
APPENDIX A 

Principles of Similitude Applied to Scale Testing 
 
A.1 BACKGROUND 

The use of reduced-scale models to simulate the behavior of full-scale prototypes is 

necessary when physical testing constraints limit the feasibility of full-scale prototype testing.  

To achieve accurate correlation between scaled model and prototype behavior, the basic 

principles of similitude must be satisfied.  To gain a better understanding of proper scaled 

modeling techniques, similitude theory and practical scale modeling for structural applications 

were reviewed. 

 Scale modeling techniques for the 1:3-scale frame test and the 1:6-scale frame tests were 

adapted from a 1:5-scale shaking table experiment conducted by Batt and Gavin (1999). The 

report of the study outlined the method for designing a 1:5-scale structural model and a method 

for properly scaling ground motions using similitude principles so that the proper response could 

be observed in the model domain.  Because of the similarity of shaking table equipment and 

geometry to the 1:6-scale shaking table experiment described in Chapters 4 and 5, the method for 

developing scaling factors discussed in Batt and Gavin (1999) was ideal for developing the 

scaling factors for shaking table experiments of this study. 

  

A.2   1:6 SCALING FACTOR DEVELOPMENT 

 The shaking table experiment was conducted at 1:5.78 of the full-scale prototype.  In 

other words, the length scale factor, λL, was equal to 5.78.  Other properties of the scaled 

experiment needed to be established to satisfy similitude principles outlined in Gavin (2003).  

The following development of scaling factors is adapted directly from Batt and Gavin (1999). 

 Strain (ε) was chosen as the dimensionless property that would be preserved between the 

full-scale prototype and the scale model: 

                            (A-1)  mε = εp

where “m” and “p” designate model and prototype properties respectively.  Using Hooke’s Law: 

   E σ
=

ε
                                                                                                    (A-2) 
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where E is the modulus of elasticity and σ is normal stress, the following relationship can be 

obtained: 

   pm

m pE E
σσ

=                                                                                                (A-3)     

Because steel was used for the prototype and the scale model,  it is observed that: 

 

                                                                (A-4) m pE E Young 's Modulus= =

and therefore:  

                                                                             (A-5) mσ = σp

Since stress can be expressed in terms of force (F) and length (L): 

   2

F
L

σ =                                                                           (A-6) 

 it follows that: 

   pm
2
m p

FF
L L

= 2                                                                           (A-7) 

 

Substituting Newton’s Second Law: 

   2

MLF MA
T

= =                                                                 (A-8) 

where M is mass and T is time, and A is gravitational acceleration, the following equation can be 

obtained: 

   pm
2

m m p p

MM
L T L T

= 2                                                                (A-9) 

or 

   
2

p p p
2

m m m

M L T
M L T

=                                                                (A-9) 

This can be expressed in terms of scaling factors (λ) for mass, length, and time, which are ratios 

of the model-scale value divided by the full-scale prototype value:  

                                                                (A-10) 2
M Lλ = λ λT

Acceleration was also chosen to be preserved between the scale model and the prototype:  
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                                                                           (A-11) A 1λ =

The acceleration factor can also be expressed in terms of length and time:  

   L
A 2

T

1λ
λ = =

λ
                                                                       (A-12) 

The time scale factor can then be expressed in terms of the length scale factor:  

   Tλ = λL                                                                        (A-13) 

 

Based on the length scale factor (λL=5.78), mass and time scaling factors required are set as 

follows: 

   T L 5.78 2.404λ = λ = =                                                       (A-14) 

                                           (A-15) 2 2
M L T (5.78)(2.404) 33.4λ = λ λ = =
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APPENDIX B 

Shaking Table Description and Capacity Verification Tests 
 
B.1 SHAKING TABLE DESCRIPTION 

 The uni-directional, small-scale shaking table (Figures B.1 and B.2), located in the 

Interdisciplinary Materials Research Servo-hydraulic Testing Laboratory (107 Hancock Hall), is 

composed of a 5 ft x 5 ft x 3 in. aluminum table, which translates in one direction on a roller-

bearing / rail system. One-half inch diameter holes are tapped in the table on a 6 in. grid, with the 

greatest spacing between the holes equaling 4ft 6in. in both directions.  The table is moved by a 

3000 psi MTS servo-hydraulic system including a dynamic actuator, servo-valve, and service 

manifold.  The MTS actuator (model no. 244.22) has a force capacity equal to 22,000 lb and a 

6.0-in dynamic stroke. The MTS servo-valve (model no. 252.32) has a maximum flow-rate equal 

to 60 gallons per minute (gpm). The MTS service manifold (model no. 290.14) houses two 475 

cc and one 975 cc MTS accumulators.  The servo-hydraulic system is powered by a 70 gpm 

capacity pump, which services several machines in the laboratory simultaneously.   Control over 

the system is provided by a 5150 Series Schenck-Pegasus controller (Figure B.3) which operates 

based on position feedback from a linear voltage displacement transducer (LVDT), housed in the 

MTS actuator. 

 

 

MTS Servovalve 

5 ft x 5 ft x 3 in. 
Aluminum Table 

MTS Actuator 

Figure B.1: Overview Photo of Shaking Table with Test Ballast in Place 
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Direction of Shaking 

  a) East Side View                                                b) North Side View 

Figure B.2: Side View Photos of Shaking Table with Test Ballast in Place 

 

 

 
Figure B.3: Photo of 5910 Schenck-Pegasus Controller  

 

B.2 SHAKING TABLE CAPACITY VALIDATION TESTING 

B.2.1 OVERVIEW 

 To determine the mass limit of the scale frame which could be excited with the 

appropriate scaled ground motion by the shaking table system, ballast tests were conducted.   

The tests consisted of incrementally adding ballast composed of solid concrete blocks to the table 

and exciting the table with scaled Northridge ground-motion history.  The intensity of the scaled 
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ground motion history was also increased incrementally at each ballast load level.   Table B.1 

summarizes all test cases.  For each test the input displacement signal, MTS internal LVTD 

measured displacement and table acceleration were recording in real time at a 0.0195 sec 

interval.  The recorded values were adjusted to the full-scale using scaling factors for 

displacement (λL) and time (λT) and compared to the prototype acceleration in the time and 

frequency domains.   

 

Table B.1: Test Case Summary  

Test ID 
Ballast 
Weight      

(lb) 

Percentage 
of Scaled 
Ground 
Motion 

Bandw
idth 
(Hz) 

Record 
Length 

(sec) 

Time 
Domain 

Resolution 
(sec) 

Frequency 
Domain 

Resolution 
(Hz) 

101305-1 Table Only 100 % 20 160 0.0195 0.0063 

101305-1 1,470 100% 20 160 0.0195 0.0063 

101305-2 1,470 120% 20 160 0.0195 0.0063 

101305-3 1,470 140% 20 160 0.0195 0.0063 

101705-1 2,630 100% 20 160 0.0195 0.0063 

101705-2 2,630 120% 20 160 0.0195 0.0063 

101705-3 2,630 140% 20 160 0.0195 0.0063 

101705-4 3,700 100% 20 40 0.0195 0.025 

101705-5 3,700 120% 20 40 0.0195 0.025 

101705-6 3,700 140% 20 40 0.0195 0.025 

101705-1 4,750 120% 20 40 0.0195 0.025 

101705-2 4,750 168% 20 40 0.0195 0.025 

101705-3 4,750 198% 20 40 0.0195 0.025 
 

B.2.2 GROUND MOTION INPUT 

 The Northridge ground motion chosen for the scale frame shaking table experiment was 

also used for the capacity validation testing.  Since the table is controlled based on position 

feedback from a linear voltage displacement transducer (LVDT), a voltage function, representing 

the desired table position in time, was required to control the table.   To replicate the acceleration 
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history of the Northridge event at the 1:5.78 scale with a nearly continuous voltage function, the 

following steps were followed: 

 

Step 1:  The Northridge displacement history, which consisted of a table of ground 

 displacement values recorded at a constant 0.02 second increment, were procured.  

Step 2:  The displacement history was converted to the 1:5.78 scale by dividing the table of 

 displacements by the length scale factor (λL), and dividing the time increment by the 

 time scale factor (λT).   

Step 3:  Scaled displacement table was converted to a representative voltage table, based on the 

 sensitivity of the LVDT in which ±10 volts equals ±3 in. 

Step 4:  A table of voltages and change of voltage rates was created, based on two point linear 

 interpolation between consecutive voltage values.   

 

 The resulting tables of voltages and rates were combined to create a nearly continuous 

voltage function which was read into Schenck-Pegasus controller as an external position control 

signal.  An example of the signal compared with the actual position reported by the LVDT is 

shown in Figure B.4.  Both signals are plotted as displacements.  It should be noted that, while a 

slight time lag exists between the input signal and LVDT output signal, the values of the 

displacement (voltage x 0.30) histories are nearly identical. 
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Figure B.4:  Control Signal vs. LVDT Displacement 

 209



 

B.2.3 DATA RECORDING 

 Acceleration and the input displacement signal were measured for all test cases.  To 

optimize the time and frequency domain resolution, all measurements were taken using a 20 Hz 

bandwidth and either a 160 second  or 40 second time history length.  The chosen bandwidth was 

based on the scaled ground motion being recorded and the resonant frequencies of the 1:5.78 

scale frame.  As shown in Figure B.5, the vast majority of acceleration for the scaled Northridge 

ground motion falls within this bandwidth.  The first and second resonant frequencies (f1 and f2) 

also fall within the chosen bandwidth.  It should be noted that Figure B.5 is presented in the 

1:5.78 scale with respect to time.   
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Figure B.5:  FFT of 1:5.78 Scale Northridge Ground Acceleration 

 

 It was also important to verify that the data being collected was accurately correlated, and 

repeatable.  Therefore, each test listed in Table B.1 consists of three separate loading cycles to 

determine the coherence function.  The coherence function was used to validate the system input 

and output data collected to ensure that acceleration data being collected was due to the input 

displacement signal.   The coherence function was based on the transfer function between the 

input displacement and acceleration for a series of three separate excitations of the shake table 
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using identical displacement histories.  The coherence function for Test 101705-2 is shown in 

Figure B.6.  In general the coherence function is equal to 1.0 for frequencies in which a 

correlation between input displacement and recorded acceleration is perfectly validated.  In this 

case, the coherence function was determined to be ideal between 0.46 Hz and 7.75 Hz, 

acceptable between 7.75 Hz and 13.5 Hz, and unacceptable above 13.5 Hz.  It should be noted 

that the coherence function appears to fall apart above 13.5 Hz primarily due to a significant 

reduction in input signal above this frequency as shown in Figure B.5.  Based on the coherence 

function, it was determined that acceleration data recorded between 0.46 Hz and 13.5 Hz was 

reliable.  Since the vast majority of ground acceleration and the first two resonant frequencies 

occur in this range, this was determined to be acceptable.  
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Figure B.6:  Coherence Function for Test 101705-2 

B.2.4 RESULTS  

 The goal of the shaking table capacity tests was to validate the maximum mass which 

could be excited by the shaking table with the appropriate ground motion.  Closely matching the 

scaled acceleration history, while maintaining fidelity in the frequency domain, was of primary 

importance.  Comparisons of the acceleration history of the shaking table versus the actual full-

scale Northridge acceleration history of the full-scale ground motion and the acceleration 

autospectrum (FFT) of the shaking table versus acceleration autospectrum of the Northridge 

ground motion as mass and scaled ground motion intensity were increased were used to 
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determine a reasonable mass limit.  Comparisons from all tests conducted prior to Test 101705-1 

appear very similar to the comparisons of Test 101705-1.  Tests 101705-2 and 101705-3 varied 

somewhat from Test 101705-1, indicating that a mass limit at the required acceleration level was 

being approached.  Therefore, the comparison results of the final three tests are presented and 

commented on herein.  

 For Tests 101705-1 through 101705-2, it was observed that spiking at peaks throughout 

the acceleration history above the desired ground motion peaks becomes more prominent as 

acceleration intensity increased (Figures B.7, B.9, and B.10).  It was determined that the spiking 

was a result of the shaking table frame responding to inertial loads generated by the mass, and an 

indication that the mass limit that could be controlled by the shaking table system at the desired 

acceleration was being approached.  It should be noted that all scaled acceleration histories were 

converted to full-scale for comparison with the Northridge acceleration history. 

 The fidelity in the frequency domain was also considered by comparing the autospectra 

of the scaled ground motion to that of the full-scale ground motion (Figures B.8, B.10, and 

B.12).  Overall the autospectra of the scaled accelerations match those of the full-scale ground 

motion acceleration closely.  However, the matching was observed to be progressively less 

precise as the intensity of the ground motion was increased.  It should be noted that all scaled 

autospectrums were converted to full-scale for comparison with the Northridge autospectrum. 

 It was concluded that a mass limit equal to 0.0122 k-s2/in. (4,700 lb) be placed on the 

1:5.78 scale frame planned for the shaking table experiment. 
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Figure B.7:  Acceleration History Comparison: Test 101705-1 
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Figure B.8:  Acceleration Autospectrum Comparison: Test 101705-1 
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                             * Time multiplied by λT and displacement multiplied by λL for comparison to full scale 

 
Figure B.9:  Acceleration History Comparison: Test 101705-2 
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Figure B.10:  Acceleration Autospectrum Comparison: Test 101705-2 
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Figure B.11:  Acceleration History Comparison: Test 101705-3 
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Figure B.12:  Acceleration Autospectrum Comparison: Test 101705-2 
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APPENDIX C 

Steel Hinge Response Development Example  
 
C.1   INTRODUCTION  

 A steel hinge definition was developed and implemented in DRAIN for all analyses of 

this study.  Theoretical background for the hinge definition can be found in Charney (2006).   

The procedure described in Charney (2006) was adapted directly and used to define the moment- 

rotation response for each steel cross-section used.  This Appendix generally describes the steps 

taken to develop hinge definitions for use in DRAIN.  An example calculation is presented to 

illustrate the use of the steps required for the development of the hinge definition for a W18x50-

A992, which was used to model the roof and floor beams of the full-scale prototype frame in 

Chapter 3.   

 

C.2   GENERAL PROCEDURE 

 The following steps were taken to develop each plastic hinge definition: 

 

1. Establish a bilinear stiffness material response curve for each grade of steel considered.  

(This included ASTM material specification A-992 for W-shapes and A-500 steel for 

hollow structural members for this study.) 

2. Based on Step 1, develop a moment-versus-rotation response curve using the cross-

sectional properties of each standard steel section used. 

3. Based on hinge formation at a distance equal to one-half of the beam depth from the face 

of the column, and a point of inflection at the mid-point of the beam in a moment frame, 

develop a moment-versus-deflection response curve at the point of inflection using 

moment at the face of the column due to a point load at the point of inflection. 

4. In DRAIN, model the beam as a cantilever with a fixed end and a point load applied at 

the free end, using two Type 2 elements with a common node location at the point of 

assumed hinging.  Using the master/slave node functionality of DRAIN, create dependent 

translational degrees of freedom and an independent rotational degree of freedom 

between the end nodes of each element.  Use two Type 4 elements to replicate the 

moment-versus-rotation response at the hinge.   
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5. Vary the Type 4 element definition parameters to replicate the moment-versus-rotation 

response curve developed in Step 3. 

 

C.3   EXAMPLE  

 The following steps were used to develop the plastic hinge response of the W18x50-

A992 sections used in the full-scale prototype analyses of Chapter 3.  All other plastic hinge 

definitions were developed similarly. 

 

Material and Section Properties: 

 

Standard AISC Section:  W18x50 

Member Depth (d) = 18 in.  

Cross-sectional Area (A) = 14.7 in.2   

Moment of Inertia (Ix) = 800 in.4

Flange Thickness (tf) =  0.57 in. 

Web Thickness (tw) = 0.35 in. 

 

ASTM Material Specification: A-992 

Yield Stress (Fy) = 50 ksi  

Ultimate Stress (Fu) = 65 ksi  

Modulus of Elasticity (E) = 29,000 ksi 

 

Step 1:  The bilinear material response curve is shown in Figure C.1.  The initial stiffness is 

equal to 29,000 ksi between 0 ksi and 50 ksi stress.  The secondary stiffness above 50 ksi 

includes strain hardening expressed as a percentage of the modulus of elasticity.  Three percent 

strain hardening was ultimately used for analyses of the full-scale prototype frame, and is 

therefore used for calculations presented herein.  A more detailed explanation of this material 

response curve is provided in Charney (2006).   
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Figure C. 1:  Material Response Curve: 3% Strain Hardening 

 

Step 2:  A Microsoft Excel spreadsheet was used to calculate the moment-versus-rotation 

response curve for the beam.  The beam cross-section was broken into 25 horizontal segments 

above and below the neutral axis.  Each flange was broken into 10 horizontal slices, and the web 

was broken into 15 horizontal slices between the neutral axis and the bottom of the flange.  The 

“k”-area at the flange-to-web interface was equally distributed among the web slices.  A linear 

relationship between curvature (φ) and strain was assumed.  Example calculations for moment 

corresponding to 0.002 rad/in. and 0.005 rad/in. are shown in Table C.1.  Area (Ai), distance 

from the neutral axis (di), stress corresponding to the strain at the given curvature (fdi), and 

moment contributed (Mi) for each slice of flange and web area were calculated for each rotation 

condition.  Strain was approximated to be uniform for each portion of the flange and web, and 

was equal to the distance from the neutral axis to the centroid of the segment multiplied by 

sin(φ).  The stress of the segment, fdi, was determined from the stress-strain relationship shown in 

Figure C.1.  The moment contribution of each segment was then calculated as follows: 

            (C-1) i i diM A f d= i

Summing the contribution to the moment from each side of the neutral axis resulted in one-half 

of the moment associated with the given rotation.  Using symmetry, the full moment of the 
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section was calculated by multiplying the sum by two.  This was done for several values of φ, 

resulting in a moment-versus-rotation curve with a smooth transition through the elastic limit. 

The resulting moment-versus-rotation curve is shown in Figure C.2. 

 

Table C. 1:  Example Calculation of Moment Corresponding to 0.002 and 0.005 rad Rotation 

    φ = 0.0002 rad/in.  φ = 0.0005 rad/in. 

  
Ai         
(in.2) 

di          
(in.) 

fdi       
(ksi) 

Mi       
(in-k)  

fdi       
(ksi) 

Mi        
(in-k) 

F1 0.43 8.97 50.06 192  52.28 200 
F2 0.43 8.91 50.05 191  52.26 199 
F3 0.43 8.86 50.04 189  52.24 198 
F4 0.43 8.80 50.03 188  52.21 196 
F5 0.43 8.74 50.02 187  52.19 195 
F6 0.43 8.69 50.01 186  52.16 194 
F7 0.43 8.63 50.00 184  52.14 192 
F8 0.43 8.57 49.72 182  52.12 191 
F9 0.43 8.52 49.39 180  52.09 190    

  F
la

ng
e 

C
on

tr
ib

ut
io

n 

F10 0.43 8.46 49.06 177  52.07 188 
         

W1 0.21 8.15 47.26 79  51.94 87 
W2 0.21 7.59 44.00 69  51.71 81 
W3 0.21 7.03 40.75 59  51.48 74 
W4 0.21 6.46 37.49 50  51.25 68 
W5 0.21 5.90 34.23 41  51.01 62 
W6 0.21 5.34 30.97 34  50.78 56 
W7 0.21 4.78 27.71 27  50.55 50 
W8 0.21 4.22 24.45 21  50.32 44 
W9 0.21 3.65 21.19 16  50.08 38 

W10 0.21 3.09 17.93 11  44.82 28 
W11 0.21 2.53 14.67 8  36.67 19 
W12 0.21 1.97 11.41 5  28.52 12 
W13 0.21 1.41 8.15 2  20.37 6 
W14 0.21 0.84 4.89 1  12.22 2 

   
   

   
   

   
   

  W
eb

 C
on

tr
ib

ut
io

n 

W15 0.21 0.28 1.63 0  4.07 0 

         

 1/2 of Total Moment: SUM = 2278  SUM = 2567 

   Total Moment = 4556   5134 
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Figure C. 2:  Moment-Rotation Curve: W18x50-A992 

 

Step 3:  Moment-versus-deflection was calculated based on the model in Figure C.3.  The tip 

deflection consists of two parts:  elastic deflection of the beam due to a point load, and deflection 

due to the rotation at the plastic hinge, based on the moment-versus-rotation response developed 

in Step 4.  The total moment-versus-tip-deflection curve is shown in Figure C.4.  Similar curves 

were also developed for one and five percent strain hardening and are included in Figure C.4 for 

comparison. 

 

 

AND LOCATION  

Figure C. 3:  Model of Beam with Hinge 
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Figure C. 4:  Moment Versus Tip Deflection: W18x50-A992 

 

Step 4:  The cantilever modeled in DRAIN is shown in Figure C.5.  The model consists of two 

elastic beam elements (Type 2 Elements), defined with the material and cross-sectional 

properties of a standard W18x50-A992 shape.  At the hinge location, two non-linear rotational 

spring elements (Type 4 Elements) were used.  A general form of the hinge definitions is 

presented in Chapter 3.   
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Figure C. 5:  Cantilever Model in DRAIN 

 

Step 5:  To calibrate the hinge with the moment-versus-tip-deflection response found in Step 3, a 

point load was applied incrementally at the tip of the cantilever.  The yield moment of the hinges 

and the initial and secondary stiffnesses were varied in DRAIN until a close match to the 

moment-versus-deflection response curve of Step 3 was obtained (Figure C.7).  Response curves 

for one and five percent strain hardening are shown for comparison. 
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Figure C. 7:  Calibration of Hinge Definition 
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APPENDIX D 

DRAIN-2DX Study of 1:3-Scale Frame Tests 
 

D.1   OVERVIEW 

 An analytical study was conducted on the 1:3-scale frame model to investigate the 

adequacy of the DRAIN model for predicting the response of the 1:6-scale shaking table 

experiment.  Specifically 5 tests were simulated and are listed in Table D.1.    These tests were 

chosen because of the large excursions observed resulting in inelastic frame behavior, and an 

extreme range of loading observed in the ropes.  Load histories measured during each test are 

shown in Figure D.1, and were used for DRAIN simulations.  

 The general DRAIN model described in Chapter 3 was used for defining the steel frame 

and the ropes.  A diagram of the model used for the 1:3-scale frame tests is shown in Figure D.1.  

Moments of inertia and cross-sectional areas of beam and column members were taken from 

standard tables of AISC (2005).  Because the bending stiffnesses at the panel zone and 

connections were difficult to quantify, these values were adjusted uniformly such that the initial 

lateral stiffness of the frame, determined in Chapter 2, was matched in the DRAIN model.  Beam 

and column hinges were defined using the method described in Chapter 3.  Yield stress of the 

steel was assumed to be 50 ksi, and strain hardening was assumed to occur at 3% of Young’s 

Modulus.  Rope response definitions were based on quasi-static rope tests described in Chapter 

2.   Rope preload was defined using the built in pretension functionality of the Type 9 element.  

Loading was applied as indicated in Figure D.2.  Displacements at the load point for all 

simulations and rope forces for Tests 27 and 29 were recorded and compared to experimental 

results.  

Table D.1:  List of Experimental Tests Modeled 

Test  No. Test Group  Amp.  Freq.  PT Load Cycles 
26 I.S.-Frame- 11k - 0.75Hz   5 
27 I.S.-Rope - 12k - 0.75Hz - PTj 5 
28 I.S.-Frame- 12k - 0.75Hz   5 
29 I.S.-Rope - 14k - 0.75Hz - PTk 5 
36 I.S.-Frame- 14k - 0.5Hz -   5 
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Figure D.1:  Loading Histories 
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Figure D.1(Continued):  Loading Histories 

 

 
Figure D.2:  1:3-Scale Frame DRAIN Model 
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D.2   ANALYTICAL RESULTS 

 Comparisons of experimental versus DRAIN results for the 1:3-scale frame tests are 

shown in Figures D.3 through D.11.   Load point displacement traces for tests conducted without 

ropes are shown in Figures D.3 through D.5.  Load point displacement and rope force 

comparisons for tests conducted with ropes are shown in Figures D.6 through D.11.   

 Inelastic material behavior was observed for all tests conducted without ropes.  Low level 

yielding in the column was observed for Tests 26 and Test 27. In Test 36, extreme levels of 

yielding were evident.  Correlation between the experimental and analytical results was close, 

particularly for Test 26 and Test 28.  Peak values for displacement found using DRAIN are 

within 5% of experimental values.  Correlation of displacement data for Test 36 was less 

accurate, but acceptable.  Peak analytical values for displacement are within 8% of experimental 

peak displacement. 

 For tests conducted with ropes, two levels of frame behavior were observed.  In Test 27 

the frame was observed to remain elastic, and a small amount of yielding was observed in Test 

28.  Variance in displacement correlation was within 10% between the analytical study and 

experimental results for both tests.  Variance in correlation of peak rope force varies between 2% 

for Rope A, Test 27, to 10% for Rope B, Test 28.   

 Overall the correlation between the experimental and analytical results was acceptable.  

The model was therefore determined to be adequate for the purpose of predicting the inelastic 

response of a steel frame in which yielding occurs, and the response of the frame when ropes 

were added.   

 Two limitations of the model exist.  First, initial stiffness of the frame was determined 

experimentally and matched by adjusting the panel zone stiffness values analytically.  Without 

having accurate stiffness values at the beam to column connections, results would have been 

much less accurate.  Secondly, it should be noted that forced loading was used for all tests.  

Therefore the accuracy of the analytical model in predicting frame and rope response due to 

inertial loading, including damping, remains unproven. 
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Figure D.3:  Load Point Displacement Trace Comparison: Test 26 
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Figure D.4:  Load Point Displacement Trace Comparison: Test 28 
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Figure D.5:  Load Point Displacement Trace Comparison: Test 36 
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Figure D.6:  Load Point Displacement Trace Comparison: Test 27 
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Figure D.7: Comparison of Force in Rope A: Test 27 
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Figure D.8: Comparison of Force in Rope B: Test 27 
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Figure D.9:  Load Point Displacement Trace Comparison: Test 29 
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Figure D.10: Comparison of Force in Rope A: Test 29 
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Figure D.11: Comparison of Force in Rope B: Test 29 
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APPENDIX E 

1:6-Scale Frame Engineering Drawings 
 
 

AE1 
1 SHAKING TABLE PLAN

N.T.S 
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AE2 
1 SECOND FLOOR PLAN

N.T.S 
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AE3 
1 ROOF PLAN

N.T.S 
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AE4 
1 LEANER FRAME – SIDE ELEVATION

N.T.S 
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AE5 
1 LEANER FRAME – END ELEVATION

N.T.S 
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AE6 
1 MOMENT FRAME ELEVATION

N.T.S 

 238



 
 

AE7 
1 FLOOR DIAPRHAGM PLATE DETAIL

N.T.S 
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AE8 
1 BALLAST PLATE DETAIL

N.T.S 
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AE9 
1 ROOF DIAPRHAGM PLATE DETAIL

N.T.S 
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AE10 
1 TYPICAL MOMENT CONNECTION DETAIL

N.T.S 
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AE11 
1 MOMENT FRAME BASE PLATE DETAIL

N.T.S 
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AE12 
1 LEANER-FRAME COLUMN (C1, C2-OPP. HAND)

N.T.S 
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AE13 
1 LEANER-FRAME COLUMN (C3, C4-OPP. HAND)

N.T.S 
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AE14 
1 LEANER-FRAME BASE PLATE / HINGE

N.T.S 

AE14 
2 LEANER-FRAME BASE PLATE / HINGE

N.T.S 
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 AE15 
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Appendix F 

Matlab Subroutine Used to Obtain Displacements from 

Experimental Acceleration Data 
 
Author:  H.P. Gavin, Dept. Civil and Environ. Eng'g, Duke Univ., Dec. 2005 
 
function y = ftdsp(u,ni,flo,fhi,sr) 
load NR180T1.mat 
% y = ftdsp(u,ni,flo,fhi,sr) 
% band-pass filter and integrate a discrete-time signal, u  
%  u  : the discrete-time signal to be filtered/integrated, a column vector 
% ni  : the number of integrations (may be zero or negative for differentiation) 
% flo : the  low frequency limit for the bandpass filter  ( >= 0 ) 
% fhi : the high frequency limit for the bandpass filter  ( <= sr/2 ); 
% sr  : the sample rate 
  
% H.P. Gavin, Dept. Civil and Environ. Eng'g, Duke Univ., Dec. 2005 
  
 [N,C] = size(u); 
 if N < C  
    disp('ftdsp: u should be a column vector'); 
 end 
  
% windowing the data can help with numerical accuracy  
Nw = floor(N/10);       % number of window points 
w = [ 0.5*(1-cos(pi*[0:Nw]/Nw)) ones(1,N-2*Nw-2) 0.5*(1+cos(pi*[0:Nw]/Nw)) ]'; 
u = u .* w;         % comment out this line for no windowing 
  
 NF = 2 ^ ceil( log(N)/log(2) );    % use 2^n points for FFT calculations 
  
 delta_f = sr/NF;           % frequency resolution 
  
 f = [ [0:NF/2] [-NF/2+1:-1] ]' * delta_f;  % frequency data 
  
  
 kloP = max(floor( flo/delta_f) + 1, 1 ); 
 khiP = min(floor( fhi/delta_f) + 1, NF/2+1 ); 
 kloN = min( ceil(-flo/delta_f) + 1 + NF, NF ); 
 khiN = max( ceil(-fhi/delta_f) + 1 + NF, NF/2+2 ); 
  
 H = zeros(NF,1);           % initialize filter transfer function 
  
 H([kloP:khiP]) = 1;            % positive band pass frequencies 
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 H([khiN:kloN]) = 1;            % negative band pass frequencies 
  
 if ( kloP > 2 )        % smooth the  low-frequency transition band 
     disp(kloP+1); 
   H([ kloP+1 kloN-1 ]) = 3/4; 
   H([ kloP   kloN   ]) = 1/2; 
   H([ kloP-1 kloN+1 ]) = 1/4; 
 end 
 if ( khiP < NF/2+1 )       % smooth the high-frequency transition band 
   H([ khiP-1 khiN+1 ]) = 3/4; 
   H([ khiP   khiN   ]) = 1/2;   
   H([ khiP+1 khiN-1 ]) = 1/4; 
 end 
  
 i  = sqrt(-1.0);           % the imaginary number 
  
 ID = (i*2*pi*f).^(-ni);  ID(1) = 1;    % integration/differentiation filter 
  
  
 U  = fft(detrend(u),NF);   % take the FFT of the real signal, u 
  
  
 Y  = [ H.*ID*ones(1,C) ].*U;   % convolution with the filter transfer function 
  
 y  = ifft(Y,NF);       % Inverse FFT  
  
 if ( ( max(norm(imag(y)') ./ norm(real(y)')) ) > 1e-4 ) 
    disp( norm(imag(y)') ./ norm(real(y)') ) 
    disp('ftdsp: uh-oh, the imaginary part should be practically zero'); 
 end 
  
 y = real(y(1:N,:));        % retain only the original N data points 
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