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ABSTRACT: This study employed tri-component continuous monitoring data from 10 measurement points on both
sides of a base isolation layer in the basement of a large-span high-rise building in Beijing, as well as from a free-field
station and roof frame, during a M,, 5.5 magnitude earthquake in Pingyuan, Shandong, in 2023. The H/V spectral ratio
method was used to evaluate the structural dynamic response characteristics of the building and analyze the regulatory
effect of the base-isolation layer on seismic waves. The results indicate that during the earthquake, the peak frequency
of the free-field and the measurement points below the base-isolation layer was stable at 0.17 Hz, whereas the main
frequency of the measurement points above the base-isolation layer increased to 0.75-1.18 Hz, which is 4-6 times greater
than that of the points below. The amplitude was suppressed by more than 70%, confirming that the base isolation layer
effectively isolated the low-frequency energy from the ground and increased the response frequency of the building.
When the building was excited by an earthquake, a three-tier frequency gradient was formed throughout the building:
“base-isolation layer (0.17 Hz)-main body (1.18 Hz)-roof frame (3.83 Hz)”, which can effectively avoid resonance of the
entire building. In addition, the composite base-isolation device changed the dynamic characteristics of the structure.
The resonance period was extended from 0.74 s (theoretical value without base isolation) to 5.9 s (calculated value),
and the resonance frequency was reduced from 1.35 to 0.17 Hz. This finding indicates that the base-isolation layer can
enhance seismic performance by increasing flexibility and damping.

KEYWORDS: H/V spectral ratio method; seismic isolation system; seismic response characteristics; three-stage
frequency gradient; energy dissipation mechanism

1 Introduction

The core objective of earthquake engineering is to increase the seismic safety of building structures
through scientific analysis methods. The response spectrum method (RSM) is widely used in engineering
scenarios such as single-story frames and truss bridges because of its computational efficiency and ability
to accurately characterize structural responses in the elastic stage [1]. With the increasing seismic resistance
requirements of engineering, the RSM, which is based on the assumption of linear elasticity, cannot
effectively handle the nonlinear response after the structure enters the elastoplastic stage [2], and the
calculation error increases in nonclassical damping systems. Therefore, the time-history analysis method is
introduced as a supplementary means for complex structural analysis and can be used for the supplementary
calculation of multistory steel frames [3]. Owing to the uncertainty of seismic-motion input data, site
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parameters and seismic-wave propagation characteristics, different types of buildings need to be analyzed
by corresponding methods. Taking a high-rise large-span building in Beijing as an example, the building
is equipped with 1376 sets of composite base isolation devices (including rubber bearings, sliding bearings
and viscous dampers), which need to meet the requirements of seismic resistance and vibration reduction
and noise reduction at the same time. Given this background, the spectral ratio method, with its unique
theoretical and analytical advantages, has gradually become an important research method in the analysis of
complex structures.

The theory of the spectral ratio method begins with the sedimentary layer-bedrock spectral ratio model
proposed by Borcherdt [4]. Nakamura [5] confirmed through underground microseismic experiments
that the horizontal/vertical spectral ratio of bedrock is equivalent to the vertical component spectral
ratio of sedimentary layers and thus developed the H/V spectral ratio method (HVSR: horizontal-to-
vertical spectral ratio) without bedrock reference. On the basis of the assumption that the microtremor
wavefield is approximately isotropic and that the site is horizontally layered with homogeneous media, the
site is considered to exhibit a linear response under microtremor excitation, with the spectral-ratio peak
predominantly governed by the fundamental resonance mode. Consequently, this method can be used to
analyze the resonant frequency of plain seismic noise [6], establish a relationship between shear wave velocity
and sediment thickness and resonant frequency [7], and evaluate the site amplification effect [8]. Compared
with other methods for assessing building safety, the H/V spectral-ratio technique offers the advantages
of simple data acquisition and rapid processing, and has become a primary means for quickly evaluating
site effects and retrieving shallow subsurface structures [9-11]. For example, Kanamori et al. [12] used the
spectral ratio method to reveal the structural response characteristics under special vibration sources such as
spacecraft launches; Satake and Yokota [13] determined the feasibility of complex structural analysis through
steel-structure buildings; Mucciarelli et al. [14] clarified the mechanism of the impact of ambient noise
on seismic-wave propagation; Michel et al. [15] used this method to obtain key dynamic parameters of
high-rise buildings, such as the structural natural frequency and vibration mode. Gamal [16] inverted the
natural frequencies of buildings via microtremor data, an approach well-suited for assessing the seismic
hazard of high-rise structures [17,18] and for analyzing the predominant frequencies and resonance hazard
of bridges [19-21]. In recent years, the H/V spectral-ratio method has been widely applied to studies on
sediment thickness and site effects [22-24], shallow velocity structures [25-28], and shear-wave velocity
analysis [29,30].

To investigate the vibration characteristics of long-span high-rise buildings under seismic conditions
and analyze the internal changes that occur within such structures during earthquakes, on the basis of the
abovementioned theories, the H/V spectral ratio method was applied in this study to analyze the structural
response of a high-rise, large-span building in Beijing. In view of the complex dynamic characteristics of its
base-isolation layer, the monitoring data from both sides of the base-isolation layer, which included seismic
records, were obtained through the existing monitoring system of the building. By calculating the H/V curves
for different time periods, the natural frequencies of the site and the building were analyzed. The transfer
functions of the building and the site were constructed, and the regulatory roles of the building structure
and the base isolation layer under seismic excitation were analyzed.

2 Data and Methods
2.1 Monitoring System and Data

The target building is located in Beijing, the capital of China, and is currently the world’s largest
seismically isolated single-structure building. Its main body comprises a central core and five finger-like
concourses. The central core employs a monolithic cast-in-place concrete slab with a projected area of
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565 m x 437 m. Owing to its immense scale; the structure is highly sensitive to temperature variations
and must also address vibrations and noise induced by nearby high-speed rail lines and subway operations.
The core area of the basement of the target building is equipped with a comprehensive base isolation
layer, which includes base isolation devices comprising 1124 rubber isolation bearings, 108 elastic sliding
bearings, and 144 viscous dampers. These components work together to enhance the seismic performance
and reduce vibration transmission. The main body of the building is monitored through a dual monitoring
system for vibration and displacement to ensure the normal operation of the base-isolation devices and to
analyze and assess their base-isolation effectiveness. The former uses strong-motion accelerometers to collect
the structural acceleration response in real time, analyze time-frequency parameters such as frequency
and amplitude, and trigger abnormal alarms. The latter monitors the displacement changes of the base-
isolation layer under normal operation and seismic conditions through displacement meters, providing data
support for structural condition assessment. In addition to recording background noise interference, the
monitoring system of the target building has successfully recorded a series of recent minor earthquakes,
such as 2.6-magnitude earthquakes in Langfang, Hebei, in 2023; 5.5-magnitude earthquakes in Pingyuan,
Shandong, in 2023; and 3.4-magnitude earthquakes in Renqiu, Hebei, in 2025. To explore the dynamic
response characteristics of a building under seismic action, tri-component continuous monitoring data were
obtained from 10 measurement points on both sides of the base—the isolation layer in the basement, one free-
field measurement point, and four measurement points on the roof frame—for analysis. The ten measuring
points on both sides of the isolation layer are shown in Fig. 1. Among them, DX03, DX05, D09, DXI11, and
DX13 are located below the isolation layer, whereas DX04, DX06, DX10, DX12, and DX14 are positioned at
the same horizontal coordinates but above the isolation layer. All the points are equipped with a GL-PA4
triaxial digital strong-motion accelerometer, and the sampling rate is 100 Hz.
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Figure 1: Locations of monitoring points on the subsurface side of the building. DX03, DX05, DX09, DX11, and DX13
are located beneath the isolation layer; DX04, DX06, DX10, DX12, and DX14 are horizontally aligned with the lower
points but situated above the isolation layer. The blue outlines indicate the building frame

Since the 5.5-magnitude earthquake in Pingyuan, Shandong, had a relatively large magnitude and the
seismic wave characteristics were relatively clear when they propagated to the main body of the building,
continuous waveform data with a duration of 3600 s starting at 2:00 on 6 August 2023, were selected during
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the data collection process. These data not only include background noise records from 1800 s before the
earthquake but also complete records of the 5.5-magnitude earthquake in Pingyuan, Shandong, on 6 August
2023. This approach helps to explore the regulatory role of base isolation devices under both seismic and
nonseismic conditions, understand the deformation characteristics and energy dissipation situation of the
base isolation layer during an earthquake, and thus evaluate its working performance. Through the study of
data from different measurement points, the vibration response law of the terminal building structure under
seismic action can be analyzed in detail, which is conducive to identifying weak parts and provides a basis
for structural reinforcement and optimization of the base-isolation device performance.

2.2 Methods

The H/V spectral ratio method [31] assumes that the vertical component mainly reflects incident waves
from bedrock, whereas the horizontal component contains multiple reflections and resonance amplification
effects of the sedimentary layers. This method evolved from the method of identifying seismic phases via the
ratio of the horizontal to vertical components of seismic records. Its mathematical principle is based on the
statistical characteristics of seismic wave fields and the relationships among site frequency responses [5]. The
calculation method is as follows: For three-component seismic records, let the horizontal component time
series signal be Sy () = /S (t) + S%,, (t) (geometric mean synthesis), and the vertical component be
Sy (t). By applying the Fourier transform, the time domain signals are decomposed into frequency domain
components H (f) and V (f), and the HVSR is defined as:

[|H (f)|2]win
HVSR(f) = ———= 1)
2
vrl,,,
where |~| ., denotes the mean value of the power spectral density (PSD) after windowing.

After the seismic signal is truncated within the S-wave window, performing the Fourier transform
directly without processing the ends will produce sidelobe effects that interfere with spectral analysis.
Therefore, before conducting the Fourier transform on the data, it is necessary to apply a Tukey window
(also known as a cosine-squared window or tapered cosine window) to reduce spectral leakage. The Tukey
window constructs a gradual weighting at both ends of the data, allowing the data to smoothly transition
to zero at the truncation points. This effectively suppresses the sidelobe effects and improves the spectral
quality. The Tukey window function is defined in the time domain as:

0.5+ 0.5cos (22 ) 0<n<aN
w(n)=A1 aN<n<(l1-a)N (2)
O.5+0.5COS(W) (I-a)N<n<N

where N is the length of the window function (number of samples), # is the discrete time point (n =0, 1, ...,
N —1), and « is a parameter that controls the length of the tapered portion of the window. The range of «
is 0 < & < 1. When « = 0, the Tukey window becomes a rectangular window; when « = 1, the Tukey window
is equivalent to a Hanning window. In practical applications, the value of « is usually adjusted to balance
spectral leakage and resolution.

Since the original seismic ground-motion spectrum often contains noise and fluctuations that interfere
with the dynamic characteristics of the site, to effectively retain important frequencies, reduce the inter-
ference of noise and fluctuations, and accurately display the frequency characteristics of the signal, the
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Konno-Ohmachi smoothing operator [32] is used for smoothing. The frequency-smoothing operator is
applied to the PSD as follows:

S W (fi - /) A2 (f)
SILW(fi-f)

where S (f) represents the smoothed spectral value at frequency f; A (f;) is the amplitude of the original
spectrum at frequency f;; W (f; — f) is the weighting function; and N is the number of frequency points
involved in the calculation. The weighting function W (f; — f) determines the weighting method for
different frequency components and is usually closely related to the bandwidth parameter set. When the
bandwidth is large, the weighting function W (f; — f) still has a certain weight for f; that is far from
the center frequency f, allowing more frequency components to participate in the smoothing calculation
process. Using the Konno-Ohmachi smoothing operator [32] to process the spectrum can significantly

S(f) = 3)

improve the quality of the HVSR curve.

In seismic monitoring and site-response studies, the accuracy of HVSR calculations is affected by
various parameters, among which the window-length parameter is particularly critical. To analyze the effect
of window length on the HVSR, this paper tests different time window lengths (30-330 s, with an interval of
30 s). When the window length is 120, 150, or 180 s, the resonant frequency recorded at all stations is 0.17 Hz.
For window lengths of 30, 60, and 90 s, some stations exhibit resonant frequencies of 0.15 or 0.18 Hz, whereas
the remaining stations still have a frequency of 0.17 Hz. When the window length exceeds 180 s, the H/V
curves are essentially identical, and only a few stations display a resonant frequency of 0.18 Hz. Therefore,
the results show that the window length has a relatively small influence on the resonance frequency, which is
essentially concentrated between 0.15 and 0.18 Hz. However, longer window lengths (above 90 s) may increase
the stability of the resonance frequency. The peak amplitude shows some fluctuations with increasing window
length. Shorter window lengths (e.g., 30 s) may lead to lower amplitudes, whereas longer window lengths
(above 180 s) may cause higher amplitudes. Since the waveform contains the 5.5-magnitude earthquake in
Pingyuan, Shandong, in 2023, which lasted for approximately 60 s, to record this earthquake signal fully
and consider the stability of the resonance frequency and the magnitude of the peak amplitude, a time
window of 180 s was finally selected. During the calculation process, to avoid oversmoothing that may lead
to information loss, the Tukey window function (& = 0.15) was applied to suppress spectral leakage, and the
Konno-Ohmachi smoothing operator [32] (bandwidth b = 30) was used to process the center frequencies
distributed in a geometric interval (0.05-50.0 Hz), effectively reducing noise while retaining key information.

3 Results
3.1 Measurement Points below the Base Isolation Layer

On the basis of the calculation methods and parameters described above, the HVSR values for the five
measurement points below the base isolation layer in the basement of the target building (DX03, DX05,
DX09, DX11, and DX13) and the free-field measurement point (DX35) were obtained (Fig. 2). The results
indicate that during the seismic event, the average peak frequency of all the measurement points was stable
at 0.17 Hz (5.9 s) (Fig. 2a), which is close to the peak frequency calculated by Peng et al. [33] via a dense
array in the Sanhe-Pinggu area. This reveals the significant low-frequency response characteristics of the
site. The measurement points below the base-isolation layer exhibited lower frequencies and amplitude
suppression due to the coupling effect between the building foundation and the subsoil, whereas the free-field
measurement point DX35 had a prominent low-frequency response with an amplitude reaching 2.8.
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Figure 2: HVSR values of the measuring points below the isolation layer and at the free-field measuring points; (a,b)
HVSR results with and without seismic records, respectively; DX03, DX05, DX09, DX11, and DX13 are measurement
points below the isolation layer; DX35 is the free-field measurement point; and f; denotes the peak frequency

Further comparison with the HVSR results during nonseismic periods (Fig. 2b) revealed significant
differences in dynamic characteristics when excited by the earthquake: the frequency of the measurement
points below the base-isolation layer systematically shifted upward (0.18-0.19 Hz) during nonseismic
times, with reduced amplitudes (Fig. 2b). Free-field measurement point DX35 had a frequency increase to
0.19 Hz and an amplitude decrease to 1.7 during nonseismic times, indicating that the earthquake can
excite low-frequency vibrations and that the 5.5-magnitude earthquake in Pingyuan, Shandong, amplified
the low-frequency energy of the free field (Fig. 2a). In summary, the input of seismic motion caused a
shift in frequency toward lower frequencies. The measurement points below the base-isolation layer were
modulated by foundation-soil interactions, and the increase in amplitude during the earthquake was limited
to approximately 1.7 times.

When there is a large impedance contrast (>2.5) between the surface loose layer (sedimentary layer) and
the underlying hard layer (bedrock layer), the HVSR curve will peak [34,35]. The peak frequency corresponds
to the resonant frequency of the sedimentary layer (also known as the dominant frequency) [36]. This
frequency can be used to obtain the thickness of the sedimentary layer, determine the site type, identify the
rock type of the site, and determine the range of shear wave velocity [37]. Additionally, the amplitude of the
peak can serve as a lower limit for the site amplification factor [38].

The Daxing International Airport and its surrounding areas are located at the forefront of the Yongding
River alluvial fan. The empirical relationships among the HVSR peak frequency fy, the thickness of the
sedimentary layer H, and the shear wave velocity V; are given by [5,35,39]:

_ VY
4f,

On the basis of the borehole data, the shear wave velocity Vi in the study area is approximately
150 m/s [40], and the peak frequency f, = 0.18 Hz of the measurement points below the base isolation layer
is 0.18 Hz (Fig. 3). From this, the thickness of the sedimentary layer can be estimated to be approximately
208 m. This thickness is close to the thickness of the Quaternary sediments in the Daxing area of Beijing,
which is approximately 200 m [41]. This indicates that the HVSR calculations in this paper are highly accurate.

H (4)
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Figure 3: HVSR values of the measuring points above the isolation layer; (a,b) present the HVSR results with and
without seismic records, respectively; DX04, DX06, DX10, DX12, and DX14 are measurement points above the isolation
layer; fo represents the peak frequency

3.2 Measurement Points above the Base Isolation Layer

The base-isolation layer, as a key structure for building seismic resistance, supports the main body of the
building above it. Its vibration response not only reflects the effectiveness of the base isolation layer but is also
related to the safety of the equipment and personnel inside the building. To analyze the working mechanism
of the base-isolation layer, the HVSR was calculated for the measurement points above the base-isolation
layer (DX04, DX06, DX10, DX12, and DX14) corresponding to the points below the base-isolation layer
(DX03, DX05, DX09, DX11, and DX13). Data analysis of the HVSR from the corresponding measurement
points on both sides of the base-isolation layer helps to study the regulation of seismic-wave propagation,
vibration frequency, and amplitude by the base-isolation layer, thereby understanding its actual role in the
entire building seismic-resistance system.

A comparison of the HVSR values calculated from the measurement points above the base-isolation
layer (Fig. 3) with those from the corresponding points below the base-isolation layer (Fig. 2) during the
seismic event reveals that the main frequency of the points below the base-isolation layer (DX03, DXO05,
etc.) is stable at 0.17 Hz (period 5.9 s) (Fig. 2a), whereas the main frequency of the points above the base-
isolation layer (Fig. 3a) significantly shifts to 0.75-1.18 Hz, with an amplitude maintained at 0.88-0.92. This
indicates that the base-isolation layer increases the building response frequency by approximately 5 times
and suppresses more than 70% of the amplitude growth, effectively isolating the low-frequency energy from
the site.

During the nonseismic state (Fig. 2b), the frequency of 0.18 Hz below the base-isolation layer and the
ultralow frequency (0.07-0.09 Hz) of the points above the base-isolation layer (Fig. 3b) form a frequency
difference of 10 times. Seismic-motion input reduces the frequency difference between the two sides of the
base-isolation layer to 6 times (1.18 and 0.17 Hz). In the 5.5-magnitude earthquake in Pingyuan, Shandong,
the HVSR amplitude above the base-isolation layer was approximately 70% smaller than that of the points
below, and the peak frequency shifted from 0.17 Hz (below) to 0.75-1.18 Hz (above). This effectively isolates
seismic motion and avoids resonance, verifying the effectiveness of the base-isolation system’s frequency-
avoidance mechanism. However, base isolation devices have insufficient high-frequency filtering efficiency
above 10 Hz, and the dynamic parameters of the bearings need to be optimized through time-frequency
analysis. Owing to the isolation layer, in addition to the intense vibrational response during earthquakes,
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high-frequency pulses closely related to the building’s own dynamic characteristics or to the surrounding
environment (e.g., traffic, mechanical equipment) are also observed. For example, station DX12 exhibits an
anomalous high-frequency peak at 8.81 Hz in the absence of seismicity (Fig. 3b), likely arising from the
interaction between ambient vibrations and the building’s localized dynamic response.

The seismic performance evaluation of a building as a whole requires a comprehensive analysis of all
key parts. Michel et al. [15] reported significant differences in the H/V spectral ratios of different floors when
analyzing the dynamic parameters of high-rise buildings through ambient vibration data. The identification
of higher-order vibration modes depends on the height distribution of the monitoring points. Satake and
Yokota [13] discovered in vibration tests of steel-structured buildings that the frequency response of the top
floor measurement points contains more high-frequency components, which contrasts with the fundamental
frequency results of the bottom floor measurement points. Gallipoli et al. [42] noted that soil-structure
interactions can cause frequency shifts in measurement points at different heights.

The roof frame, as the topmost part of the building structure, reflects not only the final effect of seismic
wave propagation through the lower structure during an earthquake but also the overall stability of the
building. From the base-isolation layer to the roof frame, the path of seismic-wave propagation lengthens,
energy is gradually dissipated and transformed, and the structural form and mechanical properties change
significantly. Therefore, to construct a complete building seismic dynamic response model and gain a deep
understanding of the impact of earthquakes on buildings, four measurement points on the roof frame were
selected for HVSR analysis.

On the basis of the HVSR results from the measurement points below the base-isolation layer (Fig. 2),
above the base-isolation layer (Fig. 3), and within the roof frame (Fig. 4), the overall dynamic performance of
the building clearly exhibited a significant spatial gradient characteristic: during the earthquake, the building
structure formed a three-tier frequency gradient of “base-isolation layer (0.17 Hz)-main body (1.18 Hz)-roof
frame (3.70 Hz)”. The frequency of measurement points at different heights gradually shifts [42], with each
segment having a frequency difference of more than three times, effectively avoiding resonance coupling.
Under non-seismic state, the main frequency of 0.18 Hz below the base-isolation layer is transmitted through
the building structure to the roof, where the main frequency of the truss measurement points increases to
0.83-4.25 Hz, creating a frequency amplification effect of approximately 5-20 times. This confirms that the
structural stiffness increases progressively along the vertical direction [23].

fol Hz dmplitude, Jol Hz Amplitude, .
12 —DX29 092 0.87 12 ——DX29 1.31 0.72
DX30  3.57 1.23 DX30 425 1.19
DX31 3.70 1.13 DX31 3.83 1.06
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Figure 4: The calculated HVSR results of the measuring points of the roof frame; (a,b) present the HVSR results with
and without seismic records, respectively; DX29, DX30, DX31, and DX32 are measurement points on the roof frame; f,
represents the peak frequency



Struct Durab Health Monit. 2026;20(1) 9

During the earthquake, roof frame measurement points DX30 and DX31 exhibited prominent high-
frequency responses (3.57-3.70 Hz) with amplitudes ranging from 1.23-1.13. Compared with the nonseismic
period (Fig. 4b), the amplitude increase is <4%, indicating that the local stiffness of the truss is relatively high
and that the transmission of seismic energy is limited. In contrast, the main frequencies of measurement
points DX29 and DX32 shift from 1.31/0.12 Hz during the nonseismic period (Fig. 3b) to 0.92/0.83 Hz during
the earthquake (Fig. 3a), reflecting the partial filtering effect of the base-isolation system on vibrations above
1 Hz.

3.3 Dynamic Characteristics of the Structure

To further analyze the role of the base-isolation layer in the entire seismic-resistance system of a building
structure, as well as its mechanism for transmitting and regulating seismic waves, comparing the HVSR
values on both sides of the base-isolation layer is a key research direction. By analyzing these two sets of HVSR
values, one can intuitively observe the regulation of key parameters such as the frequency and amplitude
of seismic waves by the base-isolation layer. Here, the HVSR transfer function of the base-isolation layer is
defined as the ratio T'(f) of the HVSR values on both sides of the base-isolation layer:

r(f) - VSR ()

" HVSRown(f) (5)

where HVSR 4o, (f) and HVSR,,(f) are the HVSR values of the measurement points below and above
the base-isolation layer, respectively.

On the basis of the analysis of the HVSR ratio between the measurement points on both sides of
the base-isolation layer during the earthquake (Fig. 5a), the data exhibit a typical three-segment energy-
transfer pattern in the frequency-domain space. In the low-frequency band (<1.0 Hz), the basic filtering
effect dominates, and the ratio is stable at approximately 0.8. In the middle-frequency band (1.0-2.0 Hz),
the ratio increases exponentially, corresponding to the structural resonance zone. The multiple-frequency
relationship between the building’s natural frequency (0.75-1.18 Hz) and the site’s dominant frequency
(0.17 Hz) induces energy amplification, with the maximum increase reaching 3.2 times. In the high-frequency
band (2-10 Hz), the material dissipation mechanism gradually takes the lead, with an amplitude oscillation
attenuation ranging from 0.5-1.2.

The input under non-seismic state strengthens the abovementioned characteristics (Fig. 5b). In the low-
frequency band (with a ratio of approximately 0.8), the frequency stability of the basic filtering effect is
relatively high. In the high-frequency band (>2.0 Hz), the peak ratio increases from 4.0 to 5.0, revealing
the dynamic softening characteristics of the base-isolation material under high-strain-rate conditions. In
the middle-frequency band (1.0-2.0 Hz), the exponential growth slope increases from 1.2 to 1.5. This model
reveals the dynamic response process of the base-isolation system.
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Figure 5: HVSR ratios of the corresponding measuring points on both sides of the isolation layer; (a,b) present the
HVSR results with and without seismic records, respectively; Ratio of the HVSR at measurement points above the
isolation layer to the HVSR at measurement points below the isolation layer

4 Discussion

In the dynamics of building structures, there is a specific relationship between the height of reinforced
concrete buildings and their resonant periods. According to the empirical formula for the height-resonant
period of reinforced concrete buildings proposed by:

T=CxH* (6)

Given the parameters C = 0.0294 and a = 0.804 and the height of the target building H = 50 m,
the calculated resonant period T' = 0.74 s, which indicates that the theoretical resonant frequency of the
Daxing International Airport building, without base isolation measures, would be 1.35 Hz. The composite
base-isolation devices (rubber bearings, sliding bearings, and viscous dampers) used in the target building
significantly reduce the overall stiffness (K) by increasing the flexibility and damping of the structure.

According to the theory of a single-degree-of-freedom system, the resonant period is 7" o< 4/ % (where M
is the mass of the building). When the stiffness is reduced, T increases, leading to a decrease in frequency.
Therefore, the calculated results are more likely to shift toward lower frequencies.

After performing HVSR calculations on the building’s monitoring data, the peak frequency below
the base-isolation layer under non-seismic state was found to be approximately 0.18 Hz (Fig.2b),
and the peak frequency of the measurement points above the base-isolation layer was approximately
0.07-0.17 Hz (Fig. 3b). These measured frequency values are significantly lower than the 1.35 Hz calculated via
the empirical formula. These findings demonstrate that composite base-isolation devices have a significant
effect on the dynamic characteristics of the Daxing International Airport structure. The composite base-
isolation devices successfully increased the building’s resonant period and decreased the resonant frequency.
As a result, when facing dynamic loads such as earthquakes, a building can reduce the transmission of
seismic energy to the structure through its own base-isolation and energy-dissipation characteristics, thereby
enhancing the seismic performance and safety of the building.
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5 Conclusions

This study analyzed the structural dynamic response of a high-rise, large-span terminal building in
Beijing via the H/V spectral ratio method, revealing the core role of the base isolation layer in regulating
seismic wave propagation. Under non-seismic state, the frequency of the measurement points below the
base-isolation layer was 0.18-0.19 Hz, with the amplitude limited to approximately 1.5. During an earthquake,
the frequency of the free field and the measurement points below the base isolation layer decreased to
0.17 Hz, and the amplitude increased by approximately 1.7 times. The low-frequency response (0.17 Hz) of
the free-field measurement point DX35 and the frequency (0.17 Hz) of the measurement points below the
base-isolation layer indicate a significant coupling effect between the building foundation and the subsoil.

The sedimentary layer thickness calculated from the HVSR peak frequency f 0 and the empirical
formula (approximately 208 m) is close to the results from borehole investigations, validating the accuracy
of the calculation results using the parameters in this paper. The analysis of the effectiveness of the base-
isolation layer reveals that under seismic excitation, the building response frequency increases by 4-6 times
(0.75-1.18 Hz) and suppresses the amplitude by more than 70%, effectively isolating low-frequency energy
and reducing the risk of resonance. However, there is insufficient filtering in the high-frequency band
(>10 Hz). The building as a whole exhibits a three-tier frequency gradient of “base-isolation layer-main body-
roof frame” when excited by an earthquake. A structural design with frequency differences greater than three
times can effectively avoid resonance coupling. The results of this study confirm the applicability of the H/V
spectral ratio method in the analysis of complex base-isolation structures and provide a basis for optimizing
the seismic design of terminal buildings. Additionally, for the abnormal high-frequency (8.81 Hz) result of
measurement point DX12 during the nonseismic period, further investigation into the impact of ambient
microvibrations and equipment disturbances on the base-isolation system is needed in the future.

In this study, the H/V spectral-ratio method was applied to evaluate the effectiveness of the isolation
system at measurement points both inside and around a single long-span high-rise building, thereby
verifying the applicability of the H/V technique for analyzing complex base-isolated structures and providing
a basis for optimizing the seismic design of such buildings. Our results indicate that incorporating an
isolation layer at the base of a long-span high-rise structure can effectively mitigate earthquake effects on the
structure. During the planning phase, it is therefore essential to consider the relationship between the site’s
resonant frequency and that of the building, and to implement appropriate isolation and damping measures
to prevent resonance-related damage. Nonetheless, the study examined only a single isolation layer and did
not perform detailed analyses for earthquakes of varying epicentral distances or magnitudes. Consequently,
the findings may not be directly applicable to all base-isolated structures, and further investigations are
needed for different building types, isolation systems, and seismic scenarios.
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