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PREFACE 

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion 
and dissemination of knowledge about earthquakes, the improvement of earthquake-resistant 
design, and the implementation of seismic hazard mitigation procedures to minimize loss of lives 
and property. The emphasis is on structures and lifelines that are found in zones of moderate to 
high seismicity throughout the United States. 

NCEER's research is being carried out in an integrated and coordinated manner following a 
structured program. The current research program comprises four main areas: 

• Existing and New Structures 
• Secondary and Protective Systems 
• Lifeline Systems 
• Disaster Research and Planning 

This technical report pertains to Program 1, Existing and New Structures, and more specifically 
to system response investigations. 

The long term goal of research in Existing and New Structures is to develop seismic hazard 
mitigation procedures through rational probabilistic risk assessment for damage or collapse of 
structures, mainly existing buildings, in regions of moderate to high seismicity. The work relies 
on improved definitions of seismicity and site response, experimental and analytical evaluations 
of systems response, and more accurate assessment of risk factors. This technology will be 
incorporated in expert systems tools and improved code formats for existing and new structures. 
Methods of retrofit will also be developed. When this work is completed,it should be possible to 
characterize and quantify societal impact of seismic risk in various geographical regions and 
large municipalities. Toward this goal, the program has been divided into five components, as 
shown in the figure below: 

Program Elements: 

Seismicity, Ground Motions 
and Seismic Hazards Estimates 

Geotechnical Studies, Soils 

Reliability Analysis 
and Risk Assessment 

Expert Systems 
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Tasks: 
Earthquake Hazards Estimates, 
Ground Motion Estimates, 
New Ground Motion Instrumentation, 
Earthquake & Ground Motion Data Base. 

Site Response Estimates, 
Large Ground Deformation Estimates, 
Soi~Structure Interaction. 

Typical Structures and Cr~lcaI Structural Components: 
Testing and Analysis; 
Modern Analytical Tools. 

Vulnerabil~y Analysis, 
Reliability Analysis, 
Risk Assessment, 
Code Upgrading. 

Archnectural and Structural Design, 
Evaluation of Existing Buildings. 



System response investigations constitute one of the important areas of research in Existing and 
New Structures. Current research activities include the following: 

1. Testing and analysis of lightly reinforced concrete structures, and other structural compo­
nents common in the eastern United States such as semi-rigid connections and flexible 
diaphragms. 

2. Development of modern, dynamic analysis tools. 
3. Investigation of innovative computing techniques that include the use of interactive 

computer graphics, advanced engineering workstations and supercomputing. 

The ultimate goal of projects in this area is to provide an estimate of the seismic hazard of 
existing buildings which were not designed for earthquakes and to provide information on typical 
weak structural systems, such as lightly reinforced concrete elements and steel frames with 
semi-rigid connections. An additional goal of these projects is the development of modern 
analytical tools for the nonlinear dynamic analysis of complex structures. 

This report compares the dynamic characteristics of a five-story steel frame structure with a 
laboratory model. Various system identification tests were performed on both structures to 
identify basic structural properties. The tests showed good agreement between the prototype 
structure and the laboratory model. 
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ABSTRACT 

In this report, the dynamic characteristics of a full-size five-story steel prototype structure and a 
2/5 scale laboratory model are compared and correlated. The prototype structure was built in 
Beijing, China and the laboratory model was built in the seismic laboratory at the University at 
Buffalo. The design and manufacture of both the prototype structure and the model are described. 
The test program was carried out by performing experimental system identification tests on both 
the prototype structure and the laboratory model. The basic structural properties of both struc­
tures were identified, and it is shown that the model structure can suitably simulate the dynamic 
behavior of the prototype. 
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SECTION 1 
INTRODUCTION 

In 1986, a cooperative research project between the National Center for Earthquake Engineering 

Research at the State University of New York at Buffalo (UB) and the Beijing Polytechnic 

University (BPU) in Beijing, China, was established. The project concerned the dynamic behavior 

of a five-story steel structure. More specifically, the project was aimed at providing a better 

understanding of the behavior of steel structures and soil-structure interaction under dynamic and 

seismic loading conditions. Measured data from an actual full-scale structure and from its 

laboratory model were obtained to enhance the state-of-the-art knowledge in structural dynamics 

and to develop new methodologies in seismic design and retrofit, and damage monitoring and 

diagnosis. 

In the first stage of this joint research, BPU designed and constructed a prototype single bay five­

story steel structure with cast-in-situ floor slabs, while UB designed and constructed a model steel 

structure. Dynamic loading on the prototype structure was accomplished by using synchronous 

vibrators, and on the model structure by a shaking table. 

The major objectives of this joint research project were as follows: 

• Correlation study on the dynamic characteristics between the prototype and the model 

structure with various bracing systems. 

• Study the effect of soil-structure interaction, foundation rigidity and buried depth on 

the prototype structure. 

• Study the effect of energy absorption devices on the seismic behavior of braced 

frames. 

• Develop a structural diagnosis system for damage assessment. 

In this report, only the results of the correlation on the dynamic characteristics between the 

prototype and the model structure are presented and discussed. 
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SECTION 2 
PROTOTYPE DESIGN AND MANUFACTURE 

2.1 Introduction 

According to an agreement between NCEER and Beijing Polytechnic University (BPU) on 

Cooperative Research for Dynamic Testing and Analysis, a 5-story steel frame structure was 

constructed on the west campus of BPU at the end of 1987. It was intended that the full-scale 

prototype structure be tested to obtain its dynamic characteristics and to compare its behavior 

with a scaled model. The prototype structure was designed by BPU as an office building. It was 

considered an experimental building which could be used to perform a series of tests. The 

prototype structure was located on the west field campus of BPU, which is considered a good 

testing site since there are no large buildings, and a source of strong vibration exists. The location 

of the prototype is shown in Figure 2-1. 

2.2 Structural System 

The prototype structure is a five-story steel frame, consisting of two frames parallel in two 

directions (X and Y). The center to center distance of columns is 10.8 ft. (3.3 meters). The first 

floor height is 8.91 ft. (2.715 meters). Floor height is 9.84 ft. (3.0 meters) from the second floor 

up. The columns extend 0.71 ft. (0.215 meters) out above the center line of the roof beam. The 

prototype's total height is 48.9 ft. (14.915 meters). The foundation plate is cast-in place 

reinforced concrete. The walls are filler walls. The progress of the construction of the prototype 

is based on different stages of the test described below: 

1. The thickness of the foundation plate is 7.87 inches (20 cm) in the initial stage as 

shown in Figure 2-2. It will be changed to 15.7 inches (40 cm) in later stages. 

2. In the Y-Y direction (weak axis of column) of the prototype, the structure is 

strengthened by adding different bracing systems. Three bracing types are used: 

X-bracing, V-bracing and eccentric-bracing, as shown in Figure 2-3. 
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3. For the last testing stage, the first floor will be changed to a box shape foundation to 

allow structural dynamic characteristics at different embedded foundation depths to 

be observed. The bottom of the foundation plate is 9.84 ft. (3.00 meters) below 

ground. 

4. All of the beam-column joints are rigidly connected, as shown in Figure 2-4. 

5. The column wing plates are welded to foundation bolts, as shown in Figure 2-5. 

2.3 Member Sizes and Materials 

The material properties of the prototype structure are shown in Table 2-1. The structural member 

properties are described as follows: 

1. Columns were manufactured by welding a piece of web metal to two flanges. The 

cross section is H-308 x 250 x 10 x 14 (mm). The web of column is A3 steel 

(Chinese product) and the flange of column is SS41 steel (Japanese product). The 

elastic material properties are the same. 

2. The beams are hot-rolled 125b-shaped A3 steel. 

3. All the bracings are double angles with equal legs (L63 x 63 x 6 A3 steel). The 

section and size of the members are shown in Figure 2-6. 

2.4 Foundation Soil 

Two 30 m. deep sampling boreholes were drilled to obtain a clear understanding of the stratums 

in the field, and to determine the physical and mechanical characteristics and dynamic parameters 

of soils in the laboratory. One borehole is located east of the prototype steel structure, the other 

is located between the two reinforced concrete foundation plates. The soil specimens were tested 

with dynamic triaxial apparatus to determine their shearing strain, y, shear modulus, G, and 

relation curve of y versus soil damping factor, ~. These experimental results will be used as the 

basis for analyzing the dynamic interaction between soil, foundation and superstructure. The shear 

wave velocities of the field soils were determined by crosshole method in situ. 
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TABLE 2-1 Prototype Material Properties 

Structure Member 

Type 

Web A3 
Column 

Flange SS41 

Beam A3 

Bracing A3 

A3: Chinese product 
SS41: Japanese product 

Nominal stress 
(kg/mm2

) 

Size Yield Tensile 

-10 2:24 38,..,47 

-14 >24 -

I25b >24 38,..,47 

L63x6 >24 38,..,47 

TABLE 2-11 Prototype Loading Condition 

Weight Floor 

(kg/m2
) Roof 5th 4th 

Insulating layer of air 
335 x 

entrainment 

70mm floor finishes 136 x x 

110mm floor finishes 205 

80mm concrete floor 200 x x x 

ceiling No.6 20 x x 

ceiling No. 6b 30 x 

Total 555 356 366 

, 
Floor Roof 5th 4th 

I 

Live load weight (kg/m2
) 50 250 400 

2-8 

Sample mean stress 
(kg/mm2

) 

Yield Tensile 

27.64 42.37 

27.55 42.62 

33.25 48.06 

29.49 41.43 

3rd 2nd 

x 

x 

x x 

x x 

435 366 

~ • <" 

3rd 2nd 

250 400 



Five soil-pressure cells were carefully buried in the soil, and are located at the midpoints of the 

four sides and at the center of the foundation plate (raft), just touching its bottom. They are used 

to measure the static and dynamic soil pressures which act from beneath the foundation before 

and during vibration tests. 

In addition, two circular test shafts of 10 m. deep and 1.2 m. diameter were dug, one at a 

distance of 7.5 m. to the east of the prototype structure, the other 7.5 m. to the north. 

Accelerometers were placed along the side wall from top to bottom of the shafts at several 

positions where the stratum changes. The soil acceleration response was measured simultaneouly 

when the displacement responses of every floor of the prototype structure with V type bracing 

system were measured, while the foundation plate under the prototype structure and its nearby 

plate were excited by the vibrator in turn. 

The soil layers under the foundation, counted from beneath its bottom downward, are: 2.8 m. 

light/heavy loam, 1.2 m. silty sand, 2.55 m. light loam, 4.15 m. fine sand, 7.8 m. light loam, 5.1 

m. medium sand, 2.7 m. gravel, and a layer of loam over 2.2. m. thick. 

The experimental results will be detailed in a future report. 

2.S Design Code 

The prototype structure was designed by Chinese design codes as follows: 

1. Loading Code for Industrial and Civil Architecture Structure (TJ 9-74). 

2. Earthquake Resistant Design Code for Industrial and Civil Architecture (TJ 11-78) 

3. Foundation Design Code for Industry and Architecture (TJ 7-74). 

4. Design Code of Reinforced Concrete Structure (TJ 10-74). 

In addition, the rigid beam-column joint satisfies the calculation and design method III an 

engineering community accepted reference book, Design of Welded Structures [1]. 
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2.6 Design Loading 

The dead and live loads on every floor of the prototype structure are shown in Table 2-II. The 

wall weight is not included. Table 2-III shows the prototype design loads. In actual design, the 

wall weight is included in dead load. But in the test plan, the wall weight is considered only half 

in order to satisfy the test. Loading during tests is shown in Table 2-IV. The testing load for the 

first stage is shown in Table 2-V. Earthquake loading is based on The Earthquake Resistant 

Design Code of Industrial and Civil Architecture (TJ 11-78). The total base shear <20 (total 

lateral force) is: 

Qo = C (II W (2.1) 

Where <20 is total base shear, and C is a structural influence coefficient which varies according 

to structural type. For steel structures, C equals 0.25. W is the total inertia weight. u1 is an 

earthquake influence coefficient. It depends on the fundamental period of the structure. For a 

multi-story frame, u1 equals 0.45. The lateral force distributed to every floor, Pi' depends on the 

floor height, as in the following equation: 

W, Ht Pi = ---Qo 
" 
EWkHk 
k=l 

(2.2) 

Where Wi is the weight at the ith floor, Wk is the weight at the kth floor, Hk is height of the kth 

story, and Hi is height of the ith story. 
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TABLE 2-Ill Prototype Design Loads 

Floor 
Floor Weight (ton) 

Dead Live Wall Total 

Roof 6.04 0.55 - 6.59 

5th 3.88 2.72 10.93 17.53 

4th 3.98 4.36 10.93 19.27 

3rd 4.74 2.72 11.02 18.48 

2nd 3.98 4.36 10.93 19.27 

TABLE 2-IV Loading During Tests 

Floor weight (ton) 
Floor 

Dead Live Wall Total 

roof 6.04 0.55 - 6.59 

5th 3.88 2.72 5.95 12.55 

4th 3.98 4.36 5.95 14.28 

3rd 4.74 2.72 6.00 13.48 

2nd 3.98 4.36 5.95 14.28 

TABLE 2-V Loads at First Stage Testing 

Floor Weight (ton) 

Floor Prototype with floor plate 
Prototype with floor plate 

and bracing 

roof 2.18 2.70 

5th 2.18 2.18 

4th 2.18 2.18 

3rd 2.18 2.18 

2nd 2.18 2.18 
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2.7 Construction 

In order to meet the requirements of tests, the construction stages of the prototype included the 

following elements: foundation plates, five-story steel frame, cast-in-situ concrete plate and 

bracing. Each of these stages are described in the following subsections. 

2.7.1 Foundation Plates 

Two identical foundation plates were constructed in September 1987. The plate is 17.4 x 17.4 

ft. (5.3 x 5.3 meters) with a thickness of 7.87 inches (0.20 meters). The distance of center line 

of the two foundations is 28.3 ft. (8.63 meters), as shown in Figure 2-7. Two foundation plates 

were constructed because: (1) the five-story structure is constructed on one plate, and no structure 

is on the second plate so the influence of structure-foundation interaction can be compared; and 

(2) two vibration generators can be located on both foundation plates to observe the effect of 

wave propagation between the two foundation plates. 

2.7.2 Five-Story Steel Frame 

After the five-story steel frame was shop welded in the factory, it was transported to the test field 

and erected on a foundation plate (Figure 2-8). The dynamic testing of the pure frame without 

the floor plate was finished in the spring of 1988. 

2.7.3 Cast-in-situ Concrete Floor 

A cast-in-situ concrete floor was applied on every floor with a plate thickness of 3.15 inches (8 

cm). The dynamic tests were successfully finished in the fall of 1988. 
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FIGURE 2-8 Picture of Prototype Building 
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2.7.4 Bracing 

The prototype, with floor plate, was strengthened by adding a different bracing system in the fall 

of 1988. Three types of bracing were used: eccentric, V and X bracing. In the following text, 

"E," "V," and "X" will be used to represent these three types of bracing systems, respectively. 

"F" will be used to represent the structure without bracing in the Y -Y direction. 

2-15 





SECTION 3 
MODEL DESIGN AND MANUFACTURE 

3.1 Determination of Model Scale 

It is well known that model testing is inherently inaccurate due to the scale of the models. The 

smaller the scale, the larger the errors. Therefore, large models provide more reliable test results. 

The controlling factor which decided the model size was height. The overhead crane in the 

laboratory has a ceiling clearance of 24 feet. The prototype structure is approximately 49 ft. in 

the vertical direction. The foundation block, which connects the model to shaking table, is 2 ft., 

8 inches. Therefore, a model scale of 0.4 was chosen which allows the model height to be 19 ft., 

8 inches. It was determined that with this scaling factor, the model to be built would provide 

satisfactory results. 

3.2 Similitude Requirement 

In conforming to the similitude laws, several assumptions were made, and consequently, the 

scaling law was established based upon these assumptions. For example, it was assumed that the 

gravity constant and the building material (mass density and Young's Modulus), were the same 

for both the prototype and the model. In addition, a lumped mass system [2], typical for dynamic 

tests, was used. To satisfy the requirement of a lumped mass system, artificial mass was added 

to the structure. This was done by adding steel plates and lead blocks at all floor levels on the 

model. In Table 3-1, the similitude scaling laws for artificial mass simulation tests are listed. 

3.3 Model Component Design 

The similitude requirements described above were followed when the model structure was 

designed. Descriptions and discussions of the model design are presented below. 
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TABLE 3-1 Modeling Laws for Artificial Mass Simulation 

Scaling Parameters* Scale 

Length I 1:2.5 
..!. 

Time tr [Ih r 

Frequency O)r [-Ih r 

Velocity Vr [Ih r 

Gravitational acceleration gr 1:1 

Acceleration a r 1 

Structure mass Mr Erl/ 

Strain c r 1 

Stress cr r Er 

Modulus of elasticity E 1:1 
....!. 

Displacement Dr ir 

Force Fr Eri/ 

Energy (EN)r Eri/ 

*U nderlined scale ratios are chosen by the investigator. 
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Overall Dimension and Cross Section: The height and width of every floor are shown in Figure 

3-1. It is noted that the fust floor has a smaller floor height (43 inches) than the rest of the floors 

(47 inches), however, the member layout is identical. 

In the model structure, all columns are of one size and all beams have the same dimension. The 

cross sections of columns, beams, and bracing members are shown in Figure 3-2. In order to 

satisfy both the similitude laws and the availability of materials, the dimensions of the sections 

were designed so that the cross sectional areas, moments of inertia, and elastic and plastic section 

moduli, conformed to the scaling laws as closely as possible. However, the width and thickness 

of the flange and web are distorted slightly from the exact value, due to the commercial 

availability of metal sheets. 

Since the scaled beam and column sections were not standard stock sizes, they were made by 

welding two flange strips to a web plate. Their geometrical properties are listed in Table 3-II. 

Connections: Beam to column connections in the prototype were designed to transfer moments. 

To serve this purpose, flanges and webs of the beams are welded and bolted, respectively, to the 

columns. Backup stiffeners [3] are used on the column as would be done in standard design 

practice. Details of the prototype were carefully followed in the model except for the weld size. 

Due to manufacturing difficulties, the smallest weld size used in the model structure is 0.125 

inches. Figure 3-3 shows the connection details. 

Foundation: Figure 3-4 shows the model foundation. The prototype has a reinforced concrete 

footing, which is unnecessary to model. Therefore, the column base plates are fully welded to 

a connector plate (41 x 27 x 1 inch) and bolted onto the foundation block via nine 1-1/8 inch 

bolts. It is designed so that a rigid foundation can be assumed. 

Bracings: There were three types of bracings incorporated into the structure. They are the 

eccentric, V, and X type bracings. Bracings are installed in the weak axis of the column to 

increase the structure's lateral stiffness. Figures 3-5 to 3-7 show the typical bracing connection 
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TABLE 3-11 Model Member Properties 

COLUMN PROTOTYPE THEORETICAL ACTUAL 
j(= 

b f 
~ 

bf 9.84 3.94 3.75 

tr 0.55 0.22 0.25 tw 
dw 11.02 4.41 4.25 

~ 0.39 0.16 0.125 

X< dw 
tf 
~ 

Area 15.19 2.43 2.41 

Ix 407.5 10.43 10.30 1 
Sx 67.2 4.3 4.34 y 

Zx 74.72 4.78 4.35 

~ 87.65 2.24 2.20 

Sy 17.81 1.14 1.17 

Zy 27.1 1.73 1.76 

b rI (2t f) 8.93 8.93 7.50 

dJtw 27.97 27.97 34.0 

BEAM PROTOTYPE THEORETICAL ACTUAL 

bf 4.65 1.86 1.75 

tr .51 0.20 0.25 

~ 8.82 3.53 3.38 

~ 0.39 0.16 0.125 

Area 8.29 1.33 1.30 

Ix 126.95 3.25 3.28 

Sx 25.79 1.65 1.69 

Zx 30.07 1.92 1.94 

b f/ (2t f) 4.54 4.54 3.50 

~/~ 22.38 22.38 27.0 

BRACING PROTOTYPE THEORETICAL ACTUAL 

Area 2.148 0.344 0.344 

3-8 



and their dimensions. A bracing member was made of two angles (Figure 3-2) combined by 

bracing stiffeners along the length at the intermediate points. The ends of the bracing are bolted 

into a gusset plate, which is welded to the center of beam flange and column web. The bolted 

bracing ends are removable, so that different bracing systems can be tested. 

Weight: Since the artificial mass simulation method requires model weight be proportional to the 

square of the model scale [2], there must be extra weight, other than the member self weight, 

added to the structure. This was satisfied by bolting down steel plates to the floors. Steel plates 

were purchased at different sizes so that combinations of them would meet the requirements of 

the different loading cases. In addition, lead bricks, each weighing 25 pounds, were placed on 

the top of the steel plates to fine tune the weight simulation. 

Based on the weight of the prototype and the scaling laws, the weight of the model structure can 

be determined. The weight of the prototype is shown in Table 3-III, which is the combination 

of the 3.15 inch (80 mm) thick concrete slabs and structural members. In addition, there was an 

eccentric vibrator on the roof of the prototype. It accounts for 1.157 kip (0.526 ton) and is 

included in the first column of Table 3-III. The theoretical and actual weight of the model is also 

shown in Table 3-III. 

Floor: The prototype building has reinforced concrete slabs which are not used in the model 

structure. They are not used because: 

1. The model slab would be very thin (1.25 inches) if the correct modeling law is to be 

followed. This is difficult and expensive to construct, considering the reinforcement 

material manufacturing and detailing. 

2. The model will be used in a mUlti-purpose research program which involves many 

operations on the floor. Using a brittle material for the floor cannot guarantee the 

uniformity of the structural properties. 
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FIGURE 3-5 E Bracing Detail 
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FIGURE 3·6 V Bracing Detail 
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FIGURE 3·' X Bracing Detail 
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TABLE 3-Ill Weight Comparison of Prototype and Model 

FLOOR PROTOTYPE WT. THEORETICAL ACTUAL 
MODEL WT. MODELWT. 

ROOF 8.188 1.310 1.313 

5 8.039 1.286 1.269 

4 8.039 1.286 1.269 

3 8.039 1.286 1.269 

2 8.039 1.286 1.269 

Umt: Kl p 

As a result of the above considerations, the floor was made of MC 6 x 12 channel sections. The 

channels are pin connected to the peripheral beams to avoid introducing any torsion to the latter. 

On the channel webs, slots are opened so that spacers between weight plates and channels could 

be connected to the floors. The spacers work to prevent weight plates' rigidity from attaching to 

the structural stiffness of the beams [4]. 

Inconsistency: Although much effort has been put into the model design and construction, 

inconsistency was found after completion of the model construction. It was found that backup 

stiffeners, located behind the gusset plates in each floor for the X bracing on the column (Figure 

3-8), were not included in the model. The effect of this inconsistency will be discussed in Section 

5. 

3.4 Model Manufacturing 

After design drawings of the model were completed, the model was built by WSF, a local 

company known for manufacturing high-quality welded structures. 
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3.4.1 Coupon Test 

One of the most important assumptions in the similitude laws used in this project are that 

material for the model is the same as that of the prototype. As one of the major objectives of the 

research program is to evaluate the reliability of scaled-down models in predicting the behavior 

of full-scale structures, the stress-strain curve of the model material should exhibit a similar 

relationship as that of the full-scaled structure. Figure 3-9 illustrates the coupon tests of the 

model specimen. Two different coupon sizes, 114 and 1I8-inch thick, cut from a sample column's 

flange and web, were tested. A total of eight coupons, four from the flange and four from the 

web, were tested under uniaxial monotonic tensile loading to determine the basic material 

properties. The conclusions of the tests were as follows: 

1. Flange samples have yielding stress around 50 ksi and strain hardening starts at 

around 2% strain. 

2. Web samples have yielding stress around 39 ksi and strain hardening starts at around 

1.3% strain. 

3. The averaged Young's Modulus is 29000 ksi. 

3.4.2 Residual Stress Test 

The influence of residual stress to the column strength has been extensively discussed in many 

publications [5]. Since the model structure was made of welded sections, its residual stress 

distribution was thus worth investigating. Results of the residual stress test are presented in this 

section. 

The column sections were manufactured with 1/8-inch TIG welding [6], connecting a web plate 

to two flange plates. The sequence of welding along the member length were numbered from 1 

to 4 as shown in Figure 3-lOa. During and after the welding, metal plates were placed against 

the flange to conduct heat generated from welding away from the model. Also, the flange tips 

were clamped to avoid cambering owing to the thermal effect. 
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The method of "sectioning" [7J was used to obtain the measured residual strains and, 

consequently, residual stresses. A series of 1O-inch gauge holes were laid out on the specimens 

and measured with a 1/10000 Whittemore strain gauge [8]. The difference in length before and 

after the sectioning is a measure of residual strains. Figure 3-1Ob shows the sectioning of the test 

samples. The 24-inch test sample cut out from the column sample was at a sufficient distance 

(12 inches) from the ends to offset any edge effect [9]. In addition, at several sections, electronic 

strain gauges were also used to check the Whittemore gauge readings. It was found that the 

results from the Whittemore strain gauge was very close to those of the electronic strain gauges. 

Two segments were tested for residual strains and the results were very close to each other 

(Figure 3-11). The measured flange strain was about 0.12% at the center and 0.1 % at the ends. 

For the web sections, the strain measured at both ends was around 0.14%, and diminished rapidly 

at sections positioned away from the welds to an average of 0.05%. Thus, it is clearly 

demonstrated that at the junction of flange and web, both flange and web were yielded because 

of the welding. But away from the weld, most of the member sections remained unyielded. 
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4.1 Test Program 

SECTION 4 
PROTOTYPE STRUCTURE TESTS 

The tests were carried out in six stages according to the test schedule: 

1. Forced vibration tests of foundation plates alone; 

2. Dynamic tests of the structure without concrete slabs; 

3. Dynamic tests of the structure with concrete slabs; 

4. Dynamic tests of the structure with different types of bracing systems; 

5. Change the thickness of the foundation plate from 7.87 inches ~20 cm) to 15.7 inches 

(40 cm), and repeat dynamic tests in stages 3 and 4; 

6. Change the fIrst floor into a box-shaped foundation and repeat test stages 3 and 4. 

So far, test stages 1 through 4 have been completed, and the results are presented in this section. 

4.2 Test Results 

The dynamic characteristics of the prototype without floor plate were determined by four 

different test methods. They are the forced vibration, the ambient vibration, the free vibration, 

and the impact vibration tests. Each of these methods are described in the following subsections. 

4.2.1 Prototype Structure Without Concrete Slabs 

Forced Vibration Test: Forced vibration tests of the prototype structure without concrete slabs 

were conducted using a vibration generator located at the center of the foundation plate (Figure 

4-1). X-X axis is in the direction of strong axis of the columns, while Y -Y is perpendicular to 

X-X. Excitation force was delivered by the generator in the X-X and Y-Y direction. The 

displacement transducers were placed at the center of the I-beam on every floor. Test results 
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showed that the natural frequencies were consistent among the frequency-response curves 

measured at different floors. 

In the X-X direction, the first three natural frequencies of lateral vibration were 3.75 Hz, 12.64 

Hz and 22.64 Hz, and the damping ratios were 1.2%,0.9% and 1.0%. In the Y-Y direction, the 

first four natural frequencies of lateral vibration were 3.15 Hz, 9.86 Hz, 17.40 Hz and 21.50 Hz, 

and the damping ratios were 0.9%,0.4%, 1.0% and 1.5%. The mode shapes are shown in Table 

4-I. A comparison of the prototype frequencies between x-x and Y-Y direction is shown in 

Table 4-II. The displacement-response curve based on the roof measurement in the Y-Y direction 

is shown in Figure 4-2. In order to ensure the reliability of the damping ratios calculated, it was 

necessary to obtain more than five recording points within the half-power bandwidth. In forced 

vibration tests, the speed stability of the vibration generator must be within 0.01 to 0.005 Hz 

around the range of resonance peaks. 

Ambient Vibration Tests: The natural frequencies of the first three lateral vibration modes in 

the X-X direction were 3.88 Hz, 12.75 Hz and 22.79 Hz. The damping ratios of the first two 

modes were 1.1 % and 0.4%. In the Y -Y direction, the natural frequencies of the first four modes 

of lateral vibration were obtained. They were 3.19 Hz, 10.06 Hz, 16.84 Hz and 23.56 Hz. The 

damping ratios of the first three modes were 0.8%, 0.2% and 0.2%. A comparison of the 

prototype frequencies between the x-x and Y-Y directions is shown in Table 4-Ill. The mode 

shapes are shown in Table 4-IV. The first and second natural frequencies of the torsional 

vibration were obtained from the spectrum. They were 7.38 Hz and 14.88 Hz. For the first two 

mode shapes, the results obtained using forced and ambient vibration tests were found to have 

a satisfactory accuracy. For higher modes, the situation was not so satisfactory under the field 

testing condition. Sample spectra are presented in Figure 4-3 (X-X direction) and Figure 4-4 

(y-y direction). A comparison of ambient and forced vibration tests (see Figure 4-5), shows that 

the correlation is very good in natural frequencies of the prototype structure. In a past study [10], 

the natural frequencies obtained from ambient vibration tests were found to be about 4% higher 

than those from forced vibration tests. In these tests, the measured first mode natural frequency 

shows that the difference is 2.9% (X-X direction) and 1.1% (Y-Y direction). 
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TABLE 4-1 Prototype Mode Shape from Forced Vibration (without floor plate) 

Floor 

Roof 

5th 

4th 

3rd 

2nd 

Floor 

Roof 

5th 

4th 

3rd 

2nd 

1.00 

0.92 

0.73 

0.52 

0.14 

1.00 

0.85 

0.72 

0.45 

0.13 

1st Mode 
f=3.75 

1st Mode 
f=3.15 

x-x 

1.00 

0.13 

0.63 

0.94 

0.44 

y-y 

1.00 

0.17 

0.55 

0.91 

0.40 

2nd Mode 
f=12.64 

2nd Mode 
f=9.86 

1.00 

0.62 

0.32 

0.76 

0.42 

1.00 

0.56 

0.66 

0.67 

0.81 

3rd Mode 
f=22.64 

3rd Mode 
f=17.40 

TABLE 4-11 Translational Modes from Forced Vibration 

x-x y-y 

Mode 1st 2nd 3rd 1st 2nd 3rd 4th 

Frequency (Hz) 3.75 12.64 22.65 3.14 9.86 17.40 21.50 

Damping ratio (%) 1.2 0.9 1.0 0.9 0.4 1.0 1.5 
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TABLE 4-111 Translational Modes from Ambient Vibration 

x-x y-y 

Mode 1st 2nd 3rd 1st 2nd 3rd 4th 

Frequency (Hz) 3.88 12.75 22.79 3.19 10.06 16.84 23.56 

Damping ratio (%) 1.1 0.4 - 0.8 0.2 0.2 

TABLE 4-IV Mode Shape from Ambient Vibration (without floor plate) 

Floor 

Roof 

5th 

4th 

3rd 

2nd 

Floor 

Roof 

5th 

4th 

3rd 

2nd 

1.00 

0.85 

0.78 

0.39 

0.11 

1.00 

0.86 

0.71 

0.40 

0.18 

1st Mode 
f=3.88 

1st Mode 
f=3.19 

x-x 

1.00 

0.15 

0.82 

1.06 

0.45 

y-y 

1.00 

0.27 

0.67 

0.98 

0.51 
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2nd Mode 
f=12.75 

2nd Mode 
f=1O.06 

1.00 

0.36 

0.45 

0.52 

0.54 

1.00 

1.05 

1.08 

1.66 

1.53 

3rd Mode 
f=22.79 

3rd Mode 
f=16.84 
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Free Vibration Tests: The free vibration test is a method which utilizes pull and release of the 

test structure to measure the first natural frequency and damping ratio from the displacement-time 

curves. To pull the test prototype, two ends of the cable were attached to the top of two columns. 

Then, a pulley was used in the middle of the cable and connected to another cable, to maintain 

equal load in both branches of the cable. A pulley block, a load rod and a force transducer were 

inserted in the cable (see Figure 4-6). The prototype was pulled a 1/1500 H (H is the height of 

prototype) lateral displacement by applying a load on the roof level via one cable. When the load 

rod was broken, the displacement -time curve of free vibration of the prototype was recorded by 

an oscillograph. The fundamental natural frequency and damping ratio were calculated. Figure 

4-7 shows the displacement-time history of free vibration from the transducer on the fifth floor 

in the Y -Y direction. 

The first fundamental natural frequency was 3.91 Hz for X-X direction and 3.18 Hz for Y-Y 

direction. The equivalent damping ratio was 2.0% for X-X direction and 1.6% for Y-Y direction. 

The first natural frequencies obtained from the free vibration were in good agreement with that 

of forced and ambient vibration tests. The maximum difference was 4% with the forced vibration 

test and 1 % with the ambient vibration test. But the first mode damping ratios were 40% in X-X 

direction and 43% in Y-Y direction, higher than those of the forced vibration and ambient 

vibration tests. 

Impact Tests: The impact test is easier to apply to a model structure than to a prototype 

structure. There is not yet a previous record of impact tests on a full size structure to be found. 

In the last stage of the series of prototype tests without the floor plate, impact tests were used 

to try to obtain the prototype's dynamic characteristics. It is more convenient to change the 

impact location than the measurement location, so the operator can choose various impact points. 

It was decided to choose the beam-column joint of each floor as the impact location. The 

response point was located at the top of the prototype structure. In this way, only two 

measurement channels, force and response, were needed. The force and response signal were 

recorded by a tape recorder on the test field, so the modal parameters could be obtained from 

transfer functions by computer analysis. The block diagram of the measurement and analysis 

system are shown in Figure 4-8. 
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The natural frequencies and the first three mode shapes of lateral motion in X-X direction and 

the first two modes of torsional motion are shown in Figure 4-9. The first three natural 

frequencies were 3.75 Hz, 12.94 Hz and 22.80 Hz for the x-x direction, the second and third 

mode's equivalent damping ratios were 0.9% and 0.8%. In the Y-Y direction, the first four 

natural frequencies were 3.20 Hz, 10.05 Hz, 17.45 Hz and 23.60 Hz. (Table 4-V). The natural 

frequencies for the first two torsional modes were 7.38 Hz and 14.94 Hz, the damping ratios were 

1.5% and 0.6% (Table 4-VI). The natural frequencies obtained from the impact vibration were 

close to those of forced, ambient, and free vibration tests. Specifically, it was in good agreement 

with ambient vibration tests. To compare the natural frequencies between the analytically 

predicted and the experimentally measured, the dynamic analysis were carried out using the 

computer program SAP-5 under the assumption of rigid foundation (see Table 4-Vll). 

4.2.2 Prototype Structure With Concrete Slabs 

After the dynamic tests of the prototype without the floor plate were finished, the cast-in-place 

concrete floor, 3.15 inches (8.0 cm) thick, was poured on every floor. The testing load was 4.8 

kip (2.18 ton) on every floor. The dynamic characteristics of the prototype with the floor plate 

was determined using forced and ambient vibration tests only. 

Forced Vibration Tests: Forced vibration tests incorporated two methods in the first stage. First, 

the vibration generator was located at the center of the foundation plate of the prototype to excite 

the structure. Then the second vibration generator was moved to the neighboring foundation plate 

to generate vibration waves travelling through ground soil to excite the prototype. 

1. Vibration generator at the foundation plate under the prototype: The first three 

natural frequencies in the X-X direction were 2.50 Hz, 8.47 Hz and 15.79 Hz and the 

modal equivalent damping ratios were 1.4%, 0.8% and 2.2%. Figure 4-10 is an 

example of how to determine damping ratio. The first three natural frequencies were 

2.2 Hz, 6.78 Hz and 11.28 Hz for the Y -Y direction. The equivalent modal damping 

ratios were 0.9%, 1.4% and 0.6%. A comparison of the results between the two 

4-13 



/ / 
I 

I . . 
\1' './ 

\ 

\ , 

\ , . 
/ . . 

I 

!L' 
I 

I . 
I 

I 

\ . 
• 

v; 
I 

I 
v; 

I 
I . , 

• 
· · · , 

\ 

I 

: 

~ . 

7 

(I . \ ) 
V- I . } 

./ 

I 

\ 

f=3.7SHz f=7.38Hz f=12.94Hz f=14.94Hz f=22.80Hz 

FIGURE 4-9 First Three Bending and First Two Torsional Modes of Prototype 
(without floor plate) 

4-14 



TABLE 4-V Results from Impact Test 

x-x y-y 

Mode 1st 2nd 3rd 1st 2nd 3rd 4th 

Frequency (hz) 3.75 12.94 22.80 3.20 10.05 17.45 23.60 

Damping ratio (%) - 0.9 0.8 - - - -

TABLE 4-VI Torsional Modes 

Mode 

1st 2nd 

Frequency (Hz) 7.38 14.88 
Ambient 

Damping ratio (%) 0.4 0.4 

Frequency (Hz) 7.38 14.94 
Impact 

Damping ratio (%) 1.5 0.6 

TABLE 4-VII Comparison of Analytical and Experimental Results 

Natural frequency (Hz) 

X-X y-y 

Mode Mode 

1st 2nd 3rd 1st 2nd 3rd 4th 

Forced 3.75 12.64 22.65 3.14 9.86 17.40 21.50 

Ambient 3.88 12.75 22.79 3.19 10.06 16.84 23.56 

Free 3.91 - - 3.18 - - -

Impact 3.75 12.94 22.80 3.20 10.05 17.45 23.0 

Analysis (SAP5) 3.97 13.24 23.60 3.08 9.52 16.51 23.20 
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directions is shown in Table 4-Vlll. The mode shapes are shown in Table 4-IX. After 

casting the concrete floor, the structural mass increased and the fIrst three natural 

frequencies were reduced about 32% in the x-x and Y-Y directions. The first modal 

damping ratio increased about 14% in the X-X direction as well as the Y-Y direction. 

A comparison of the natural frequencies of the prototype without and with floor plate 

is shown in Table 4-X. 

2. Vibration generator on another foundation plate: The excitation force was along 

the X-X direction only. The vibration wave passed through the soil and reached the 

foundation of the prototype. In this case, the dynamic characteristics of the prototype 

obtained from forced vibration tests should reflect the soil-structure interaction to a 

certain extent, in spite of the fact that only the top soil layer was involved. The fIrst 

three natural frequencies were 2.52 Hz, 8.58 Hz and 16.10 Hz for the X-X direction. 

Damping for the second and third mode was 0.8% and 1.9%. The mode shapes are 

shown in Table 4-XI. The first three natural frequencies obtained from forced 

vibration in case (1) were 1.2% to 3.0% lower than those measured when the 

vibration generator was on the nearby foundation. A comparison of the test results 

from these two methods were shown in Table 4-Xll. 

Ambient Vibration Tests: In the ambient vibration tests, the displacement transducers were 

located at the center of each floor level. The fIrst three natural frequencies were 2.52 Hz, 8.40 

Hz and 15.60 Hz for X-X direction, and the first and second mode damping ratios were 0.6% and 

0.9%. The first four natural frequencies were 2.19 Hz, 6.72 Hz, 11.10 Hz and 15.20 Hz for the 

Y-Y direction, and the first three modal damping ratios were 0.9%, 1.1% and 0.4%. (Table 4-

XIII). The mode shapes are shown in Table 4-XIV. Sample spectra from ambient in the Y-Y 

direction are presented in Figure 4-11. A comparison of natural frequencies from ambient tests 

with the results from forced vibration tests show very good correlation. The difference in the fIrst 

three natural frequencies was 0.7%, 0.8% and 1.2% in X-X direction and 0.4%, 0.8% and 1.6% 

in Y -Y direction. Figure 4-12 shows a comparison of mode shapes between forced and ambient 

vibration tests. The correlation of the fIrst two mode shapes is good. The natural frequencies 

predicted analytically and measured experimentally are summarized in Table 4-XV. 
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TABLE 4-VHI Results from Vibration Generator on the Foundation Under the Prototype 

x-x y-y 

Mode 1st 2nd 3rd 1st 2nd 3rd 

Frequency (Hz) 2.50 8.47 15.79 2.20 6.78 11.28 

Damping ratio (%) 1.4 0.8 2.2 0.9 0.14 0.6 

TABLE 4-IX Prototype Mode Shape from Forced Vibration Test (with floor plate) 

Floor 

Roof 

5th 

4th 

3rd 

2nd 

Floor 

Roof 

5th 

4th 

3rd 

2nd 

1.00 

0.70 

0.53 

0.36 

0.12 

1.00 

0.77 

0.65 

0.45 

0.15 

1st Mode 
f=2.50 

1st Mode 
f=2.20 

I 

x-x 

1.00 

0.12 

0.61 

0.87 

0.48 

2nd Mode 
f=8.47 

y-y 

1.00 

0.17 

0.89 

1.07 

0.83 
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2nd Mode 
f=6.78 

1.00 

0.75 

0.81 

0.63 

0.94 

1.00 

0.98 

0.89 

1.01 

0.88 

3rd Mode 
f=15.79 

3rd Mode 
f=I1.28 



TABLE 4-X Natural Frequency Comparison 

Mode 

1st 2nd 3rd 

Prototype without Frequency (Hz) 3.75 12.64 22.64 
floor plate 

Damping ratio (%) 1.2 0.9 1.0 

Prototype with Frequency (Hz) 2.50 8.47 15.79 
floor plate 

Damping ratio (%) 1.4 0.8 2.2 

TABLE 4-XI Results from Vibration Generator on Another Foundation (with floor plate) 

x - X Direction 

Floor 1st Mode 2nd Mode 
f=2.52 f=8.58 

Roof 1.00 

I 
1.00 V 1.00 

5th 0.72 0.14 0.70 

/ 
r-

4th 0.55 0.64 0.86 

3rd 0.47 0.86 r 0.60 

2nd 0.13 - 0.52 -

TABLE 4-XII Natural Frequency Comparison 

Direction 
1st 

Forced vibration * X-X 2.50 

Forced vibration ** X-X 2.52 

Ambient vibration X-X 2.52 

* The vibration generator on the foundation of prototype 
** The vibration generator on the other foundation 
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Mode 

2nd 

8.47 

8.58 

8.40 

3rd Mode 
f=16.10 

V 
(: 
~ 

3rd 

15.79 

16.10 

15.60 



4.2.3 Dynamic Tests of Structures with Different Bracing Systems 

Three different bracing systems: E, V and X, were installed on the structure in turn at this stage 

of the testing. 

The force vibration method was adopted for these tests. The frequencies of different bracing 

systems are listed in Table 4-XVI together with their mode shape. The fundamental natural 

frequency was 3.88 Hz, 3.90 Hz, and 4.36 Hz for Eccentric, V, and X bracings, respectively. In 

comparison to the space frame without bracing, whose fundamental frequency was 2.2 Hz, it is 

obvious that the structural lateral stiffness increased due to the inclusion of different bracing 

systems. Also noted was that among the three bracing systems used in this study, X bracing 

created the largest increase while Eccentric bracing created the smallest increase. 

4.3 Summary 

In this section, dynamic tests on the prototype structure were reported. Several different methods 

of excitation were used to compare the system identification results. Both mode shape and 

frequency were very consistent among various identification procedures. Damping ratio was 

found to have a larger variation, which is quite common from past experience in the field test. 

This is caused partly by the theory of damping, which has not been rigidly defined, and partly 

by the small damping value inherent in the structure. In general, the test results are satisfactory. 
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TABLE 4-XIll Results from Ambient Vibration 

Direction X-X y-y 

Mode 1st 2nd 3rd 1st 2nd 

natural frequency (Hz) 2.52 8.40 15.60 2.19 6.72 

damping ratio (%) 0.6 0.9 - 0.9 1.1 

TABLE 4-XIV Mode Shapes from Ambient Vibration 

Floor 

Roof 

5th 

4th 

3rd 

2nd 

Floor 

Roof 

5th 

4th 

3rd 

2nd 

1.00 

0.85 

0.62 

0.35 

0.12 

1.00 

0.88 

0.66 

0.40 

0.12 

1st Mode 
f=2.52 

/ 
/ 

1st Mode 
f=2.19 

X - X Dir 

1.00 

0.21 

0.77 

0.97 

0.52 

2nd Mode 
f=8.40 

y - Y Dir 

1.00 

0.16 

0.79 

1.06 

0.51 
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2nd Mode 
f=6.72 

1.00 

0.36 

0.38 

0.28 

0.36 

1.00 

0.90 

1.12 

0.85 

1.18 

3rd 

11.10 

0.4 

3rd Mode 
f=15.60 

3rd Mode 
f=l1.l0 

4th 

15.20 

-



TABLE 4-XV Comparison of Analytical and Experimental Results 

Test Method Natural Frequency (Hz) 

X - X Direction 

Mode 

1st 2nd 3rd 1st 

Forced * 2.50 8.47 15.79 2.20 

Forced ** 2.52 8.58 16.10 -

Ambient 2.52 8.40 15.60 2.19 

Analysis (sap-5) 3.16 10.11 18.58 2.25 

* The vibration generator on the foundation of prototype 
** The vibration generator on the other foundation 
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Y - Y Direction 

Mode 

2nd 3rd 

6.78 11.28 

- -

6.72 11.10 

6.78 11.37 

4th 

-

-

15.20 

15.36 



TABLE 4-XVI Mode Shapes of Braced Frames 

(E) y - y Direction 

1st Mode 2nd Mode 
f=3.88 (Hz) f=13.22 (Hz) 

Roof 1.00 I'" 0.87 V -5th 0.86 0.07 

4th 0.59 -0.61 

3rd 0.32 -1.00 

2nd 0.21 -"- -0.66 _b... 

(V) y - Y Direction 

1st Mode 2nd Mode 
f=3.90 (Hz) f=14.60 (Hz) 

Roof 1.00 

~/ 
0.81 V 5th 0.85 0.10 

~ 
4th 0.58 

V 
-0.52 

i'" 
3rd 0.35 -1.00 

2nd 0.20 -0.69 -.I... _ ...... 

(X) Y - Y Direction 

1st Mode 2nd Mode 
f=4.36 (Hz) f=15.10 (Hz) 

Roof 1.00 :-

/ 
0.94 

Y 5th 0.82 - 0.17 

I 

~: 4th 0.54 

V 
-0.43 

3rd 0.37 -1.00 

2nd 0.23 -0.36 ~~ -'-
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5.1 Introduction 

SECTION 5 
MODEL TESTS 

The dynamic characteristics of the model were determined at the loading conditions, 

corresponding to that of the prototype with concrete slab. The objectives of the tests were as 

follows: 

1. To correlate the dynamic behavior between model and prototype 

2. To analyze the effect of increase in lateral stiffness. 

5.2 Test Program and Instrumentation 

Four structural types were tested: bare frame (F), eccentric (E), V, and X bracing. Because the 

bracings were designed to be bolted on the gusset plate, the structural integrity was not damaged 

after installation or removal of the different bracing types. 

For every structural type, a two-minute white noise ground motion (see Figure 5-1) was used as 

the input from the foundation. A shaking table housed in the structural laboratory at the 

University at Buffalo provided the base excitation to the structure. Figure 5-1 shows that the 

input motion is uniform up to 40 Hz. However, components higher than 40 Hz displayed some 

increased magnitude which could not be corrected by the MTS control system after several off­

line compensation iterations. However, this should not have affected the result of the transfer 

function. Therefore, it was accepted as the input ground motion. 

Data taken from the experiment were accelerations at every floor and foundation as shown in 

Figure 5-2. ENDEVCO model 2262-25 low G piezoresistive accelerometers were used and were 

placed at the center of the beam span. Conditioners [11] to magnify signals had two different cut-
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off frequency filters to choose from, one was 25 Hz and the other 50 Hz. The latter was chosen 

for the test. 

As discussed by many dynamic textbooks, it is known that damping can also be obtained from 

the free vibration of the structure, using the theory of free vibration decay [16]. First mode 

damping can easily be obtained from the free vibration initiated from the quick release 

mechanism, which releases an initial deformation made by pulling a cable tied to the top of the 

structure. The free decay curve, as shown in Figure 5-3, can be used to find damping ratio, ~, 

corresponding to the flrst mode by the following equation: 

(5.1) 

where n is the number of cycles between P and Q, and up,uQ are the peak magnitude of the 

decaying curve. 

There are many approaches to obtain damping ratio in higher modes. Several techniques, such 

as Nyquist Circle Fit, Random Decrement [17], filtered impulse decay [18], etc., have been 

developed. In this experiment, a new approach was used to obtain higher mode damping. 

Higher mode damping can be obtained by free vibration decay if no modal coupling exists. In 

general, it is quite difflcult to produce a higher mode free vibration. The authors tried several 

strategies to produce such a phenomenon without success. Finally, it was tested quite successfully 

to produce the free vibration of the second and third mode. The approaches taken are described 

below. 

First, the natural frequencies of the higher modes must be identified. Then, a programmed 

shaking table motion with sinusoidal excitation at the interested natural frequency was used to 

create the steady state response at the mode of interest. When the structure was in the steady 

state, the magnitude of the input motion was gradually reduced to zero in two seconds, while the 
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excitation frequency remained the same. After the table came to a stop, the structure was still 

vibrating at the rhythm of the excited higher mode and gradually decayed to background noise. 

In Figure 5-4a, it can be seen that the second mode free decay started behind line A-A. A 

Fourier Transform of time span between A-A and B-B is shown in Figure 5-4b. The vertical axis 

is in logarithmic scale and the second mode response is about one hundred times stronger than 

that of the fIrst mode. Therefore, damping ratio for the higher mode can be obtained in the same 

manner as the first mode free decay. This approach was adopted for the evaluation of the second 

and third mode damping. A clearer response on the second mode than the third mode was 

observed in tests of different bracing systems. 

5.3 Data Analysis 

The data acquisition system [12] was set to have the sampling rate of 128 Hz throughout the test, 

thus the corresponding Nyquist frequency was 64 Hz, which was high enough to catch at least 

the flrst two modes. The total time sampled was 112 seconds, assuming that transient response 

will have minimum effect after 8 seconds. For the spectrum analysis, an 8-second interval was 

used to average results to minimize the noise. Hanning window was used to minimize the leakage 

problem. 

The floor acceleration transfer functions with respect to the foundation acceleration were 

calculated by a spectrum analyzer [12]. Results for different structural types are shown in Figures 

5-3 to 5-8. Symbols of F, E, V, and X correspond to Bare frame, Eccentric, V, and X bracing, 

and are used in the following text for convenience. 

5.4 Test Results and Discussion 

This section discusses the results from the model tests and their correlation with the prototype 

structure. Three subsections dealing with frequency, mode shape and damping ratio are presented 

in sequence. 
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5.4.1 Frequency 

The natural frequencies of the model from the experiment are shown in Table 5-1. Also shown 

in the table are the analytical results calculated from a commercial package STAAD-llI [13]. 

Several special features of the computer models are listed below: 

1. Beam-column joints were modeled as rigid links on the beam, with the length on the 

model structure from the center of the joint to the face of the column. 

2. Floor height and beam length was decided from the center to center distance as shown 

in Figure 3-1. 

3. A plane frame model is used instead of a three dimensional model. 

4. A six inch rigid link was imposed at the bottom of the columns to account for the 

wind plates, shown in Figure 3-4, connecting column to foundation. 

5. Structural weight was lumped at beam-column connection. 

Analyzing Table 5-1, it is found that the correlation between the computer model and 

experimental result was very good. The difference increases to 10% as structural stiffness 

becomes larger. This is due to the imperfection of computer modeling to account for the bracing 

stiffness. During the experiment, bracing members were recorded to have some out of plane 

vibration, which reduced the overall structure stiffness. In general, the analytical frequency is 

slightly higher than the experimental frequency. This is a reasonable result since analytical 

modeling assumes many boundary conditions that make it stiffer than the real structure. 

Table 5-ll shows the comparison between the model and prototype test. Listed below the model 

frequency is the Equivalent Prototype Frequency (EPF), in parenthesis, which is the equivalent 

frequency in prototype calculated by multiplying the scale factor,VO.4, by the experimental model 

frequency. 
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TABLE 5-1 Frequency Comparison of Model Test Result 

AXIS 
X-X 

Y - Y (Hz) 

METHOD 
(Hz) F E V X 

1ST EXPERIMENTAL 4.00 3.32 7.37 8.90 9.50 
MODE 

ANALYTICAL 4.15 3.38 8.03 9.73 10.61 

2ND EXPERIMENTAL 14.00 10.41 22.95 28.20 34.22 
MODE 

ANALYTICAL 14.06 10.57 23.94 29.16 35.14 

3RD EXPERIMENTAL 27.37 18.46 36.00 NA NA 
MODE 

ANALYTICAL 28.10 18.58 38.09 51.40 63.97 

TABLE 5-11 Mode Shape Comparison of Model and Prototype 

AXIS 
X-X 

Y - Y (Hz) 

METHOD 
(Hz) F E V X 

MODEL 4.00 3.32 7.37 8.90 9.50 
1ST 

EPF (2.5) (2.1) (4.7) (5.6) (6.0) 
MODE 

PROTOTYPE 2.5 2.20 3.88 3.90 4.36 

MODEL 14.00 10.41 22.95 28.20 34.22 
2ND 

EPF (8.8) (6.5) (14.5) (17.8) (21.6) 
MODE 

PROTOTYPE 8.47 6.78 13.22 14.60 15.10 

MODEL 27.37 18.46 36.00 NA NA 
3RD 

EPF (17.3) (11.7) (22.8) NA NA 
MODE 

PROTOTYPE 15.79 11.28 NA NA NA 

5-13 



Comparing EPF to prototype frequency, the accuracy of the scaled down model was determined. 

Examining Table 5-11, it can be seen that most of the EPF's are higher than the prototype 

frequency. This was expected by the authors since the prototype was built in the field, thus the 

assumption of fixed end column is not as rigidly defined as in the model. Also, soil-structure 

interaction was another factor contributing to the lower natural frequency of the prototype. 

Therefore, the result obtained is quite satisfactory except for the "F" frame in Y -Y direction. 

The fundamental frequency change due to the inclusion of different bracing systems is obvious. 

The stiffness increase can be expressed in relation to the change of fundamental natural frequency 

if the structure is idealized as a one DOF structure system. The stiffness change from "F" to "E" 

can be calculated in the following form: 

KF = (fEJ2 = (7.37)2 = 4.92 
KE IF 3.32 

(5.2) 

The increase of stiffness is apparent by adding different bracing. The change of stiffness is 4.92 

for E bracing, 7.19 for V bracing, and 8.19 for X bracing. 

Note that in the "F" case, the prototype has a natural frequency higher than the EPF. This is 

contrary to what is described above. Explanation of this phenomenon was sought and it was 

found that model construction was the cause of this discrepancy. It was described in Section 3.4, 

referring to Figure 3-8, that discrepancy between model and prototype does exist. The missing 

stiffener on the column would have contributed some extra stiffness to the structure. Had this 

stiffener been included in the model, the natural frequency of the model would be increased, 

since the column rigid zone in the model is lengthened by the combined action of the gusset plate 

and stiffener. This missing stiffener apparently is not as important in the braced structures, since 

bracing itself provides most of the stiffness to the structure. However, the bare frame structure 

relies entirely on the rigidity of its beams and column for stiffness. 

5-14 



5.4.2 Mode Shape 

In this experiment, rigid floors are assumed so that the model structure is considered a five DOF 

dynamic model. Mode shapes are obtained from the ratio of transfer functions for a certain mode 

at different floors. 

Since mode shape is a relative magnitude, the largest transfer function value is usually used as 

the base for normalization. For the fIrst mode, the roof was used as the base, while for the second 

mode it was at the third floor. 

The mode shape obtained from the model test are shown in Figure 5-9 and Figure 5-10 overlaid 

by the prototype mode shape. It is observed that there is less difference at the unbraced structure 

as in Figure 5-9 than the stiffer structure as in Figure 5-10. It is also observed that larger 

differences occurred at higher modes. In general, the results correspond to each other. 

5.4.3 Damping 

Damping is often obtained by the half power method. It is noteworthy that proportional damping 

theory is assumed in order to the use the half power method. The zoom function [19] was widely 

used to calculate damping. In testing the F frame, the damping ratio calculated from the free 

decay vibration method matches quite well with that from the half power method. The zoom 

function doesn't work as well when the structural frequency increases. A smooth transfer function 

curve cannot be obtained at higher frequencies, thus a good estimate of higher mode damping 

was impossible. 

A new method to calculate higher mode damping through free vibration was used. Figure 5-11 

illustrates a few examples of the result. Table 5-III shows the damping ratio comparison for the 

model and prototype. Since damping is structure dependent, there is no relationship between 
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prototype and model. From Table 5-III, it is known that the damping ratio in both structures is 

very small. A similar result can be found in several reports by other investigators [14,15]. 

Also noted is the gradual increase of the first mode damping in Y -Y direction as the lateral 

stiffness increases. It seems that the first mode damping ratio increases as the stiffness of the 

structure increases. 

TABLE 5-Ill Damping Comparison of Model and Prototype 

/ 
AXIS Y - Y (%) 

X-X 
STRUCTURE (%) F E V X 

/ 
! 
/ 1ST PROTOTYPE 1.4 0.9 1.40 1.70 2.20 

/MODE 
MODEL 0.2 0.15 0.20 0.24 0.30 

2ND PROTOTYPE 0.8 1.4 NA NA 3.80 
··MODE 

MODEL NA 0.20 1.60 1.50 2.10 

3RD PROTOTYPE 2.1 0.6 NA NA NA 
MODE 

MODEL NA 0.30 1.30 0.35 1.30 

5.5 Summary 

In this section, results from the laboratory test of the model structure, including bare frame and 

three braced frames, were reported. Correlation between the model and prototype were quite 

satisfactory. The incompleteness of the model has been explained. 

A new method to estimate the higher mode damping is proposed. The experimental results from 

this method seem reasonable. More work to refine the technique would be useful in the future. 
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SECTION 6 
SUMMARY AND CONCLUSION 

This report presents the first stage of test results from the US-China joint research project entitled 

Cooperative Research for Dynamic Testing and Analysis. 

A full-sized five-story steel prototype structure was built in Beijing, China, and its scaled down 

model was built in the laboratory at the University at Buffalo. The prototype has the dimensions 

of 10.8 x 10.8 feet in plan and 48.9 feet in height. The model has a scale of 0.4 and was built 

with artificial mass to simulate the dynamic behavior· of the prototype. 

Experimental system identification tests were carried out in both locations to verify the 

relationship between the prototype and the model. Several new techniques were tried, with very 

good results, in identifying the basic structural properties. The prototype structure was tested with 

four different excitation methods. They were: force vibration with an eccentric vibrator, impact 

vibration with an impact hammer, ambient vibration, and free vibration from a pull-release 

technique. 

The model structure was tested in the structural laboratory at UB. The frequencies, mode shapes 

and damping ratios were identified. Higher mode damping was measured by a new technique 

utilizing the MTS shaking table in the laboratory. The inclusion of bracings increased the lateral 

stiffness of the building. Three different bracing systems were tested and their strengthening 

effect was shown by the measured frequency increase. 

It is concluded that the model structure is suitable to simulate the dynamic behavior of the 

prototype. Future research can benefit from this model because dynamic tests can be carried out 

in the laboratory before the final tests on the full-sized structure. 
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