dead load and seismic load 
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Pcr@ȹ   = r
cr

A
P

A
 

Ar    = overlap area of bearing 

A    = bonded bearing area 

A summary of the LRB isolator limit states is given in Table 5-10.  

5.5 Experimental Test Setup 

The plan for the experiment included: (1) assembling the bridge on the four shake 

tables, (2) installing sufficient instrumentation to capture the global and local response of 

the hybrid isolated bridge. During the shake table test, boundary conditions check and 

load protocol plan. 

5.5.1 Bridge Assembly 

This hybrid isolation experiment was the fourth in a series of experiments on the 

curved bridge model. The previous experiment was the fully isolated case and to prepare 

the model for the hybrid case, 

1) The isolators over the piers had to be replaced with conventional steel pot 

bearings, 

2) The isolators at the abutments had to be replaced with hybrid isolators, 

3) The chevron cross-frames in one bay at each abutment were replaced with 

buckling restrained braces, and  

4) Shear keys installed at both abutments to restrain radial movements. 



209 

 

 

To achieve these tasks the superstructure was dis-assembled and removed from the 

piers, the isolators, bearings, and cross-frames replaced and the superstructure 

reassembled. 

5.5.2 Instrumentation 

The specimen was extensively instrumented to monitor global and local response. 

Global and local coordinates were defined in Figure 5-15. Load cells were used to 

measure forces in the isolators and pot bearings. Transducers were used at selected 

location to measure acceleration, displacement, and curvature. Strain gauges were also 

attached to longitudinal and transverse reinforcement in the columns to monitor column 

damage. A summary of the instrumentation used in this experiment is given in Table 5-11. 

5.5.2.1 Column Strain Gauge and Column Curvature 

As noted above, strain gauges were attached to the spirals and longitudinal 

reinforcements in the top and bottom plastic hinge zone of each column. Eight sections 

along the height of each column were instrumented. Figure 5-16 shows the strain gauge 

layout for the longitudinal reinforcement. 

To measure curvature in the potential plastic hinge zone, 24 Novatechnik (TR-75 

and TR-50) displacement transducers were placed at the top and bottom of each column 

at different heights and distributed over the four faces of the specimen. Figure 5-17 

shows the Novatechnik locations in the bottom potential plastic hinge zone for Pier 2.  

A detailed instrumentation plan of each column is given by Levi (2011). 
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5.5.2.2 Pier cap Displacements and Rotations 

Eight string pots were placed on each pier cap to capture global displacement 

response in X, Y and Z directions for calculating the pier cap displacements and rotations. 

The layouts of these instrumentations are shown in Figure 5-18 and Figure 5-19. Four 

string pots were attached to the outer edge of each pier cap to measure the cap 

displacements in the X and Y directions. These were used to calculate the cap top 

displacements in the X and Y directions, and the cap rotation about the Z axis. Another 4 

string pots were attached at the four corners of the bottom face of the pier cap to measure 

the cap vertical displacements, which were used to determine the cap rotation about 

tangential and radial axes.  

5.5.2.3 Deck Displacements and Torsion 

To determine the bridge superstructure displacements and torsion, 20 string pots 

and 12 Novatechnik (TR-100 and TR-50) displacement transducers were used to measure 

the superstructure displacements in the X, Y and Z directions. Fourteen string pots were 

used to measure the superstructure displacements in the X and Y direction, located at the 

ends of the deck, mid-span and pier locations respectively (Figure 5-20). These were used 

to determine the superstructure displacements in the X and Y direction sand rotation 

about the Z axis. Six string pots attached to the bottom of the girder, and 12 Novatechnik 

displacement transducers at the supports, were used to measure superstructure 

displacement in the Z direction. These were used to determine the superstructure torsion 

about the horizontal axis. The layout of the vertical instrumentation is shown in Figure 

5-21. 
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5.5.2.4 Lead Rubber Bearing (LRB) Deformation 

Due to the radial restraint provided by shear key, each abutment had three string 

pots for measuring the tangential deformation of each isolator, but only one string pot for 

measuring the radial deformation of middle isolator. The layout of this instrumentation is 

shown in Figure 5-22. Figure 5-23 shows a general view of the string pots locations. 

5.5.2.5 Bearing Forces 

Twelve, five degree-of-freedom load cells were used to measure the forces 

transferred from the superstructure to the substructure, one under each bearing and 

isolator. These load cells were oriented in the local coordinates of each support, i.e., in 

the radial and tangential directions. Figure 5-24 shows a typical load cell at an abutment. 

5.5.2.6 Accelerations 

To record the acceleration response of the model, seven triaxial accelerometers 

were mounted along the length of the bridge to measure two horizontal components and 

the vertical component of the acceleration. In addition, four biaxial accelerometers were 

mounted on each abutment tower, and on the tops of the pier caps to measure two 

horizontal components of acceleration. The layout of these accelerometers is shown in 

Figure 5-25. 

5.5.3 Boundary Conditions 

In this experiment, each seat-type abutment was simulated by a platform on a steel 

tower, but without backwall and backfill. As a consequence, there was no pounding in the 

tangential direction. In addition, as discussed previously in section 5.3.2.3, Buckling 

Restrained Braces (BRB) were used as yielding components in the superstructure to 
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protect the shake tables under each abutment. In order to maximize the BRB benefits, the 

bottom chord of the end cross-frame at each abutment was restrained by a shear key in 

the radial direction. Hence the isolators were only active in the tangential direction. 

Figure 5-26 shows a shear key, isolators and BRB at an abutment. 

The pinned connection between the superstructure and pier caps used conventional 

pot bearings. These allowed free rotation about their vertical axes, and rotations up to 

0.075 radians about their horizontal axes. Compressive, tensile and lateral capacities of 

each pot bearing was 100kips, 40kips and 50 kips respectively. Figure 5-27 shows a pot 

bearing detail at a pier cap. 

5.5.4 Test Procedure 

In order to comprehensively study the seismic response of the bridge with hybrid 

isolation, three ground motions were used in this experiment. The first ground motion 

was Sylmar record from the 1994 Northridge earthquake. Both the 360 degree and 90 

degree horizontal components were used in global X-direction (North-South) of the shake 

tables, and global Y-direction (East-West) of the shake tables respectively. The second 

ground motion was from the 1940 El Centro earthquake. The 180 degree and 270 degree 

horizontal components were applied in X-direction and Y-direction respectively. The 

third ground motion was from the Hachinohe station of 1968 Japan Tokachi-oki 

earthquake. The E-W and N-S horizontal components were applied in X-direction and Y-

direction respectively. The scaled ground motions and the acceleration response spectra 

for Sylmar, El Centro and Hachinohe are shown in Figure 5-28 to Figure 5-33. 

Comparisons of the acceleration response spectra in the X-direction for Sylmar, El 
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Centro and Hachinohe are shown in Figure 5-34. Note that these motions have been 

scaled to have the same value for S1, as described in Section 5.2. 

These scaled motions were considered to be the Design Earthquakes (DE) for the 

model. In order to understand the performance of bridge under different earthquake 

magnitudes, the model was subjected to series of motions equal to 10%, 20%, 50% 75%, 

100% 125% and 150% of the Design Earthquake. The last run 150%DE was Maximum 

Considered Earthquake (MCE). White noise motions were also applied in X and Y 

directions independently between each run, for determining the structural effective period 

after each run. The test matrix is given in Table 5-12. 

5.6 Experimental Results 

As noted above, biaxial ground motions with increasing amplitude were applied in 

successive runs from 10%DE to 150%DE (MCE). The progression of column damage, 

shake table performance, and the measured response of the bridge model, such as: 

superstructure displacements, pier displacements, base shear and isolator hysteresis loop 

are described in detail for all SYL, ELC and HACH input motions. 

5.6.1 Observed Bridge Performance 

To characterize the progression of pier damage during the test sequence, the pier 

specimens were painted white and the cracks marked in different colors after each run. 

As the same piers were used in hybrid isolation experiment as in the previous full 

isolation experiment, they began this test with some minor cracking, but essentially 

elastic. 
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In hybrid isolation experiment, there were almost no new cracks from 10%DE to 

50%DE. Under larger amplitude input motions, a few new cracks occurred and a few old 

cracks extended. Flexural cracks were focused on the bottom of pier. The damage to the 

columns during 150% of the Design Earthquake (MCE) (after Run 7) is shown in Figure 

5-35 and Figure 5-36. 

Furthermore, system identification was investigated by Fast Fourier Transform (FFT) 

of acceleration response for increasing earthquake motions Figure 5-37 shows the FFT 

spectra of the acceleration records on the bridge deck at both X-direction and Y-direction 

for 100% DE level for SYL (Run 5), and which shows the bridge effective period is 0.53 

sec and 0.54 sec, respectively. A summary of the effective period for each run of SYL is 

given in Table 5-13. As expected, the bridge effective period increases with increasing 

amplitude of input motion. This is mainly due to the reduction in effective stiffness of the 

isolators with increasing displacement at higher earthquake levels. In addition, the 

displacements of the bridge superstructure were observed to be acceptably small during 

these tests, see section 5.6.3. 

5.6.2 Shake Table Performance 

Small differences between the target and achieved acceleration motions were 

detected. Hence, shake table performance was investigated by comparing histories of the 

target and achieved acceleration histories and response spectra for selected runs. 

Comparisons of response history of target and achieved accelerations in the X and 

Y directions at each run, show the four shake tables track acceleration in a similar way 

and generally have better performance in the Y direction than the X direction. Figure 
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5-38 to Figure 5-43 show comparisons under 20% DE and 150% DE respectively for 

SYL, ELC, and HACH inputs. A summary of the differences between the peak 

acceleration (PGA) of target and achieved acceleration at each run is given in Table 5-14 

to Table 5-16 for SYL, ELC, and HACH inputs respectively. The average achieved PGAs 

match the target PGA very well, except at smaller earthquake levels. The achieved PGAs 

in the Y direction have better agreement than in the X direction. The maximum 

difference of the performance ratio (average achieved PGA/target PGA) is 7% in the X-

direction and 9% in the Y-direction for SYL inputs. For ELC inputs, the maximum 

difference of the ratio is 5% in both the X-direction and in the Y-direction except for 

20%DE and 50%DE. While the achieved PGAs of HACH Earthquake do not match the 

target inputs well in the X-direction, the maximum difference of the ratio is 28% in the 

X-direction and 8% in the Y-direction, except at smaller earthquake levels. 

In addition, response spectra of acceleration, velocity and displacement from the 

target motions were larger than the same spectra for the average shake table achieved 

motions. However they were very close in the period range of interest, i.e. above and 

below the effective period of the bridge (0.5 sec). Figure 5-44 to Figure 5-55 compare the 

response spectra for SYL, ELC, and HACH inputs at 20% DE and 150% DE respectively. 

The average achieved table acceleration was used as the input ground motion in 

SAP2000 analyses described in Chapter 6 for calibrating the numerical analysis. 

5.6.3 Analysis of Superstructure Displacements 

As intended with hybrid isolation, small superstructure displacements were 

observed in this experiment. Fourteen string pots were located on the top of curved 
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bridge deck for measuring the absolute global displacement in the X and Y directions, 

respectively. These are shown in Figure 5-20. Due to the rigidity of the superstructure, its 

displacements can be represented by the displacements at the center of the bridge deck. 

Relative superstructure displacements can then be obtained by subtracting the average 

displacements of the shake tables. Figure 5-56 to Figure 5-58 show the maximum relative 

deck displacements in the X, Y and Resultant directions at the center of the bridge for 

different earthquake levels for SYL, ELC, and HACH motions. Figure 5-59 to Figure 

5-61 compare the maximum relative deck displacement at the center of the bridge for 

SYL, ELC, and HACH motions in the X, Y and Resultant directions. The comparisons 

show the superstructure displacement response under the SYL is larger than the ELC and 

HACH earthquakes, wherein superstructure displacement response is close, because the 

response spectra of SYL are larger than ELC and HACH at about 0.5 sec period. 

Under the SYL earthquake, the resultant deck displacements are 1.49 inches at 

100%DE and 2.02 inches at 150%DE, which are about one-half of the displacements of 

the fully isolated bridge for the same earthquake (2.84 inches and 4.38 inches at 100%DE 

and 150%DE respectively). It is also interesting to note, they are also less than one-half 

of the displacement of the conventional bridge for the same earthquakes (3.55 inches and 

5.06 inches at 100%DE and 150%DE respectively). Comparisons of deck displacement 

for the three tests are further discussed in Section 5.7.2. 

5.6.4 Analysis of Hybrid Isolators 

It was noted earlier that, the superstructure was restrained by shear keys in the 

radial direction at the abutments. As a consequence, the isolators were intended to be 

active only in the tangential direction. Ideally, if the shear key is perfectly aligned in the 
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radial direction, the radial forces and deformations in the isolators will be zero. However 

the isolators were deformed in radial direction by a small amount, due to either slight 

misalignment of the shear key or slight misalignment of the load cells or a combination 

of both. Table 5-17 to Table 5-19 give the resultant deformations of each isolator at 

Abutment 1 and Abutment 4 for the SYL, ELC and HACH earthquakes. For each 

earthquake, the isolators at each abutment have similar dynamic behaviors though they 

are different at the two abutments. The maximum resultant deformation of the isolators at 

Abutment 1 is 0.61 inches, 0.53 inches and 0.47 inches under 100%DE for SYL, ELC 

and HACH respectively, and is 0.77 inches, 0.59 inches, and 0.55 inches at Abutment 4. 

At 150%DE of SYL, ELC and HACH earthquakes, the maximum resultant deformation 

of the isolators is 1.28 inches, 0.89 inches and 1.14 inches at Abutment 1, and is 0.16 

inches, 0.98 inches, and 0.77 inches at Abutment 4. 

These observations may also be seen in Figure 5-62 to Figure 5-73, which are the 

isolator hysteresis loops in tangential and radial directions under 150%DE (MCE) at 

Abutment 1 and Abutment 4 respectively, all SYL, ELC, and HACH earthquakes. The 

maximum isolator deformation is 1.28 in under SYL, which corresponds to shear strain 

of 64%. 

In addition, comparisons of the hysteresis loops of the middle isolator at each 

support in the tangential direction from 75%DE (Run 4) to 150%DE (Run 7) are shown 

in Figure 5-74 to Figure 5-79, for the SYL, ELC, and HACH earthquakes. These results 

show the isolator is stiffer at smaller earthquake levels, which implies its mechanical 

properties are strain dependent. 
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5.6.5 Analysis of Pier Displacements 

The main purpose of hybrid isolation is to protect the column, i.e. keep the column 

elastic. In this regard, pier cap displacement is an important indicator of pier response. 

Four string pots were attached at the four corners of the pier caps, and were used to 

measure the pier cap horizontal absolute displacement in X and Y directions. The average 

value indicates the global displacement of the center of cap. These data were then 

translated into relative displacements by subtracting the bi-axial shake table 

displacements. Table 5-20 shows the maximum resultant displacement of the pier cap for 

all earthquake levels and types. The maximum resultant displacement is 0.92 inches, 0.80 

inches and 0.66 inches under 100% DE for SYL, ELC and HACH earthquakes 

respectively, which is less than the effective yield displacement of the column. Further, 

the maximum resultant displacement is 1.33 inches, 1.11 inches and 1.23 inches under 

150% DE (MCE) with ductility demand of 1.36, 1.13 and 1.26 for SYL, ELC and HACH 

earthquakes respectively. Based on the bilinear load-displacement capacity curve for this 

column (Figure 5-10), the effective yielding displacement is 0.98 inches, and the ultimate 

displacement is 14.94 inches. In addition, displacement orbits for the pier caps are shown 

in Figure 5-80 and Figure 5-81 for all three earthquakes: SYL, ELC and HACH. 

In sum, hybrid isolation has kept pier elastic under the Design Earthquake and 

essentially elastic even under the Maximum Considered Earthquake in this particular 

experiment. 

5.6.6 Analysis of Support Shear Force 

Reaction shear forces at the four supported were obtained from the load cells 

located under each bearing and isolator. The total tangential shear force at each support is 



219 

 

 

plotted in Figure 5-82 to Figure 5-84 for the SYL, ELC and HACH earthquakes 

respectively. Tangential shear force distributions as a percentage of superstructure weight 

at 100%DE and 150%DE levels are shown in Figure 5-85 to Figure 5-86, for the SYL, 

ELC and HACH earthquakes. These Figures show the abutments attracted higher shear 

force than the piers, and kept the pier shear force less than their effective yield force of 

38.49 kips, as intended in hybrid isolation. 

Comparisons of the tangential shear force distribution shows the abutments take 

about 31% and 37% of superstructure weight at 100%DE and 150%DE of the SYL 

earthquake respectively, which is about three times of the pier shear. Total tangential 

shear is very close for all three earthquake types though it is little higher under the SYL 

earthquake. This is consistent with observations made for the superstructure displacement 

response. 

5.7 Comparison of Experimental Results from Conventional, Fully Isolated and 

Hybrid Isolated Bridges 

Section 5.6 discussed the experimental results for the hybrid isolation case only. In 

this section, comparative results are presented for the bridge with conventional bearings, 

and a full set of isolators (full isolation). These results were obtained during separate 

experiments performed by others and are summarized in Table 5-21. Comparisons are 

made for deck displacement, pier displacement, support shear force, and isolator seismic 

response during the SYL earthquake. 

As shown in Table 5-21, the three experiments had same superstructure and piers, 

but different bearing configurations. In the conventional experiment, the superstructure 
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was connected by pot bearings to the pier caps and by sliding bearings to the abutments. 

These bearings were restrained by sacrificial shear keys in the radial direction at the 

abutments. Hence, the superstructure could only move freely in the tangential direction 

before the shear keys failed, but in any horizontal direction after they ruptured. 

In the fully isolated bridge, isolators were placed under each girder at every support 

(abutments and pier caps). As noted above, in the hybrid isolated bridge, isolators were 

only placed at the abutments, and pot bearing were used at the pier caps. Isolator 

properties for both full isolation and hybrid isolation are given in Table 5-22. 

5.7.1 Bridge Effective Period 

The basic concept of seismic isolation is to lengthen the period by reducing the 

lateral stiffness. As a result, the force response is lower than in a conventional bridge. 

Hence, bridge effective period is usually an indicator of likely response of a bridge using 

seismic isolation. 

The effective period for the conventional, fully isolated and hybrid isolated cases, 

obtained from response to white noise excitation, before beginning the earthquake runs 

were 0.32 sec, 0.71 sec and 0.37 sec in X-direction respectively, and 0.35 sec, 0.74 sec 

and 0.42 sec in Y-direction respectively. Comparison of the conventional and fully 

isolated cases shows a large period shift due to the implement action of isolators at all 

supports. In contrast, only a small occurs in the hybrid isolation. 

5.7.2 Superstructure Displacement 

Figure 5-87 shows the resultant relative displacement of the deck at the center of 

the bridge (i.e. at the center of the middle span) for the conventional, fully and hybrid 

isolated cases. As expected, the fully isolated case has larger displacements than the 
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hybrid isolated case because the fully isolated bridge is more flexible. The conventional 

bridge has similar displacements as hybrid isolation during small earthquakes (up to 50% 

DE), wherein the piers are in the elastic stage. But it has larger displacements than hybrid 

isolation once pier yield has occurred and, especially after the shear keys have failed 

during 75% DE. Once the shear keys failed, all the seismic forces are taken by the piers, 

which causes significant yield resulting in a considered reduction in column effective 

stiffness and bridge effective stiffness. 

The deck resultant displacements are 1.49 inches at 100%DE and 2.02 inches at 

150%DE, which are less than the full isolation displacement by factors of 1.9 and 2.17 at 

100%DE and 150% DE respectively. The same displacements are also less than the 

conventional bridge values by factors of 2.38 and 2.50 at 100%DE, and 150%DE 

respectively. It is clear that hybrid isolation significantly reduces the superstructure 

displacement demands, as intended. 

5.7.3 Isolator Performance (Only Isolated Cases) 

As mentioned previously, although the isolators in the hybrid isolation case were 

restrained by shear keys in the radial direction, they still had very small radial 

displacements for reasons discussed in Section 5.6.4. The resultant displacement was 

therefore the combination of tangential and radial displacements. Since all three isolators 

at each abutment had similar behavior, then resultant average displacement was used to 

compare isolator behavior. 

Figure 5-88 and Figure 5-89 compare the isolator displacements at the abutments 

for the full and hybrid isolation cases. Similar to the above observations about deck 

displacement, the hybrid isolation case has smaller isolator displacements than the full 
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isolation case, due to stiffer isolators and a stiffer bridge system. In the hybrid isolation 

case, the peak isolator displacement is 0.58 inches and 0.76 inches under 100% DE at 

Abutment 1 and Abutment 4, respectively. At 150% DE, the peak isolator displacement is 

1.26 inches and 1.15 inches at Abutment 1 and Abutment 4, respectively. On the other 

hand, in the full isolation case, the peak isolator displacement is 2.57 inches and 2.15 

inches under 100% DE at Abutment 1 and Abutment 4, respectively. At 150% DE, the 

peak isolator displacement is 4.08 inches and 3.29 inches at Abutment 1 and Abutment 4, 

respectively. 

It is again clear that hybrid isolation reduces the superstructure displacement 

demands at the abutments by factors of about 4 and 3 for 100% DE and 150% DE 

respectively. Such a reduction can minimize the superstructure pounding and require a 

significantly smaller expansion joint. 

5.7.4 Pier Displacement 

A previously noted in Section 5.3.2.2, the effective yield displacement for the piers 

is 0.98 inches, and the ultimate displacement is 14.94 inches. As shown in Figure 5-90 

and Figure 5-91, the maximum pier cap displacement in hybrid isolation case is 0.86 

inches and 0.92 inches for Piers 2 and 3 respectively at 100% DE, and 1.33 inches and 

1.32 inches for Piers 2 and 3 respectively at 150% DE. These displacements are almost 

same as full isolation case. On the other hand, in the conventional case, the maximum 

pier cap displacement is 2.78 inches and 2.68 inches for Piers 2 and 3 respectively at 100% 

DE which is larger than the yield displacement, and 4.07 inches and 3.78 inches for Piers 

2 and 3 respectively at 150% DE, with ductility demands of is 2.8 and 4.0 for 100% DE 

and 150% DE respectively. 
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The two figures show the benefit of the two isolation techniques, which is to keep 

the pier elastic under the design earthquake, and essentially elastic under the Maximum 

Considered Earthquake. 

5.7.5 Support Shear Force 

As discussed in the above sections, the design objectives of hybrid isolation 

technology are to reduce the superstructure displacement and keep the piers elastic at the 

same time. This is achieved by shifting forces from the piers to the abutments. Tangential 

shear force distributions as a percentage of superstructure weight at 100%DE and 

150%DE levels are shown in Figure 5-92 and Figure 5-93. Ideally the shear forces at the 

abutments for the conventional bridge after the shear keys fail, are zero, but a small value 

is shown in these tow figures probably due to the friction in the slider plates. These 

comparisons show that hybrid isolation reduces the pier shear forces almost as effectively 

as full isolation. In terms of the percentage of superstructure weight, the shear forces at 

the piers are only 10% at 100%DE and 15% at 150%DE, compared to 25% and 27% in 

the conventional case. But the abutments attract greater shear forces from the piers, and 

are about 31% and 37% of superstructure weight for 100%DE and 150%DE respectively. 

Figure 5-94 and Figure 5-95 show the total tangential shear forces at the abutments 

for the hybrid isolation and full isolation cases. These forces were taken from the load 

cells located underneath each isolator. In the hybrid isolation case, the total tangential 

shear force is 41.53 kips and 45.28 kips at Abutment 1 and Abutment 4 respectively 

under 100% DE, and 53.45 kips and 50.62 kips at Abutment 1 and Abutment 4 

respectively under 150% DE. In full isolation case, these forces are 15.6 kips and 12.56 

kips under 100% DE, and 20.79 kips and 14.54 kips under 150% DE. Total tangential 
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shear force are significantly increased in the hybrid isolation case by factors of about 2.6 

and 3.5 at Abutments 1 and 4 respectively for 150% DE, compared to the full isolation 

case. 

Figure 5-96 and Figure 5-97 show the total resultant shear force at the piers for the 

hybrid isolation, full isolation and conventional cases. These forces were taken from the 

load cells located underneath each isolator or pot bearing at the pier caps. In the hybrid 

isolation case, the total resultant shear force is 15.49 kips and 16.69 kips at Piers 2 and 3 

respectively under 100% DE, and 22.07 kips and 24.39 kips at Piers 2 and 3 respectively 

under 150% DE. These forces are almost same in the full isolation case, which is 

corresponding to the pier displacement behavior. While the total resultant shear force are 

35.90 kips and 36.43 kips under 100% de, and 40.24 kips and 44.16 kips under 150% DE 

in the conventional case, considerably larger than the two isolated by a factor about 1.8. 

From the previous work on column capacity (see 5.3.2.2), the effective yield shear 

force is 38.49 kips. Hence, the piers remain elastic under the Design Earthquake, even 

under the Maximum Considered Earthquake (MCE) for both the full isolation and hybrid 

isolation cases. But the piers have yielded under the Design Earthquake for the 

conventional case, and show significant yield at the 150% DE level (MCE). 

5.7.6 Pier Damage 

Figure 5-98 and Figure 5-99 show pier damage during 150% of the Design 

Earthquake for the conventional, full isolation and hybrid isolation cases. It is obvious 

that there are fewer cracks in the piers for the full isolation and hybrid cases, compared to 

the conventional case. As noted above, the piers from the full isolation experiment were 

reused in the hybrid isolation case and this may be the reason why there are a few more 
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cracks or crack extensions in the hybrid isolation case than the full isolation case. But in 

general, the seismic performance of the piers in the hybrid isolation case is almost same 

as the full isolation case. 

Readings from the strain gauges show that all of the longitudinal (# 5) rebars at 

Piers 2 and 3 have yielded in the conventional case. The maximum strain was 26,000 ÕŮ 

at Pier 2, while at Pier 3 it was 24,500 ÕŮ. In the full isolation case, 3 rebars had yielded 

at Pier 2, while 2 rebars had yielded at Pier 3. The maximum strain was 6,000 ÕŮ at Pier 2 

while it was 4,000 ÕŮ at Pier 3. 

In the hybrid isolation case, there were more yielded rebars, perhaps because these 

piers had been reused from the full isolation experiment. Six rebars had yielded at Pier 2, 

while 5 rebars had yielded at Pier 3. The maximum strain was 7,400 ÕŮ at Pier 2 while it 

was 8,000 ÕŮ at Pier 3, which were far smaller than the conventional case, and not 

significantly more than the full isolation case. 

As shown above, the performance of the piers in the hybrid isolation case is similar 

to that of the full isolation case, and the performance of the piers in the two isolated cases 

is much better than in the conventional case. The hybrid isolation approach not only 

reduces pier damage and keep the pier elastic under design earthquake, but also reduces 

superstructure displacements. 

5.8 Summary of Experimental Results 

The use of hybrid isolation was first proposed for reducing bridge vulnerability by 

Buckle and Mayes (1990) and investigated by numerical analysis by Buckle and Wei, 

(2010). This chapter describes a set of the experimental investigations carried out on a 
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2/5 scale model of a highly curved, 3-span, steel girder bridge to experimentally confirm 

the advantages and disadvantages of hybrid isolation.  

The specimen and hybrid isolation design, the experimental test setup, and analysis 

of experimental results are presented. A comparison of the response of the bridge with 

different bearing configurations (conventional, fully isolated and hybrid isolated bridges) 

is also made. 

The advantages of hybrid isolation are demonstrated based on the detailed 

comparison of the seismic response of the conventional, fully isolated and hybrid isolated 

bridges. The following conclusions are made: 

¶ Hybrid isolation significantly reduces the superstructure displacement demand 

at the abutments by a factor of about 4 and 3 for the DE and MCE respectively. 

This reduction minimizes the possibility of pounding at the abutment back-

walls and requires significantly smaller movement joints at the abutments. 

¶ Hybrid isolation effectively keeps the piers elastic under the design earthquake 

and essentially elastic under the maximum considered earthquake. In other 

words, hybrid isolation has the same benefit as full isolation. 

¶ Hybrid isolation increases the shear force demand on the abutments by a factor 

about 3, compared to the fully isolated case. 

Although both isolated systems are effective at keeping the columns elastic during 

the design earthquake, each technique has its own advantages and disadvantages. The full 

isolation case has greater superstructure movement but places less demand on the 

abutments. On the other hand, the hybrid isolation case has less superstructure movement 

(smaller movement joints) but greater abutment forces. 
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Table 5-1  University of Nevada, Biaxial Shake Table Capacities 

UNR Biaxial Shake Table Specifications 

Table size 
14 feet x 14.6 

feet 

Allowable specimen payload 50 ton 

Allowable pitch moment 1000 kip-feet 

Allowable yaw moment 400 kip-feet 

Allowable roll moment 400 kip-feet 

Force capacity of actuators 
X axis 165 kip 

Y axis 165 kip 

Dynamic displacement 
X axis ±12 in 

Y axis ±12 in 

Static displacement 
X axis ±14 in 

Y axis ±14 in 

Peak velocity with bare table 
X axis ±50 in/sec 

Y axis ±50 in/sec 

Peak acceleration @ 50 ton payload 
X axis ±1 g 

Y axis ±1 g 

Operating frequencies 0-50 Hz 
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Table 5-2  University of Nevada, 6-Degree-of-Freedom Shake Table Capacities 

UNR 6-Degree-of-Freedom Shake Table Specifications 

Table size 9.3 feet x 9.3 feet 

Allowable specimen payload 50 ton 

Allowable pitch moment 1000 kip-feet 

Allowable yaw moment 400 kip-feet 

Allowable roll moment 400 kip-feet 

Force capacity of actuators  

X axis 110 kip 

Y axis 110 kip 

Z axis 140 kip 

Dynamic displacement 

X axis ±12 in 

Y axis ±12 in 

Z axis ±4 in  

Static displacement 

X axis ±12.5 in 

Y axis ±12.5 in 

Z axis ±5.75 in 

Peak velocity with bare table 

X axis ±60 in/sec 

Y axis ±60 in/sec 

Z axis ±55 in/sec 

Peak acceleration @ 50 ton payload 

X axis ±1 g 

Y axis ±1 g 

Z axis ±1 g 

Operating frequencies 
 

0-50 Hz 
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Table 5-3  Geometry of Prototype and Model Curved Bridge 

 Prototype Model 

Total Length 362ô ï 6ò 145ô-0ò 

Span Lengths 105ô-0ò, 152ô-6ò, 105ô-0ò 42ô-0ò, 61ô-0ò, 42ô-0ò 

Radius at centerline 200ô-0ò 80ô ï 0ò 

Subtended angle 104
o
 (1.8 rad) 104

o
 (1.8 rad) 

Total Width 30ô-0ò 12ô ï 0ò 

Girder Spacing 11ô ï 3ò 4ô ï 6ò 

Total Superstructure Depth 6ô ï 6.125ò 2ô ï 7.25ò 

Column Height 19ô ï 2ò 7ô ï 8ò 

Column Diameter 5ô ï 0ò 2ô ï 0ò 

Table 5-4  Summary of Scale Factors Satisfied the Froude And Cauchy Similitude 

  Quantity Dimension Similitude Scale Factor 

Model 

Controls 

Length, L L Ll Ll=0.4 

Elastic Modulus, E FL
-2
 El  El =1.0 

Density, ɟ (actual) FL
-4
T

2
 rl  rl =1.0 

Acceleration, a LT
-2
 al  al =1.0 

Material 

Properties 

Stress, ů FL
-2
 Esl l=  sl=1.0 

Strain, Ů --- 1el=  el=1.0 

Area, A L
2
 

2

LAl l=  Al=0.16 

Density, ɟ FL
-4
T

2
 , /( )req E a Lrl l l l=  ,reqrl =2.5 

Geometry 
Displacement, u L u Ll l=  ul=0.4 

Frequency, ɤ T
-1
 

0.5

,( / ) /E req Lw rl l l l=  wl=1.58 

Loading 

Time, t T 
0.5( / )t L al l l=  tl=0.6325 

Velocity, v LT
-1
 

0.5( )v a Ll l l=  vl=0.6325 

Force, F F 
2

LF El l l=  Fl=0.16 

Pressure, q FL
-2
 q El l=  ql=1.0 

Moment, M FL 
3

LM El l l=  Ml =0.064 

Note: density similitude requirement is not satisfied, so supplemental mass is required for 

structure model. 
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Table 5-5  Actual Steel Material Properties 

  
#5 bar #3 Spiral 

Strain (Ů) Stress (ksi) Strain (Ů) Stress (ksi) 

yield point 0.002 71 0.002 68 

ultimate point 0.01 117 0.014 98 

Table 5-6  Buckling Restrained Braces (BRB) Properties 

Core Plate (w×t (in)) 0.9×0.5 

Core Plate Yield Length (in) 6.94 

Yield Strength, Fye (ksi) 44.3 

Tensile Strength, Fue (ksi) 62.5 

Yield Force, Pye (kips) 20 

Tensile Capacity, Pue (kips) 28 

Table 5-7  Overall I solator Properties (All Three Isolators) 

Substructure Wsub(kips) Qd (kips) Kd (k/in) 

Abutment 1 23.5 26.37 7.86 

Pier 2 110.9 / / 

Pier 3 110.9 / / 

Abutment 4 23.5 26.37 7.86 

Totals 268.8 52.74 15.72 

Table 5-8  Summary of Material Properties for LRB 

Rubber Shear Modulus, G (ksi) 0.06 

Rubber Modulus of Elasticity, E (ksi) 0.18 

Material Constant, k 0.65 

Ultimate Elongation at Break, Ůu 5.5 

Rubber Layer Thickness, tr (in) 0.25 

Steel Layer Thickness, ts (in) 0.1196 
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Table 5-9  Summary of LRB Design 

Parameters Abutment Isolators 

Total Height, Ht (in) 4.337 

Bonded Diameter, db (in) 11 

No. of layers, n 8 

Total Rubber Thickness, Tr (in) 2 

Lead Core Diameter, dL (in) 3.125 

Bonded Area, Ab (in
2
) 87.36 

Elastic Stiffness of Rubber, Kr (k/in) 2.62 

Characteristic Strength, Qd (kips) 8.79 

 

 
 

 

Table 5-10  LRB Isolator Design Check Summary 

Check  Summary limits 

DE (0.475*Syl360) 

Value Satisfactory 

Maximum Shear Strain, 
, 0.5c s eq rg g g+ +  5.5 1.33 Yes 

Steel Stress, ůsteel (ksi) 36 0.67 Yes 

 Buckling FOS  
ɔ = 0 3 42.98 Yes 

ȹ = 1.5Diso 1 14.63 Yes 
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Table 5-11  Summary of Instruments for Hybrid Isolation Experiment  

Instrument Type Instrument Name Range 

Accelerometer 

XBow ± 2g 

203 Biax MEM (aluminum case) ± 1.4g 

320 Biax MEM (aluminum case) ± 5g 

320 Biax MEM (plastic case) ± 5g 

325 Triax MEM (steel case) ± 5g 

326 Triax MEM (steel case) ± 16g 

Xbow (black plastic) ± 25g 

Novatechnik 

TR50 0-2 in stroke 

TR75 0-3 in stroke 

TR100 0-4 in stroke 

LWG225 0-9 in stroke 

LWG300 0-12 in stroke 

String Pot 

UniMeasure PA40 0-40 in stroke 

UniMeasure PA60 0-60 in stroke 

UniMeasure PA60 High Tension 0-60 in stroke 

UniMeasure JX80 0-80 in stroke 

Celesco 0-20 in stroke 

Celesco 0-30 in stroke 

Load Cell 5DOF Load Cell   
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Table 5-12  Load Protocol of Hybrid Isolation Experiment 

 

Ground 

Motion

Amplitude 

Scale 

Factor

Target 

PGA 

(g)

Ground 

Motion

Amplitude 

Scale 

Factor

Target 

PGA 

(g)

1w-x White noise in x-direction

1w-y White noise in y-direction

1A 10% DE El Cnetro ELC180 0.084 0.026 ELC270 0.084 0.018

1B 10% DE Hachinohe HACHEW 0.077 0.014 HACHNS 0.077 0.018

1C 10% DE Sylmar Syl360 0.0475 0.040 Syl090 0.0475 0.029

2w-x White noise in x-direction

2w-y White noise in y-direction

2A 20% DE El Cnetro ELC180 0.168 0.053 ELC270 0.168 0.036

2B 20% DE Hachinohe HACHEW 0.154 0.029 HACHNS 0.154 0.035

2C 20% DE Sylmar Syl360 0.095 0.080 Syl090 0.095 0.057

3w-x White noise in x-direction

3w-y White noise in y-direction

3A 50% DE El Cnetro ELC180 0.420 0.131 ELC270 0.420 0.090

3B 50% DE Hachinohe HACHEW 0.385 0.072 HACHNS 0.385 0.088

3C 50% DE Sylmar Syl360 0.238 0.200 Syl090 0.238 0.143

4w-x White noise in x-direction

4w-y White noise in y-direction

4A 75% DE El Cnetro ELC180 0.630 0.197 ELC270 0.630 0.135

4B 75% DE Hachinohe HACHEW 0.578 0.107 HACHNS 0.578 0.132

4C 75% DE Sylmar Syl360 0.356 0.300 Syl090 0.356 0.215

5w-x White noise in x-direction

5w-y White noise in y-direction

5A 100% DE El Cnetro ELC180 0.840 0.263 ELC270 0.840 0.181

5B 100% DE Hachinohe HACHEW 0.770 0.143 HACHNS 0.770 0.176

5C 100% DE Sylmar Syl360 0.475 0.400 Syl090 0.475 0.287

6w-x White noise in x-direction

6w-y White noise in y-direction

6A 125% DE El Cnetro ELC180 1.050 0.329 ELC270 1.050 0.226

6B 125% DE Hachinohe HACHEW 0.963 0.179 HACHNS 0.963 0.220

6C 125% DE Sylmar Syl360 0.594 0.501 Syl090 0.594 0.359

7w-x White noise in x-direction

7w-y White noise in y-direction

7A 150% DE El Cnetro ELC180 1.260 0.394 ELC270 1.260 0.271

7B 150% DE Hachinohe HACHEW 1.155 0.215 HACHNS 1.155 0.264

7C 150% DE Sylmar Syl360 0.713 0.601 Syl090 0.713 0.430

Ew-x End of test white noise in x-direction

Ew-y End of test white noise in y-direction

Run # Earthquake Level

Time 

Scale 

Factor

N-S E-W

Input Motion

0.6325

0.6325

0.6325

0.6325

0.6325

0.6325

0.6325
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Table 5-13  Bridge Effective Periods at Each Run for SYL Earthquake 

%DE X Y 

10 0.35 0.38 

20 0.39 0.41 

50 0.46 0.51 

75 0.50 0.53 

100 0.52 0.56 

125 0.54 0.58 

150 0.57 0.61 

 
 

Table 5-14  Ratio between Target and Average Achieved PGA for SYL Earthquake  

%DE 

PGA in X-direction PGA in Y-direction 

Target Achieved Average Ratio Target Achieved Average Ratio 

10 0.0401 0.0328 0.82 0.0287 0.0247 0.86 

20 0.0801 0.0696 0.87 0.0574 0.0556 0.97 

50 0.2003 0.1938 0.97 0.1436 0.1493 1.04 

75 0.3004 0.3019 1.00 0.2154 0.2115 0.98 

100 0.4006 0.4157 1.04 0.2871 0.2787 0.97 

125 0.5007 0.5341 1.07 0.3589 0.3393 0.95 

150 0.6009 0.6428 1.07 0.4307 0.3912 0.91 
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Table 5-15  Ratio between Target and Average Achieved PGA for ELC Earthquake  

%DE 

PGA in X-direction PGA in Y-direction 

Target Achieved Average Ratio Target Achieved Average Ratio 

10 0.0263 0.0258 0.98 0.0180 0.0171 0.95 

20 0.0526 0.0593 1.13 0.0361 0.0359 1.00 

50 0.1314 0.1541 1.17 0.0902 0.0877 0.97 

75 0.1971 0.2110 1.07 0.1353 0.1310 0.97 

100 0.2628 0.2769 1.05 0.1804 0.1716 0.95 

125 0.3285 0.3440 1.05 0.2255 0.2238 0.99 

150 0.3943 0.3935 1.00 0.2706 0.2804 1.04 

 

 

Table 5-16  Ratio between Target and Average Achieved PGA for HACH Earthquake  

%DE 

PGA in X-direction PGA in Y-direction 

Target Achieved Average Ratio Target Achieved Average Ratio 

10 0.0144 0.0195 1.36 0.0177 0.0226 1.28 

20 0.0287 0.0439 1.53 0.0353 0.0419 1.19 

50 0.0718 0.1056 1.47 0.0883 0.0951 1.08 

75 0.1076 0.1381 1.28 0.1325 0.1326 1.00 

100 0.1435 0.1768 1.23 0.1766 0.1891 1.07 

125 0.1794 0.2216 1.24 0.2208 0.2326 1.05 

150 0.2153 0.2629 1.22 0.2650 0.2751 1.04 
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Table 5-17  Isolator Maximum Resultant Displacement under SYL Earthquake 

%DE 

Isolator Res. Disp. @ Abutment 1 (in) Isolator Res. Disp. @ Abutment 4 (in) 

Inside Middle Outside Inside Middle Outside 

10 0.026 0.026 0.020 0.013 0.024 0.012 

20 0.046 0.046 0.036 0.067 0.071 0.061 

50 0.250 0.219 0.182 0.303 0.293 0.292 

75 0.445 0.374 0.350 0.502 0.516 0.524 

100 0.595 0.595 0.612 0.724 0.774 0.775 

125 0.955 0.964 0.966 0.933 0.989 1.003 

150 1.280 1.271 1.245 1.106 1.155 1.189 

Table 5-18  Isolator Maximum Resultant Displacement under ELC Earthquake 

%DE 

Isolator Res. Disp. @ Abutment 1 (in) Isolator Res. Disp. @ Abutment 4 (in) 

Inside Middle Outside Inside Middle Outside 

10 0.023 0.015 0.011 0.013 0.007 0.009 

20 0.043 0.027 0.022 0.030 0.026 0.023 

50 0.158 0.148 0.115 0.180 0.166 0.157 

75 0.351 0.327 0.282 0.379 0.354 0.335 

100 0.527 0.504 0.452 0.590 0.582 0.569 

125 0.737 0.676 0.631 0.824 0.809 0.805 

150 0.886 0.815 0.756 0.979 0.955 0.945 
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Table 5-19  Isolator Maximum Resultant Displacement under HACH Earthquake 

%DE 

Isolator Res. Disp. @ Abutment 1 (in) Isolator Res. Disp. @ Abutment 4 (in) 

Inside Middle Outside Inside Middle Outside 

10 0.018 0.018 0.011 0.010 0.009 0.009 

20 0.028 0.023 0.025 0.018 0.029 0.017 

50 0.101 0.113 0.109 0.133 0.127 0.111 

75 0.258 0.266 0.282 0.368 0.342 0.327 

100 0.472 0.450 0.457 0.547 0.525 0.500 

125 0.822 0.763 0.731 0.688 0.655 0.654 

150 1.136 1.056 1.010 0.772 0.758 0.761 

 

 

Table 5-20  Pier Cap Maximum Resultant Displacement under SYL, ELC and HACH 

Earthquakes 

Resultant Displacement (in) SYL ELC HACH 

%DE Pier 2 Pier 3 Pier 2 Pier 3 Pier 2 Pier 3 

10 0.072 0.072 0.042 0.048 0.037 0.031 

20 0.149 0.162 0.100 0.114 0.073 0.066 

50 0.417 0.492 0.281 0.311 0.242 0.258 

75 0.676 0.722 0.464 0.575 0.465 0.525 

100 0.865 0.922 0.627 0.799 0.630 0.658 

125 1.007 1.144 0.782 0.979 0.939 0.831 

150 1.331 1.320 0.910 1.105 1.234 1.050 
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Table 5-21  Test Matrix  

Test 

No.  
Test Focus 

Superstructure 

Type 

Substructure 

Type 

Bearing Type Abutment 

Type 
Abutment Pier 

1 Conventional Columns 
Elastic Cross-

frames 

24" Column 

(Set A) 
Slider  

Steel 

Pot 

No 

Pounding 

2 
Live Load 

Elastic Cross-

frames 

24" Column 

(Set B) 
Slider  

Steel 

Pot 

No 

Pounding 

3 Full Isolation 
Elastic Cross-

frames 
24" Column 

(Set C) 
LRB LRB 

No 
Pounding 

4 Hybrid Isolation 
Ductile Cross-

frames 

24" Column 

(Set C) 
LRB 

Steel 

Pot 

No 

Pounding 

5 Abutment Pounding 
Elastic Cross-

frames 

24" Column 

(Set D) 
Slider  

Steel 

Pot 
Pounding 

6 Rocking Column 
Elastic Cross-

frames 

16" Column 

(Set E) 
Slider  

Steel 

Pot 

No 

Pounding 

 

 

 

Table 5-22  Comparison of Isolator Properties for Hybrid Isolation and Full Isolation 

Parameters 

Hybrid Isolation Full Isolation 

Abutment Isolators 
Abutment 

Isolator 

Pier 

Isolator 

Bonded Diameter, db (in) 11 7 8 

Total Height, H (in) 4.337 5.446 5.446 

Lead Core Diameter, dL (in) 3.125 1.25 1.5 

Stiffness, Kd (k/in) 2.62 0.68 0.88 

Characteristic Strength, Qd (kips) 8.79 1.41 2.03 
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Figure 5-1  Plan View of the Prototype Curved Bridge 
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Figure 5-2  Amplitude Scaled Response Spectra of Sylmar Ground Motions 

 

Figure 5-3  Amplitude Scaled Response Spectra of El Centro Ground Motions 
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Figure 5-4  Amplitude Scaled Response Spectra of HACH Ground Motions 

 

 

 

Figure 5-5  Plan View of Curved Bridge Model in Large-Scale Structures Laboratory 
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Figure 5-6  Added Mass on Bridge Deck 

 

Figure 5-7  Added Mass on Pier cap 
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Figure 5-8  Typical Cross-Frame Sections of Model Bridge 

(a) Section at Intermediate Cross-frame 

(b) Section at Pier Cross-frame 
 

(c) Section at Abutment Cross-frame 
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Figure 5-9  Side View of Pier with Drop Pier cap 

 

Figure 5-10  Bilinear  Force-Displacement Curve for 24-in Diameter Column 
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Figure 5-11  Moment Curvature Relationship for 24-in Diameter Column by XTRACT  

 

Figure 5-12  Buckling Restrained Brace in Abutment Cross-Frame 
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Figure 5-13  Section of Lead Rubber Bearing 

 

Figure 5-14  Assembled Model in Large-Scale Structures Laboratory (Fish-eye View) 
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Figure 5-15  Global and Local Coordinates for the Bridge Model 
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Figure 5-16  Strain Gauge Layout for Longitudinal Bars 
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Figure 5-17  Novatechnik Locations for Pier 2 
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Figure 5-18  Horizontal Displacement Instrumentation Plan at Pier Caps 

 




























































































































































































































































































































































































































































































