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mode frequency, equivalent viscous damping ratio and mode shapes were 

measured in the as-built condition of the structure and at the conditions after 

1.5% and 3.0% overall drift ratio. The yield mechanism in the structure could 

have been developed at overall drift ratios between 0.5% and 2.0% (Figure 4-2).  

 

Displacements of dynamic tests were bounded by a maximum overall drift ratio of 

0.006% in the as-built condition and 0.14% in the other conditions. A proposed 

limit for small displacements in reinforced concrete structures was defined by an 

overall drift ratio of 0.03%. This limit was assumed also to be an elastic level of 

the structure, based on the negligible permanent deformation (no more than 

0.006‰ overall drift ratio) observed at the end of dynamic tests performed at 

small displacements. Consequently, it is assumed that observation of different 

natural frequencies at different small displacements is caused by the nonlinear 

elastic behavior of the building. A finite-element model built using a commercial 

software and with gross section properties and modulus of elasticity according to 

ACI 2002, matched within 5% the observed fundamental frequency and mode 

shape of the structure in the as-built condition. The fundamental mode frequency 

was observed to be sensitive to the level of displacements in the dynamic tests 

even in the elastic behavior range. Ratios between frequency and equivalent 

viscous damping ratio values estimates in the as-built condition and after 3.0% 

overall drift ratio were 2.0 and 0.4, respectively. The fundamental frequency 

dropped by 20% from the condition after 1.5% drift ratio to the condition after 

3.0% drift ratio. A punching-shear failure was observed in the building at the drift 

ratio of 3.0%. 

 

Experimental program in the small-scale beams consisted of free, forced and 

ambient vibration tests at small displacements (maximum overall drift ratio of 

0.03%). The small displacements corresponded to displacement levels below the 

cracking displacement of the beam and therefore were assumed to be elastic 

levels of the system. Natural frequency, mode shape and equivalent viscous 
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damping ratio were measured in the as-built condition and after pseudo-static 

loading cycles with overall drift ratios of 0.4%, 1.1%, 1.8%, 2.7%, 3.6%, 5.4%, 

7.1%, 8.9%, 10%, and 13%. The drift ratio associated with the yield displacement 

of the beams was 1.8%. Natural frequency and damping ratio were found to be 

sensitive to elastic displacements of the tests. A mean frequency reduction factor 

of 2.2 from initial condition to the condition after 1.8% drift ratio was found (Figure 

4-29 and Figure 4-33). Additional reduction of frequency after 1.8% drift ratio was 

seen to be in the order of 20% of the total reduction observed. Equivalent viscous 

damping ratio increased from its initial-condition value with the first displacement 

demand levels (Figure 4-30 and Figure 4-34). Maximum values of damping ratio 

were reached in the vicinity of condition of 1.8% overall drift ratio. Larger 

displacement demands caused reduction in the damping ratio. 

7.1.3. Analytical tools 

Nonlinear elastic behavior of the reinforced concrete structures was assessed by 

using Fourier and Hilbert transform analyses. While the Fourier approach was 

used to determine frequency predominance in the full response, the Hilbert 

transform was used to track vibration frequency of the system over time.  A 

method to extract load versus displacement curve from free vibration records 

was presented. In the method, only estimates of frequency at peak-displacement 

instants (zero velocity) were used. Full description of the load-displacement 

curve was completed by linear interpolation between the values computed at 

peak displacements. The method was verified with records from the full-scale 

structure of chapter 4 (Figure 5-5). 

7.1.4. Observations from other experiments behavior 

Identified behavior of frequency and damping with displacement from the 

experimental program was compared with those observed in experiments done 

by other researches. Observations from the full-scale 3-story structure and the 
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six small-scale beams of chapter 4 were compared to those from 36 other 

experiments. The reinforced concrete structures used for comparison were 

distributed as follows (Table 6-25): 14 small-scale frame/frame-wall buildings, 3 

slab-column connections, 1 full-scale frame-wall building, 4 small-scale beams, 1 

full-scale wall building, one system made up with slab-column + frame system 

and 12 single-degree-of-freedom specimens. Reinforcing ratios of columns, 

beams, walls and slabs of those structures ranged from 0.4% to 3.5%, from 0.4% 

to 2.6%, from 0.6% to 1.5% and from 0.7% to 1.3%, respectively. In some of 

those structures, frequency and damping ratio had been obtained from free 

vibration tests conducted at similar initial pull force (specimens of Table 6-1 and 

Figure 6-3) resulting in different initial displacements. In order to track variation of 

equivalent viscous damping ratio measured at an identical displacement level, 

damping ratio values normalized according to equation 6.1 were computed for 

the structures of Table 6-1 and Figure 6-3. 

 

Estimates of frequency and damping ratio variations were compared with those 

observed in a 7-story wall building that was subject to different base motions 

(Panagiotou 2008). Frequency and damping ratio estimated from white-noise 

tests were compared to those values obtained from earthquake response records 

(Table 6-23). In an attempt to do a fair comparison, estimates from small-

amplitude (white-noise) tests were compared with estimates from the smaller-

amplitude portions of the earthquake records (beginning or end of record). 

Damping ratio values estimated from earthquake records lied between 0.4 and 

2.3 times the values estimated from white-noise tests. Ratio between frequency 

values from earthquake records and values from white-noise tests lied between 

1.0 and 1.4. 
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7.2. Conclusions 

Based on the experiments on the full-scale 3-story building, small-scale 

cantilever beams, and review and comparison with other evidence the following 

conclusions are made: 

1. Fundamental-mode frequency and equivalent viscous damping ratio at 

small displacement (0.03% overall drift ratio) are sensitive to past levels of 

deformations in reinforced concrete structures. 

 

2. Fundamental frequency and equivalent viscous damping ratio are 

amplitude-dependent parameters even at small displacements (0.03% drift 

ratio).  This is a consequence of nonlinear elastic behavior of reinforced 

concrete structures. 

 

3. A reinforced concrete structure with a normal reinforcing ratio (about 1%) 

is likely to have a reduction of its initial fundamental frequency by a factor 

larger than 1.5 after 1.5% overall drift ratio (Figure 6-6). 

 

4. Equivalent viscous damping ratio measured at a given small displacement 

increases with increase in the past maximum displacement, until 

approximately the yield displacement of the reinforced concrete structure. 

Further increases of past maximum displacement in the structure causes 

a reduction of the equivalent viscous damping ratio measured at the given 

small displacement. 

 

5. Vibration tests before and after a past-maximum-displacement event need 

to be made at similar drift levels. If tests are made at different drift levels, 

the equivalent viscous damping ratios and natural frequency need to be 

adjusted (normalized) to similar drift levels, if possible. A rigorous 

procedure to adjust those estimates should consider the effect of variable 

stiffness and variable damping at small displacements in reinforced 
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concrete structures. The normalization procedure for a given structure 

may be different from the one considered in this study. 

 

6. Current observations regarding variation of fundamental frequency and 

equivalent viscous damping with maximum past drift levels in reinforced 

concrete structures may be used in monitoring the state of a structure, as 

in structural health monitoring before and after an earthquake.  

 

7. There is a need for low amplitude vibration test data to verify if the 

combined behavior of fundamental frequency and equivalent viscous 

damping ratio observed in small scale test specimens applies in full scale 

structures. 

7.3. Future work 

Variation of dynamic parameters estimated at small displacement response 

levels with past maximum deformation level is of interest in the field of structural 

health monitoring. More data from full-scale reinforced concrete structures is 

needed to verify the presence of the behavior of damping observed in small-

scale structures. Observations at low drift levels, i.e., before a yield mechanism 

in the structure is formed, are necessary in order to verify the increase and then 

decrease of damping ratio at low response with past maximum drift level. 

 

In this study, nonlinear elastic and variable equivalent viscous damping model is 

used to represent the load-resisting nature and collective effect of energy 

dissipating mechanisms of a structure. It is possible that damping mechanisms 

other than viscous damping, such as Coulomb damping and hysteretic damping, 

may exist in a structure and may vary in proportion depending on the state of the 

structure. These other damping mechanisms may influence the accuracy of the 

model considered in this study. It would be worth studying the possible presence 

and contribution of various damping mechanisms separately –in particular, with 
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an eye to investigate how they vary with past maximum deformation level in a 

structure. It is important to keep in mind that when one is trying to deduce critical 

changes in the state of a structure using observations made during small 

amplitude vibration levels, assumptions that are typical and acceptable at other 

times may not be applicable. 

 

It is possible that the variation of dynamic parameters depends on the number of 

cycles at or near the past peak displacement. This possibility needs to be 

investigated using controlled laboratory tests 

 

Extension of the proposed method to calculate load versus displacement curves 

can be done. Methods that consider the actual inelastic response of reinforced 

concrete structures would help in determine the true load-displacement curves 

from response recorded during actual earthquakes. Methods that can determine 

the characteristics of the system in only one full-cycle of motion are also desired. 

Such methods would allow using the usually limited amount of data collected 

during earthquake records. 
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Appendix A.  

Location and properties of sensors used in the full-scale 3-story flat-plate 

building 

 

 

Data collection in the full-scale 3-story building was done by means of a data 

acquisition system consisted of an 18-bit, 500kS/s (multi-channel) card (NI PCI-

6289) and a network of LVTDs and accelerometers. Figure A-1 and Table A-1 

show the location and the properties of the sensors respectively. Sensor 

orientations for tests in the NS direction are identified by arrows. One LVDT at a 

time was placed on the south edge of the each slab-floor. Two LVDTs were 

interchanged at second floor and the roof according to precision and range 

demands of tests. A capacitive-based accelerometer was located at center of 

slab of each floor.  Accelerometer A4 not shown in the Figure A-1 was placed on 

top of the linear-vibrating mass used for forced vibration tests. Mid-west column 

was densely instrumented by use of seven piezoelectric-accelerometers. One 

piezoelectric-based accelerometer was located at mid-height of first, second and 

third story. Inclinometers to measure rotation on the slab about an axis parallel to 

EW direction were used at each slab-floor. One inclinometer was placed at the 

center of slab at each floor and another by the mid-west column on second floor 

and roof. Identical configuration to that of Figure A-1 was used for tests in the 

EW direction with proper alignment of sensors and without using LVDTs and 

inclinometers. 
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Table A-1 Properties of sensors installed on the full-scale structure 

 

 

Sensor constant Units Accuracy Noise level
LVDT 1 39.477 V/in 0.001in 3E-5in

LVDT 1A 194.65 V/in 0.0005in 4E-5in
LVDT 2 39.936 V/in 0.001in 4E-5in
LVDT 3 40.900 V/in 0.001in 4E-5in

LVDT 3A 20.748 V/in 0.0005in 2E-4in

A1 1,010 mV/g 0.05mg 1.0mg
A2 994 mV/g 0.04mg 1.0mg
A3 1,005 mV/g 0.04mg 1.0mg
A4 1,008 mV/g 0.04mg 1.0mg

A5 1,061 mV/g 0.08mg 5mg
A6 1,048 mV/g 0.08mg 5mg
A7 1,077 mV/g 0.08mg 5mg
A8 1,060 mV/g 0.08mg 5mg
A9 1,051 mV/g 0.08mg 5mg
A10 1,045 mV/g 0.08mg 5mg
A11 960 mV/g 0.08mg 5mg
A12 1,040 mV/g 0.08mg 5mg

1A 28.9 mV/deg 0.001deg 0.02deg
2A 29.4 mV/deg 0.001deg 0.02deg
3A 28.0 mV/deg 0.001deg 0.02deg
1B 30.6 mV/deg 0.001deg 0.02deg
3B 28.8 mV/deg 0.001deg 0.02deg

Free vib. 2,869 mV/kip 0.010kip 0.002kip
Forced Vib. 2.00E-04 mV/kip 0.017kip 0.002kip
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Figure A-1 Sensor layout on the full-scale structure.
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Appendix B.  

Dynamic tests in the full-scale 3-story flat-plate structure in the EW direction 

 

 

Table B-1 Free Vibration summary by pull-release at roof level in the EW 
direction 

 

Test Droof [in] P [kip] f [Hz] f1 f2 f3 N (cycles) z [%]

E 1-1 0.020 1.5 1.81 0.23 0.65 1.00 50 0.5

E 1-2 0.020 1.6 1.81 0.23 0.64 1.00 50 0.5

E 1-3 0.020 1.6 1.81 0.23 0.65 1.00 50 0.5

E 2-1 0.020 1.0 1.53 0.26 0.67 1.00 50 1.0
E 2-2 0.020 0.9 1.53 0.26 0.65 1.00 50 1.1
E 2-3 0.020 1.1 1.53 0.26 0.66 1.00 50 1.0
E 2-4 0.040 1.9 1.52 0.26 0.66 1.00 50 1.4
E 2-5 0.040 1.9 1.51 0.25 0.65 1.00 30 1.7
E 2-6 0.041 1.9 1.52 0.26 0.66 1.00 30 1.6

E 3-1 0.020 0.6 1.12 0.30 0.69 1.00 50 0.9
E 3-2 0.020 0.7 1.12 0.31 0.69 1.00 50 0.9
E 3-3 0.020 0.7 1.13 0.31 0.69 1.00 50 0.9
E 3-4 0.040 1.3 1.11 0.31 0.69 1.00 50 1.1
E 3-5 0.040 1.3 1.10 0.31 0.69 1.00 50 1.1
E 3-6 0.040 1.3 1.10 0.31 0.69 1.00 50 1.1
E 3-7 0.080 2.3 1.08 0.31 0.69 1.00 50 1.2
E 3-8 0.080 2.4 1.07 0.31 0.70 1.00 50 1.2
E 3-9 0.081 2.3 1.08 0.31 0.70 1.00 50 1.3
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Figure B-1 Forced vibrations on EW direction. After 3.0% overall drift ratio. 
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Appendix C.  

Displacements from acceleration records in the full-scale 3-story flat-plate 

structure 

 

 

 

 

Figure C-1 Comparison of displacements measured by LVDT and those inferred 

from accelerations measured by accelerometer. (a) Location of sensors. (b) 

Comparison of displacements. 
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Appendix D.  

Interaction of natural frequency of barrels full of water with second structure 

mode (tuned mass damper effect) 

 

 

The natural frequency of the barrels, as illustrated in Figure D-1 (a) and (b), thus 

from free vibration and forced vibration tests respectively, was found to in the 

vicinity of the second-mode frequency of the full-scale building in the as-built 

condition, f2 = 7.6 Hz (see Table 4-3). This condition caused a reduction of 

second-mode participation of the full-scale building. Figure D-1 (c) illustrates the 

location and sensors used during forced vibration in order to observe the 

response of the main structure (building) and the tuned-mass dampers (barrels). 

When the system is excited with an excitation frequency far away from the 

second-mode natural frequency of the building (and that of barrels), for example  

f = 2 Hz, the barrels vibrate in phase with the building as shown in Figure D-1 (d). 

In the other hand, when the excitation frequency used is around the second-

mode frequency, vibrations in the building are minimized and vibrations of the 

barrels (out of phase with respect of vibrations of the building) are one order of 

magnitude larger than those of the building as shown in Figure D-1 (e). 



 

 

 

 

1
9

7 

 

 

Figure D-1 Tuned-mass damper provided by barrels. (a) Free vibration response of barrel. (b) Transfer function of 

barrel. (c) Set-up of forced vibration tests. (d) Response of building and barrel when using an excitation frequency of  

2 Hz. (e) Response of building and barrel when using an excitation frequency of 7 Hz.
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Appendix E.  

Additional information of the small-scale cantilever beams 

 

 

Table E-1 Cylinder compressive strength tests 

 

 

Cylinder 7 days 14 days 28 days 1 2 3 4 5 6
A-1 2,200

A-2 2,511

A-3 2,649

A-4 2,387

A-5 2,833

A-6 2,381

A-7 2,360

A-8 3,699

A-9 3,200

A-10 3,529

A-11 3,481

A-12 3,348

B-1 3,082

B-2 2,573

B-3 3,174

B-4 3,277

B-5 3,484

B-6 2,472

B-7 2,543

B-8 2,076

B-9 5,000

B-10 5,402

B-11 5,060

B-12 5,269
Average strength measured on the days

of start of dynamic tests = 3,747 psi

Note: The cap of cylinder was not used for tests done until cylinders B-6 and B-7

Compressive Strength Specimens
 f'c [psi]
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The modulus of elasticity of the concrete was obtained from the stress-strain    

relationship according to the procedure indicated by the ASTM (C-469). 

 

Figure E-1 Stress-strain relationship measured on cylinder A-9. 

 

 

 

Figure E-2 Stress-strain relationship measured on cylinder A-10. 
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Figure E-3 Stress-strain relationship of longitudinal reinforcing bars. 

 

 

 

 

Figure E-4 Stress-strain relationship of transverse reinforcing bars. 
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Lateral load was applied at the beam tip in the pseudo-static tests by 

either spinning the nut (N) toward south direction (tension in the threaded 

rod), or by spinning the nut (S) toward north direction (compression in the 

threaded rod), depending on the direction of the cycle. 

 

 
Figure E-5 Set-up of pseudo-static tests of small-scale specimens. 
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Figure E-6 Description and layout of sensors on the small-scale beams. 

LVDT 1

LVDT 2
LVDT 3BLVDT 3A

Potentiometer 

A1

A2

A3 (accelerometer)

A4 Load cell 1
Load cell 2

Sensor constant units Accuracy Noise level
LVDT 1 20.258 V/in 0.001in 3E-5in
LVDT 2 38.871 V/in 0.0005in 3E-5in

LVDT 3A 187.48 V/in 0.001in 3E-5in
LVDT 3B 96.958 V/in 0.001in 3E-5in

A1 1,040 mV/g 0.08mg 5.0mg
A2 1,060 mV/g 0.08mg 5.0mg
A3 1,077 mV/g 0.08mg 5.0mg
A4 1,000 mV/g 0.05mg 1.0mg

Potentiometer 0.4859 V/in 0.010in 0.010in
Load cell 1 (static) 0.01499 V/kip 0.75lbf 0.5lbf
Load cell 2 (dyn.) 0.4834 V/lbf 0.04lbf 0.01lbf

Sensitivity
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Figure E-7 Comparison of free vibration with and without an LVDT attached to the specimen. 
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Figure E-8 Verification of displacement inferred from accelerations in the small-

scale cantilever beams. 
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Crack surveying in the small-scale beams 

 

Figure E-9 Crack observation in Specimen 1 

 

 

Figure E-10 Crack observation in Specimen 2 
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Figure E-11 Crack observation in Specimen 3 

 

 

Figure E-12 Crack observation in Specimen 4 
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Figure E-13 Crack observation in Specimen 5 
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Maximum difference between damping estimates through forced and free 

vibration tests in small-scale beams was obtained for specimen 4. Such 

difference was obtained after 0.50 in displacement and initial displacement of 

0.009 in (z = 22.7% from forced vibrations and z = 2% from free vibration). Figure 

E-14 (a) shows the acceleration response and the corresponding Fourier 

spectrum of the free vibration test. Damping estimated using peak 1 and peak 4 

is more than 3 times the value in Table 4-13 (z 1 to 4 = 7%). The two frequency 

components (f = 30 Hz and f = 33 Hz) shown in Figure E-14 (b), make the signal 

to grow and decay with time producing inconsistent estimates of damping using 

logarithmic decrement.  

 

 

Figure E-14 Free vibration response for the case of maximum difference between 

damping estimates from free and forced vibration tests. (a) Acceleration 

response. (b) Fourier Spectrum. 
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Verification of sinusoidal input excitation during forced vibration tests on the 

small-scale beams was done by analyzing the frequency content of the 

acceleration response of the beam (atop). Figure E-15 (c) and (d) illustrate the 

acceleration response (atop), harmonic excitation load (P) and Fourier spectrum 

of the acceleration response (FSA of atop) of tests labeled as ‘a’ and ‘b’ in the TF 

of Figure E-15 (a), respectively. Harmonic excitation is evidenced by the 

dominant peak in the FSA of atop corresponding to the excitation frequency (fa in 

Figure E-15 (c) and fb in Figure E-15 (d)). 

 

 

Figure E-15 Verification of harmonic excitation during forced vibrations on the 

small-scale beams.
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Figure E-16 Constant-displacement response transfer functions (TFs) for specimen 6. 
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Estimates of equivalent viscous damping ratio z under ambient vibrations 

reported in Table 4-21 and Table 4-22 were obtained by using “free vibration” 

portions of the ambient vibration records. Figure E-17 (a) and (b) show the 

acceleration ambient vibration record and the corresponding Fourier spectrum. 

Figure E-17 (c) shows the acceleration record for the time window marked by two 

dashed lines in Figure E-17 (a). 

 

 

Figure E-17 “Free vibration” portions of ambient vibration records in the as-built 

condition of specimen 6. (a) Full record of ambient vibrations. (b) Fourier 

Spectrum. (c) Zoom-in to illustrate “free vibration” portions. 
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A constant-displacement response type of TF performed in the small-scale 

beams is equivalent to a “linearization” of the nonlinear elastic system. Figure E-

18 (a) shows the FRF obtained by sweeping different frequencies and the 

corresponding estimates of frequency, damping and stiffness. Figure E-18 (b) 

shows the input force P(t), the output displacement x(t) and the resisting force for 

the case when the excitation frequency equals the natural frequency (  ). The 

damping estimate through the enclosed area by the resisting force versus 

displacement curve of Figure E-18 (c) is in good agreement with that of the FRF. 

The load versus displacement curve (fspring-vs.-displ.) of Figure E-18 (c) 

computed according to the equations shown in the figure, is a straight line as a 

consequence of the “linearization” of the system by performing forced vibration 

tests with a constant displacement response. 

 

Figure E-18 “Linearization” effect of the forced vibration tests performed with 

constant displacement response. (a) FRF. (b) Input and output measurements 

when excitation frequency equals the natural frequency. (c) Force-displacement 

curve. 
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Appendix F.  

Difference in damping estimates from free and forced vibration tests in the 

small-scale cantilever beams 

 

 

In order to reconcile the difference in damping estimates from free and forced 

vibration tests performed at identical displacement levels (initial displacement of 

free vibration test equal to the displacement-amplitude response during steady-

state of forced vibration tests), effect of variable stiffness and variable damping in 

the free vibration response was investigated. A SDOF system was defined with 

variable stiffness (from pseudo-static part of free vibration tests) and variable 

damping (from forced vibration tests) measured in experiments. The equivalent 

viscous damping was estimated using logarithmic decrement in the simulated 

response of the defined SDOF system. This estimate of equivalent viscous 

damping was compared to that observed in the actual free-vibration experiments. 

 

The largest difference between damping estimates from free (z = 2.0%) and 

forced vibration (z = 22.7%) in the small-scale beams of chapter 4, was observed 

in specimen 4 in the condition after 0.50 in and measured at a displacement of 

0.009 in (Table 4-13 and Table 4-20). An elastic SDOF system was defined with 

the variable stiffness and variable damping illustrated by the load-displacement 

curve and the damping-displacement relationship of Figure F-1 (a) and (b), 

respectively. 
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Figure F-1 Variable stiffness and variable damping of specimen 4 in the condition 

after 0.50 in. (a) Load versus displacement curve. (b) Equivalent viscous 

damping versus displacement. 

 

The free vibration response of the defined SDOF simulated using an initial 

displacement equal to the displacement used in the experiments (0.009 in), is 

shown in Figure F-2.  The system responds with an equivalent viscous damping 

ratio of about z = 23% at the beginning of the free vibration response (as defined 

for a displacement of 0.009 in). However, a totally different estimate of damping 

is obtained using logarithmic decrement after 40 cycles (z 1 to 40 = 2.6%). Actual 

estimate of equivalent viscous damping ratio using logarithmic decrement from 

free vibration experiments after 40 cycles is z 1 to 40 = 2.0% (Table 4-13). 
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Figure F-2 Free vibration response of an elastic SDOF defined with variable 

stiffness and variable damping observed in specimen 4. 

 

Similar investigation of discrepancy between damping estimates from free and 

forced vibration tests was done for specimen 5. The largest difference between 

damping estimates from free (z = 1.4%) and forced vibration (z = 10.9%) in 

specimen 5, was observed in the condition after 0.75 in measured at a 

displacement of 0.009 in (Table 4-14 and Table 4-21). An elastic SDOF system 

was defined with the variable stiffness and variable damping illustrated by the 

load-displacement curve and the damping-displacement relationship of Figure F-

3 (a) and (b), respectively. 
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Figure F-3 Variable stiffness and variable damping of specimen 5 in the condition 

after 0.75 in. (a) Load versus displacement curve. (b) Equivalent viscous 

damping versus displacement. 

 

The free vibration response of the defined SDOF simulated using an initial 

displacement equal to the displacement used in the experiments (0.009 in), is 

shown in Figure F-4. The system responds with an equivalent viscous damping 

ratio of about z = 11% at the beginning of the free vibration response (as defined 

for a displacement of 0.009 in). However, a totally different estimate of damping 

is obtained using logarithmic decrement after 40 cycles (z 1 to 40 = 1.3%). Actual 

estimate of equivalent viscous damping ratio using logarithmic decrement from 

free vibration experiments after 40 cycles is z 1 to 40 = 1.4% (Table 4-14) 
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Figure F-4 Free vibration response of an elastic SDOF defined with variable 

stiffness and variable damping observed in specimen 5 
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Appendix G.  

Lateral displacement of full-scale 3-story flat-plate building to cause crack of 

the column 
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Appendix H.  

Comparison of actual and simulated responses of different amplitudes in the 

full-scale 3-story flat-plate building 

 

 

 

Figure H-1 Nonlinear-elastic behavior of the full-scale structure under free 

vibrations. 
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Appendix I.  

Lateral displacement to cause crack in the small-scale cantilever beams 
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Figure I-1 Illustration of the cracking displacement of specimen 6 in the pseudo-

static test.  
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Appendix J.  

Axial stresses in the columns of the full-scale 3-story building under small-

amplitude vibrations 
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0.04

Resisted force by the system during small-amplitude vibrations

fr Meq accel: fr 9.5 kip

Axial load and stress in the building column caused by small-amplitude vibrations

P
fr H

2 L
: P 7.1 kip

axial
P

3 b
2


: axial 7 psi

Axial stress due to gravity loads in the building

axial_2
500kip

6 b
2


: axial_2 257 psi

axial_2

fc
0.06
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Appendix K.  

Small-scale structures of Table 6-1 

 

 

 

 

Figure K-1 Small-scale structures of Table 6-1  
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Appendix L.  

Displacement amplitudes of free-vibration tests on specimens tested by 

Eberhard and Sozen (1989) 

 

 

 

 

Figure L-1 Estimates of displacement amplitudes on the specimen tested by 

Eberhard and Sozen (1989) using a finite element model. (a) Finite element 

model. (b) Free-vibration test set-up. (c) Fourier Spectrum measured in the as-

built condition.
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