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Abstract


Modular steel buildings represent a structural system distinguished by rapid construction and environmental sustainability. The modular units and steel components of modular steel structures can be recycled, making this approach an important technology for sustainable development. Glass curtain walls, commonly used as facade systems in modern architecture, have recently appeared in several modular steel buildings. In this study, a seven-story model steel building is designed with a geometric scale factor of 1/9 to investigate its global and local safety in terms of seismic responses. Two glass curtain walls are installed on the seventh story of the model structure. A series of shaking table tests is conducted under varying seismic intensity levels (PGA = 0.035 g, 0.1 g, 0.22 g, 0.31 g). The results show the acceleration responses at the top story are predominantly governed by the fundamental translational modes (first mode and second mode). A slight stiffness degradation of a ratio less than 8.0% appears after the tests. The modular steel structure exhibits a significant acceleration amplification effect under almost all examined load cases. The measured peak structural accelerations (PSAs) notably exceed the limitations specified in current codes. The finite element simulation has validated such amplification. In addition, compared to these global responses, the glass curtain walls exhibit even higher PSAs, making them more vulnerable than the main steel frame. Therefore, the unfavorable seismic performance of modular steel buildings is manifested, and more attention needs to be paid to their design principles.
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1. Introduction


At present, the sustainability level of global civil engineering works remains relatively low. The majority of building materials and structural components are difficult to recycle. Instead, construction is one of the leading sources of world carbon emissions.



Modular construction represents a high level of industrialization in the category of prefabricated building technologies. As its distinctive feature, a modular building is divided into container-like modular units, which are then assembled on-site in a “building block” manner. This approach offers several advantages [1], including low carbon emissions, detachable modular units, and the reusability of these units. These advantages play an important role in promoting environmental sustainability for human society.



However, unlike conventional steel structures, modular steel structures are characterized by discrete modular units with multiple beams and columns. Therefore, the force transfer paths between modular units are discontinuous, leading to weaker lateral resistance. Therefore, their seismic performance needs careful evaluation.



The concept of modular construction was proposed in the last century, and numerous modular steel structures have since then been constructed. However, existing research has predominantly focused on the component level, such as joint behaviors under loads [2,3,4,5], performance of multi-beam systems [6,7], and wall-type components [8,9,10,11]. Even in experimental research works, most seismic tests were aimed at low-rise buildings. Annan et al. [12,13,14] investigated the seismic resistance of modular steel frames and found that their internal force redistribution capacity was limited. Inelastic deformations were often concentrated in localized regions. Hong et al. [15] introduced a double-layer thin steel plate wall system into modular structures, revealing that the steel plate walls significantly enhanced the initial lateral stiffness. Fathieh and Mercan [16,17] conducted nonlinear pushover and incremental dynamic analyses on a four-story modular steel structure. Their study revealed that the structure can resist a relatively high base shear force. Landolfo et al. [18] performed full-scale shaking table tests on a two-story modular steel structure. They found that the addition of interior finishes altered the natural period and lateral stiffness of the structure. Jing et al. [19,20] conducted shaking table tests on a three-story modular structure and developed a novel sliding device. Their results demonstrated effective cooperative behavior between the sliding device and the structure. Liu et al. [21] performed full-scale lateral cyclic loading tests on a two-story modular structure. The failure was ductile, with damage primarily concentrated at beam ends and bottom column bases. Sanches et al. [22] conducted numerical simulations to investigate the seismic design and response of multi-story modular structures. The results indicated that modular buildings with different numbers of stories exhibit distinct failure modes. Zhai et al. [23,24] conducted shaking table tests on modular hybrid structures. The results showed that hybrid frame structures exhibited noticeably better seismic performance than pure steel frames. Recognizing the intrinsic lateral resistance of individual modular units, Wang and Chan [25] proposed a distributed seismic design concept. Zhang et al. [26] found that a pure modular steel building was excited into higher-order vibration modes under the long-duration Tohoku earthquake. Recent studies have further advanced the understanding of seismic resilience in modular steel systems. Ye et al. [27] demonstrated that introducing small friction pendulum bearings can effectively enhance the resilience. Mata et al. [28] showed that slender CFT columns with bidirectional moment connections achieve stable ductile behavior under strong earthquakes. Mo et al. [29] proposed an innovative three-dimensional isolation system, significantly improving the seismic resilience of modular steel buildings.



In previous studies, we noticed that experimental investigations on the seismic performance of multi-story modular buildings and their attached glass curtain walls are still lacking. Meanwhile, existing research has indicated that prefabricated steel frames exhibit a significant acceleration amplification effect under seismic excitation [26,30,31,32]. Glass curtain walls are prone to damage when subjected to excessive floor accelerations. This study conducts a series of shaking table tests on a scaled seven-story modular steel building equipped with two glass curtain walls. This study not only presents the seismic response of the main steel frame but also focuses on the acceleration response and dynamic amplification effect of the glass curtain walls. In addition, comparisons with several codes are provided, making the research significant for engineering applications.




2. Experimental Design


2.1. The Prototype


A schematic diagram of the prototype structure is shown in Figure 1. The design is derived from construction drawings of a real industrial building project in Shenzhen, China, undertaken by China Construction Science and Industry Corporation Ltd., (Shenzhen, China). The design complies with the design codes [33,34,35,36,37]. Each story is assembled from two modular units, whose heights are 3.90 m. The total height of this building is 27.30 m. In the transverse direction (X-direction), the length is 7.22 m. In the longitudinal direction (Y-direction), the length is 8.65 m. The total mass of the prototype structure is 2.212 × 105 kg. The beams and columns within each modular unit are box-shaped cross-sections made of Q355B steel. Their dimensions are listed in Table 1.



Finite element models (FEMs) of the prototype structure are developed using both YJK 7.0 and ABAQUS 2020 software. Figure 2 and Table 2 respectively illustrate the calculated mode shapes and natural frequencies. Note that the first mode is translational along the Y-direction. The second mode is translational along the X-direction. The third mode involves torsional vibration around the Z-axis, featuring relative rotation between different floor levels. The fourth mode and fifth mode are the higher-order translational modes along the X-direction and the Y-direction, characterized by the presence of inflection points within the mode shapes.




2.2. Similitude Relationship


In structural seismic tests, it is crucial to simultaneously maintain similarity in both elastic restoring forces and inertial forces [38]. Considering the need to satisfy geometric, kinematic, and dynamic similarity conditions, this study adopts the elastic–gravity similarity law.



Following the provisions of the “specification for seismic test of buildings” [39], and considering the experimental capacity, a geometric scale factor of 1/9 is selected for the scaled model. The model is constructed also using the same material, Q355B steel. The similarity factors for various physical parameters are derived [40]. The detailed similarity relationships are presented in Table 3. The parameters of the model and prototype are summarized in Table 4.




2.3. The Physical Model


2.3.1. Structural Component Design


During the component scaling process, several practical challenges commonly arise. The sections of the components of the prototype are originally thin-walled. If strictly following the geometric factor, the thickness of the scaled sections would present some issues. For instance, excessively thin walls make fabrication and welding technically difficult, and the scaled thicknesses are unable to match the standardized steel sections. Therefore, the scaled sections are designed based on the stiffness equivalence principle [41,42,43]. The dimensions of the scaled components in Table 1 satisfy such stiffness equivalence. Additionally, in the test structure, 5 mm thick Q355B steel plates are used to model the reinforced concrete floor slabs of the prototype structure [41].




2.3.2. Main Frame Design


The physical model has an overall height of 3033.1 mm, with plan dimensions of 802.2 mm in the transverse (X) direction and 961.1 mm in the longitudinal (Y) direction. A schematic of the main frame is presented in Figure 1. Each modular unit is composed of multiple structural components, as shown in Figure 3.



An illustration of the inter-module connections is shown in Figure 4. Adjacent spans are connected through edge joints. Adjacent stories are connected using both edge joints and corner joints. Each inter-story connection has two edge joints and four corner joints. Each joint consists of upper and lower steel casts and a connection plate through precise welding. The steel casts are precisely sized to plug into the interior of the columns. Then, the connection plates are welded to the column ends. In such inter-module connections that are identical to those of the prototype, the force transmission mechanism is concise and clear [44,45].



Considering practical test requirements such as crane lifting and anchorage to the shaking table, a specialized model base is designed. This base includes lifting lugs, baseplates, and stiffeners, as shown in Figure 5. During the tests, the model base is firmly connected to the shaking table by fourteen M24 high-strength bolts (100 mm in length). The boundary condition can be considered as fully fixed [41,46].




2.3.3. Glass Curtain Wall Design


The prototype glass curtain wall is designed with dimensions of 2100 mm × 1200 mm × 15.5 mm, a density of 2500 kg/m3, and a total mass of 97.65 kg. Using ABAQUS 2020, the prototype curtain wall is modeled with S4R shell elements. The assumed elastic modulus is 70 GPa, with a Poisson’s ratio of 0.2. The boundary conditions are defined as simply supported on all four sides. Modal analysis of the prototype indicates that the first-mode natural frequency is 34.85 Hz, with a single-peak deformation centered in the middle of the plate, as shown in Figure 6.



The model glass curtain walls are shown in Figure 7 [47]. One consists of a glass plate, structural silicone adhesive, and a frame. The glass plate measures 395 mm × 320 mm × 3.85 mm and is made of tempered glass. The glass frame is fabricated from 3 mm thick Q235 steel plates. The glass plate is bonded to the frame using structural silicone adhesive. The frames of the curtain walls are spot-welded to the top story to complete the installation. The installation positions are selected because the top story of the structure may exhibit a large acceleration amplification factor, and curtain wall damage at higher elevations poses greater hazards. Therefore, the top story can be regarded as the most unfavorable location. To simplify the model, the glass curtain walls at other locations are not physically installed but are considered as additional masses.



Assuming material densities of 7800 kg/m3 for the frame, 2500 kg/m3 for the glass, and 1240 kg/m3 for the structural adhesive, their masses are 1.60 kg, 1.22 kg, and 0.04 kg, respectively. The total mass of each assembled curtain wall is 2.86 kg. Both the frame and the adhesive are considered boundary condition elements.



As illustrated in Figure 8, the glass plate is modeled using S4R shell elements, while the frame and structural adhesive are modeled with C3D8R solid elements in ABAQUS. The material properties of the components are summarized in Table 5. The finite element mesh is refined to ensure solution accuracy and convergence, with at least two elements in the thickness direction.



Tie constraints are applied to simulate the bond effect of the adhesive. The four corner nodes of the frame are fixed to simulate the spot-welded connection. The analysis yields the first mode of 107.01 Hz for the scaled glass curtain wall, as shown in Figure 8. As the curtain wall is a thin plate, geometric scaling would result in excessively thin wall thicknesses, posing significant challenges for fabrication. Furthermore, rigorous geometric similarity would compromise the similarity in mass and dynamic properties. Hence, priority is given to achieving similarity in mass and dynamic properties, both of which largely determine the acceleration responses. The similarity relationships for the curtain walls are summarized in Table 6.




2.3.4. Fabrication of the Model Structure


The components are categorized at the fabrication facility, as shown in Figure 9. Then the model frame is fabricated and transported to the laboratory, as shown in Figure 10. For this study, the artificial mass is fabricated using 308 cubes of die steel, each weighing 7.8 kg and of dimensions of 100 mm × 100 mm × 100 mm. All cubes are spot-welded to the floor slabs (Figure 11). The glass plates are bonded to the steel frames using J995 silicone structural sealant [48]. The adhesive is cured under ambient conditions for more than 14 days to ensure complete solidification. The corner regions of the curtain walls are then spot-welded to the beams at the seventh story. After the completion of all assembly procedures, the entire model is secured onto the shaking table, as shown in Figure 11. The verification of mass similarity is shown in Table 7.





2.4. Measurement


2.4.1. Sensors


To acquire the acceleration and strain responses, accelerometers and strain gauges are used, as well as a dynamic signal testing and analysis system. Their specifications are listed in Table 8, Table 9 and Table 10.




2.4.2. Sensor Arrangement


The arrangement of the accelerometers is shown in Figure 12, where each accelerometer is marked with a red solid dot. The label for each accelerometer follows the format “Ax-xxx-X/Y.” For example, A6-Floor-X is the accelerometer for measuring the acceleration in the X-direction at the floor of the sixth story, while A6-Ceiling-Y is for measuring the acceleration in the Y-direction at the ceiling of the sixth story.



The arrangement of the strain gauges is shown in Figure 13, where each strain gauge is marked with a blue rectangle. There are three types of strain gauges, whose labels include “C”, “B”, and “J”, corresponding to the regions at the column, beam, and joint, respectively. Note that S1-CeilingB1-X stands for strain gauge no.1 on the ceiling beam of the 1st story in the X-direction; S1-C2-Y is for strain gauge no.2 on the column in the Y-direction.



A diagram of the completed model, with all accelerometers and strain gauges arranged, is shown in Figure 14.





2.5. Dynamic Similarity Verification


To verify dynamic similarity, ambient vibration tests (AVTs) are conducted. The “A5-Floor-X” and “A5-Floor-Y” records are selected for analysis, as shown in Figure 15. Fourier Transform is applied to analyze the power spectral density (PSD).



To further verify the accuracy of the natural frequencies identified via AVTs, a hammer test is conducted. The results are shown in Figure 16 and Table 11. They demonstrate that both AVTs and the hammer test successfully identified the natural frequencies with minimal discrepancies. The excitation is applied at the corner column on the sixth floor using a rubber hammer.



The similarity relationships of the model are summarized in Table 12. The differences between the design and measured values of the parameters are minor, except for the third natural frequency (f3). This discrepancy in f3 primarily results from the fabrication process, as mass cubes are welded onto the floor slab (Figure 11), significantly increasing the torsional rigidity of the floors. Nevertheless, considering that the employed shaking table applies unidirectional excitation and the model possesses a rectangular plan with geometric symmetry and even mass distribution, it is difficult for significant torsional motions to be triggered. As a result, the discrepancy in f3 is unlikely to compromise the reliability of the measured translational responses.



In summary, the scaled model meets the essential similarity laws in terms of geometry, mass, and dynamic characteristics.



To verify that the model glass curtain walls satisfy dynamic similarity, their modal analysis is also conducted. As shown in Figure 17, distinct peaks are observed at their first natural frequency. The similarity relationships of various parameters of the model curtain walls are shown in Table 13. The model curtain walls satisfy both mass similarity and dynamic similarity.




2.6. Load Scheme


2.6.1. Shaking Table


The seismic tests are conducted using a unidirectional horizontal shaking table at the Harbin Institute of Technology, Shenzhen campus. Its technical specifications are summarized in Table 14.




2.6.2. Selection of Seismic Waves


Considering the site conditions, the seismic design intensity, and the structural characteristics of the prototype, two recorded natural earthquake ground motions (ChiChi, 1999, and Northridge, 1994) are selected and one artificial wave is generated as input acceleration time histories for the shaking table tests. These three ground motions all meet the selection requirements specified in the Chinese Code for Seismic Design of Buildings [49]. Table 15 presents the detailed parameters of the selected ground motions, while Figure 18 depicts their acceleration time histories along with the corresponding PSDs.




2.6.3. Test Loading Scheme


As shown in Table 3, the seismic wave time scale factor is 1/3, and all input motions are resampled at 1000 Hz. For each ground motion listed in Table 16, the entire profile is further scaled by its peak ground acceleration (PGA) to represent four typical intensity levels specified in the seismic code [49]: frequently occurring earthquake at 7-degree intensity (PGA = 0.035 g, FOE7), design basis earthquake at 7-degree intensity (PGA = 0.10 g, DBE7), maximum considered earthquake at 7-degree intensity (PGA = 0.22 g, MCE7), and maximum considered earthquake at 7.5-degree intensity (PGA = 0.31 g, MCE7.5). The input motions adopted in the model tests are summarized in Table 16, while their normalized PSDs are shown in Figure 19. The loading sequence of all 31 cases is provided in Table 17.






3. Test Results and Discussion


3.1. Dynamic Characteristics


According to structural dynamics theory, for a linear time-invariant system, the frequency domain relationship between the input signal x and the output signal y can be expressed by Equation (1). In this equation,     S   y y   ( f )   represents the PSD of the input signal,     S   x x   ( f )   is the PSD of the output signal, and     H   x y   ( f )   denotes the transfer function of the system.


    S   y y   ( f ) =   S   x x   ( f )       H   x y   ( f )     2    



(1)







Firstly, the analysis is conducted using the WN1-X scenario (#1). The intact natural frequencies of the model structure are identified by evaluating the transfer functions [30,31], as shown in Figure 20. Compared with the results in Figure 15 and Figure 16, the modal identification using white noise excitation proves to be more effective than that from AVTs and the hammer test. It can be observed that f3 at 4.563 Hz is identified in both directions. In contrast, f3 is difficult to detect in the Y-direction results from the AVTs and hammer test.



Secondly, a summary of the intact natural frequencies obtained from three methods is presented in Table 18. The discrepancies between the AVTs and the white noise excitation are within 0.50%, while the discrepancies between the hammer tests and the white noise excitation remain within 1.00%. These results indicate that all three methods provide reliable identification. Furthermore, based on the hammer test, the damping ratios of the structure are identified to be 1.88% in the Y-direction and 2.03% in the X-direction.



After the completion of each loading group (Table 17) with the same intensity level, white noise tests are conducted to identify the reduction in the natural frequencies. The results are summarized in Table 19, showing the reduction ratios relative to the pre-test intact values.



The reduction ratios of the natural frequencies listed in Table 19 are plotted in Figure 21. This figure presents the frequency reduction during the tests, following the input order of loading scenarios. The analysis reveals the following findings.



As the seismic scenarios progress, an overall trend in the natural frequencies shows a gradual reduction.



According to the white noise result (WN3-Y), by this stage, the model has undergone both FOE7 and DBE7 seismic excitations in both directions. The reductions in f1–f5 remain below 1.0%, indicating that FOE7 and DBE7 earthquakes have a slight impact on the structure.



According to the white noise result (WN6-X), the lower-order modes (f1, f2) exhibit more significant reductions in natural frequencies than the higher-order modes (f4, f5) do. This indicates that when the model is subjected to seismic excitations, the lower-order modes (f1, f2) contribute more significantly to the seismic responses than the higher-order (f4, f5) modes do. As a result, the natural frequencies associated with lower-order modes (f1, f2) are more susceptible to reduction under seismic excitations.



According to the white noise results from WN3-Y to WN6-X, the reductions in f1–f3 are noticeably steeper than in the previous stage. This implies that the higher the seismic intensity, the greater the frequency reduction.



It is also worthwhile to see that during the seismic scenarios, there are instances where the natural frequencies slightly increase instead of decreasing, such as between WN3-X and WN1-Y, and between WN4-Y and WN4-X, but no seismic loading occurred between these white noise tests. Such a small increase is attributed to the fact that the base fixing bolts are retightened after reorientation of the model, restoring the boundary conditions.



The stiffness degradation ratio     λ   S D R     is defined in Equation (2) [31], where     k   0     and     f   0     represent the intact stiffness and natural frequency of the structure before testing, and     k   i     and     f   i     represent the stiffness and natural frequency of the structure after each seismic excitation during the test.


    λ   S D R   =      k   i   −   k   0       k   0      =      f   i   2   −   f   0   2       f   0   2       



(2)







In this study, f1 and f2 are used for the calculation of     λ   S D R    , as illustrated in Figure 22. The white noise result (WN6-X) indicates that     λ   S D R     in both directions does not exceed 8.0%.




3.2. Acceleration Amplification Coefficient


As defined in Equation (3), the acceleration amplification coefficient   A A C   provides a direct evaluation of the structural acceleration response [31].


  A A C =    P S A   P G A     



(3)







In this equation,   P G A     represents the peak absolute value of the input ground acceleration from the shaking table, while peak structural acceleration (  P S A  ) represents the peak absolute value of the acceleration response recorded at the structure.



As shown in Figure 23, Figure 24, Figure 25 and Figure 26, the AACs reveal the following findings. In terms of the steel structure, first, as shown in Figure 23, Figure 24, Figure 25 and Figure 26, the AACs exhibit an overall increasing trend with the altitudes of stories. However, this trend is not strictly monotonic, as certain higher locations exhibit lower AAC values than lower locations. Under the ChiChi wave, this phenomenon is more pronounced and exhibits an S-shape amplification curve, which has been reported in [31]. In FOE7 and DBE7 conditions (ChiChi wave), the AAC curves show an increasing trend from sensor A1-Ceiling-X to A4-Floor-X and a decreasing trend from sensor A4-Floor-X to A5-Floor-X; the variation is slight from A5-Floor-X to A6-Floor-X, and the increasing trend reappears above A6-Floor-X. In MCE7 and MCE7.5 conditions (ChiChi wave), a similar trend is observed. However, the turning point occurs at a lower altitude, shifting from A4-Floor-X to A3-Floor-X. The local fluctuations are attributed to the 9.04 Hz frequency component in the ChiChi wave (Figure 19a), which is close to the higher-order natural frequencies of the structure (Figure 20, f4 = 8.603 Hz, f5 = 8.701 Hz). Therefore, higher modes (f4 and f5) in the structural vibration, whose modal shapes exhibit maximum deformation at the third floor and fourth floor, are excited. Second, when seismic waves are applied in the X-direction of the structure, the orthometric acceleration responses are also captured by the Y-direction sensors. The same is true when the input is along the Y-direction. However, the AACs of the orthometric acceleration are small, especially under seismic intensities of MCE7 and above, for which the AACs rarely exceed 1.0. This indicates that under strong ground motion, the out-of-plane and torsional effects are not significant.



In terms of the glass curtain wall, as the seismic intensity increases, the acceleration amplification effect of the glass curtain walls becomes more pronounced (A7-Glass-X and A7-Glass-Y in Figure 23, Figure 24, Figure 25 and Figure 26). In FOE7 and DBE7 conditions, the AAC values at the curtain walls exhibit no significant bulge. However, in MCE7 and MCE7.5 conditions, the maximum AAC consistently occurs at the glass curtain walls. This indicates that the higher the seismic intensity, the greater the acceleration amplification effect on the glass curtain walls. In addition, even when the seismic direction (X/Y) is perpendicular to the normal direction of the glass curtain walls, high AAC values are still observed at A7-Glass-Y/X, and the maximum AAC even reaches 3.2. This suggests that, due to the lightweight materials and flexible boundary conditions, the glass curtain walls are more susceptible to intense vibration than the steel structure. Even out-of-plane excitation can induce significant in-plane responses.



To discuss the AACs quantitatively, Table 20 and Table 21 present their measured values in the X- and Y-directions. These AACs are compared with the calculation based on the codes ([49,50,51,52,53,54,55]) in Table 22, where z denotes the altitude from the ground, and h represents the total height of the entire structure.



First, as shown in Table 22, all code-based formulas represent the AAC as a linear function. However, as discussed earlier, the AACs observed in the tests do not monotonically increase. Therefore, the code formulas fail to accurately represent the actual shape of the AAC curve under seismic excitation. Second, current design codes tend to underestimate the AAC values. For example, under MCE7.5, considering the average of all AAC values, in terms of the steel structure, the Chinese codes ([49,50,51]) underestimate the AAC by 23.2%, the American code [52] by 4.5%, and the European code [53] by 9.3%. In terms of the glass curtain wall, the Chinese codes ([49,50,51]) underestimate the AAC by 45.2%, the American code [52] by 18.6%, and the European code [53] by 31.9%. Therefore, this indicates that the acceleration amplification effect of modular steel buildings can easily exceed the code limits. When developing design guidelines for modular steel structures, the importance of seismic time-history analysis should be emphasized. In addition, it is recommended to incorporate lateral force-resisting systems and energy-dissipating dampers to alleviate the acceleration response.



The AACs obtained in this study (ChiChi wave, PGA = 0.22 g) are compared with the results reported (ChiChi wave, PGA = 0.20 g) in reference [56], as shown in Table 23. The specimen in reference [56] is a seven-story conventional steel frame. The comparison shows that the AACs of the modular steel structure are significantly higher. This indicates that modular steel structures exhibit a stronger dynamic amplification effect under seismic excitation, such that they are subjected to greater seismic forces, and are more likely to experience intense lateral vibrations.




3.3. Acceleration Response Spectrum Analysis


This section discusses representative loading cases and selected accelerometers. Therefore, CC-MCE7.5-X and NR-MCE7.5-X from Table 17 are selected. As shown in Figure 27a, the higher the accelerometer location, the higher the amplitude in the PSD, and the smaller the number of peaks in the PSD. Notably, for the sensors located above A4-Floor-X, only the vibration component at f2 is observed. This suggests that with increasing floor altitude, the second-mode vibration is significantly amplified, whereas the other frequency components are suppressed.



As shown in Figure 27b, in comparison, the acceleration responses of the sensors are all governed by the higher-order mode (f5). This is because, as shown in Figure 19a, the ChiChi wave contains a 9.04 Hz frequency component, which can excite the higher-order mode (f5) of the model structure. In addition, at A6-Floor-Y1, the PSD shows weaker energy than at both higher and lower locations, likely because this location is near the modal inflection point, which suppresses the energy at 8.455 Hz (f5). In the CC-MCE7.5-X case, the torsional mode frequency (f3) does not appear in the spectra of any measurement points—not just those shown in Figure 27.



As shown in Figure 28a, the vibration in the second story is dominated by the higher-order mode (f4), while those in other stories are primarily governed by the lower-order mode (f2). Furthermore, at f2 (2.530 Hz), the acceleration response energy of the glass curtain wall is somehow greater than that observed at the ceiling of the seventh story right over the curtain. Although the glass curtain walls inherently have high natural frequencies, their spectra are dominated by the much lower natural frequencies of the main structure. Such an effect may compromise the safety of the facade under strong ground motions.




3.4. Strain Response


According to theoretical calculations [57], the yield strain of Q355B steel is 1690 × 10−6. In order to examine the strain responses of the structure under varying levels of seismic intensity, strain gauges are placed at key structural locations. The strain rosette (SR-Joint) in Figure 13b is employed to capture the maximum principal strain of the joint (S-J-MAX). Its formula is given in Equation (4):


  ε   =        ε   x   +   ε   y     2    +     2    2       (   ε   x   −   ε   x y   )   2   +   (   ε   y   −   ε   x y   )   2     



(4)




where   ε   represents the principal strain, while     ε   x    ,     ε   y    , and     ε   x y     correspond to the strains captured using the strain gauges arranged at 0°, 45°, and 90°, respectively.



Figure 29 illustrates the peak strain responses under Y-directional seismic input. For the modular beams (Figure 29a,d,g), the strain responses under different seismic waves consistently follow the same pattern, i.e., S2-FloorB2-X > S1-CeilingB1-X > S1-CeilingB2-X > S2-FloorB1-X (see Section 2.4.2 and Figure 13 for the definition), whose arrangements are illustrated in Figure 13. Under the three different types of seismic waves, the peak strain values in the floor beams of the upper unit are all 50% higher than those in the ceiling beams of the lower modular unit. The observed disparity suggests that, in this double-beam system, the floor beam experiences significantly greater seismic loads compared to the ceiling beam right below it.



Figure 29b,e,h present a comparison of the strain responses at the base of the edge (S1-C1-Y) and corner (S1-C2-Y) columns on the first story; the diagram of their arrangement is illustrated in Figure 13. Under varying seismic intensities, for S1-C1-Y and S1-C2-Y, the strain amplitudes and their variation trends are nearly consistent, revealing that the corner and edge columns exhibit good structural coordination in load resistance. The strain response at S1-C3-X is significantly smaller because it is oriented in the X-direction, which is perpendicular to the Y-directional seismic input.



Figure 29c,f,i present the strain responses in the connection region, where the strain at the connection plate (Figure 4) is the smallest, demonstrating the safety and reliability of the joint connection.



Figure 30 illustrates the peak strain responses under X-directional seismic input. Figure 29 and Figure 30 indicate that the structural strain response increases with the intensity of the seismic loading. The comparison between these two figures reveals that the input direction of the seismic wave significantly affects the strain responses of the beam and column components. This finding highlights the advantage of using box-shaped sections in modular steel buildings. These sections can resist loads more effectively from all input directions and reduce the risk of damage due to stiffness irregularities.



Among all tests, the largest strain response in the double-beam region occurred at S2-FloorB2-X is 216 × 10−6 (i.e., 45 MPa), while the largest strain response at the base of the first story column occurred at S1-C3-X is 685 × 10−6 (i.e., 144 MPa) and the largest strain response in the joint region is 229 × 10−6 (i.e., 48 MPa). All measured strain values are lower than the yield strain (1690 × 10−6). Furthermore, the structure is thoroughly inspected after each seismic excitation. No yielding deformation is observed, indicating that it remains in an elastic state.





4. Finite Element Model Validation


4.1. Finite Element Modeling


The global finite element model of the prototype in ABAQUS is shown in Figure 31. A global seed size is set for the entire model. The number of elements is 1050. Local seeds are applied in the connections to refine the mesh, and it is ensured that there are at least two mesh layers along the thickness direction. The beams and columns are simulated by beam unit B31. A global seed size is set for the entire model. The floor slabs are considered as additional mass. The inter-module connections are modeled using the simplified approach proposed in reference [45]. The elastic modulus of Q355B is defined as 210 GPa, with a Poisson’s ratio of 0.3. Its plastic behavior is defined using a broken line stress–strain constitutive model.



All bottom column bases in the finite element model are rigidly connected to the ground. The original seismic waves listed in Table 15 and Figure 18 are selected as the input. Their profiles are scaled with PGAs adjusted to 0.22 g and 0.31 g particularly for examining dynamic responses under MCE7 and MCE7.5 conditions. The time integration scheme is Newton–Raphson iteration in ABAQUS dynamic implicit analysis.




4.2. Comparison of Acceleration Response: Tests vs. FEM


The AAC values (Equation (3)) obtained from both the tests and the FEM simulation are plotted together for comparison, as shown in Figure 32. The FEM results effectively validate the reliability of the test results. On one hand, the AAC curves obtained from the tests closely align with those from the FEM simulations, exhibiting similar increasing trends. On the other hand, the errors at the altitude, A7-Ceiling-X, are as small as about 10%, demonstrating that the experimental study is successful.



Furthermore, consistent with the findings presented in Section 3.2, neither are the FEM AAC curves strictly monotonic. In certain scenarios, a pronounced acceleration response does exist at the mid-to-lower floors. For example, under the MCE7-X Northridge wave, the lower-level sensor A3-Floor-X records the second highest acceleration. Similarly, under the MCE7.5-X artificial wave, the mid-level sensor A4-Floor-X also exhibits the highest acceleration, only secondary to the top ceiling.





5. Conclusions


This study carries out shaking table tests on a seven-story modular steel building. It examines the dynamic amplification effect of modular steel structures, compares the acceleration responses of the glass curtain wall and the main structure, and analyzes the strain amplitudes and variation trends of the steel components. As these aspects have been insufficiently discussed in previous studies, this research fills that gap. The findings of this study provide valuable references for the engineering design and practical application of modular steel buildings. The main conclusions are as follows.



	(1)

	
The ambient vibration test, hammer test, and white noise test are all able to identify the natural frequencies of the structure, with discrepancies of less than 1.0%. The natural frequency decreases progressively with the intensity of seismic waves, especially earthquakes of MCE7 intensity or higher. The lower-order natural frequencies (f1 and f2) decrease by approximately 3.7%, while the higher-order natural frequencies (f4 and f5) decrease by about 1.9%. Thus, the structure has experienced a stiffness degradation, with the degradation rate in both principal directions being approximately 7.3%.




	(2)

	
However, the strain values of all types of structural members remain below the yield strain, and the whole building is still in the elastic state. In the double-beam system, the floor beams bear approximately 50% greater seismic loads compared to the ceiling beams below them. The corner and edge columns exhibit good structural coordination in load resistance, because their strain amplitudes and variation trends are nearly consistent.




	(3)

	
In the global sense, the AACs exhibit an overall increasing trend with altitudes. However, this trend is not strictly monotonic, as certain upper locations exhibit smaller AAC values than the lower locations. S-shape amplification curves are observed under certain conditions. This phenomenon is also validated in the finite element simulations. In addition, the acceleration responses of the lower stories contain more modal components, while the acceleration responses of the upper stories are primarily governed by lower-order modes (f1 or f2). In the orthogonal direction across all stories, the responses are dominated by higher-order modes (f4 or f5).




	(4)

	
In terms of the local response of glass curtain walls, as the seismic intensity increases, the AACs become more pronounced. This suggests that the glass curtain walls are more susceptible to intense vibration than the main structure. Even out-of-plane excitation can induce significant in-plane responses. Although the glass curtain walls inherently have high natural frequencies, their dynamic responses are dominated by the main structure.







The following recommendations for engineering applications of modular steel buildings can also be drawn.



	(a)

	
On one hand, modular steel buildings exhibit relatively large PSA values. In design, it is advisable to consider adding lateral force-resisting members [33] or energy dissipation devices [29,43] to reduce the PSA. On the other hand, when applied to modular steel buildings, existing codes tend to underestimate the acceleration amplification effect (Section 3.2, about 9.3–23.2%). Additionally, the acceleration responses in the mid-to-lower stories of the structure also warrant attention.




	(b)

	
Compared to the main steel frame, the glass curtain walls exhibit higher PSA values under strong seismic waves, posing a higher safety risk.




	(c)

	
The structural seismic response is sensitive to the direction of input. For example, when the structure is excited by MCE7-CC but in different directions (X and Y), the measured strain data at gauge S1-C3-X vary by more than one order of magnitude. Therefore, it is recommended to use box-shaped sections in the design of modular steel structures.







Nevertheless, this study still has certain limitations, and further investigations are needed in the future. It would be highly beneficial to investigate modular buildings with varying numbers of stories and their response to stronger seismic excitations [58]. Inter-story drift angle and roof displacement are also important seismic performance indicators that deserve investigation in future studies.
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Figure 1. Illustration of the prototype and the model. 
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Figure 2. Diagram of the mode shapes. 
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Figure 3. Diagram of a module unit. 
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Figure 4. Diagram of the inter-module connections. 
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Figure 5. Diagram of the model base. 
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Figure 6. Mode shape analysis of the prototype glass curtain wall. 
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Figure 7. Installation of glass curtain walls. 
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Figure 8. Mode shape analysis of the model glass curtain wall. 
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Figure 9. Components: (a) box-shaped cross-section components; (b) floor slab; (c) connection joints. 
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Figure 10. The model frame in the laboratory. 
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Figure 11. Completed model. 
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Figure 12. Accelerometer arrangement diagram: (a) along the X-axis; (b) along the Y-axis. 
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Figure 13. Strain gauge arrangement diagram: (a) X-direction; (b) Y-direction. 
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Figure 14. The model structure with sensor set-up accomplished. 






Figure 14. The model structure with sensor set-up accomplished.



[image: Sustainability 17 09443 g014]







[image: Sustainability 17 09443 g015] 





Figure 15. Ambient vibration analysis: (a) PSD of X-direction acceleration; (b) PSD of Y-direction acceleration. 
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Figure 16. Hammer test analysis: (a) PSD of X-direction acceleration; (b) PSD of Y-direction acceleration. 
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Figure 17. Modal analysis of glass curtain walls: (a) PSD of X-direction acceleration; (b) PSD of Y-direction acceleration. 
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Figure 18. The time histories and power spectra of the original seismic waves: (a) ChiChi wave time history; (b) ChiChi wave PSD; (c) Northridge wave time history; (d) Northridge wave PSD; (e) artificial wave time history; (f) artificial wave PSD. 
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Figure 19. The normalized PSD of the scaled seismic waves: (a) ChiChi wave PSD; (b) Northridge wave PSD; (c) artificial wave PSD. 
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Figure 20. Transfer function under white noise (WN1-X): (a) A5-Floor-X; (b) A5-Floor-Y. 
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Figure 21. Reductions in natural frequencies during the tests. 
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Figure 22. The stiffness degradation. 
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Figure 23. The acceleration amplification coefficient under FOE7: (a) input along the X-axis; (b) input along the Y-axis. (CC: ChiChi; NR: Northridge; AW: artificial wave). 
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Figure 24. The acceleration amplification coefficient under DBE7: (a) input along the X-axis; (b) input along the Y-axis. (CC: ChiChi; NR: Northridge; AW: artificial wave). 
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Figure 25. The acceleration amplification coefficient under MCE7: (a) input along the X-axis; (b) input along the Y-axis. (CC: ChiChi; NR: Northridge; AW: artificial wave). 
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Figure 26. The acceleration amplification coefficient under MCE7.5. (CC: ChiChi; NR: Northridge; AW: artificial wave). 
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Figure 27. Spectra of the acceleration response under the X-directional input of the MCE7.5 ChiChi wave: (a) sensors positioned along the X-direction; (b) sensors positioned along the Y-direction. 
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Figure 28. Spectra of the acceleration response under the X-directional input of the MCE7.5 Northridge wave: (a) sensors positioned along the X-direction; (b) sensors positioned along the Y-direction. 
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Figure 29. Strain responses of the structure under Y-directional seismic inputs: (a) beam region under the artificial wave; (b) column region under the artificial wave; (c) joint region under the artificial wave; (d) beam region under the Northridge wave; (e) column region under the Northridge wave; (f) joint region under the Northridge wave; (g) beam region under the ChiChi wave; (h) column region under the ChiChi wave; (i) joint region under the ChiChi wave. Note that S1-CeilingB1-X stands for strain gauge no.1 on the ceiling beam of the 1st story in the X-direction; S1-C2-Y is for strain gauge no.2 on the column in the Y-direction. 
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Figure 30. Strain responses of the structure under X-directional seismic inputs: (a) beam region under the artificial wave; (b) column region under the artificial wave; (c) joint region under the artificial wave; (d) beam region under the Northridge wave; (e) column region under the Northridge wave; (f) joint region under the Northridge wave; (g) beam region under the ChiChi wave; (h) column region under the ChiChi wave; (i) joint region under the ChiChi wave. Note that S1-CeilingB1-X stands for strain gauge no.1 on the ceiling beam of the 1st story in the X-direction; S1-C2-Y is for strain gauge no.2 on the column in the Y-direction. 






Figure 30. Strain responses of the structure under X-directional seismic inputs: (a) beam region under the artificial wave; (b) column region under the artificial wave; (c) joint region under the artificial wave; (d) beam region under the Northridge wave; (e) column region under the Northridge wave; (f) joint region under the Northridge wave; (g) beam region under the ChiChi wave; (h) column region under the ChiChi wave; (i) joint region under the ChiChi wave. Note that S1-CeilingB1-X stands for strain gauge no.1 on the ceiling beam of the 1st story in the X-direction; S1-C2-Y is for strain gauge no.2 on the column in the Y-direction.
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Figure 31. Finite element model. 






Figure 31. Finite element model.
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Figure 32. Comparison of the AACs between the tests and the finite element model: (a) MCE7-X; (b) MCE7-Y; (c) MCE7.5-X. (CC: ChiChi; NR: Northridge; AW: artificial wave). 






Figure 32. Comparison of the AACs between the tests and the finite element model: (a) MCE7-X; (b) MCE7-Y; (c) MCE7.5-X. (CC: ChiChi; NR: Northridge; AW: artificial wave).
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Table 1. Cross-sectional dimensions of prototype and model (unit: mm).






Table 1. Cross-sectional dimensions of prototype and model (unit: mm).





	Component Type
	Prototype Section
	Model Section





	Column
	Box-shaped, 250 × 450 × 16
	Box-shaped, 30 × 40 × 2.0



	Main beam—X
	Box-shaped, 200 × 200 × 10
	Box-shaped, 20 × 20 × 2.0



	Main beam—Y
	Box-shaped, 200 × 250 × 10
	Box-shaped, 20 × 20 × 2.0



	Secondary beam
	Box-shaped, 150 × 200 × 10
	Box-shaped, 20 × 20 × 1.2










 





Table 2. FEM analysis of natural frequencies of the prototype structure.






Table 2. FEM analysis of natural frequencies of the prototype structure.





	Natural

Frequency (Hz)
	YJK
	ABAQUS
	Error
	Mode Shape





	Mode 1: f1
	0.848
	0.854
	0.70%
	Translation along the Y-axis



	Mode 2: f2
	0.873
	0.877
	0.46%
	Translation along the X-axis



	Mode 3: f3
	1.117
	1.213
	7.91%
	Torsion around the Z-axis



	Mode 4: f4
	2.691
	2.668
	0.86%
	Translation along the X-axis



	Mode 5: f5
	2.833
	2.868
	1.22%
	Translation along the Y-axis










 





Table 3. Similitude relationships and scale factors.






Table 3. Similitude relationships and scale factors.





	Physical Parameter
	Relationship
	Scale Factor





	Length
	     λ   L     
	1/9



	Mass density
	     λ   ρ   =   λ   σ   / (   λ   a     λ   L   )   
	9



	Elastic modulus
	     λ   E   =   λ   σ     
	1



	Poisson’s ratio
	     λ   ς     
	1



	Stress
	     λ   σ     
	1



	Mass
	     λ   m   =   λ   σ     λ   L   2     
	1/81



	Time
	     λ   t   =   λ   L   0.5     
	1/3



	Frequency
	     λ   f   =   λ   L   − 0.5     
	3



	Displacement
	     λ   x   =   λ   L     
	1/9



	Velocity
	     λ   v   =   λ   L   0.5     
	1/3



	Acceleration
	     λ   a     
	1










 





Table 4. Parameters converted through similarity relations.






Table 4. Parameters converted through similarity relations.





	Parameters
	Scale Factor
	Model
	Prototype





	X-direction length (m)
	1/9
	0.802
	7.22



	Y-direction length (m)
	1/9
	0.961
	8.65



	Height (m)
	1/9
	3.033
	27.30



	Elastic modulus (GPa)
	1/1
	210
	210



	Poisson’s ratio
	1/1
	0.3
	0.3



	Total mass (kg)
	1/81
	2730.86
	221,200.00



	Natural frequency—f1 (Hz)
	3/1
	2.562
	0.854



	Acceleration of gravity (m/s2)
	1/1
	9.81
	9.81










 





Table 5. Material settings for glass curtain walls in ABAQUS.






Table 5. Material settings for glass curtain walls in ABAQUS.





	Material
	Elastic Modulus (MPa)
	Density (kg/m3)
	Poisson’s Ratio





	Glass plate
	70,000
	2500
	0.20



	Structural adhesive
	0.8
	1240
	0.49



	Glass frame
	206,000
	7800
	0.30










 





Table 6. Similarity relations of glass curtain walls.






Table 6. Similarity relations of glass curtain walls.





	Design Value
	Size (mm)
	Mass (kg)
	1st Mode in ABAQUS (Hz)





	Prototype
	2100 × 1200 × 15.5
	97.65
	34.85



	Scale calculation
	-
	1.21
	104.55



	Model
	395 × 320 × 3.85
	1.22
	107.01



	Error
	-
	0.83%
	2.35%










 





Table 7. Model mass verification.






Table 7. Model mass verification.





	Type
	Design (kg)
	Actual (kg)
	Error





	Main steel frame
	322.75
	319.97
	0.86%



	Added mass
	2402.39
	2415.00
	0.52%



	Glass curtain wall
	5.72
	5.82
	2.10%



	Entire model
	2730.86
	2740.79
	0.36%










 





Table 8. IEPE accelerometer specifications.






Table 8. IEPE accelerometer specifications.





	Type
	Sensitivity

(mv/g)
	Amplitude Range

(g)
	Frequency Range

(Hz)





	AI-050
	500
	10
	0.2–2500



	AI-100
	1000
	5
	0.2–2000



	AI-500
	5000
	1
	0.2–2000



	CA-YD-188T
	500
	10
	0.6–5000










 





Table 9. Strain gauge and strain rosette specifications.






Table 9. Strain gauge and strain rosette specifications.





	Type
	Resistance

(Ω)
	Coefficient of Sensitivity
	Limiting Strain

(μm/m)





	BMB120-5AA
	120 ± 0.5
	2.11 ± 1%
	20,000



	BMB120-3CA
	120 ± 0.5
	2.11 ± 1%
	20,000










 





Table 10. Specifications of the DH5922D dynamic signal testing and analysis system.






Table 10. Specifications of the DH5922D dynamic signal testing and analysis system.





	Specification
	Parameter
	Specification
	Parameter





	Voltage range
	±100 Mv~±10 V
	Max sampling rate
	256 kHz



	Voltage display error
	≤0.2%
	Number of collection cards
	16



	Display stability
	0.05%/h
	Number of data channels
	64










 





Table 11. Comparison of modal identification results of ambient vibration test and hammer test.






Table 11. Comparison of modal identification results of ambient vibration test and hammer test.





	Natural

Frequency (Hz)
	AVT-1
	AVT-2
	AVT-3
	AVT

Mean Values
	Hammer Test
	Error





	Mode 1: f1
	2.560
	2.547
	2.540
	2.549
	2.553
	0.16%



	Mode 2: f2
	2.624
	2.607
	2.608
	2.613
	2.620
	0.27%



	Mode 3: f3
	4.576
	4.578
	4.599
	4.584
	4.586
	0.04%



	Mode 4: f4
	8.641
	8.641
	8.580
	8.621
	8.675
	0.62%



	Mode 5: f5
	8.737
	8.732
	8.751
	8.740
	8.765
	0.29%










 





Table 12. Model similarity relationship verification.






Table 12. Model similarity relationship verification.





	Parameter
	Proto Design
	Model Design
	Model Measured
	Error





	Total mass (kg)
	221,200.00
	2730.86
	2740.79
	0.36%



	Mode 1: f1 (Hz)
	0.854
	2.562
	2.549
	0.51%



	Mode 2: f2 (Hz)
	0.877
	2.631
	2.613
	0.68%



	Mode 3: f3 (Hz)
	1.213
	3.639
	4.584
	20.62%



	Mode 4: f4 (Hz)
	2.668
	8.004
	8.621
	7.16%



	Mode 5: f5 (Hz)
	2.868
	8.604
	8.740
	1.56%










 





Table 13. Model glass curtain wall similarity relationship verification.






Table 13. Model glass curtain wall similarity relationship verification.





	Parameter
	Proto

Design
	Model

Design
	Model Measured
	Error





	Mass (kg)
	97.65
	1.21
	1.23
	1.65%



	Mode 1: f1 (Hz)
	34.85
	104.55
	100.00
	4.45%










 





Table 14. Specifications of the shaking table.






Table 14. Specifications of the shaking table.





	Specification
	Parameter Value
	Specification
	Parameter Value





	Shaking direction
	Unidirectional horizontal
	Operating frequency
	0.1–50 Hz



	Table size
	3 m × 3 m
	Driving method
	Electro-hydraulic



	Load-bearing capacity
	15,000 kg
	Max displacement
	150 mm



	Overturning moment
	450 kN × m
	Full load acceleration
	1.5 g










 





Table 15. The selected original seismic waves.






Table 15. The selected original seismic waves.





	Name
	Magnitude
	Duration

(s)
	Step Size

(s)
	Peak

Frequency (Hz)
	PGA

(m/s2)





	ChiChi wave (CC)
	7.6
	88.985
	0.005
	0.100
	1.08



	Northridge wave (NR)
	6.6
	29.98
	0.01
	0.319
	1.20



	Artificial wave (AW)
	-
	20.00
	0.02
	0.102
	3.80










 





Table 16. Seismic waves in the model test.






Table 16. Seismic waves in the model test.





	Name
	Effective

Duration (s)
	Entire

Duration (s)
	Step Size (s)
	Spectral Peak

Frequency (Hz)





	ChiChi wave (CC)
	29.66
	30.00
	0.001
	3.24



	Northridge wave (NR)
	9.99
	10.00
	0.001
	3.60



	Artificial wave (AW)
	6.67
	10.00
	0.001
	11.40










 





Table 17. Loading scheme of the shaking table tests.






Table 17. Loading scheme of the shaking table tests.





	Sequence
	Loading

Label
	Seismic

Wave
	Input

Direction
	Intensity
	PGA (g)





	1
	WN1-X
	White Noise
	X
	-
	-



	2
	AW-FOE7-X
	Artificial Wave
	X
	FOE7
	0.035



	3
	NR-FOE7-X
	Northridge Wave
	X
	FOE7
	0.035



	4
	CC-FOE7-X
	ChiChi Wave
	X
	FOE7
	0.035



	5
	WN2-X
	White Noise
	X
	-
	-



	6
	AW-DBE7-X
	Artificial Wave
	X
	DBE7
	0.1



	7
	NR-DBE7-X
	Northridge Wave
	X
	DBE7
	0.1



	8
	CC-DBE7-X
	ChiChi Wave
	X
	DBE7
	0.1



	9
	WN3-X
	White Noise
	X
	-
	-



	10
	WN1-Y
	White Noise
	Y
	-
	-



	11
	AW-FOE7-Y
	Artificial Wave
	Y
	FOE7
	0.035



	12
	NR-FOE7-Y
	Northridge Wave
	Y
	FOE7
	0.035



	13
	CC-FOE7-Y
	ChiChi Wave
	Y
	FOE7
	0.035



	14
	WN2-Y
	White Noise
	Y
	-
	-



	15
	AW-DBE7-Y
	Artificial Wave
	Y
	DBE7
	0.1



	16
	NR-DBE7-Y
	Northridge Wave
	Y
	DBE7
	0.1



	17
	CC-DBE7-Y
	ChiChi Wave
	Y
	DBE7
	0.1



	18
	WN3-Y
	White Noise
	Y
	-
	-



	19
	AW-MCE7-Y
	Artificial Wave
	Y
	MCE7
	0.22



	20
	NR-MCE7-Y
	Northridge Wave
	Y
	MCE7
	0.22



	21
	CC-MCE7-Y
	ChiChi Wave
	Y
	MCE7
	0.22



	22
	WN4-Y
	White Noise
	Y
	-
	-



	23
	WN4-X
	White Noise
	X
	-
	-



	24
	AW-MCE7-X
	Artificial Wave
	X
	MCE7
	0.22



	25
	NR-MCE7-X
	Northridge Wave
	X
	MCE7
	0.22



	26
	CC-MCE7-X
	ChiChi Wave
	X
	MCE7
	0.22



	27
	WN5-X
	White Noise
	X
	-
	-



	28
	AW-MCE7.5-X
	Artificial Wave
	X
	MCE7.5
	0.31



	29
	NR-MCE7.5-X
	Northridge Wave
	X
	MCE7.5
	0.31



	30
	CC-MCE7.5-X
	ChiChi Wave
	X
	MCE7.5
	0.31



	31
	WN6-X
	White Noise
	X
	-
	-










 





Table 18. The natural frequencies tested by different methods.






Table 18. The natural frequencies tested by different methods.





	Natural

Frequency (Hz)
	White

Noise
	AVT
	Error
	Hammer Test
	Error





	Mode 1: f1
	2.539
	2.549
	0.39%
	2.553
	0.55%



	Mode 2: f2
	2.600
	2.613
	0.50%
	2.620
	0.77%



	Mode 3: f3
	4.563
	4.584
	0.46%
	4.586
	0.50%



	Mode 4: f4
	8.603
	8.621
	0.21%
	8.675
	0.84%



	Mode 5: f5
	8.701
	8.740
	0.45%
	8.765
	0.74%










 





Table 19. The natural frequency reductions during the tests.






Table 19. The natural frequency reductions during the tests.





	
Natural Frequency (Hz)

	
Mode Shape

	
WN1-X

	
WN2-X

	
Reduction




	
Mode 1: f1

	
Translation along the Y-axis

	
2.539

	
2.539

	
0.00%




	
Mode 2: f2

	
Translation along the X-axis

	
2.600

	
2.600

	
0.00%




	
Mode 3: f3

	
Torsion around the Z-axis

	
4.563

	
4.555

	
−0.18%




	
Mode 4: f4

	
Translation along the X-axis

	
8.603

	
8.603

	
0.00%




	
Mode 5: f5

	
Translation along the Y-axis

	
8.701

	
8.694

	
−0.08%




	
WN3-X

	
Reduction

	
WN1-Y

	
Reduction

	
WN2-Y

	
Reduction

	
WN3-Y

	
Reduction




	
2.526

	
−0.51%

	
2.529

	
−0.39%

	
2.536

	
−0.12%

	
2.519

	
−0.79%




	
2.600

	
0.00%

	
2.582

	
−0.69%

	
2.583

	
−0.65%

	
2.577

	
−0.88%




	
4.544

	
−0.42%

	
4.575

	
+0.26%

	
4.536

	
−0.59%

	
4.522

	
−0.90%




	
8.587

	
−0.19%

	
8.581

	
−0.26%

	
8.592

	
−0.13%

	
8.565

	
−0.44%




	
8.683

	
−0.21%

	
8.654

	
−0.54%

	
8.663

	
−0.44%

	
8.638

	
−0.72%




	
WN4-Y

	
Reduction

	
WN4-X

	
Reduction

	
WN5-X

	
Reduction

	
WN6-X

	
Reduction




	
2.451

	
−3.47%

	
2.451

	
−3.47%

	
2.451

	
−3.47%

	
2.440

	
−3.90%




	
2.560

	
−1.54%

	
2.573

	
−1.04%

	
2.543

	
−2.19%

	
2.508

	
−3.54%




	
4.507

	
−1.23%

	
4.476

	
−1.91%

	
4.458

	
−2.30%

	
4.438

	
−2.74%




	
8.478

	
−1.45%

	
8.498

	
−1.22%

	
8.466

	
−1.59%

	
8.440

	
−1.89%




	
8.582

	
−1.37%

	
8.579

	
−1.40%

	
8.565

	
−1.56%

	
8.538

	
−1.87%











 





Table 20. The acceleration amplification coefficient of the X-direction accelerometers.






Table 20. The acceleration amplification coefficient of the X-direction accelerometers.





	
Seismic Wave

	
A1-Ceiling

	
A2-Floor

	
A3-Floor

	
A4-Floor

	
A5-Floor

	
A6-Floor

	
A6-Ceiling

	
A7-Floor

	
A7-Glass

	
A7-Ceiling






	
FOE7-X

	
AW

	
1.65

	
1.79

	
2.47

	
2.81

	
2.59

	
2.17

	
4.02

	
4.22

	
4.35

	
4.56




	
NR

	
1.40

	
1.47

	
1.81

	
2.64

	
1.32

	
1.58

	
1.92

	
2.03

	
2.09

	
2.21




	
CC

	
2.12

	
2.39

	
3.28

	
3.80

	
3.00

	
2.73

	
4.09

	
4.27

	
4.71

	
4.73




	
FOE7-Y

	
AW

	
1.06

	
1.14

	
1.38

	
1.01

	
1.20

	
0.77

	
1.01

	
1.06

	
1.16

	
1.17




	
NR

	
0.66

	
0.70

	
0.94

	
0.70

	
0.86

	
0.57

	
0.75

	
0.80

	
0.75

	
0.95




	
CC

	
0.73

	
0.80

	
1.18

	
1.13

	
0.93

	
0.57

	
1.05

	
1.10

	
1.20

	
1.25




	
DBE7-X

	
AW

	
1.35

	
1.46

	
1.72

	
2.03

	
2.04

	
1.51

	
2.79

	
2.93

	
2.99

	
3.25




	
NR

	
1.37

	
1.51

	
1.86

	
2.73

	
1.41

	
1.57

	
2.09

	
2.21

	
2.66

	
2.48




	
CC

	
1.88

	
2.08

	
3.10

	
3.49

	
2.47

	
2.47

	
3.53

	
3.70

	
4.67

	
4.11




	
DBE7-Y

	
AW

	
1.01

	
1.06

	
1.36

	
0.85

	
1.34

	
0.77

	
0.84

	
0.95

	
1.68

	
1.20




	
NR

	
0.49

	
0.55

	
0.71

	
0.54

	
0.63

	
0.41

	
0.57

	
0.62

	
0.52

	
0.71




	
CC

	
0.56

	
0.59

	
0.97

	
0.76

	
0.77

	
0.48

	
0.82

	
0.93

	
1.10

	
1.13




	
MCE7-X

	
AW

	
1.79

	
1.81

	
2.66

	
2.10

	
2.00

	
1.67

	
2.22

	
2.32

	
3.57

	
2.68




	
NR

	
1.33

	
1.50

	
2.19

	
1.67

	
1.22

	
1.54

	
1.73

	
1.81

	
2.65

	
2.06




	
CC

	
1.75

	
1.91

	
4.79

	
2.78

	
2.26

	
2.15

	
3.36

	
3.53

	
6.30

	
4.08




	
MCE7-Y

	
AW

	
0.79

	
0.80

	
0.94

	
0.68

	
0.80

	
0.56

	
0.58

	
0.64

	
2.49

	
0.79




	
NR

	
0.54

	
0.64

	
0.73

	
0.54

	
0.45

	
0.36

	
0.42

	
0.46

	
1.10

	
0.60




	
CC

	
0.74

	
0.72

	
1.32

	
0.74

	
0.80

	
0.71

	
0.61

	
0.66

	
3.21

	
0.85




	
MCE7.5-X

	
AW

	
2.27

	
2.49

	
2.35

	
2.37

	
2.12

	
1.55

	
2.13

	
2.29

	
3.60

	
2.78




	
NR

	
1.37

	
1.37

	
1.60

	
1.40

	
1.10

	
1.48

	
1.49

	
1.58

	
2.28

	
1.84




	
CC

	
1.44

	
1.69

	
3.13

	
2.20

	
1.87

	
1.90

	
2.81

	
2.93

	
4.74

	
3.39











 





Table 21. The acceleration amplification coefficient of the Y-direction accelerometers.






Table 21. The acceleration amplification coefficient of the Y-direction accelerometers.





	
Seismic Wave

	
A1-Ceiling

	
A2-Floor

	
A3-Floor

	
A4-Floor

	
A5-Floor

	
A6-Floor

	
A6-Ceiling

	
A7-Floor

	
A7-Glass

	
A7-Ceiling






	
FOE7-X

	
AW

	
0.52

	
0.61

	
1.14

	
0.99

	
0.76

	
0.51

	
1.04

	
1.12

	
1.47

	
1.52




	
NR

	
0.29

	
0.34

	
0.55

	
0.44

	
0.39

	
0.24

	
0.48

	
0.51

	
0.75

	
0.77




	
CC

	
0.55

	
0.64

	
1.16

	
1.22

	
0.74

	
0.60

	
1.16

	
1.23

	
1.51

	
1.64




	
FOE7-Y

	
AW

	
2.54

	
2.55

	
3.09

	
2.18

	
2.98

	
2.54

	
3.28

	
3.60

	
4.33

	
5.25




	
NR

	
1.83

	
1.97

	
1.63

	
2.07

	
1.59

	
2.09

	
2.00

	
2.24

	
2.94

	
3.61




	
CC

	
1.58

	
1.88

	
2.89

	
3.05

	
2.19

	
2.20

	
3.55

	
3.75

	
4.25

	
4.99




	
DBE7-X

	
AW

	
0.33

	
0.37

	
0.64

	
0.57

	
0.44

	
0.31

	
0.61

	
0.68

	
0.86

	
0.90




	
NR

	
0.22

	
0.27

	
0.43

	
0.39

	
0.29

	
0.21

	
0.39

	
0.44

	
0.69

	
0.63




	
CC

	
0.81

	
0.43

	
0.71

	
0.71

	
0.48

	
0.36

	
0.76

	
0.80

	
1.36

	
1.11




	
DBE7-Y

	
AW

	
2.52

	
2.70

	
2.59

	
2.13

	
2.75

	
2.10

	
2.57

	
2.76

	
3.63

	
4.58




	
NR

	
1.54

	
1.70

	
1.41

	
1.73

	
1.39

	
1.72

	
1.57

	
1.78

	
2.17

	
2.91




	
CC

	
1.40

	
1.61

	
2.50

	
2.59

	
1.90

	
2.02

	
3.06

	
3.24

	
3.86

	
4.27




	
MCE7-X

	
AW

	
0.47

	
0.33

	
0.48

	
0.42

	
0.25

	
0.20

	
0.42

	
0.44

	
1.21

	
0.66




	
NR

	
0.28

	
0.26

	
0.42

	
0.38

	
0.27

	
0.18

	
0.35

	
0.38

	
1.24

	
0.62




	
CC

	
0.53

	
0.38

	
0.65

	
0.39

	
0.31

	
0.29

	
0.38

	
0.42

	
1.46

	
0.77




	
MCE7-Y

	
AW

	
1.89

	
2.04

	
1.83

	
1.78

	
1.80

	
1.63

	
2.22

	
2.36

	
3.36

	
3.26




	
NR

	
1.45

	
1.80

	
1.75

	
1.70

	
1.48

	
1.67

	
1.66

	
1.88

	
2.63

	
2.97




	
CC

	
1.81

	
1.96

	
2.42

	
2.30

	
1.84

	
2.08

	
2.92

	
3.20

	
4.94

	
4.83




	
MCE7.5-X

	
AW

	
1.05

	
0.45

	
0.52

	
0.35

	
0.24

	
0.23

	
0.35

	
0.36

	
1.15

	
0.58




	
NR

	
0.70

	
0.36

	
0.43

	
0.28

	
0.22

	
0.14

	
0.28

	
0.28

	
0.78

	
0.65




	
CC

	
0.85

	
0.43

	
0.57

	
0.28

	
0.25

	
0.30

	
0.32

	
0.27

	
2.51

	
0.52











 





Table 22. The code-calculated acceleration amplification coefficients.






Table 22. The code-calculated acceleration amplification coefficients.





	Current Codes
	A1-Ceiling
	A2-Floor
	A3-Floor
	A4-Floor
	A5-Floor
	A6-Floor
	A6-Ceiling
	A7-Floor
	A7-Glass
	A7-Ceiling





	GB 50011-2010 [49];

GB 50981-2014 [50];

JGJ 339-2015 [51]

AAC = 1 + z/h
	1.14
	1.16
	1.30
	1.44
	1.58
	1.73
	1.85
	1.87
	1.94
	2.00



	ASCE 7-16 [52]

AAC = 1 + 2z/h
	1.28
	1.32
	1.60
	1.88
	2.16
	2.46
	2.70
	2.74
	2.88
	3.00



	Eurocode 8 [53]

AAC = 1 + 3z/2h
	1.21
	1.24
	1.45
	1.66
	1.87
	2.10
	2.28
	2.31
	2.41
	2.50










 





Table 23. Comparison of the modular steel structure and the conventional steel structure.






Table 23. Comparison of the modular steel structure and the conventional steel structure.





	AAC
	Modular Steel

Structure
	Conventional Steel Structure [56]
	Difference





	1st ceiling
	1.81
	1.25
	44.8%



	4th floor
	2.30
	1.65
	39.4%



	5th floor
	2.08
	1.40
	48.6%



	7th ceiling
	4.83
	2.40
	101.3%
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