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1 CHAPTER 1 

INTRODUCTION 

A bridge was selected to demonstrate the analysis and design of different 

types of seismic isolation systems. This project used elastomeric bearings at 

abutments and lead rubber bearings at the piers. Bridge was located in California 

subjected to seismic hazard determined by Caltrans ARS website. A simplified 

method was used to arrive at the preliminary design  of elastomeric and lead rubber 

bearings using assumptions involving nominal proper ties, manufacturer’s guidelines 

and adequacy of selected bearings. Properties of preliminary bearing design were 

used to perform a Nonlinear Dynamic Analysis in SAP 2000 and results of simplified 

analysis were compared with time history analysis. Seven of sets of ground motions 

were selected and scaled as per different criteria and a final scaling criterion was 

used for analysis in SAP2000. Adequacy analysis was performed for critical bearing. 

After little iteration, final sets of elastomeric a nd led rubber bearings were selected 

and performance of bridge with selected set of bearings was reported for both lower 

bound and upper bound analysis. 
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2 CHAPTER 2 

DESCRIPTION OF EXAMPLE BRIDGE 

2.1 INTRODUCTION  
Bridge used for this project was one of bridge design examples, without an 

isolation system, in the Federal Highway Administra tion Seismic Design Course, 

Design Example No. 4, prepared by Berger/ABAM Engin eers, Sep. 1996. Complete 

analysis and design description of this original de sign example can be obtained 

through NTIS, Document no. PB97-142111. 

Considered bridge is a continuous, three-span, cast-in-place concrete box 

girder structure with 30-degree skew. Bridge has tw o intermediate bents, each of 

which consists of two circular columns and bent cap  mean on top. Note that, 

although original bridge was designed for a differe nt seismic hazard, assumption 

was made as bridge was sufficient to accommodate the load and displacement 

demands when seismically isolated at new location here. Same material and 

geometric properties were assumed except some minor changes described below: 

I. Larger expansion joints were provided 

II.  Use of separate cross beam were provided in bents instead of one 

integral with the box girder 

III.  Columns were fixed at footings 

2.2 DESCRIPTION OF THE BRIDGE  
 

Bridge has been described in figures 2.1, 2.2, 2.3 as the plan and elevation, the 

abutment sections and a section at an intermediate bent. The actual perpendicular 

distance between the column centerline is 26 feet, as shown in figure 2.1. 

The bridge has been isolated with eight bearings with two bearings at each 

abutment and pier. Only two isolators were preferre d at each support location over 

the use of large number of bearings for following r easons: 

a) It made possible to achieve a larger period of isolation with 

elastomeric bearings 
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b) The distribution of load on only two bearings helped  in estimation of 

loads on each bearing more accurately. 

c) Cost of hardware and installation of bearings were reduced. 

 

For distribution of load from superstructure to the  bearings, vertical 

diaphragms were provided at the abutment and pier l ocations, which introduced an 

additional weight of 134 kip at each diaphragm loca tion. 

The bridge was assumed to have three traffic lanes and loadings were 

determined based on AASHTO LRFD Specifications (AASHTO, 2007, 2010) with live 

load consisting of truck, lane and tandem and wind load determined for the location 

provided for the analysis of this bridge.  

 

Figure 2.1 Bridge Plan and Elevation 
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Figure 2.2 Sections at Abutments 

 

Figure 2.3 Cross Section at Intermediate Bent 
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Table 2.1 summarizes the cross section properties and weights in bridge 

model and table 2.2 present the foundation spring constants, which were calculated 

in original bridge design example prepared by Berge r/ABAM Engineers, Sep. 1996. 

Bridge was modeled in SAP2000 and description of SAP model has been 

shown in figure 2.4. This model was used for static analysis, multimode response 

spectrum analysis and nonlinear time history analys is.  

 

Table 2.1 Cross Section Properties and Weights in the Bridge Model 

 
 

Table 2.2 Foundation Spring Constants in the Bridge Model 
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Figure 2.4 Model of the Bridge for Multimode or Time History Analysis 
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2.3 ANALYSIS OF BRIDGE FOR DEAD , LIVE , BRAKE AND WIND 

LOADINGS  
 

Weight of considered bridge has been increased to 5092 kip due to 

introduction of vertical diaphragms in order to tra nsfer load to the bearings. 

Structure was analyzed for dead, live, wind, brake loads and thermal changes and 

others and values of bearing loads, displacements and rotations have been reported 

in table 2.3. It should be noted that bearings do not experience any uplift for any 

combinations of these loads. Uplift check due to seismic loading would be performed 

in later chapters. 

Table 2.3 Bearing Loads and Rotations due to Dead, Live, Brake and Wind Loads 
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Table 2.4 Bearing Loads, Displacements and Rotations for Service Conditions 

 
Service load analysis was also performed and displacements and rotations to 

be considered for the analysis and design of bearings have been reported in table 2.4. 

Distinction was made between Static and cyclic components of loads and 

displacements. Displacements and rotations have been rounded to closest 

conservative value. Service displacements calculated for thermal effects have been 

increased to three folds to account for installation errors, and concrete post-

tensioning, shrinkage and creep displacement predictions errors. 
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3 CHAPTER 3 

SEISMIC LOADING 

3.1 INTRODUCTION  
A seismic hazard was defined for the analysis in terms of design 

earthquake(DE) and maximum considered earthquake(MC E). Response spectra was 

constructed for design earthquake in horizontal and  vertical direction. Given seven 

sets of ground motions were scaled as per different criteria to match the horizontal 

response spectrum and scaling factors were determined to scale the ground motions 

for performing nonlinear time history analysis.  No te that, vertical response 

spectrum analysis was only used for simplified anal ysis and vertical ground motions 

were not used in time history analysis.  

3.2 SEISMIC HAZARD  
Bridge was analyzed for service conditions and under seismic conditions for a 

design earthquake(DE) and a maximum considered earthquake(MCE). The DE 

response spectrum was described to be largest of  

a) A probabilistic response spectrum calculated in accordance with the 

2008 USGS National Hazard Map for a 5% probability of being 

exceeded in 50 years(or 975 years return period) 

b) A deterministic median response spectrum calculated based on the 

“Next Generation Attenuation” project of the PEER-L ifelines program 

Spectra of seismic hazard defined as above was obtained through the 

Caltrans Acceleration Response Spectra(ARS) Online website 

(http://dap3.dot.ca.gov/shake_stable/index.php ). Location of bridge specified for 

this project was in California at latitude 38.364828 degrees and longitude -121. 960602 

degrees. Specified shear wave velocity was Vs30=560m/sec(site category C). Envelop 

of both response spectra was used to select the response spectra for this project and is 

shown in figure 3.1. 
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Figure 3.1 Horizontal 5% Damped Response Spectrum of the Design Earthquake 

To estimate the vertical response of the given location, a simplified vertical to 

horizontal(V/H) spectra as described in Bozorgnia e t al.(2003) was considered as 

shown below in the figure 3.2. 

 

Figure 3.2 Ratio of Vertical to Horizontal Spectra for Site Class C and B. Figure taken 
from Bozorgnia et al.(2003) 

So, depending the period of vibration in vertical d irection the response 

spectrum value in horizontal direction was scaled a ppropriately to get the estimated 

of vertical response.  Spectral values used for analysis have been presented in table 

3.1 
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Table 3.1 Spectral Values used for Analysis 

Horizontal Vertical 

Period 
Sa(5% 

damping)  
Lower 
Bound 

Upper 
Bound V/H  Sa 

0.000 0.552 0.552 0.552 0.90 0.497 

0.100 1.033 1.033 1.033 0.90 0.930 

0.200 1.271 1.271 1.271 0.65 0.823 

0.300 1.172 1.172 1.172 0.50 0.586 

0.400 1.014 1.014 1.014 0.50 0.507 

0.500 0.887 0.887 0.887 0.50 0.444 

0.600 0.783 0.783 0.783 0.50 0.392 

0.700 0.716 0.716 0.716 0.50 0.358 

0.800 0.659 0.659 0.659 0.50 0.330 

0.900 0.609 0.609 0.609 0.50 0.305 

1.000 0.569 0.347 0.323 0.50 0.285 

1.100 0.511 0.312 0.290 0.50 0.256 

1.200 0.463 0.282 0.263 0.50 0.232 

1.300 0.424 0.259 0.241 0.50 0.212 

1.400 0.390 0.238 0.222 0.50 0.195 

1.500 0.361 0.220 0.205 0.50 0.181 

1.600 0.336 0.205 0.191 0.50 0.168 

1.700 0.314 0.191 0.178 0.50 0.157 

1.800 0.294 0.179 0.167 0.50 0.147 

1.900 0.277 0.169 0.157 0.50 0.139 

2.000 0.261 0.159 0.148 0.50 0.131 

2.200 0.231 0.141 0.131 0.50 0.116 

2.400 0.206 0.126 0.117 0.50 0.103 

2.500 0.195 0.119 0.111 0.50 0.098 

2.600 0.185 0.113 0.105 0.50 0.093 

2.800 0.168 0.102 0.095 0.50 0.084 

3.000 0.153 0.093 0.087 0.50 0.077 

3.200 0.141 0.086 0.080 0.50 0.071 

3.400 0.131 0.080 0.074 0.50 0.066 

3.500 0.126 0.077 0.072 0.50 0.063 

3.600 0.121 0.074 0.069 0.50 0.061 

3.800 0.113 0.069 0.064 0.50 0.057 

4.000 0.106 0.065 0.060 0.50 0.053 

4.200 0.101 0.062 0.057 0.50 0.051 

4.400 0.097 0.059 0.055 0.50 0.049 

4.600 0.092 0.056 0.052 0.50 0.046 

4.800 0.089 0.054 0.051 0.50 0.045 

5.000 0.085 0.052 0.048 0.50 0.043 
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A comparions of different spectra used for the analysis has been shown in the 

figure 3.3. 

 

Figure 3.3 Comparison of Spectral values used for Analysis 

Maximum considered earthquake was not defined expli citly but, was 

considred in terms of its effects on the isolation system bearings. A factor larger than 

unity, was used to multiply the design earthquake r esponse quantities and give a 

reasonable estimate of effects of MCE on isolation systems. Value of factor is 

generally prescribed as 1.5 for displacements and between 1.0 and 1.5 decided by 

engineering judgement. Value of this factor was taken for 1.5 for displacements and 

same for forces being conservative in lack of relevant information desired to get a 

more resonable estimate, which could be (a) the maximum effects that the maximum 

earthquake may have on the isolation system, (b) the methodology used to calculate 

the effects of DE, and (c) the acceptable margin of safety desired.  

3.3 SELECTION AND SCALING OF GROUND M OTIONS  
Dynamic reponse history analysis requires use of ground motion chosen and 

scaled to represent the seismic hazard defined the response spectra. Seven pairs of 

ground motions were used for analysis to calculate the reponse as their average 

value. The motions were selected to represne the near fault characteristics and were 

rotated in fault normal and fault parallel directio n. Brief description of ground 
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motions have been presented in the Table 3.2. The selected ground motions were 

scaled as follows: 

a) Each pair of seed motions for seven ground motions were scaled so as 

to minimize the sum of squared of difference between the spectral 

values of target spectrum and the geometric mean of the spectral 

ordinates for the pair at periods of 1, 2, 3 and 4 seconds. Weighing 

factors were taken as 0.1, 0.3, 0.3 and 0.3 at periods of 1, 2, 3 and 4 

seconds. This was intetended to preserve the record to record 

dispersion of the spectral ordinates and the spectral shapes of the seed 

ground motions. So if FJ (J=1 to 7) represents the factors through 

which the seven ground motions were amplitude scale d and EJ is the 

sum of squares of difference between the scaled motion geometric 

mean spectrum � � � � �� � ��  and target DE Spectrum, SDE: 

      

Minimizing the above the expression results in foll owing expression 

for scale factor FJ:  

 
Scale factor FJ was calculated, and is shown in the table 3.2. 
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Table 3.2: Selected Ground Motions and Scaling Factors 

Seed Accelerograms and Scale factors 
No Earthquake 

Name 
Recording 
Station 

M w2 r1(km) Site3 Scale 
Factor 
Based on 
Weighted 
Scaling(FJ) 

Scale Factor 
to Meet Min 
Acceptance 
Criteria 

Final 
Scale 
Factor 

1 1976 Gazli, 
USSR 

Karakyr 6.8 5.46 C 
0.91 0.79 1.00 

2 1989 Loma 
Prieta 

LGPC 6.93 3.88 C 
0.62 0.54 0.68 

3 1989 Loma 
Prieta 

Saratoga, 
W. Valley 
Coll 

   

1.05 0.91 1.16 
4 1994 

Northridge  
Jensen Filter 
Plant 

6.69 5.43  
0.65 0.56 0.71 

5 1994 
Northridge 

Sylmar, 
Coverter 
Sta. East 

6.69 5.19  

0.60 0.51 0.65 
6 1995 Kobe, 

Japan 
Takarazuka 6.90 3.00  

0.65 0.56 0.72 
7 1999 Duzce, 

Turkey 
Bolu 7.14 12.41  

0.71 0.61 0.78 
1. Moment magnitude 

2. Campbell R distance 

3. Site class classification per 2010 AASHTO Specifications 

 

b) In order to find the scale factor to meet the minim um acceptance 

criteria in ASCE 7-2010, the average of SRSS spectra of all 7 pair of 

motions scaled through factor FJ, was multiplied by a single factor so 

that it did not fall below 1.3 times the target spe ctrum by more than  

10-percent in period range of  1 to 4 seconds. A scale factor for each 

pair of seed motions was calculated  as the scale factor FJ, multiplied 

by the single scale factor determined in part (b). This scale factor 

meets the minimum acceptance criteria 
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Figure 3.4: Comparison of Average SRSS Spectra of 7 Scaled Ground Motions that 
Meet the Minimum Acceptance Criteria to 90% of Target Spectrum 
Multiplied by 1.3 

 It can be seen from figure above that average SRSS of 7 scaled ground 

motions satisfies the minimum acceptance criteria over period range of 1 sec to 4 sec. 

Note that suggested value of this range is 0.5Teff to 1.25Teff, which for this was project 

was assumed to be 1 to 4 second. 

c) Minimum acceptance criteria described above, do not always give 

proper representation of target spectrum. In order to find a better 

representation and get a final scale factor, the target DE spectrum was 

compared to geometric mean spectra of the seed motions after scaling 

by factors of Table 3.2. A final scale factor was obtained by 

multiplying the weighted scale factor F J by 1.1, so that could represent 

the target DE spectrum more appropriately. Comparis on of different 

scaled motions spectra have been shown below. 
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Figure 3.5 Comparison of Average Geometric Mean Spectra of 7 Scaled Ground 
Motions to Target DE Spectrum 
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4 CHAPTER 4 

ANALYSIS AND DESIGN OF ISOLATION SYSTEM 

4.1 INTRODUCTION  
As per described bridge in chapter 2, type and locations of isolators were 

decided. A preliminary design of isolators was obta ined by simplified analysis. 

Nonlinear dynamic analysis was performed and result s were compared for lower 

and upper bound properties. After two iterations, a  final set of bearings were chosen 

for isolators. Adequacy analysis was done for all the selected bearings and response 

of final isolation system was tabulated. 

4.2 SELECTION OF ISOLATION SYSTEMS 
Elastomeric bearings and Lead-rubber bearings were selected for this project. 

Two elastomeric bearings were placed at each abutment and two lead rubber 

bearings were placed at each pier, so in total 4 elastomeric bearings and 4 lead rubber 

bearings were selected. Placement of bearings was decided on basis of higher force 

demand from pier bearings and less force demand from abutment bearings. Keeping 

in mind practical aspects, similar geometric proper ties of elastomeric and lead rubber 

bearings, except the lead core, were chosen. Sufficient margin of safety was provided 

while choosing the rubber thickness for the bearings and higher shape factor was 

provided. Although, different dimensions could be u sed for optimization, selection 

was done on basis of available rubber bearing properties, which have been tested 

and for which the behavior is reasonably known. Bef ore selecting the rubber 

bearings, websites of different rubber bearings manufactured were referred to, in 

order to get an idea of available isolation bearings in the market.  

Detailed drawing of bearings has been shown in Figure 4.1. Please note that 

only lead rubber bearings have been shown, elastomeric bearings have all the same 

geometric properties except the lead core there is mandrel of 2.75’’ diameter.  
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Figure 4.1 Lead Rubber Bearings for Bridge Example 
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4.3 SIMPLIFIED ANALYSIS  
Simplified analysis was performed to arrive at a pr eliminary design of 

bearings. Effective linear properties of bearings were used to get the response of the 

system. All criteria for single mode analysis were assumed applicable, which were 

1. Site Class was C. 

2. Bridge didn’t have any curvature, only skew was pro vided. 

3. Effective period � ��� � � ����  

4. Effective damping � ��� � ���� 0.  

5. As per Caltrans ARS website, there were two active faults 

located within 10 km distance; however for prelimin ary design 

single mode was applied because later nonlinear dynamic 

analysis was used to assess the performance which considers 

near faults effects into analysis by using ground motions 

which were representative of near fault effects. 

6. The isolation system met the re-centering capability criteria 

 

Table 4.1 below summarizes the force and displacements demands on 

bearings and effective properties using simplified analysis.  

Table 4.1 Calculated Response using Simplified Analysis and Effective Properties of 
Rubber Bearings 

Parameter Upper Bound 
Analysis 

Lower Bound 
Analysis 

Displacement in DE DD(in)1 4.5 6 
Base Shear/Weight1 0.23 0.18 

Pier Bearing Seismic Axial Force in DE(kip)2 300(750) 300(750) 
Pier Bearing Seismic Azial Force in MCE(kip)3 450(1125) 450(1125) 
Effective Stiffness of Each Abutment Bearing 

in DE Keff(k/in)  
15.96 13.98 

Effective Stiffness of Each Abutment Bearing 
in DE Keff(k/in) 

50.27 23.50 

Effective Damping in DE 0.23 0.18 
Damping Parameter B in DE 1.70 1.55 

Effective Period in DE Teff(sec) 
(Substructure flexibility neglected) 

1.40 1.86 

Effective Period in DE Teff(sec) 
(Substructure flexibility considered) 

1.53 NA 

1   Based on analysis in Appendix for the DE. 
2   Value is for 30% vertical+100% lateral combination (worst case for elastomeric bearing 
safety check), calculated for the DE and rounded up. 
3   Same as for DE, multiplied by factor 1.5 and rounded up. 
Abutment bearings not considered as load is less and not critical. 
Value in parenthesis is seismic axial load for 100%vertical+30%lateral combination of actions 
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The bearings can safely accommodate displacement up to 26 inch (an 

approximate value obtained from Dynamic Isolation S ystems Inc. website) which 

provides adequate margin of safety to accommodate the maximum calculated 16.1 

inch including the service displacement of 0.25inch and other displacements of over 

3 inch due to post tensioning and shrinkage.  

Effective properties calculated above are based on values presented in table  

Table 4.2 Post Elastic Stiffness and Characteristic Strength of Bearings  

Location Lower Bound Upper Bound 
Kd Qd Kd Qd 

Abutment 12.83 7.00 13.74 10.00 
Pier 9.34 85.36 13.18 166.90 

 

It should be noted that adequacy of bearings was checked at maximum 

displacement and reported axial forces are due to 100% lateral and 30% vertical 

combination. 

4.4 DYNAMIC RESPONSE H ISTORY ANALYSIS  
Simplified analysis helped arrive at a preliminary design of bearings and 

nonlinear properties of bearings selected were fed into SAP2000 to perform dynamic 

response history analysis. Seven scaled ground motions as described in the section 

3.3, were used for the Design Earthquake(DE). Ground motions were scaled using 

final scale factors. Dynamic analysis was only performed for DE and to estimate the 

effects of MCE, obtained results were multiplied by  appropriate factors, 1.5 in this 

case. 

4.4.1 Modeling for Dynamic Analysis 

SAP2000(CSI, 2002) was used to model the bridge. Isolators were modeled as 

non-linear link elements. Each rubber bearing was molded using a bilinear smooth 

hysteretic element with bi-directional interaction that extends vertically between two 

nodes at the location of the bearing.  

SAP2000 requires three parameters to model the nonlinear isolator behavior, 

namely, the yield strength Fy, the elastic stiffness K and, ratio of elastic and post 

elastic stiffness r. These parameters can be represented in terms known quantities K d, 

Qd and Y as 

� � � � � � 	 � 
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Table 4.3 presents the properties of isolators that were used in SAP2000 for 

time history analysis. Same value of vertical stiff ness in upper and lower bound case, 

of 18000 k/in was used to be on conservative side. A sensitivity analysis was 

performed and it was found response is not very sensitive to the vertical stiffness of 

isolators. 

Table 4.3 Parameter of Bearings used in Response History Analysis in SAP2000 

Parameter Upper Bound Analysis  Lower Bound Analysis  
Abutment Pier Abutment Pier 

Supported Weight(kip)  336.5 935.5 336.5 936.5 
Dynamic Mass(kip-sec2/in) 0.001 0.001 0.001 0.001 

Element Height(in) 16 16 16 16 
Shear Deformation Location(in)  8 8 8 8 

Vertical Stiffness Kv(kip/in)  18000 18000 18000 18000 
Characteristic Strength Qd (kip)  10.00 166.90 7.00 85.36 
Post-elastic Stiffness Kd(kip/in)  13.74 13.18 12.83 9.34 

Effective Stiffness(kip/in)  25.96 50.27 14 23.51 
Yield Displacement(in) 1 1  1 1 

Yield Force Fy (kip) 23.74 180.08 19.83 94.70 
Elastic Stiffness 23.74 180.08 19.83 94.70 

Ratio r 0.58 0.07 0.65 0.10 
Rotational Stiffness(kip-in/rad)  800,000 800,000 800,000 800,000 
Torsional Stiffness(kip-in/rad) 0 0 0 0 

 

4.4.2 Analysis Results 

Nonlinearity was considered only in isolators/link elements so Fast 

Nonlinear Analysis(FNA) was performed in SAP2000. M odal analysis was 

conducted using ritz vectors to capture higher amou nt of response with less number 

of modes. Modal damping of 2% constant to all modes was provided for the analysis. 

Ground motions fault normal(FN) and fault parallel( FP) were applied along 

longitudinal and transverse direction and the rotat ed by 90 degree and applied 

again. Accidental torsion effects were not taken into account. Analysis was 

performed for both lower bound values and upper bou nd values. 

Result of time history analysis has been summarized in table 4.4 and table 4.5. 

Values of response quantities obtained from time hi story analysis were found to be 

larger than simplified analysis. Hence, values from  time history analysis were used 

for bearing adequacy check. Maximum isolator displa cement was 10.2 inch at 
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abutment and 9.5 inch at piers. Adequacy check was performed only for pier 

bearings considering higher axial loads and less bearing area compared to 

elastomeric bearings at abutment.  The Displacement capacity should be � �

����	 � � 	 ���	� � ����	 � � 
��	 ��
� � ���� � 
 � 
�� � ��� � 

�� �
�� � , which is 

within the range of capacity of bearings which have  been shown adequate for 

displacement of 15.9 inch. 

 

Table 4.4 Response History Analysis for Lower Bound Properti es of the Isolators in 
the Design Earthquake 

Earthquake 

Resultant 
Displacement(inch) 

Longitudinal 
Shear(Kip) 

Transverse 
Shear(Kip) 

Additional 
Axial 

Force(Kip) 

Abut Pier Abut Pier Abut Pier Abut Pier 

01 NP 9.9 9.7 111.2 126.7 129.6 141.1 55.0 51.7 

02 NP 12.9 12.0 175.3 180.9 81.8 120.7 37.8 45.1 

03 NP 10.4 9.5 145.4 151.6 116.8 150.6 53.5 55.9 

04 NP 10.6 9.3 106.0 134.8 123.3 145.3 63.7 66.3 

05 NP 11.0 10.2 111.3 141.4 131.9 157.3 57.8 57.7 

06 NP 10.2 9.7 67.6 103.6 137.6 152.7 62.9 60.4 

07 NP 6.4 5.8 82.2 114.5 75.3 120.6 35.8 43.2 

Average 10.2 9.5 114.1 136.2 113.8 141.2 52.4 54.3 

Earthquake 

Resultant 
Displacement(inch) 

Longitudinal 
Shear(Kip) 

Transverse 
Shear(Kip) 

Additional 
Axial 

Force(Kip) 

Abut Pier Abut Pier Abut Pier Abut Pier 

01 PN 10.6 9.9 142.4 137.8 105.6 125.9 46.3 53.0 

02 PN 12.6 12.3 89.6 113.1 166.6 184.2 68.0 63.3 

03 PN 9.9 9.7 116.7 143.1 136.5 151.7 60.5 58.5 

04 PN 10.5 9.2 129.6 141.8 97.8 134.3 50.7 60.8 

05 PN 11.2 10.1 139.1 156.8 105.8 143.1 50.2 53.5 

06 PN 10.3 9.4 142.3 146.3 66.6 113.7 37.9 48.3 

07 PN 5.9 5.3 77.2 118.0 75.2 119.3 40.3 48.4 

Average 10.1 9.4 119.5 136.7 107.7 138.9 50.6 55.1 
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Table 4.5 Response History Analysis for Upper Bound Properti es of the Isolators in 
the Design Earthquake 

Earthquake 

Resultant 
Displacement(inch) 

Longitudinal 
Shear(Kip) 

Transverse 
Shear(Kip) 

Additional Axial 
Force(Kip) 

Abut  Pier Abut  Pier Abut  Pier Abut  Pier 

01 NP 7.8 6.1 107.4 236.7 66.5 206.5 71.6 87.4 

02 NP 7.9 6.1 110.7 236.2 45.9 182.6 58.4 74.6 

03 NP 9.0 7.2 120.1 233.6 88.5 221.7 96.6 95.3 

04 NP 7.5 5.9 81.5 206.9 107.7 238.0 114.3 105.1 

05 NP 9.7 8.2 85.4 215.0 120.0 255.8 107.6 94.0 

06 NP 8.4 7.1 68.5 193.8 106.1 238.8 102.8 99.5 

07 NP 6.5 5.1 71.2 192.9 83.2 226.2 84.7 89.1 

Average 8.1 6.5 92.1 216.4 88.3 224.2 90.8 92.1 

Earthquake 

Resultant 
Displacement(inch) 

Longitudinal 
Shear(Kip) 

Transverse 
Shear(Kip) 

Additional Axial 
Force(Kip) 

Abut  Pier Abut  Pier Abut  Pier Abut  Pier 

01 PN 7.5 6.2 79.3 206.5 98.4 235.9 94.6 88.9 

02 PN 7.2 6.2 62.5 189.6 95.9 235.3 92.9 92.1 

03 PN 8.6 7.1 94.8 202.5 108.8 246.5 103.6 93.3 

04 PN 8.9 6.4 129.9 243.6 78.4 211.6 85.9 80.8 

05 PN 9.6 7.8 125.3 249.8 75.1 215.4 79.3 83.2 

06 PN 9.0 7.1 118.7 239.2 59.6 198.4 76.0 87.9 

07 PN 6.3 4.9 89.7 217.1 60.3 199.8 73.8 86.8 

Average 8.2 6.5 100.0 221.2 82.3 220.4 86.6 87.6 
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4.4.3 Summary 

Simplified analysis presented reasonably accurate approach to arrive at 

preliminary design. After bearings were selected fr om preliminary design, a 

response history analysis was performed to capture the nonlinear dynamic behavior 

of system and predict response quantities. Table 4.6 presents a comparison of results 

from simplified analysis and nonlinear dynamic anal ysis. Total base shear from time 

history analysis was calculated as force in isolation system resulting from isolator 

displacements.  

� � � � 	 �� � � �� � �� �

�

�
�

 

Results from response history analysis were found to be larger than 

simplified analysis as anticipated, as scaling factors used for ground motions were 

substantially larger(1.27 for our case) than that required for minimum scaling 

criteria. Results from time history analysis and si mplified analysis compare well only 

when minimum acceptance criteria is used for scaling. 

Location of the bridge was within 10km of two activ e faults as reported by 

Caltrans ARS website. Vertical earthquake resulted in substantial forces in bearings 

and cavitation was observed for first two design it eration; however, diameters of 

bearings were increased to reduce the negative pressure in bearings. Sufficient 

margin of safety was provided in bearings. Although  bearing design could be 

optimized, final selection was made based on practical considerations and available 

geometric properties of rubber bearings. 

Parameter Upper Bound 
Analysis 

Lower Bound 
Analysis 

Simplified Analysis Abutment Displacement in DE 
Dabut(in)1 

4.5 6 

Simplified Analysis Pier Displacement in DE 
Dpier(in)1 

4.5 6 

Simplified Analysis Base Shear/ Weight 1 0.23 0.18 
Reponse History Analysis Abutment Displacement 

in DE Dabut(in)2 
8.2 10.2 

Response History Analysis Pier Displacement in 
DE Dpier(in)2 

6.5 9.5 

Response History Analysis Base Shear/Weight2 0.367 0.245 
1 Simplified analysis based on Appendix.  
2 Response history analysis based on results of Tables 4.4 and 4.5, and eqn presented in summary 
Weight=5092kip 
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5 APPENDIX  

ANALYSIS AND DESIGN DETAILING OF BEARINGS 

5.1 ASSUMPTIONS  
Assumptions made were same as in the provided LRFD document; they are 

being mentioned here for the sake of completeness. 

I. Seismic excitation was defined by Figure 3.1  

II.  All criteria of single mode analysis were applicabl e before proceeding 

with preliminary design 

III.  Two elastomeric bearings at each abutment and two lead-rubber 

bearings at each pier were provided 

IV. Weight on bearings for seismic analysis is DL only, that is Abutment 

bearing(each): DL=336.5 kip, Pier Bearing(each): DL=936.5 kip 

V. Seismic live load was assumed zero. 

VI. Seismic excitation was design earthquake DE. Maximum considered 

earthquake effects were considered by multiplying t he DE 

displacement and forces by factor of 1.5 

VII.  Initially substructure was assumed to be rigid, lat er effects of 

substructure flexibility was considered. 

VIII.  Bridge was assumed to be critical 
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5.2 SELECTION OF BEARING D IMENSIONS AND PROPERTIES 
Lead rubber bearings were used at piers and elastomeric bearings were 

provided at abutments. Abutment bearings experience d less axial force compared to 

pier bearings so using the combination of bearings above ensured proper behavior of 

bearings. Critical case was considered for lead rubber bearings at maximum 

displacements at which strains and stability were checked. So, lower bound 

properties were used to come up with a preliminary design as lower bound 

properties give higher displacement.  

All preliminary design calculations have been summa rized in the table below. 

Combined Lead Rubber and Elastomeric Bearings                                                                                

Nominal Properties Assumed   
Shear Modulus of Rubber G= 65 psi(5 psi variation) 
Db=Bonded Diameter of Rubber Bearings 
Tr= Total Rubber Thickness 
DL=Diameter of Lead Core 
Lower bound values of properties result in the larg est displacement demand on isolators 
Upper bound properties result in largest force demand on the substructure elements 

         Characteristic Strength of Isolators   
Contribution from elastomeric bearings are neglected 

 
  � L(Ksi) 1.45 

       G 60 
       

         QD � A L� L  4.55*DL^2 
      

         Post Elastic Stiffness of Isolation System 
Contribution from 4 lead rubber and 4 elastomeric b earings 

 
          

 
 

       

       
         
         Effective Stiffness of Isolation System 

         Keff Kd+Q d/D d 
      

         Time Period of Structure  
Substructure Flexibility is ignored 

 Beff 2*Qd*(Dd-Y)/[3.14*Keff*D d^2] 
     

� � � �
� � �

� �
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         Design Steps 
Bearing Selection has reduced to the selection of three geometric parameters: D, DL and Tr 

Step 1: Select Load core diameter so that the strength of the isolation system is some 
desirable portion of weight W  
In General the ratios Qd/W should be about 0.05 or larger for lower bound a nalysis 

         Qd/W 0.065 
  

DL 8.53 Calculated Value 

W 5092 
  

DL 8.66 Chosen Value 
Qd 330.98 

       Below is possible values of Dl that have been tested and can be used in bearings 

DL 6.3 7.08 7.86 8.66 
    Qd 180.71 228.23 281.28 341.45 
      

        Step 2: Selection of D b and T r should based on following 
1) Db should in range of 3Dl to 6Dl, Also narrowed down by checking P(pier)/A (bearing) is in range 
of 0.9 to 1.5 ksi 

2)Tr should be about equal or larger than DL 
Let us take the following bearing property 
DL 8.66 

       Tr 8 
       Sa 0.58/T^1.22 

       
� E DE = DD 
� E MCE = 1.5x1.3x1.0375x� E DE = 2.1x� E DE 
 

 
 

    

    
         Use G=60 psi for stiffness calculations and G=65 psi for the safety 
check 

   
A trial case was taken  

Qd(DL=8.66)=341.45, kip Tr=8 inch, Pu=2200 kip. To arrive at preliminary 

design, different diameters of bearings were considered and vale of maximum 

displacement was assumed for all bearings. Obtained value of displacement was 

compared with assumed displacement and bearing with  desirable properties were 

chosen for further calculations and checks. 

 

 

 

 

� � � ���� �
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Db(inch) 28 32 34 38 40 
 

Kd 37.24 48.64 54.91 68.59 76 

� � � � ��� �
� �

�

� �
    

G=60 psi 

Assumed 
Dd 8 8 8 8 8 

DE Displacement 

Keff(kip/in)  79.92 91.32 97.59 111.27 118.68 
� ��� =� � �

� �

� �
 

Teff(sec) 2.55 2.39 2.31 2.16 2.09 
� ��� =� � � �

�

� ��� � 	
 

� ���  0.298 0.260 0.244 0.214 0.200 
� ��� �

� � � � � � 	 
 	

� � ��� � �

  

B 1.71 1.64 1.61 1.55 1.52 
B =� 


� ���

� ��

�

� ��
� 
 �
  

A(g)  0.11 0.20 0.21 0.23 0.24 
� � 
 	 �

� ���

� � �

  

Dd(inch) 6.69 10.85 10.57 10.05 9.80 
� � �

� � ���



� � 
  

0.25x� s+� E 

MCE 17.05 17.05 17.05 17.05 17.05 
 

�  1.83 2.02 2.09 2.21 2.26 
� � � ��� � � �

� ���� � � � � � ���� �

� �
�  

Reduced 
Area Ratio 0.28 0.36 0.39 0.45 0.47 

� � � ��� � �

�
 

Req t for 
stability 

0.124 0.273 0.381 0.685 0.889  

 

 

For first two iterations diameter 34 and 38 were chosen, however they could 

not satisfy the uplift criteria so finally diameter  40 was chosen. Calculations, from 

here, have been shown for diameter 40 bearings, trial case calculations have not been 

shown. 
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5.3 BEARING PROPERTIES 
Based on above trial for different values of Db, bearings with following 

geometrical properties shown below in table were selected. 

SELECTED BEARINGS 

Abutment Bearings Pier Bearings 

Bonded Diameter 40 Bonded Diameter 40 

Central Hole Diameter(for Curing) 2.75 Lead Core Diam eter 8.66 

Cover 0.75 Cover 0.75 

Shims thickness 0.1196 
Shims 
Number 22 

Shims 
thickness 

0.119
6 

Shims 
Number 22 

Total Rubber Thickness Tr 8 Tr 8 

rubber thickness 0.354 
Rubber 
Layers 23 

rubber 
thickness 0.354 

Rubber 
Layers 23 

h(rubber+shim thickness) 10.77 h(rubber+shim thickness) 10.77 
 

 

Following bearing properties were used for calculat ions 

Nominal values 

Shear modulus of rubber 
G3 psi range: 60 to 70 psi 65 

G1 =( 1.1 x G3) 77 
Effective yield stress of lead  1.45 
� L3 = 1.45 to 1.75 ksi 
� L1 (1.35 x 1.75 = 2.36 ksi) 2.3625 
Lower Bound Values 

Shear modulus of rubber: G = G3 (psi) 60 

Effective yield stress of lead: � L = � L3 | 
min =(ksi) 1.45 

Upper bound values 

Aging � -factor (Section 12 of report): � a for shear modulus of rubber 1.1 
Travel � -factor: � tr for effective yield stress of lead 1.2 
Shear modulus of rubber(G = G1 x � a ) 84.7 
Effective yield stress of lead: � L (� L1 | max x � tr = 2.36 x 1.2 = 2.83 
ksi) 2.835 
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5.4 ANALYSIS FOR DISPLACEMENT DEMAND  

Analysis for displacement demand was performed usin g single mode 

analysis and lower bound properties were used as it gave higher value of 

displacement demand. 

  
Bilinear hysteretic model was used for isolation sy stem and values of 

parameters were calculated as before. 

To estimate the strength of elastomeric bearings 

 

Or alternatively, 

 

Let the effective damping be 5% and Dd=6 inch 

So we get Qd=6.7 kip, say 7 kip 

All the values have been calculated and tabulated below. 

Analysis for Displacement Demand(Lower Bound Analysis) 

Abatement Bearing Pier Bearing 

Kd 12.83 Kd 9.34 

Qd(Estimate) 7 Qd 85.36 

Keff 13.99 Keff 23.51 

  
Overall System Property 

Kd 88.67 

Qd 369.45 

Y 1 
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Calculated value of Kd and Qd are based on assumed value of Dd=6 inch 

 

Assumed D d 6 
Keff 150.24 
Teff 1.86 
Beff 0.218 
Damping Reduction Factor B 1.55 
Sa(g) 0.18 
Sd(inch) 6.02 
Obtained D d 6.02 

 

Since assumed and obtained values of Dd is very close, Dd=6 inch was chosen. 

Simplified method of analysis predict displacement demand comparable to time 

history analysis when latter is based on minimum ac ceptance scaling criteria as 

defined in seismic loading chapter. Dynamic analysi s was performed using the 

ground motions in chapter 3, which exceeded the min imum acceptance scaling 

criteria by 1.27. The displacement response was then amplified by more than 1.27, in 

this case, a conservative value of 1.4 was chosen. Estimate of displacement in DE was 

adjusted to � � =1.4x6=8.4 inch 

Adding 30% component in orthogonal direction and th en taking the resultant 

� � � � � ��	 
 ��� 
 � � ��� � � ���������  

Displacement in MCE including torsion=1.5x1.0375x8.77=13.64 inch 

The displacement for adequacy of pier bearing is   

 

D=0.25x1+13.64=13.90 inch 
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Comparison to dynamic analysis 

Dynamic Analysis resulted in max displacement=10.2 

In MCE, transverse direction would be critical incl uding effects of torsion 

 

=0.25x0 + 1.5x1.0375x10.2=15.87 inch: Transverse 

=0.25x1 + 1.5x10.2=115.55 inch: Longitudinal with torsion 

Since, 15.87 inch value is greater than simplified analysis, it would be used in 

adequacy check. 

Effect of Wind Loading 

As per table 2.3, wind load in transverse direction  given by 

WL+WS=4(18.9+6.5)+4(5.9+2.3)=134.4 

Minimum strength of isolation system under quasi st atic condition is 

considered to be about 1/4 th of the dynamic value(Constantinou et al 2007a), that is, 

369.4/4=92.4 kip. Hence, bearings had potential to move in wind. So a wind load test 

must be performed to capture the behavior due to wi nd loading and then 

counteractive measures should be provided. 

Vertical Stiffness of Isolators 

One value of vertical stiffness to be used in lower bound and upper bound 

case was calculated using nominal properties of bearings. 

 

Values of different parameters and stiffness value of pier and abutment 

bearings have been tabulated below: 

G=52 psi Bulk Modulus of Rubber K=290 ksi 

 

Abutment Bearing Pier Bearing 

Do/Di 14.55 Do/Di 4.62 

F 0.73 F 0.70 

Used F 1.00 Used F 1.00 

Reduced Area 1297.61 Reduced Area 1244.67 

Shape Factor 27.31 Shape Factor 27.99 

Compression Modulus Ec 169.8182 Compression Modulus Ec 170.5411 
Vertical Stiffness Kv 15467.79 Vertical Stiffness Kv 14872.19 
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Due to uncertainly involved in calculating the vert ical stiffness, a 

conservative value of 15000 kip/in was assumed for both bearings.  

5.5 ANALYSIS FOR FORCE DEMAND  
We repeat the same steps as in section 5.4 with upper bound properties of 

bearings to get the force demand. Values calculated have been tabulated below 

Abutment Pier 
Kd 13.74 Kd 13.18 
Qd(Estimate) 10 Qd 166.90 
Keff 15.96 Keff 50.26 

Overall System Property 
Qd 707.60 
Kd 107.67 
Y 1 

 

A displacement of D d=4.5 inch was assumed and response was calculated 

with effective properties, values have been shown below 

Assumed Dd 4.5 

Keff 264.91 

Teff 1.40 

Beff 0.294 

Damping Reduction Factor B 1.70 

Sa(g) 0.23 

Sd(inch) 4.41 
 

 

Obtained Dd=4.41 inch was closed enough hence assumed value was correct 

and upper bound system properties were given by cal culated in this section. 
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Calculation of Bearing Axial Forces Due to Earthqua ke 

 
Lateral Earthquake (100%) 

 
W=5092 kip 

From equilibrium 

 

From values of �  calculated for upper and lower bound 

� (lower Bound) 0.18 F(lower bound) 35.15 

� (upper bound) 0.23 F(upper Bound) 45.42 
 

Vertical Earthquake (100%) 

A multimode analysis in vertical direction was cond ucted using the vertical 

spectra defined in Table 3.1 to get the maximum axial forces on the bearings and 

check for uplift potential in bearings during this loading. 

For DE, abutment bearings= 340 Kips 

For DE, pier bearings = 700.00 Kips 

Note that the high value of axial force is coming b ecause the specified 

location was in near fault region and hence the vertical ground motions had 

significant contribution to the response. Critical load combination was used to find 

the max negative pressure in the bearings and values were compared with cavitation 

pressure of 3G=180 psi in rubber.  

Check potential for Bearing Tension in MCE(multiply  DE loads by 1.5) 

      

Load Combination: 0.9*DL-(100% vertical EQ+30% lateral EQ+30% 

longitudinal EQ) 
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Vertical Load  Vertical Pressure 

Abutment Bearings  -227.59 -175.39 

Pier Bearings -207.15 -166.43 
        

As the maximum load on the bearings were coming out  to be less than 180, 

design was deemed to be acceptable(Note that this was after second iteration when 

diameter was increased from 34 inch to the present 40 inch value). It should be noted 

that all the force values in MCE were calculated very conservatively taking 

multiplying factor as 1.5. However it is suggested that bearings should be tested for 

tension with proper guidelines. 

 

Maximum compressive load due to earthquake lateral load 

a)30% lateral EQ+100% vertical EQ(Upper Bound) 

P E DE 713.62 

P E MCE 1070.44 

b)30 % lateral EQ+100% Vertical EQ(Lower Bound) 

P E DE 710.55 

P E MCE 1065.82 

Use P E DE = 750, P E MCE = 1125 kip 

c) 100% lateral EQ+ 30% Vertical EQ(Upper Bound) 

P E DE  255.42 

P E MCE 383.12 

d) 100% lateral EQ+ 30% Vertical EQ(Lower Bound) 

P E DE 245.15 

P E MCE 367.73 

Use P E DE=300 kip, P E MCE=450 Kip 
 

Comparison to Dynamic Analysis Results 

Dynamic analysis resulted in additional axial load on the critical pier as 55.1 

kips in the controlling lower bound analysis at lar gest displacement. Value of PE DE 

and PE MCE taken above are conservative and use of 55.1 kips does not change the 

maximum force to be considered in adequacy analysis. 
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Check for Sufficient Restroring Force 

 
Upper bound conditions as worst case scenario was considered. 

 

=707.6/5092=0.14 
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Effect of Substructure Flexibility 

 
A pier was considered in least stiffness direction.  
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Values reported in LRFD document were referred for different stiffness, only 

change was in the stiffness of isolation system. 

K f=412000 k/ft 
Kr=28480000 k/ft 
Kc=3634 k/ft 
 

Effective stiffness of isolation system was calculated as sum of effective 

isolation of each bearing Kis=1589 k/ft 

Total effective stiffness of pier/bearing system is given by 

� ��� ����� � �
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Abutment isolator effective stiffness (abutments assumed rigid): 

Same stiffness as in upper bound analysis was used. 

� ��� ����� � 
���
� ��
� � 
�  

 

For the entire bridge  � ��� � � � �
�

�� ��� ����� �� ��� ����	 ��
� � � �

�� !

"�#! �$��� �$� %#�� �$
 

� ��� =1.53 sec 

Since � ��� /T=1.53/1.40 =1.09, is less than 1.1, the substructure flexibility can 

be neglected. 

5.6 BEARING ADEQUACY ASSESSMENT 
Since pier bearing experience higher axial displacement and has less bonded 

area compared to abutment bearings, pier lead rubber bearings were critical for 

considered in the adequacy assessment. 

Service Load Checking 

 
Service Load Checking 

Pd 936.5 Plst 73.4 Plcy 275 

	 S st 1 	  s cy 0 	 =	 S st+	  s cy 1 

�  S st 0.005 �  S cy 0.001 
 

Relevant formulae can be referred to LRFD document, here the values 

calculated from different equations, have been reported. 
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�  3.09 

Tr 8 

A 1244.67 

A r 1205.67 

A r/A 0.97 

DL 8.66 

Db 40 

f 0.71 

t(rubber) 0.354 
 

Eqn 5.28 0.740 less than 3.5 Ok 

Eqn 5.24 � u cs 1.220 

Eqn 5.25 � u ss 0.125 

Eqn 5.26 � u rs 3.814 

Eqn 5.29 � u cs + � u ss+ � u rs 5.159 less than 6 Ok 

Eqn 5.11 Pcr 7309.76 

Eqn 5.27 P'crs 7080.69 

Eqn 5.31 Ratio 3.977 greater than 2 Ok 

Eqn 5.30, ts 0.031 less than 0.1196 Ok 

DE Chekcing 

D(from dynamic analysis) 10.2 

Pd 936.5 Psl DE 174.2 

P E DE 750 For case of 100% vertical+30% Lateral 

P E DE 300 For case of 30% vertical+100% Lateral 

� *� s + �  E DE 10.58  ( Lateral displacement(multiply by 1.0375 for torsion) 

� *� s + �  E DE 10.7 (Longitudinal displacement) 

� *� s 0.5 
 
S shape Factor 27.99 

G(ksi) 
0.065 

Nominal Value 
Fy(ksi) 50 
� (rad) 2.60 

Tr(inch) 8 
A(inch 2) 1244.67 
A r(inch2) 826.28 

A r/A(inch) 0.66 

DL(inch) 8.66 
Db(inch) 40 

f 0.71 
trubber (inch) 0.354 
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Pu 
2094.8 For case of 100% vertical+30% Lateral 
1644.8 For case of 30% vertical+100% Lateral 

 
 

Eqn 5.32 � u C DE 1.42 
   Eqn 5.33 � u s DE 1.34 
   Eqn 5.34 4.67 Less than 7  Ok 

Eqn 5.35 ts 0.03 Less than .1196 provided Ok 
 
 

MCE Checking 

D(from dynamic analysis) 10.2 inch 

 Pd 936.5 Psl MCE 87.1 kips 
P E MCE 1125 For case of 100% vertical+30% Lateral 
P E MCE 450 For case of 30% vertical+100% Lateral 

� *� s + �  E MCE 15.9 (Lateral displacement(multiply by 1.0375 for torsion)  

� *� s + �  E MCE 15.8 (Longitudinal displacement) 
� *� s 0.5 

 

 

Pu 
2382.7 For case of 100% vertical+30% Lateral 

1707.7 For case of 30% vertical+100% Lateral 
 
 
S shape Factor 27.99 

G(ksi) 0.065 

Fy(ksi) 55 

� (rad) 2.33 

Tr(inch) 8 

A(inch 2) 1244.67 

A r(inch2) 635.69 

A r/A(inch) 0.51 

DL(inch) 8.66 

Db(inch) 40 

f 0.71 

trubber (inch) 0.354 
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Eqn 5.36 Yu C MCE 1.92 

Eqn 5.33 Yu s MCE 1.98 

Eqn 5.34 5.80 Less than 7  Ok 

Eqn 5.35 ts 0.04 Less than .1196 provided Ok 

Eqn 5.11 Pcr 9137.2 

Eqn 5.38 P'cr MCE 4666.7 

Eqn 5.41 P'cr MCE/P u 2.7 greater than 1.1 Ok 

Eqn 5.18 Dcr 39.97 

Eqn 5.42 Ratio 2.52 greater than 1.1 Ok 

Eqn 5.40 ts 0.04 Less than .1196 provided Ok 
 

Bearing End Plate Adequacy 

Only Pier bearings are checked as they critical considering axial load and less 

bearing area        

Reduced Area Procedure        

MCE check for the least reduced area     

 Use largest factored load for the 100% vertical + 30% lateral  

Use minimum strength Fy=50 ksi(instead of Fye=55 ksi) 

 

 � _concrete 0.65 
� _plate  0.9 
Fy 50 
Pu 2382.7 
A r 635.7 
B(dimension of steel plate) 43.5 
L(dia of bonded rubber) 40 
fb (concrete bearing 
strength) 4.42 
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Eqn 5.44, b (dimension of conc area carrying load)  21.2 
  Eqn 5.46 b1 (dimension of conc area carrying load) 18.0 
   r = (b1-b)/2 1.6 
  Eqn 5.48, Required Moment Strength Mu 5.7 
  Required minimum thickness t 0.71 less than provided Ok 
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Check for Tension in Achor Bolts   

Load Moment procedure was followed. 

 

Largest factored load in MCE Pu and displacement in MCE 

Pu 2382.7 h 16.3 

u 15.9 
  

   

For a Pier Bearing in lower bound condition F H  233.5 

Eqn 5.43, Moment M 20811.7 

Eqn 5.52, A 39.0 

Eqn 5.53, f1 2.8 less than fb=4.42 ksi Ok 

Check for Adequate Thickness of External Plate 

Based on conservative calculations above for MCE conditions 

M=f1*r 2/2 4.3 

t required plate thickness 0.62 less than 1.25 inch provided Ok 
 


