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Abstract

Earthquake Early Warning (EEW) systems based on on-site measurements enable ultra-
rapid alerts by exploiting the time gap between the arrival of P-waves and the subsequent
damaging S-waves. A central challenge is the reliable estimation of impending ground
motion using only the earliest portion of the signal. This study investigates a site-specific
methodology based on the S/P amplitude ratio for near-real-time seismic acceleration es-
timation at the lasi stations, Romania, in a region dominated by Vrancea intermediate-
depth seismicity. Using 50 strong-motion records from the European Strong-Motion
(ESM) database, a local calibration coefficient of k = PGA_S/PGA_P = 6.2 was derived for
the lasi area, consistent with its soft-soil conditions and with values reported for compa-
rable sedimentary environments worldwide. A regional analysis confirms that the S/P ra-
tio is primarily governed by local site effects, requiring station-level calibration. The meth-
odology was experimentally validated through shaking-table tests using real P-wave re-
cordings. Predicted S-wave peak ground accelerations exhibit no systematic bias, with a
median relative error of +2.0% and dispersion consistent with the intrinsic log-normal var-
iability of the S/P ratio. The results demonstrate that a locally calibrated S/P ratio provides
a robust and physically grounded basis for rapid seismic acceleration estimation in on-
site EEW systems.

Keywords: Earthquake Early Warning; S/P amplitude ratio; site-specific calibration;
seismic acceleration estimation; Vrancea seismic zone

1. Introduction

Earthquake Early Warning (EEW) systems are designed to exploit the brief time win-
dow between the arrival of the initial, weak primary (P) waves and the subsequent, po-
tentially damaging secondary (S) waves, delivering alerts that may enable protective ac-
tions before strong shaking begins. Over the last two decades, EEW technologies have
evolved along two principal paradigms. Network-based systems infer earthquake source
parameters by integrating observations from multiple seismic stations [1-3], whereas on-
site systems operate autonomously at a single location, estimating the expected level of
ground motion directly from the earliest portion of the locally recorded P-wave [4-6].

Large-scale network-based implementations, including those operated in California,
Italy, Japan, China, or Taiwan, depend on dense sensor deployments and rapid data
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exchange to determine earthquake location and magnitude in real time [7-9]. These infra-
structures provide accurate warnings for moderate-to-large events but require reliable
communication and substantial logistical investment. In contrast, on-site EEW systems
analyze only the first seconds of motion at an individual station, immediately following
P-wave onset. By avoiding inter-station communication, this approach achieves extremely
low latency, making it particularly attractive for autonomous, low-power, and low-cost
devices [10-13].

Conventional on-site algorithms establish empirical relationships between early P-
wave characteristics and subsequent earthquake size or shaking intensity. Frequently
used parameters include the characteristic period tc [14], the peak P-wave displacement
Pd [15], and composite metrics combining amplitude and duration features [16,17]. Alter-
native formulations have employed energy-related indicators, such as Arias intensity or
cumulative absolute velocity, to approximate the destructive potential of the forthcoming
motion [18]. While these methods have proven effective in regional deployments, their
performance can degrade when implemented on compact hardware, especially MEMS
accelerometers, which are susceptible to baseline drift and high-frequency noise [19]. This
sensitivity becomes critical for near-real-time seismic acceleration estimation, where sys-
tematic biases of only a few percent in the P-wave features can propagate into large errors
in the predicted damage level.

To mitigate these limitations, recent studies have introduced a site-dependent strat-
egy based on the amplitude ratio between the S and P phases. The underlying premise is
that, for a fixed station, the ratio of S-wave to P-wave amplitudes remains approximately
invariant over a broad range of magnitudes and epicentral distances, encapsulating the
local geological response and site amplification properties [20-22]. Once this S/P ratio is
calibrated from historical recordings, the expected peak ground motion can be inferred
immediately upon P-wave detection, without explicit estimation of event magnitude or
source distance. The method is particularly well-suited to on-site MEMS-based platforms,
as it relies solely on amplitude measurements and simple scaling operations. From an op-
erational perspective, this eliminates the need for real-time inversion or complex feature
extraction, reducing computational load and increasing robustness against transient data
loss or saturation [23,24].

While the S/P amplitude ratio has been investigated in several regions using high-
quality strong-motion networks, most previous studies have focused primarily on statis-
tical calibration and regional validation aspects, extending toward data-driven ap-
proaches for rapid ground-motion prediction [25]. In contrast, the present work empha-
sizes the system-level integration and experimental feasibility of an S/P-based peak
ground acceleration estimation approach within a compact on-site EEW configuration.

The contribution of this study lies in the implementation of a site-adapted S/P-based
estimation framework within a compact sensing architecture and its experimental evalu-
ation using a custom shaking-table setup. This approach allows assessment of practical
response behavior, latency considerations, and implementation constraints associated
with compact sensing platforms intended for on-site warning applications.

By addressing practical integration and feasibility aspects rather than calibration
alone, the study complements existing S/P-based investigations and supports the transi-
tion from theoretical validation to deployable on-site EEW solutions. Building on this
framework, the present study implements a site-specific S/P ratio methodology on a com-
pact MEMS-based EEW platform deployed for the Iasi stations, Romania. The objective is
to estimate the impending peak ground acceleration associated with the S-wave using
only the locally observed P-wave and a pre-calibrated site amplification coefficient. By
enabling low-cost stations to assess local shaking severity within seconds of P-wave arri-
val, this approach contributes to faster, scalable, and more accessible Earthquake Early
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Warning capabilities. The Romanian context, influenced primarily by intermediate-depth
Vrancea seismicity, provides a distinctive testbed characterized by long propagation
paths, complex wavefield composition, and pronounced site effects. Assessing the stabil-
ity and predictive power of S/P ratios under these conditions is essential for extending on-
site EEW methodologies to Eastern Europe and similar tectonic settings.

2. Materials and Methods

The S/P amplitude ratio, defined as k=PGA_S/PGA_P, is a site-dependent parameter
that captures both phase-specific wave physics and near-surface amplification effects, re-
maining temporally stable because it is governed primarily by local subsurface structure
[20,21]. It is computed on the horizontal components (N-S, E-W) using their geometric
mean, as S-waves concentrate destructive horizontal energy, whereas vertical motion fol-
lows different propagation mechanisms and yields lower, more scattered ratios [22]. The
magnitude of k is controlled by subsurface stiffness (Vs30), frequency content, basin res-
onance, and wave polarization: soft sediments preferentially amplify S-waves [26], ratios
increase at lower frequencies, horizontal ratios exceed vertical ones by factors of 1.5-2 [27],
and deep basins can produce k > 10 [28].

A consistent picture emerges from large-scale empirical studies conducted on strong-
motion networks in Japan, Italy, and Taiwan, which have quantified the S/P amplitude
ratio under diverse tectonic and site conditions. Foundational work by Nakamura (1988)
[29] on the Japanese UrEDAS system, employing RMS energy metrics, identified S/P ratios
between 3 and 8 across hundreds of events, typically 50-200 per site, with odog10 in the
range 0.30-0.35. Another study conducted in Southern Italy by Zollo et al. (2010) [30], fo-
cusing on spectral amplitudes in the 1-5 Hz band, reported S/P ratios spanning 4 to 10,
derived from 64 earthquakes (10-30 per site), with odog10) = 0.30. Later, Festa et al. (2018)
[21] analyzed PGA data from the INGV/RAN network and obtained S/P ratios ranging
from 3 to 7 from a dataset of 89 earthquakes, with 10—40 events available per station. The
reported precision was odogl0) = 0.30. Comparable results were observed in Taiwan by
Wu (2013) [22], who examined both PGA and PGV from the TSMIP network. Their study,
based on roughly 250 earthquakes (30-100 per site), yielded ratios between 5 and 9, with
dispersions in the range odog10) = 0.25-0.30. Picozzi et al. (2018) [31] evaluated PGA-based
ratios using both MEMS and classical instruments in Italy, reporting values between 4 and
9 from 40 earthquakes (10-20 per site), with odog10 = 0.30.

A broader comparative analysis by Adinolfi (2023) [32], combining Italian and Japa-
nese datasets and using PGV, found higher ratios, between 6 and 12, based on approxi-
mately 300 earthquakes, with 20-150 events per station and a dispersion of odog10) = 0.25.

Tsuno et al. (2024) [20], using the Japanese KiK-net network and PGA values filtered
in the 0.5-10 Hz band, reported typical S/P ratios between 4 and 8, based on approximately
240 earthquakes, corresponding to 50-200 events per site. The associated dispersion was
low, with a standard deviation of about odog10) = 0.25.

Collectively, these studies demonstrate that, despite differences in instrumentation,
seismic regime, and processing methodology, site-specific S/P ratios consistently fall
within the interval of approximately 3 to 12, with a remarkably uniform dispersion
around 0.25-0.35 in log(10) units. They further confirm that statistical stability is achieved
after a few tens of well-recorded events per site, supporting the feasibility of calibrating
reliable S/P coefficients even in regions with moderate seismicity.

Accordingly, the S/P ratio is adopted here as a physically grounded predictor of local
ground motion. The methodology builds on these established statistical properties to de-
rive a station-specific calibration coefficient, enabling near-real-time estimation of destruc-
tive ground motion from the earliest P-wave observations.
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3. Results

Iasi is situated in northeastern Romania, on the Moldavian Plateau, at an epicentral
distance of approximately 150 km from the Vrancea intermediate-depth seismic zone,
which represents the country’s primary source of damaging earthquakes. The subsurface
structure beneath the city consists of a stratified sequence of Quaternary and Neogene
deposits, dominated by clays, silty sands, and loess, overlying marl and sandstone for-
mations at depths of roughly 50-100 m. Available shear-wave velocity profiles indicate
Vs30 values between 200 and 350 m/s, placing the site within soil classes C to D according
to Eurocode 8 [33,34].

These soft-sediment conditions are known to produce moderate to strong amplifica-
tion of S-waves relative to P-waves. By combining the local site classification with com-
parative evidence from stations installed on similar soft soils in Japan and Italy [20,21,30],
the expected site-specific S/P amplitude ratio for lasi can be approximated as median k =
6.2 +2.0, with a logarithmic dispersion of odog10) = 0.30, corresponding to a multiplicative
uncertainty of about a factor of two. The median relative error reported in this study rep-
resents the signed relative deviation between predicted and measured PGA values and
indicates a slight overall overestimation of approximately +2.0%. This range is consistent
with the amplification behavior documented in sedimentary basins and provides a phys-
ically justified initial calibration for the deployment of on-site EEW methodologies at the
Iasi stations.

Table 1 compiles the strong-motion records from [35] used for the calibration and
experimental validation of the S/P amplitude ratio at the Iasi site and at nearby regional
stations. The dataset includes 50 Vrancea intermediate-depth earthquakes with moment
magnitudes (Mw) between 4.1 and 5.7 and epicentral distances ranging from approxi-
mately 90 to 215 km. For each event and station, the table reports the horizontal peak
ground accelerations (PGA) measured during the P- and S-wave windows on the East—
West and North-South components, together with their geometric means (PGA_P and
PGA_S). The resulting site-specific ratio (k = PGA_S/PGA_P) is listed for every record.
Earthquake magnitudes reported in this study follow the moment magnitude (Mw) val-
ues provided in the European Strong-Motion (ESM) database and are used primarily for
descriptive characterization of the dataset. Although Mw is widely used for earthquake
reporting, recent studies have discussed consistency considerations when applying Mw
formulations to small-to-moderate magnitude ranges and have proposed corrected repre-
sentations. Therefore, for internally consistent magnitude reporting and direct compara-
bility with the recent literature, we additionally report the corrected magnitude Mwg
computed from Mw using the published conversion Mwg = 1.10 Mw — 0.88 [36,37]. Both
Mw and the corresponding Mwg values are listed in Table 1. The S/P-based prediction
framework adopted here relies exclusively on waveform-derived amplitude ratios and
does not use magnitude-based scaling relationships; therefore, the inclusion of Mwg does
not alter the computed k values, predicted peak ground acceleration values, or perfor-
mance metrics presented in this work.

The dataset covers the lasi stations (IAS, IASR) and several reference stations in
northeastern Romania (RO. NGRR, RO. VASR, RO. LEOM, RO.BAC, RO. GIRR), enabling
both local calibration and regional comparison under similar propagation conditions. The
wide range of PGA values, spanning more than two orders of magnitude for both P and
S, reflects the variability in source magnitude, distance, and site response. This diversity
is essential for assessing the stability of the S/P ratio and for quantifying its dispersion
across events, providing a statistically meaningful basis for deriving a robust, site-specific
calibration coefficient for near-real-time EEW implementation.
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Table 1. Strong-motion records from the Iasi stations: Vrancea earthquakes, P- and S-wave horizontal PGA components, geometric means, and derived site-specific

S/P amplitude ratios.

. Moment Magnitude . Epicentral Distance PGAE  PGAN PGAE PGAN
No Station Code ESM IDS Mw] Corrected Magnitude [Mwg] [Km] [em/s?]  [em/s?]  [em/s?]  [em/s?] PGA_P PGA_S K=PGAS/PGAP
PWave P Wave SWave S Wave

1 TIASR EMSC-20200131_0000009 4.7 4.3 171.8 0.345 0.536 4.102 5.459 0.43 4.729 11

2 TASR INT-20221103_0000031 5.1 4.7 204.4 0.535 0.785 1.265 1.899 0.648 1.552 2.395
3 TASR INT-20240916_0000172 5.2 4.8 205.3 0.403 0.630 2.774 2.398 0.504 2.579 5.117
4 IAS EMSC-20051213_0000038 4.8 4.4 174.6 0.466 0.387 2.161 1.593 0.425 1.855 4.367
5 IAS EMSC-20090425_0000080 5.2 4.8 182.2 4.584 4.368 25.361 16.473 4.476 20.45 4.569
6 IAS EMSC-20120706_0000080 4.1 3.6 175 0.86 1.190 5.923 9.872 1.011 7.639 7.553
7 IAS EMSC-20131006_0000002 5.3 5.0 183.5 0.90 1.077 13.74 24.357 0.985 18.286 18.564
8 IAS EMSC-20131015_0000091 4.7 43 190.6 0.307 0.241 0.667 1.123 0.272 0.866 3.183
9 IAS EMSC-20140224_0000002 4.5 4.1 172.6 0.120 0.108 1.230 1.169 0.114 1.199 10.518
10 IAS EMSC-20140326_0000089 41 3.6 186.3 0.039 0.029 0.255 0.196 0.034 0.224 6.621
11 1AS EMSC-20140329_0000126 4.7 4.3 193.3 0.239 0.267 3.067 2.655 0.253 2.857 11.302
12 1AS EMSC-20140910_0000067 4.4 4.0 191.9 0.348 0.240 7.81 8.942 0.289 8.366 28.978
13 1AS EMSC-20141122_0000066 5.6 5.3 151.8 2.069 3.228 22.66 15.905 2.583 18.957 7.341
14 1AS EMSC-20141207_0000071 4.4 4.0 146.8 0.286 0.349 1.330 1.291 0.316 1.31 4.142
15 1AS EMSC-20150124_0000025 4.3 3.9 179 0.162 0.400 10.014 6.820 0.255 8.274 32474
16 IAS EMSC-20150316_0000047 4.3 3.9 194.2 0.410 0.359 1.222 1.214 0.384 1.218 3.172
17 IAS EMSC-20150329_0000004 4.5 4.1 188.9 0.176 0.120 0.577 0.705 0.145 0.638 4.403
18 IAS EMSC-20160923_0000135 5.7 5.4 175.7 7.053 7.255 70.563 42.777 7.153 54.948 7.68
19 IAS EMSC-20161227_0000104 5.6 5.3 179.3 7.273 7.535 30.961 26.113 7.402 28.483 3.849
20 IAS EMSC-20170208_0000137 4.6 4.2 212.2 0.455 0.351 2.004 2.217 0.399 2.108 5.281
21 IAS EMSC-20170519_0000076 4.3 3.9 171.4 0.213 0.176 0.876 1.738 0.194 1.236 6.371
22 IAS EMSC-20170801_0000042 4.3 3.9 201.9 0.173 0.173 1.170 0.982 0.173 1.071 6.188
23 IAS EMSC-20170802_0000007 4.7 4.3 197.9 0.127 0.085 2.462 3.052 0.104 2.742 26.413
24 IAS EMSC-20180425_0000100 4.7 4.3 198.8 0.161 0.192 0.505 0.604 0.176 0.553 3.144
25 IAS EMSC-20181028_0000003 5.6 5.3 197.1 0.297 0.500 1.955 1.817 0.385 1.885 4.892
26 RO.NGRR INT-20221103_0000031 5.1 4.7 156.9 3.118 4.594 8.186 6.023 3.784 7.03 1.858
27 RO.NGRR INT-20240916_0000172 52 4.8 167.7 1.186 1.189 9.466 5.686 1.188 7.345 6.182
28 RO.VASR INT-20221103_0000031 5.1 4.7 161.4 5.442 4.822 14.375 10.157 5.127 12.083 2.357
29 RO.VASR INT-20240916_0000172 5.2 4.8 167.2 2.608 1.703 14.245 27.535 2.107 19.795 9.4
30 RO.LEOM EMSC-20161227_0000104 5.6 5.3 157.0 12.379 13467  32.551 40.631 12.902 36.322 2.816
31 RO.LEOM EMSC-20181028_0000003 5.6 5.3 173.9 3.585 3.074 64560  41.026 3.317 51.444 15.515
32 RO.LEOM INT-20240916_0000172 5.2 4.8 184.2 7.606 8.228 22.642 24.051 7.913 23.333 2.949
33 RO.LEOM EMSC-20090425_0000080 5.2 4.8 154.9 4.641 4.200 20.380 14.583 4.417 17.235 3.902
34 RO.LEOM INT-20221103_0000031 5.1 4.7 172.8 2.980 4.613 9.939 10.744 3.709 10.331 2.785
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35 RO.LEOM EMSC-20200131_0000009 4.7 43 143.9 1.673 2.088 24.193 16.426 1.868 19.928 10.67
36 RO.LEOM EMSC-20170802_0000007 4.7 43 172.3 1.100 1.343 11.116 9.230 1.216 10.125 8.325
37 RO.LEOM EMSC-20170208_0000137 4.6 42 188.1 3.010 3.393 8.508 9.168 3.204 8.835 2.758
38 RO.LEOM EMSC-20170519_0000076 43 3.9 142.7 0.898 0.913 4.933 3.057 0.905 3.88 4.288
39 RO.LEOM EMSC-20170801_0000042 43 3.9 175.7 1.457 1.571 2.345 2.785 1.514 2.553 1.687
40 RO.LEOM EMSC-20120706_0000080 4.1 3.6 147.3 2.395 2.025 14.349 6.008 2.2 9.285 4.222
41 RO.BAC EMSC-20160923_0000135 5.7 5.4 92.8 1.739 1.137 40.963 29.439 1.409 34.725 24.65
42 RO.BAC EMSC-20161227_0000104 5.6 5.3 95.9 1.394 0.814 21.784 18.448 1.064 19.977 18.78
43 RO.BAC EMSC-20181028_0000003 5.6 5.3 113.2 0.991 1.089 3.296 4.505 1.041 3.855 3.703
44 RO.BAC EMSC-20131006_0000002 5.3 5.0 101.0 0.920 1.027 24.294 14.464 0.972 18.77 19.31
45 RO.BAC INT-20240916_0000172 5.2 4.8 122.0 0.541 0.460 2.270 3.193 0.499 2.692 5.395
46 RO.BAC INT-20221103_0000031 5.1 4.7 123.5 0.829 0.758 3.679 2.563 0.792 3.072 3.879
47 RO.GIRR EMSC-20141122_0000066 5.6 53 132.0 1.844 2.183 7.231 7.278 2.003 7.255 3.623
48 RO.GIRR EMSC-20140910_0000067 4.4 4.0 145.6 0.267 0.391 1.089 1.591 0.323 1.317 4.08
59 RO.GIRR EMSC-20141207_0000071 4.4 4.0 128.3 0.163 0.179 0.386 0.391 0.171 0.388 227
50 RO.GIRR EMSC-20150124_0000025 4.3 3.9 134.8 0.444 0.513 1.430 1.781 0.477 1.595 3.345
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Therefore, the selected records provide representative ground-motion scenarios for
implementation testing and controlled experimental validation of the proposed on-site
estimation framework.

3.1. Regional Comparative Analysis of the S/P Amplitude Ratio

The analysis of the S/P amplitude ratio (k = PGA_S/PGA_P) was extended to a re-
gional scale using all available recordings from the European Strong-Motion (ESM) data-
base corresponding to the Vrancea intermediate-depth earthquakes recorded in northeast-
ern Romania. A total of 50 individual seismic records from seven strong-motion stations
were processed, including IAS, IASR, RO.LEOM, RO.BAC, RO.GIRR, RO.VASR and
RO.NGRR. These stations cover a representative range of geological and site conditions
from soft alluvial deposits in the Moldavian Plateau to stiffer, consolidated formations on
its margins. The aim of this extended dataset was not to derive a single regional coefficient
but rather to examine the spatial variability of the S/P amplitude ratio and the underlying
physical and geotechnical causes that govern it.

For each recording, the time windows corresponding to the P- and S-wave arrivals
were carefully selected using the instrumentally recorded velocity traces and confirmed
by visual inspection of the acceleration waveforms. Peak ground accelerations were com-
puted for both the E-W and N-5 horizontal components, and their geometric mean was
used as the representative PGA value for each phase. This approach reduces directional
bias and is consistent with standard ground-motion analysis practice. By treating each site
individually, the analysis allows for the identification of local amplification trends and
avoids the artificial averaging that would mask meaningful regional differences.

The results from Table 1 clearly show that the amplitude ratio k exhibits substantial
variability across the studied region. The IAS station (22 events) yielded a median k =6.28.
The IASR station (three events) produced a slightly lower median k = 5.12, which remains
within the expected range for the same sedimentary environment but is affected by the
limited number of recordings. The RO. LEOM station (11 events) shows a median k=3.91,
suggesting reduced S-wave amplification likely due to shallower or denser soil layers. The
RO.BAC station (six events) stands out with a much higher median k = 12.11, indicating
strong S-wave amplification and a soft-soil response consistent with high impedance con-
trasts in the upper sedimentary strata. Finally, the RO. GIRR (four events), RO. VASR (two
events) and RO. NGRR (two events) stations yield intermediate values between 3.5 and
six, though the limited number of recordings constrains the statistical significance of these
medians.

Across all 50 recordings, the regional distribution of k spans nearly an order of mag-
nitude, from about two to 30, reflecting both local site amplification and variability in the
source radiation patterns and path effects.

The observed spatial variability in k highlights the dominant influence of local site
effects over source-related variability. For instance, stations located on thick Quaternary
alluvial layers (e.g., BAC, IAS) consistently produce higher k values, consistent with
strong S-wave amplification, whereas those situated on stiffer soils or shallow bedrock
(e.g., LEOM, GIRR) exhibit smaller ratios. Such variations are in agreement with the ex-
pected behavior from site-response theory, where the impedance contrast at the sedi-
ment-bedrock interface primarily affects the amplitude of the S-phase, while the early P-
wave remains less influenced by shallow stratigraphy. Therefore, k can be interpreted not
only as a scaling parameter for early-warning applications but also as a proxy indicator of
site amplification potential.

From a methodological standpoint, retaining all stations in the dataset offers a
broader understanding of the regional consistency and limitations of the k-based predic-
tive relationship. While single-station calibration (e.g., for on-site EEW systems) ensures
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better local accuracy, the multi-station comparison emphasizes how strongly k varies spa-
tially and underscores the need for station-specific calibration before operational use. The
range of medians obtained in this study (3.5-12.1) falls well within the variability reported
in other seismically active regions, such as Japan and Italy, where similar approaches
found site-dependent k values between three and 10 for sedimentary sites and below four
for rock sites.

Opverall, the regional comparative analysis confirms that the amplitude ratio k re-
mains a robust and physically meaningful parameter for rapid shaking estimation, but its
applicability at the regional scale must rely on local calibration. The dataset derived from
ESM stations thus provides both a validation of the approach and a first-order mapping
of how local geology controls the scaling between P- and S-wave amplitudes in the
Vrancea region.

3.2. Implementation of the k-Based Calibration for the lasi Area and Experimental Validation

Following the regional analysis, which identified a median amplitude ratio k= 6.2 for
the Iasi stations (IAS and IASR) based on 25 strong-motion records from the ESM data-
base, this value was selected as the calibration coefficient for subsequent experimental
validation. The choice of these two stations was motivated by their geographical proxim-
ity, similar subsurface conditions, and high-quality accelerometric data, which together
provide a statistically consistent representation of the local site response for the lasi urban
area. The k coefficient thus characterizes the expected amplification of the S-wave relative
to the P-wave under local geological conditions and can be used to estimate the incoming
S-wave amplitude from early P-wave measurements in an on-site early warning frame-
work.

Alternative on-site early warning approaches based on characteristic period estima-
tion in the frequency domain have also been investigated by the authors in previous work
[38], providing complementary feature-based prediction strategies distinct from the am-
plitude-ratio methodology adopted in the present study. While those approaches rely on
frequency-domain features extracted from the early P-wave signal, the present study fo-
cuses on amplitude-based estimation using a site-specific S/P ratio and its implementation
within a compact sensing architecture. To experimentally verify the applicability of the k-
based method under controlled conditions, the calibrated relationship was implemented
in a self-contained Earthquake Early Warning System (EEWS) developed at the “Gheor-
ghe Asachi” Technical University of Iasi. The device integrates a tri-axial low-noise MEMS
accelerometer (ADXL355) and a high-performance STM32F466RET6 microcontroller ca-
pable of real-time signal processing. This architecture enables local detection of the P-
wave onset, estimation of its peak ground acceleration, and prediction of the subsequent
S-wave amplitude using the following relationship:

PGA_Spredicted =k x PGA_P (1)

where k = 6.2 was determined empirically from the IAS/IASR dataset. The PGA_Spredicted is
then compared with the PGA_S from the ESM database in order to evaluate the accuracy
and robustness of the method.

Experimental validation was carried out using a custom-designed unidirectional
shaking table, capable of reproducing ground motion in a single horizontal axis (Figure
1). Since the table allows motion along only one direction, each seismic record was repro-
duced twice—once using the E-W component and once using the N-S component of the
P-wave. The MEMS-based EEWS device recorded both signals, and the resulting PGA_P
for each event was computed as the geometric mean of the two single-axis tests, in accord-
ance with standard seismological practice. This ensured that the experimentally derived
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PGA_P values were directly comparable to those obtained from the dual-component sta-
tion data used in the field calibration.

i

Figure 1. Custom unidirectional shaking table for experimental validation of the MEMS-based

EEWS, with mounting configuration of the embedded node for replay of real P-wave components.

The mechanical platform consists of a precision aluminum cart moving along a low-
friction linear guide and driven by a high-torque DC servomotor coupled to a planetary
gearbox. Motion control is achieved through a closed-loop PID algorithm implemented
on a host PC, ensuring high fidelity in waveform reproduction within the frequency range
of 0.1-10 Hz, typical of structural vibrations in civil engineering. The input signals, de-
rived from real earthquake accelerograms recorded at IAS and IASR stations, were scaled
and replayed sequentially to simulate consistent ground-motion scenarios.

The shaking table is equipped with a high-resolution optical encoder (4096
counts/rev) providing sub-millimeter displacement feedback, a linear power amplifier for
actuator control, and a National Instruments data acquisition interface synchronized with
the embedded EEWS node. The MEMS-based EEW module was mounted directly on the
moving cart, ensuring realistic dynamic coupling between the test device and the simu-
lated seismic input. Each test sequence included P-wave recording and analysis, compu-
tation of PGA_P from the paired E and N component runs, estimation of PGA_Spredicted,
and subsequent comparison with the PGA_S from the ESM database. The deviation be-
tween predicted and ESM database amplitudes provides a direct measure of how accu-
rately the empirically derived k factor can be used to forecast the intensity of the destruc-
tive phase based solely on early P-wave data.

4. Discussion

Previous studies conducted in Japan and Italy demonstrated the effectiveness of S/P
amplitude ratios for rapid ground-motion estimation using dense strong-motion net-
works and high-quality instrumentation. Those investigations primarily addressed statis-
tical validation and regional calibration. In contrast, the present work focuses on imple-
mentation-oriented evaluation and experimental feasibility using a compact sensing con-
figuration and controlled shaking-table excitation. This system-oriented perspective
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complements calibration-focused studies and contributes toward the practical deploy-
ment of on-site EEW concepts in regions with limited instrumentation density.

The results presented in Table 2 illustrate the comparison between the ESM S-wave
peak ground accelerations (ESM PGA_S) and those predicted using the k-based relation-
ship. The relative error was calculated as the absolute difference between predicted and
measured PGA_S values divided by the measured value and expressed as a percentage.

Table 2. Performance of the k-based on-site prediction model: measured P-wave PGA, S-wave PGA
estimated from the S/P ratio, reference ESM S-wave PGA, and corresponding relative errors for the

Jasi stations.

No S(t;t;‘l“ ESM IDs PGA_P PGA_S_predicted = PGA_P*k P‘ésx . Relat};:] Error
1 IASR  EMSC-20200131_0000009  0.436 2.706 4729 038
2 IASR INT-20221103_0000031  0.678 4206 1552 171.0
3 IASR  INT-20240916_0000172  0.520 3225 2579 25.0
4 IAS  EMSC-20051213_0000038  0.415 2573 1.855 38.7
5 IAS  EMSC-20090425_0000080  4.421 27411 20.450 34.0
6 IAS  EMSC-20120706_0000080  1.059 6.568 7.639 14.0
7 IAS  EMSC-20131006_0000002  1.012 6.272 18.286 65.7
8 IAS  EMSC-20131015_0000091  0.259 1.606 0.866 85.5
9 IAS  EMSC-20140224_0000002  0.107 0.665 1.199 445
10 IAS  EMSC-20140326_0000089  0.034 0211 0.224 6.0
11 IAS  EMSC-20140329 0000126  0.261 1.616 2.857 43.4
12 IAS  EMSC-20140910_0000067  0.293 1816 8.366 783
13 IAS  EMSC-20141122_0000066  2.651 16.436 18.957 133
14  IAS  EMSC-20141207_0000071  0.308 1912 1310 459
15 IAS  EMSC-20150124_0000025  0.244 1512 8.274 81.7
16 IAS  EMSC-20150316_0000047  0.373 2314 1218 90.0
17 IAS  EMSC-20150329 0000004  0.150 0.933 0.638 463
18 IAS  EMSC-20160923_0000135  7.375 45.726 54.948 16.8
19  IAS  EMSC-20161227 0000104  7.316 45358 28.483 59.3
20 IAS  EMSC-20170208 0000137  0.408 2531 2108 20.1
21  IAS  EMSC-20170519 0000076  0.185 1.148 1.236 71
22 IAS  EMSC-20170801_0000042  0.173 1.074 1.071 0.3
23 IAS  EMSC-20170802_0000007  0.107 0.666 2742 75.7
24 IAS  EMSC-20180425 0000100  0.166 1.030 0.553 86.3
25  IAS  EMSC-20181028 0000003  0.397 2461 1.885 30.6

Overall, the predicted values reproduce the general trend of the observed data with
good consistency. The median relative error between PGA_Sprediced and ESM PGA_S is
only +2.0%, while the mean relative error is +8.5%, indicating that the model remains sta-
tistically centered and free of systematic bias. The median absolute relative error of 41.6%
reflects the natural variability of the 5/P amplitude ratio, which follows a log-normal dis-
tribution with olog10 = 0.31, corresponding to an uncertainty factor of about x2.

Large deviations (>70%) are primarily observed for weak-motion cases where the ab-
solute acceleration levels are low and thus more affected by the quantization and fre-
quency limits of the shaking table. For strong-motion tests (PGA_P > 1 cm/s?), the pre-
dicted amplitudes are within +30-40% of the observed values, demonstrating that the em-
pirical coefficient k = 6.2, derived from field recordings at IAS and IASR stations, remains
valid under laboratory reproduction conditions. A closer inspection of the largest devia-
tions (records two, 16, and 24 in Table 2) shows that these correspond mainly to weak-
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motion cases characterized by low PGA_P values. In such situations, small absolute dif-
ferences between predicted and measured amplitudes translate into large relative errors,
while reduced signal-to-noise conditions and natural variability of the S/P ratio increase
uncertainty. For moderate and strong-motion cases, the deviations are significantly
smaller, confirming the stability of the locally calibrated coefficient for practical early-
warning purposes.

The performance of the proposed estimation framework was evaluated by compar-
ing predicted PGA values with the measured reference values for all analyzed events. As
shown in Figure 2, a strong proportional relationship is observed between estimated and
measured ground-motion levels. The regression slope close to unity and the high correla-
tion coefficient indicate stable predictive behavior across the considered range of ground
motions, supporting the feasibility of integrating the S/P-based approach into compact on-
site sensing platforms. For predictive performance, complementary statistical indicators
were evaluated. The correlation coefficient between predicted and measured PGA values
is R=0.91 (R2=0.834), indicating a strong proportional relationship. The root-mean-square
error (RMSE) of the estimation is 5.21 cm/s?, reflecting the expected dispersion associated
with site-specific S/P variability.

60

50

y =0.9503x-0.0964

b R? =0.8341
i
<
)
(=
T 30
S
=
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(=
20
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0
0 10 20 30 40 50 60

Measured PGA_S

Figure 2. Comparison between predicted and measured peak ground acceleration values obtained
using the S/P-based estimation framework. The dashed line represents the 1:1 correspondence be-

tween predicted and measured values, while the solid line indicates the linear regression fit.

To further investigate estimation behavior under varying signal amplitudes, the re-
lationship between P-wave peak ground acceleration and logarithmic prediction error
was analyzed (Figure 3). The results indicate that larger deviations are primarily
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Appl. Sci. 2026, 16, 2062

12 of 15

associated with low-amplitude P-wave signals, whereas moderate and strong events ex-
hibit more stable estimation behavior. This trend is consistent with the expected sensitiv-
ity of rapid on-site estimation approaches to weak initial ground motion.
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Figure 3. Relationship between P-wave peak ground acceleration and logarithmic prediction error.
The horizontal line at zero indicates perfect agreement between predicted and measured PGA val-
ues. The dispersion at low amplitudes highlights the sensitivity of rapid S/P-based estimation to

weak initial motion.

The scatter observed in the dataset is consistent with the expected physical variability
of the S/P ratio, influenced by both source characteristics and site amplification effects. It
is also compatible with the standard deviations reported in other regional strong-motion
studies where similar relationships are used for on-site early warning calibration. The ex-
periment therefore confirms that, despite intrinsic variability, the k-based method pro-
vides a reliable first-order estimate of the forthcoming S-wave amplitude using only the
initial P-wave segment. From an early warning perspective, such accuracy is more than
sufficient for real-time decision-making. Even with +40% dispersion, the predicted S-wave
amplitude still provides a meaningful estimate of the shaking intensity that can be used
to trigger alert thresholds or automated protection systems. The results further demon-
strate that the use of a fixed, locally calibrated k value allows for a fast and low-cost im-
plementation of the amplitude prediction algorithm directly on embedded hardware.

In summary, the experimental data confirm the robustness of the proposed approach:
the k = 6.2 coefficient obtained from high-quality field recordings yields stable and unbi-
ased predictions when applied to shaking-table simulations, supporting its adoption for
the on-site EEW device developed for the lasi region. In practical on-site EEW configura-
tions, the proposed S/P-based estimation approach is primarily intended for use at or near
the target site, often referred to as the triggering station, where the earliest P-wave detec-
tion is used to predict the forthcoming local ground motion. Far-field stations included in
the present analysis serve mainly to illustrate regional variability of the S/P ratio and site-
response characteristics rather than to act as independent warning nodes.

Although the experimental setup employs a unidirectional horizontal shaking table,
this does not significantly affect the validation of the proposed S/P-based estimation
method. The approach relies on peak ground acceleration derived from horizontal com-
ponents treated independently and combined using geometric averaging. Consequently,
single-axis excitation provides an adequate and controlled framework for validating the
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amplitude-based prediction principle. Future work may include multi-axis testing to re-
produce fully realistic ground-motion conditions.

5. Conclusions

This study demonstrates that the site-specific S/P amplitude ratio constitutes a phys-
ically meaningful and operationally efficient parameter for near-real-time seismic acceler-
ation estimation in on-site Earthquake Early Warning systems. By exploiting the intrinsic
and stable relationship between early P-wave amplitudes and the subsequent S-wave
ground motion, the proposed approach enables rapid, autonomous prediction of destruc-
tive shaking without requiring event localization, magnitude estimation, or inter-station
communication.

Using strong-motion data from the European Strong-Motion database, a local cali-
bration coefficient of k = 6.2 was established for the Iasi area, in agreement with its soft-
soil conditions and with values reported for comparable sedimentary sites in other seismic
regions. The regional analysis confirms that the S/P ratio is predominantly governed by
local site effects, emphasizing the necessity of station-level calibration.

The k-based methodology was experimentally validated through controlled shaking-
table tests using real P-wave recordings. The predicted S-wave peak ground accelerations
exhibit no systematic bias, with a median relative error of +2.0% and a dispersion con-
sistent with the intrinsic log-normal variability reported in large-scale strong-motion stud-
ies. For moderate and strong motions, the predictions remain within ranges that are fully
adequate for early warning applications. These results confirm that a locally calibrated
S/P ratio constitutes a robust, physically grounded, and operationally reliable method for
estimating forthcoming ground motion from early P-wave observations. The validated
methodology provides a practical framework for extending on-site EEW strategies to re-
gions characterized by complex wave propagation and pronounced site effects, such as
those influenced by Vrancea intermediate-depth seismicity.

The calibrated coefficient k = 6.2 is site-specific and reflects local geological and ge-
otechnical conditions. For application in other regions, the same methodological frame-
work can be implemented using locally recorded strong-motion data to derive appropri-
ate calibration coefficients. Because the S/P ratio is controlled primarily by site response
parameters such as Vs30 and basin structure, adaptation of the method requires local cal-
ibration rather than modification of the underlying algorithm, supporting its transferabil-
ity to diverse geological settings.

From an operational perspective, deployment of compact on-site EEW devices re-
quires consideration of practical aspects such as power consumption, triggering logic,
communication latency, and false-alarm management. The prototype system developed
in this study demonstrates the feasibility of real-time processing on embedded hardware,
while large-scale implementation will require integration within distributed sensing ar-
chitectures and optimization of energy-efficient operation.

Future research will focus on extending the proposed approach toward operational
and networked configurations, including multi-station integration, evaluation under
more complex excitation conditions, and exploration of hybrid EEW strategies combining
amplitude-based and feature-based predictors. These directions support the transition
from experimental validation toward reliable and scalable on-site EEW implementation
in regions affected by intermediate-depth seismicity.
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