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Abstract: This paper was determined the effect of dynamic characteristics on 5-storey 

steel tower with different structural configurations by using modal analysis through 

STAAD Pro software. There are two types of structural configurations found in the 

structure which is cross-section and connection. Dynamic characteristics of steel 

tower was investigated in terms of predominant frequency, maximum deflection 

amplitude and relative floor displacement amplitude. In this study was focused to 

verify the comparison result from bare frame with the previous laboratory 

measurement. There are three predominant frequency was produced from modal 

analysis which according to their modes. The result of bare frame is f1 and f2 = 

5.55Hz, and f3 = 7.23Hz with percentage different less than 10% from previous study. 

Besides, there are three type of modes shapes for steel tower which can be explained 

in translational mode and torsional mode. The translational mode was produced for 

mode 1 and mode 2 while torsional mode for mode 3. The relationship of predominant 

frequency, maximum deflection amplitude and relative floor displacement were 

developed between the dynamic characteristics of steel tower. Result has been proved 

the maximum deflection for all cases in two types of structural configurations were 

located at top level of steel tower. While the maximum displacement amplitude for 

weak storey were located on the level 2 and level 3 which need an improvement to be 

done for maintaining the structure. 

 

Keywords: Structural configurations, Modal analysis, STAAD.Pro, Dynamic 

characteristics 

 

1. Introduction 

Safety of the structure plays an important role to keep maintaining the characteristics of the dynamic 

behaviour of the structure from damage failure or collapse. The behaviour and vulnerability of buildings 

are highly dependent on the dynamic characteristics of buildings [1]. Dynamic characteristics of 
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building can be evaluated through the estimation of modal analysis such as natural frequencies and 

mode shape. Every structure has its own natural frequency which the structure tends to vibrate if it is 

subjected to a disturbance [2]. Therefore, the addition of vibration will lead to a change in natural 

frequency and mode shape that can cause structural damage and failure [3]. The variety of section 

properties allow the structural engineers to design excellent compression efficiency, high torsional 

resistance and aesthetic appearance [4]. Other than that, strength of the connection between members 

in the steel structures are concern one of the most important part in structural design and steel structure 

will support the load perfectly when the members and connection are in good design [5]. 

Building collapse and heavily damaged structure that causes by the earthquake were reported over 

nearly 10,000 people cases losing their lives around the world every year because of these natural 

hazards due to decreasing of the cross-section in columns [6]. Increasing of the beam and column 

dimension, it will increase in mass and stiffness of total structures [7]. The cross-section is an important 

component for every single aspect of analysis and structural design. Changing the cross-section of 

columns from square to circular increased the column's load-carrying power performance [8]. The 

change of density, length, young’s modulus and area of cross sectional will affect the change of natural 

frequency and mode shape of the structures [9]. If the position of the connection is changed, the 

structural of the natural frequency and mode shape also was changed [10]. The connection will lead to 

fracture and structure damage or collapse when the connection did not receive sufficient resistance or 

ductility to support the large rotations simultaneously and normal force [11]. In this study, the effect of 

cross-section and connection has been investigated.  

The objectives were to validate the modal analysis of STAAD Pro against the result of modal 

parameters obtained from previous laboratory measurement of ambient vibration testing and to 

investigate the trend of dynamic characteristics and maximum deflection amplitudes with different 

variables of structural configurations used for vulnerability assessment. The significances were to 

provide an economic design of the existing steel tower for maximum serviceability and equivalent 

dynamic behaviour with effective structural configurations. Besides, it also could assess the 

vulnerability of the existing steel tower with different cross-sections and connection conditions for 

safety and economic design purpose. 

2. Literature Review 

Every type of building has its own dynamic characteristics which are natural frequency and mode shape. 

The natural frequency and mode shape are the most important dynamic characteristics for tall buildings 

[12]. The most important aspects of structural health monitoring are determining the dynamic 

characteristics of structures from micro seismic and ambient vibration [13]. Next, the dynamic 

behaviour of structural building depends on dynamic characteristics of structures which are can be 

determined on the material properties, boundary condition, structural properties and the number of the 

structure damage [14]. The natural frequency unit was measure in Hertz (Hz), which can be determined 

as the period of time for the building to sways from side to side in seconds [15]. The modes of vibration 

and natural frequency can be determined based on free vibration analysis which can be done numerically 

or experimentally [7]. The study more focused on the findings from previous study about the dynamic 

characteristics on cross-section and connection that has been tabulated in Table 1 and Table 2. 

Table 1: Investigation of dynamic characteristics on cross-section 

Author Methodology Results 

[16] This study was investigated the vibration on 

the isotropic beam with the variable cross-

section and three different type of boundary 

conditions were applied.  

The result has been showing when the 

cross-section was changed, it will affect 

the natural frequency and vibration 

form. Besides, there were produced fifth 

mode of natural frequencies with 

increasing for each mode which is 4.72 
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Hz, 24.20 Hz, 63.86 Hz, 123.10 Hz and 

202.07 Hz. 

[17] The study has been conducted with different 

material for same I and T-cross section beam 

to determine the vibration characteristics 

which are natural frequency and mode shape. 

The minimum natural frequency for cast 

iron in T-section is 14.3Hz while the 

maximum natural frequency for 

structural steel in I-section is 415.08 Hz 

 
Table 2: Investigation of dynamic characteristics on connection 

Author Methodology Results 

[10] Three tower tall building were connected to 

each other with a change of connection 

location and the effect on dynamic response 

were investigated by using finite element 

software. 

The result has been shown the minimum 

of maximum displacement in x-direction 

is about 97.99% while in y-direction is 

about 98.39%. 

[18] The study was conducted based on the 

experimental study to evaluated of damage 

effect on the dynamic vibration 

characteristics of concrete encased composite 

column with different column and beam 

connection by using ambient vibration 

analysis 

The damage and cracks happen in the 

column and beam connection will 

strongly affected the natural frequency 

due to decreasing in frequency because 

of decrement in flexural rigidity in the 

cracked parts. The maximum difference 

for natural frequency were calculated 

between 21.72% and 39.96% 

[19] The dynamic characteristics was performed 

by using Operational Modal Analyses by 

applied boundary conditions such as material 

properties to determine the effect on the 

dynamic behaviour. The semi-rigid was 

considered as the connection for the 

structural elements. 

The first four natural frequencies were 

obtained between 7-22 Hz with 

maximum difference frequencies 

between analytical and experimental 

were reduced from 47% to 2.6%. 

 

Mode shapes define as the deformation shape of the building when it oscillated and is shaken at the 

natural period [20]. The building structure has its numbers of natural frequency. There are three 

fundamental mode shapes of oscillation. The first two-mode shape is pure translational, and the third 

mode was in rotational mode shape. There was same regular translational in the mode shape for 1st and 

2nd mode, while mode 3rd mode was produced in torsion [10]. From the Figure 1 has been showed the 

pattern of mode shape based on the previous research. 

 

Figure 1: Fundamental mode of oscillation in translational and rotational mode shape [20] 

3. Methodology 

3.1 Stage 1: Observation and Data Collection 

The steel frame structure of 5 storey steel tower was designed under the Research Grant TIER 1 

Phase1/2017 and placed at Jamilus Research Centre (JRC) laboratory, Universiti Tun Hussein Onn 

Malaysia (UTHM). The structure was made up of mild steel with grade S275 and the dimension for 

beams and columns for square hollow section were 77 mm × 77 mm ×1000 mm with thickness 3mm 
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for both elements. The height of steel frame was 5 m with the height for each level was 1 m. There are 

three different types of connectors of the steel frame which are base connector, intermediate connector 

and top connector. All elements (beams, columns and connections) were assembled into a 5-storey steel 

tower with four base connectors were placed fixed to the floor using four high tension bolts and nuts 

with diameter of 25mm. The spacing between connectors were 1000mm. The columns and beams were 

secured with 10mm diameter high tension bolts and nuts to grip the steel tower in position. According 

to the Figure 2 and Figure 3, the figure below has been showed the steel tower elements that designed 

under Research Grant TIER 1 Phase1/2017. 

 
Figure 2: Moment resisting frame of a 5-storey 

steel tower [21] 

 
 

 
 

 
Figure 3: Dimension for beam and columns [21] 

3.2 Stage 2: Modelling Work and Modal Analysis 

By using STAAD Pro software, the modelling of the bare frame was conduct by referred to the 

dimension and parameters of the steel tower located at Jamilus Research Center (JRC) laboratory. 

STAAD Pro can be used for various structures for modelling, designing, and analysing. In this study, 

the structures are assigned as space which allowed the structure framed in 3D modelling. The unit needs 

to set up in meter and kilonewton to ensure the parameter of the model are accurate. To analyse the 

dynamic characteristics of steel tower model, the frequency results of bare steel tower model that was 

constructed in STAAD.Pro software was compared with frequency results from previous laboratory 

results that were conducted using accelerometer sensors and EFDD analysis. In order to model the steel 

tower for modal analysis, all dimensions of the steel tower were identified to be used in STAAD.Pro 

software. The detailing needed for STAAD.Pro modelling work are as in Table 3.  
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Table 3: Detailing of steel tower for modelling work [22] 

No Element 

1 Standard BS EN 1993-1-8:200 

Steel grade S275 

fy: 275 × 10-3 kN/mm2 

λ: 300 × 10-3 

E: 205kN/mm2 

2 Beam and column Square hollow sections (SHS) 

Length = 1000 mm 

Width, B = 77mm  

Height, H = 77mm 

Thickness, t = 3 mm 

3 Connection High tension bolt grade 8.8 with 

diameter 

10mm and 25mm 

4 Support Fixed at base floor 

5 Loading Self-weight 

 

The output frequency results that was used for verification was from bare frame with regular design. 

Partial release moments can be release by using STAAD Pro for the frame members. By using the 

specification option in STAAD Pro, the moments were release at the start or end of the members. The 

moments were applied on the start-end of the beam and column with percentage of partial release 

moments by using try and error method. Besides, the moment was release 28% with highest reduction 

in column steel while beam take 80% moment release [23]. The percentage of partial release moments 

for beam are higher than the percentage applied for the column as shown in Table 4. 

 

Table 4: The percentage of partial release moments [23] 

Elements Percentage (%) 

Beam 80% 

Column 28% 

 

The study was conducted to investigate the effect of cross-section to dynamic characteristics. The 

steel frame needed to assign with two types of the cross-section which is square hollow section (SHS) 

and circular hollow section (CHS). There are three different types of size and thickness that have been 

provided for this study as shown in Table 5 and Table 6. The selection of size for both section properties 

are defined by the manual calculation for the total area which is needed to approximate between SHS 

and CHS. 

Table 5: Dimension size for Square Hollow Section (SHS) 

(SHS) Outside 

Dimension 

Size of Steel 

(mm) 

Inside 

Dimension 

Size of 

Steel (mm) 

Thickness 

(mm) 

Area for 

Outside of 

Steel (mm) 

Area for 

Inside of 

Steel 

(mm) 

Total Area 

of Steel 

(mm) 

1 77 x 77 74 x 74 3 5929 5476 453 

2 77 x 77 72 x 72 5 5929 5184 745 

3 77 x 77 69 x 69 8 5929 4761 1168 
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Table 6: Dimension size for Circular Hollow Section (SHS) 

(CHS) Outside 

Diameter Size 

of Steel (mm) 

Inside 

Diameter 

Size of 

Steel (mm) 

Thickness 

(mm) 

Area for 

Outside of 

Steel (mm) 

Area for 

Inside of 

Steel 

(mm) 

Total Area 

of Steel 

(mm) 

1 88.9 85.9 3 6207.17 5795.30 411.87 

2 88.9 83.9 5 6207.17 5528.58 678.59 

3 88.9 80.9 8 6207.17 5140.28 1066.89 

 

3.3 Stage 3: Result and Data Analysis 

There are eight cases for the square hollow section (SHS) with three different sizes and thickness as 

tabulated in Table 7. Meanwhile, the circular hollow section (CHS) has been modelling with nine cases 

that refer to the three different types of diameters and thickness as given in Table 8. 

Table 7: Size, thickness, and partial release moment of SHS 

Type Size Thickness Partial Release Moment 

Column Beam 

Bare Frame 77mm x 77 mm 3mm 28% 80% 

Case 1 77mm x 77mm 5mm 28% 80% 

Case 2 77mm x 77mm 8mm 28% 80% 

Case 3 77mm x 77mm 3mm 33% 75% 

Case 4 77mm x 77mm 5mm 33% 75% 

Case 5 77mm x 77mm 8mm 33% 75% 

Case 6 77mm x 77mm 3mm 38% 70% 

Case 7 77mm x 77mm 5mm 38% 70% 

Case 8 77mm x 77mm 8mm 38% 70% 
 

Table 8: Size, thickness, and partial release moment of CHS 

Type Size Thickness Partial Release Moment 

Column Beam 

Bare Frame 77mm x 77 mm 3mm 28%, 80% 

Case 1 88.9mm x 85.9mm 3mm 28% 80% 

Case 2 88.9mm x 83.9mm 5mm 28% 80% 

Case 3 88.9mm x 80.9mm 8mm 28% 80% 

Case 4 88.9mm x 85.9mm 3mm 33% 75% 

Case 5 88.9mm x 83.9mm 5mm 33% 75% 

Case 6 88.9mm x 80.9mm 8mm 33% 75% 

Case 7 88.9mm x 85.9mm 3mm 38% 70% 

Case 8 88.9mm x 83.9mm 5mm 38% 70% 

Case 9 88.9mm x 80.9mm 8mm 38% 70% 

 

The analysis on the mode shape and natural frequency with the different variables such as cross-

section and connection were analysed by conducted with two type analysis which are maximum 

deflection amplitude and relative floor displacement amplitude. In order to find the specific trend or 

pattern between the variation of the steel tower and the building configuration, it can be formed by 

three-dimensional (3D). The maximum deflection amplitude and relative floor displacement amplitude 

was calculated from their inter-storey deviation by using Equation 1 below.  

Relative floor displacement = AT – AB 

Where, AT         = Amplitude at top of storey 

AB = Amplitude at bottom of storey 𝐸𝑞. 1. 
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3.4 Stage 4: Development of relationship 

The result of modal analysis for the bare frame has been verified with the previous laboratory outcomes. 

Next, the analysis of natural frequency and mode shape were beginning with two types of analysis 

which are relative floor displacement and maximum deflection amplitude. In order to find the 

vulnerability assessment of this study, a few relationships between natural frequency, maximum 

deflection amplitude, relative floor displacement amplitude with respective structural configurations 

were developed. 

4. Results and Discussion 

The output results from the modal analysis of a 5-storey steel tower in JRC laboratory were 

obtained. The dynamic characteristics were analysed using STAAD Pro software in order to determine 

the predominant frequency, maximum deflection amplitudes, and relative floor displacement amplitude 

with a different type of cross-section and connection variables. 

4.1 Predominant frequencies of bare frame and result verification 

Modal analysis has been conducted on a 5-story steel tower of the bare frame by using STAAD Pro 

software. The verification result of predominant frequency from the modal analysis method was 

carried out to ensure the accuracy of the model. The results of predominant frequency were obtained 

from the computational simulation. The output from the software has been produced three dominant 

modes where each mode has their own predominant frequency. 

The first three fundamental frequencies of steel bare frame are 5.55 Hz, 5.55 Hz, and 7.23 Hz. The 

comparison results have been made between the modal analysis and previous ambient vibration testing 

that conducted by [24]. In this study, the frequency value for mode 1 and mode 2 shown clearly higher 

than previous laboratory tests.  By referring to Table 9, the percentage difference for the first, second, 

and third modes were slightly decrease to lower values which is 5.6%, 1.1%, and 0%. The percentage 

difference for all modes has considered acceptable due to comparison made by [25] where from the 

computational analyses and laboratory testing as acceptable limit when percentage is less than 10%. 

Table 9: Percentage difference for frequency data from modal analysis and previous laboratory 

measurements 

Mode Modal analysis for natural 

frequency from STAAD 

Pro (Hz) 

Previous laboratory measurement for 

natural frequency (Hz) [23] 

Percentage 

difference (%) 

1 5.55 5.24 5.6 

2 5.55 5.49 1.1 

3 7.23 7.23 0 

 

4.2 Predominant frequencies of multiple cases of structural configurations 

The modelling of steel tower was modelled with multiple cases of structural configurations. According 

to the Figure 4 and Figure 5 below, the output of natural frequency for mode 1 and mode 2 were 

compliment to each other. Meanwhiles, the output for mode 3 results were higher than mode 1 and 

mode 2. The natural frequency for all cases were decrease when the structural properties were changes. 

The structural properties, material properties, boundary conditions were influenced the natural 

frequencies of the structure [14]. 

The bare frame has the lowest frequency between all cases of circular hollow sections. Meanwhile, 

highest frequency for square hollow section (SHS) and circular hollow section (CHS) were obtained in 

case 6 and case 7. The study conducted by [20], the structure which has short natural frequency in the 

range 0.5-25.0 Hz was performed well in vibration. Other than that, the natural frequency that produced 
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outside the range were placed the structure in zone of danger which can caused collapsed or heavy 

damaged [26]. The trendline of natural frequency for all cases can be proved that mechanical properties 

are the main factor to the output of the results. The natural frequency and mode shape were influenced 

by non-uniformity of cross-section [16].  

 

Figure 4 : Natural frequency (SHS)  Figure 5: Natural frequency (CHS) 

4.3 Maximum deflection amplitude 

4.3.1 First and second mode: Translational 

The stiffness of the building was influenced to the deformation of translational and torsional mode [14]. 

There were almost cases had complemented each other for both type of cross-section. By referring to 

Figure 6 and Figure 7, the deflection amplitude of the steel tower was increased from the first floor until 

the fifth floor. The deflection amplitude starting to decrease in level 5 which starting in case 1 to case 

8 for SHS. Meanwhile, the same pattern of decreasing value was obtained in the same level which 

starting to reduce from case 1 to case 9 in CHS. Besides, there was a maintaining value at level 5 for 

all cases in both cross section which can be translated in column A and column B. The deflection 

amplitude pattern for all column in mode 1 mostly in translation mode toward in the same direction 

which is parallel to x-axis. Furthermore, the maximum deflections amplitude for all nodes were located 

at the level 5. According to the [27], the maximum deflection amplitude has occurred on the top of the 

building. It was clearly showed the deflection pattern were presents relative displacements of all parts 

of the structure. 

 

Figure 6: Deflection amplitude for mode 1  (SHS) Figure 7: Deflection amplitude for mode 1 (CHS) 

Based on Figure 8 and Figure 9, the deformation for the second mode was translated into both 

directions of NS and EW directions. The translation of this mode was dominant in the direction of x-
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axis. There was an increasing pattern of deflection amplitude for both cross-sectional. The similar curve 

pattern in mode 2 were produced for all cases. From the observation, the lowest value for deflection 

amplitude were received at level 1 storey. The lateral deflection for second mode were relatively higher 

than first mode [28]. Besides, the deflection amplitude for column A and column B more deflect than 

column C and column D. The deflection amplitude value difference for each column was + 0.0001 

difference. The maximum deflection amplitude was located at the level 5. The results were similar as 

study conducted by [29] where the maximum deflection amplitude was determined on the top storey 

and reduce when reach to the ground level. The significant value for all cases in maximum deflection 

amplitude was closed to 1.0. Basically, there were not much difference between mode 1 and mode 2 

due to structural configurations effect of steel tower. 

 

Figure 8: Deflection amplitude for mode 2  (SHS) Figure 9: Deflection amplitude for mode 2 (CHS) 

4.3.2 Third mode: Torsional 

The steel tower was rotated in both direction of NS and EW for deflection amplitude. According to 

Figure 10 and Figure 11, the deflection amplitude for mode 3 were in torsional mode which split into 

two group of trendline. The curve pattern of deflection amplitude was overlapped each other. The 

direction for column A and column C was in negative EW direction, while the column C and column 

D in positive NS direction. Then, the negative NS direction was occurred at column A and column B. 

Meanwhile, position for column B and column D was in positive EW direction. There was a decreasing 

pattern of deflection amplitude for both cross-sectional. The maximum deflection amplitude for mode 

3 was located at the highest level of a steel tower. Then, the value for maximum deflection amplitude 

was close to 1.00. By referring to study of [7], the maximum deflection was found at the peak of the 

model. The lateral deflection was related to many variables such as mass of structural, structure system 

and mechanical properties of material structures [30]. 

 

 Figure 10: Deflection amplitude for mode 3 (SHS)     Figure 11: Deflection amplitude for mode 3 (CHS) 
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4.4 Relative floor displacement amplitude (RFDA) 

4.4.1 First mode and second mode: RFDA 

Relative floor displacement amplitude was determined from the displacement amplitude of top storey 

with subtracting from bottom storey. It has been calculated to determine the weak level of steel tower. 

The centre of the structure can be decided as the weak level. By referring to the Figure 12 and 13, the 

red circle was mentioned the maximum displacements amplitude for all cases was occurred at level 3. 

The trendline for all column had overlapped each other. The value of displacement amplitude was 

higher in column A and column B compared to column C and column D. The maximum displacement 

amplitude for all columns were concentrated at level 3 and determined as weak floor. The value of 

displacement amplitude was increase starting from the first floor until reach to the third floor. Then, the 

value was starting to reduce on the fourth floor and above. The highest value of maximum displacement 

amplitude that located at level 3 is case 8 and case 9 which refer to the square and circular hollow 

sections. The result study by [10], the response of connection between the displacement has a great 

significance. 

 

Figure 12: RFDA for mode 1 (SHS)  Figure 13: RFDA for mode 1 (CHS) 

According to the Figure 14 and Figure 15, the figure showed the RFDA was plotted against level 

storey for both cross-sectional. The dominant value for cross-section on displacement amplitude were 

highest at level 3 as recognise on the red circle. The displacement amplitude at level 3 was maintain 

when performed in case 4 and case 8 which are 0.2669 and 0.2687 for SHS. At the same time, 

displacement amplitude in circular hollow section for case 3 and case 5 were similar which are 0.2646 

and 0.2668 at level 3. Meanwhile, the maximum displacement amplitude was recorded at level 2 in case 

9 for circular hollow section. Thus, it can be explained as the weak storey of steel tower. The larger of 

displacement amplitude, the wave become more intense. Most of the cases were showed the decreasing 

pattern in mode 2 at level 3 for both cross-sectional respectively. 

 

Figure 14: RFDA for mode 2 (SHS)  Figure 15: RFDA for mode 2 (CHS) 
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4.4.2 Third mode: RFDA 

Based on the Figure 16 and Figure 17, the curve pattern of the RFDA of bare frame and structural 

configurations cases were present. The curve pattern of RFDA for cross-sectional were split into two 

group of trendlines. There are four different types of line has been produced for each case. The trendline 

can be translated in column A, column B, column C and column D. Besides, the highest displacement 

amplitude for bare frame was occurred at level 2. The direction column for highest displacement 

amplitude of bare frame can be translated in column B and C in EW direction and column C and D in 

NS direction. There was a similar pattern of displacement amplitude at level 2 of bare frame that 

provided in case 1 of square hollow section. Meanwhile, there are three kind of cases which has similar 

value of displacement amplitude for circular hollow section that obtained in case 4, case 5 and case 6.  

By referring to the red circle on the Figure 16 and 4.17, there the two dominant displacement 

amplitude that located at level 2 and level 3. However, level 2 has the more dominant value of 

displacement amplitude. The maximum displacement amplitude was located at level 2 for all cases can 

be defined as the weak storey. It was similar to the previous study that explained the relative floor 

displacement amplitude was occurred at the mid of the structure [30]. There was a significance 

difference of maximum displacement amplitude between mode 1 and mode 2 compared to mode 3. This 

is because the maximum displacement amplitude for mode 1 and mode 2 occurred at level 3. While 

maximum displacement amplitude for mode 3 was located at level 2.  

 

Figure 16: RFDA for mode 3 (SHS)   Figure 17: RFDA for mode 3 (CHS) 

5. Conclusion 

The modal analysis of steel tower bare frame has been effectively verified with previous ambient 

vibration testing. The percentage different between modal analysis of steel tower and previous ambient 

vibration testing were less than 10%. Hence, the resulted can be determined as the acceptable analysis 

for modelling work. The steel tower has been produced three predominant mode shapes which can be 

explained in translation for modes 1 and 2, and torsional for mode 3. The maximum deflection 

amplitude for modes 1, 2, and 3 was always found at the top level of the steel tower. In the meantime, 

the maximum displacement amplitude for all modes was occurred at the centre of the steel tower. It was 

found as the weak storey for the steel tower. Most of the cases in both cross-sectional have a similar 

curve pattern for displacement amplitude and relative floor displacement amplitude. 
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