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ABSTRACT

The lack of accelerograms in the heavily damaged coastal towns of La Guaira state
north of Caracas to record the motions of the M,7.5 earthquake motivate the
presentinverse analyses to estimate plausible ranges of coherent ground-velocity
and acceleration pulse amplitudes at a particular coastal site. To this end, we
utilize an exceptionally revealing video recorded by two CCTV stations during the
eventin the devastated town of Caraballeda, located a couple of hundred meters
from the seismogenic fault, and about 35 km from the epicenter. The video shows
a parked, unoccupied Daihatsu Terios SUV undergoing strong lateral rocking
oscillations with substantial wheel uplift — evidence of very strong excitation.
Analysing the car as a block supported on tensionless springs and dashpots of the
wheel-suspension system and using as base excitation idealized wavelets
(derived from two motions recorded under comparable seismologic and
geotechnical conditions), we constrain plausible pulse amplitudes by comparing
computed and observed peak rotation angles. A second heavier car, visually
recognized as a Jeep Cherokee/Liberty KK Suv, is also seeninthe video to undergo
rocking oscillations, but with much smaller amplitude and little uplift.
Reproducing its response to the same excitation provides an additional
consistency check on the inferred pulse characteristics. The investigation

demonstrates the potential of video-recorded nonlinear rocking responses to



provide quantitative constraints on (rather than unique predictions of) coherent
near-fault seismic ground-motion pulses, at a location where no accelerogram is

available.

INTRODUCTION: THE EARTHQUAKE AND ITS CONSEQUENCES

The second and larger of the earthquake doublet on 24 June 2026, of M= 7.5,
originated on the San Sebastian Fault, a major right-lateral strike-slip (mostly
offshore) fault, at the boundary between South American and Caribbean plates,
as shownin Fig.1(a) (Audemard 2006, Colén et al 2015, Pousse Beltran et al 2016).
The tectonics of the Caribbean-South American region is also sketched in Fig.
1(a), showing the different types of faulting between the five tectonic plates of the
region. (See Dewey 1972, Schubert 1984, Perez et al. 2001, Mavroeidis &
Papageorgiou 2008, Zimmerman et al 2023, Ahn & LesSkova 2026, Beheshtian &
Somerville 2026, Chaves et al 2026, Mangiagalli et al 2026).

The source of the My 7.5 event was the San Sebastian Fault [see Fig.1(b)]:

originating at a small depth of about 10 km, the fault ruptured bilaterally for a total
distance of about 200 km, terminating north-east of Caracas. The exact length of
the rupture is being debated among seismologists, depending on whether the
doublet is considered as a single seismic event or two separate ones. For details
see Wong et al 2026, Riquelme et al 2026, USGS 2026, INGV 2026, Beheshtian et
al 2026, Bustos et al 2026. Damage along the rupturing path seems to have been
highest atthe central Venezuelan coast 22 km - 35 km from the epicenter, as seen
in Fig. 2, where the heavily damaged towns of Catia La Mar, La Guaira, and
Caraballeda (all belonging in La Guaira state) are located (Gutierrez Soto et al
2026). Inthetown of Caraballeda numerous videos have shown the total collapse
of several (modern-looking) multi-story buildings, among other collapses. A
revealing map of a part near the coast of Caraballeda showing the locations of
collapsed buildings is given in Fig.3, as reported in the damage map of the United
Nations Satellite Centre (UNOSAT) after the satellite observations of Copernicus
Emergency Management Service (CEMS). It is not surprising that these three
towns suffered very heavy damage: in addition to lying on top of, or next to, the

projection of the fault on the ground surface, they had many tall buildings, they



were founded on deep alluvial soil deposits, and they are located a sufficient
distance (roughly 35 km) from the origin (the hypocenter). Thus, they would have
experienced motions bearing forward-rupture directivity effects with significant
long period velocity and acceleration pulses, as is generally known in seismology
(Somerville et al 1997). Recall the Kahramanmaras My 7.8 earthquake in Turkey,
2023, the heaviest damage from which, and the strongest recorded ground
motions, occurred in cities far from the origin (AFAD 2023, Abdelmeguid et al.
2023, Garini & Gazetas 2023). Deep soil deposits and nhon-horizontal topography

may also have contributed substantially to the damage.

Indeed, the three towns are built on top of deep soil deposits originating from
sediments transported from the mountains inland and deposited as coastal
alluvial fans (Larsen et al. 2001). In broad terms, three distinct soil layers are
encountered: the top relatively low-density sediments containing silt, sand,
gravel and even boulders, followed by a denser alluvium, and finally by
sedimentary rock, before reaching solid bedrock at great depths . The bedrock is
not horizontal, but dips between 17 and 21 degrees towards the sea. Thus, atthe
seafront, the bedrock depth ranges from 180 m in Catia La Mar to 400 m in

Caraballeda (Mangiagalli et al. 2026).

The 2026 earthquakes highlighted the region’s inadequate preparedness,
despite the historical record of strong earthquakes: an earthquake of magnitude
Mw 7.3 had occurred in 2018 on the same fault towards the eastern end of the
country, an M,, 6.7 earthquake in 1967 destroyed many tall and short buildings in
Caracas (Seed et al. 1972), let alone the huge M 7.7 event in 1900 just 100+ km
east of Caracas, and the 2025 M,, 6.3 earthquake doublet wsw of this year’s (2026)
epicenters (Fig.4). Thus, unfortunately, there were no operating accelerograph
stations in the heavily damaged towns of La Guaira State. Hence, no local
accelerograms directly document the ground-motion characteristics in these
heavily damaged towns. (Note that Bernal & Cardona 2026, derived artificial

accelerograms for the three cities, using a seismological methodology, guided by



the distribution and intensity of damage along the rupture path, and computing in
simple terms the effect of soil amplification.)

Fortunately, in the town of Caraballeda, located very close to the causative
(seismogenic) fault, 35 km from the epicenter and 15 km north of Caracas, two
closed-circuit television (CCTV) cameras mounted next to the door of a ground-
floor sports center provided a video from the second, Mw7.5, earthquake. Fig.
5(a1) shows the general plan view of the area, with the line of the Fault in Fig. 5(a,)
(approximately, as given by USGS 2026). In Fig. 5(as) we zoom-in on the location
of the sports/bowling center, the CCTV cameras, and the plan location of the two
SuV vehicles modelled here. The front view of the sports center and the cameras,
along with a sketch of the plan area configuration are shown in Fig.5(a.). A wealth
of information could be extracted from this video to help uncover the fundamental
characteristics of the ground motion at this particular site. Five immediate,

conspicuous observations are made watching the video:

e Most of the people who ran out of the building, apparently escaping either
immediately after the Mw7.2 earthquake’s very weak shaking had stopped,
or having just felt the P-wave arrivals, fell to the ground or clung to the
fence.

e Seven or eight multi-storey buildings, including at least two 12-storey
modern ones, collapsed spectacularly within the range of view of the
cameras.

e Ablackwaste bin touching the fence moved away by rolling and sliding for
roughly 1.5 m, and another box-like block resting against the fence
overturned.

e Several traffic delineator posts simply resting on the ground either
overturned or moved by sliding away from their original position.

e Thecarsparkedinthe serviceroadinfront of the building vibrated primarily
in lateral rocking mode. One Suv-type car, in particular, experienced

violent oscillations with substantial uplifting of the wheels on one side.

The objective of the paper is to utilize the observed intense uplifting response

of this car and obtain estimates of a fundamental component of the ground



motion, and specifically, the amplitude of the coherent long-period velocity pulse
and the associated acceleration, that could have caused such aresponse. Recall
the well-established destructive potential of such prevailing coherent pulses in
near-source ground motions due to forward-rupture directivity effects (e.g. Baker
2007, Bertero et al. 1978, Sassani & Bertero 2002, Hall et al. 1995, Somerville &
Graves 1993, Makris & Black 2004). Our analysis cannot distinguish the relative
contributions to this motion of seismological factors, of soil-layer amplification,

and of valley aggravation effects.

Indeed, the goal of this paper is not to investigate the factors that have
contributed to the ground motion at the site, but only to estimate the resulting
ground surface motion through its coherent “energetic” velocity and acceleration
pulses, rather than to reconstruct detailed accelerograms. These estimates
should be interpreted as a family of ground motion constraints consistent with the
observed vehicle response, rather than as a unique reconstruction of the

unrecorded earthquake accelerogram.

The response of a second, much heavier, SUV car which vibrated less intensely
is also analysed to confirm the validity of, or modify, the results, using the same

ground motion as excitation.

MODELLING OF THE STRONGLY UPLIFTED SUV-No1 VEHICLE

The severe rocking response of a parked, unoccupied, grey/silver car is clearly
seen in the CCTV video to undergo the strongest rocking oscillations in the lateral
direction, with substantial uplifting — evidence of very strong excitation. Having
identified the car as a mid-size, second-generation Daihatsu Terios (from now on
called either SUV-N,1 or Daihatsu Terios), we estimate the peak angle of rotation
of the vehicle, by examining the video frame-by-frame at the time-window of the
strongest visible oscillation, using the “Kinovea” free software forthe apparent

rotation.

To account for camera motion, we used the software’s motion-compensation

feature, tracking fixed points on the fence as scene references to estimate the



CCTV movement during the earthquake. As a result, vehicle's visible rocking was

quantified. The snapshots shown in Fig. 6 correspond to the largest uplifting
moment of the car, initiating at 91.00 s and almost toppling at 91.50 s. But since
the cameras were at a level higher than the car and recorded the vehicle at an
angle from the side, while our target (“reality”) is rocking oscillation about the
vehicle’s longitudinal base axis, the apparent angle underestimates the true
rotation. To uncover the true perspective-corrected angle, we used the free
software “Blender” with the addition of the “Polychase” tracking routine. Table 1
presents for specific times, the apparent and the perspective-corrected angles of
rotation. From Table 1, accounting for uncertainty, we have: 35°% < |04, < 41°.
The goal of our subsequent analyses is, by parametrically varying the excitation
ground motion, to achieve a peak angle of rotation that matches the measured
angle of 38°£3°,

Table 1. Step-by-step recording of the apparent and the estimated actual
rotation of Daihatsu Terios

CCTV Video Apparent rotation | Perspective-corrected
Interpretation
instant time measured in image rotation (“reality”)
0 o reference
89.00 s 0 0 . :
orientation
. i
90.29 s +4.0° +12° opposite rocking
extreme
90.90 s —-8.9° _2g° cleqr unloading /
uplift onset
91.00 s —11.5° —36° near maximum
observed roll
° s maximum
oo 1a =38 observed roll

Having identified the car as a mid-size, second-generation Daihatsu Terios, we

obtained from the manufacturer and related literature, its material and geometric



properties (Bixel et al. 2010, Dudziak et al. 2020, Han et al. 2022, Sadauckas et al.

2025, Soica & Gheorghe 2025, Zheng et al. 2015). Specifically:

The mass, moment of inertia, track half-width, and height of the center of
gravity are taken as:

m = 1050 kg [1.05 1], Jce =350 kg.m? [0.35t.m?], b=0.65m, and z.=0.68
m. We note the height-to-base (aspect) ratio z./b = 1.05 — a relatively

squat body to undergo such substantial rotation.
The support characteristics include: the axial (vertical) stiffness kz = 22.5
kN/m ofthe wheel and suspension system of each support; the associated

damping ratio & = 10% ; the lateral stiffness of each wheel-suspension

system is Ey =75 kN/m; the tyre-to-road coefficient of friction is u = 0.80;

and the coefficient of restitution upon impactis R=0.90.

The stiffness of the two wheel-suspension systems of each side of the car

is K,=2 kz = 45 kN/m, and the dashpot constant of each side
corresponding to the above damping ratio & is given by C,=2c, =

VK, -m/2 = 0.5 kN-s/m (c, being the dashpot per wheel ). The lateral

stiffness of the two wheel-suspension systems of each side of the car is

K, =2 ﬁy = 150 kN/m. For 5% damping (appropriate for the lateral

vibrations), C,, = 2 ¢, = §,/K, - m/2 = 0.45 kN-s/m.

The above are representative values from the manufacturer and the related

literature, which were subsequently varied parametrically to validate our

conclusions. An extensive description of the lumped parameters of the model is

omitted for brevity. However, a brief description of the most significant ones

follows:

1.

The value of vertical stiffness, Rz, is estimated from the vertical frequency, [z

of the vehicle: Vehicle-suspension literature (Li et al. 2022, Zhu et al. 2014)
typically places vehicle vertical frequency around 1.3-1.5 Hz for attaining

acceptable comfort level forthe passengers. Amean frequency of 1.39 Hz was



experimentally measured by Li et al. 2022. Therefore, for f, =$ %kz:

1.40 Hz , we estimate the vertical stiffness Rz . The vertical stiffness includes

the suspension coil stiffness, the vertical wheel compliance, and any other

elastic compliances, in a lumped form.

. At each side of the model, in addition to the vertical suspension spring, a

lateral spring is attached with lateral stiffness ﬁy Fathi et al. (2024) suggest a

static lateral stiffness of 117 kN/m for their modelled passenger-car tyre,
consistent with manufacturer reference values of 115-140 kN/m per tyre.

Accordingly, an effective lateral stiffness of approximately 250 kN/m per side
(ky = 125 kN/m, per tyre) is adopted as a reference for the heavier Jeep

Cherokee/Liberty SUV (discussed later in the article). However, for the lighter
Daihatsu Terios, a reduced lateral stiffness is considered appropriate, given its
smaller tyres and lower wheel loads. Experimental findings indicate that
lateral tyre stiffness depends on vertical wheel load and inflation pressure,
with a nonlinear dependence on wheelload (op hetVeld, 2008). Inthe absence
of tyre-specific measurements, the effective lateral stiffness of the Terios is
assumed to be approximately scaled with vehicle mass and the associated

static wheel loads, while preserving a comparable characteristic lateral spring
deformation at the Coulomb friction limit. Thus, a reduced value of Ey =

75 kN /m (per tyre), is selected as a representative modelling parameter.

. Society of Automotive Engineers (SAE) test data on ordinary automotive tyres
report dry-road locked-wheel friction coefficients around 0.7-0.9 (Lambourn
& Wesley 2010) with peak friction values 1-1.2 depending on tire and
pavement (Merritt et al. 2015). Thus, a tyre-to-road coefficient of friction p =

0.80is areasonable basic value for our analyses.

. Arigid-block rocking system under dynamic excitation exhibits a restitution

coefficient, R, which depends on geometry (Housner 1963). However, this
definition of restitution coefficient is for rigid-block and not for our study,
where impact occurs through a pneumatic tyre-suspension system, not

through a rigid block striking a rigid base. In our model, we take as nominal



value R=0.90, adoptingthe findings of the experimental tyre-impact study of

Sadauckas et al. (2025).

The car and a sketch of its lateral oscillation are pictured in Fig. 7, along with
the 2D transverse cross-section modelled as a rigid body on two unilateral
(tensionless) vertical wheel-suspension spring—dashpot pairs, two lateral springs
and dashpots, all resting on the base with a Coulomb friction contact. The body
rigidity is a realistic approximation given the large flexibility of the suspension
system in vertical and rocking mode, and the limited frictional capacity of the
wheel-base contact. The Center of Gravity (CG) can move laterally and vertically,

while undergoing rotation. Its three generalized coordinates are: u, lateral
translation, u, vertical translation, and @ total rotation about the car’s longitudinal

X axis. The vertical translation is explicitly taken into account for assessing the
(usually second-order) P - A effects, important here to account for the large angles
of rotation and uplifting.

The full-contact (“elastic”) formulation follows the general rigid block on
compliant-foundation dynamics (see for example Gazetas 1983), where the role

of rotational soil stiffness is played by the vertical springs:

Ko =2 K,b* = 4R, b?> = 38 kN-m /rad. To approximate the rocking fundamental

period Tg of the car for full-contact vibrations the appropriate mass moment of

inertia is with respect to the base center rather than the center of gravity: Jo =Jce

Tez2n\/£z0.9‘ls (1)
Ko

Te increases upon uplifting, tending theoretically to an infinitely large value at the

+mz? =0.84t-m?. Thus,

verge of static instability, i.e. when the angle of rotation @ reaches 6. = arctan (b/z;)
= 44°, and the motion is about to stop. Of course, under dynamic seismic
conditions the angle of instability is larger (Adamidis et al. 2014, Apostolou et al.
2007, Apostolou 2011, Farazmand et al. 2025, Figini & Paolucci 2017), and this

must be kept in mind when reviewing some subsequent results. The substantial



increase of the period of the oscillating car is evident in the video at the moment
of the largest uplift rotation.

The governing equations of motion are:
mily = TL + TR —milg
mii, = N, + Ng —mg (2)

Igé - leL - dzTL + d3NR - d4_TR

where: iL4is the earthquake ground acceleration (imposed as base excitation); Ny
and Ny are the vertical reaction forces on the LEFT and RIGHT sides of the vehicle
(sum of the two reactions of the front and back wheels); T; and Ty are the
horizontal traction force at the LEFT and RIGHT sides of the vehicle; and dq, d,
ds3, d, arethe lever-arms of reaction and traction forces from the CG:

dy =—b-cosO + z; - sin@

d, = —b-sinB — z; - cos0O

d3; =+ b-cosO + z; - sin@

dy = +b-sinB — z; - cosO

Notice that for vanishingly small 8 (sin® = 0, cos 6 = 1) the lever arms reduce to
the more familiar from low-amplitude foundation dynamics : d; = —b; d, =

—Zc, d3 =~ b; d4 = —Zc.

Finally, the relation between forces and response displacements and velocities
(with compression being positive) are:

(N, ,Ng) =K, u, + C, 11, >0 uplifting when (N, Ng) = 0 (4a)
(T.1, 1Tz = Ky |uy | + Cy || sliding when (|T|, |Tz]) =
(4b)
< u(IN.|, INgD p(INL|, [Ng()

The total angle of rotation is then divided into an “elastic” (i.e., full-contact) and

an uplifting part:

6(t) = Bel(t) + Bup(t) (5)

10



Keep in mind that the term “elastic” is only used for brevity; in reality it is

“viscoelastic” — hence the quotation marks. In the sequel, the peak values of
angles of rotation are simply denoted as 6, Bei, Oup .

Then from the many available worldwide earthquake near-fault motions
recorded on strike-slip faults, we selected two records with recognized forward-
rupture directivity effects, choosing components close to the fault-normal
direction, as is appropriate for Daihatsu Terios (recall Fig. 5a;). Indeed, the car s
not parallel to the fault, but forms an angle of about 20°. Hence, what we are
searchingfor, is not only the likely Fault Normal (FN) component, but also one 20°
from the (expectedly more intense) FN. Another video (not shown here, but
available in YouTube ) shows a truly dramatic water sloshing across the short side
of a small private swimming pool, whose long side is almost parallel to the fault;
the huge and violent water splashing laterally out of the long side of the poolis a
strong confirmation of the huge intensity of the FN motion. (See Somerville 2000.)

The two records selected are Fukiai EW (Kobe 1995) and Lixouri EW
(Cephalonia 2014), both exhibiting clear and strong forward-rupture directivity
effects. Specifically, the Fukiai accelerogram, at a site about 30 km from the
origin, 1 km from the seismogenic fault, has an EW component of similar
inclination (of about 20° — 25°) to the Kobe Mjvwa 7.2 fault direction — hence itis
suitable to use. The Lixouri EW component was a true FN motion, recorded near
the end of the fault rupture, about 15 km from the epicenter and less than 1 km
from the fault projection (Sokos et al. 2015), next to the strike-slip fault, but from
a smaller magnitude M,,6.1 event (Garini et al. 2017). Nevertheless, the smaller
than M,,7.5 magnitude is still acceptable as a reference motion, since for short
distances from the fault, substantial distances from the origin of the event, and
dominant periods between 1 and 2 seconds, the effect of the exact magnitude is
insignificant (Somerville et al. 1997). Both of these records have also been
affected to an appreciable degree by soil amplification-type filtering, as
undoubtedly were the motions in Caraballeda (Bernal & Cardona 2026).

To each velocity time-history, V(t), of these motions we fitted optimally

several idealized types of wavelets (Garini et al. 2014, Vassiliou & Makris 2011 )

11



which included a few from M&P (Mavroeidis & Papageorgiou 2003) and from
Gabor (Gabor 1946). The acceleration histories, A(t), were calculated analytically
from the fitted velocity histories — hence their fitting is not as close as that of the
velocity. The pulse duration was about 5 seconds, which is a little smaller than
the 7 seconds of strong ground motion noticed and mentioned in the CCTV video,
but it leads to total strong duration of the motion of the cars’ response of more
than 7 seconds. (We further explore this issue in the sequel.) The bilateral
rupture, the forward-rupture directivity, and the reported high rupture velocity, Vg
= 3.8 km/s, of a part of the fault (Bernal & Cardona 2026, Wong et al. 2026) may
explain such a short duration.

A very good fit for these particular motions was found to be with asymmetric
Gabor as seen in the comparison of Fig. 8 for the Fukiai and Lixouri motions, and
thus it was the one type of wavelet mostly utilized here. But the M&P wavelets,
possibly offering a preferred fit to another motion not considered here, are also
used for better constraining the resulting motions. Seismologically-based
simulations by Bernal & Cardona (2026) confirm, in their own words, “that the
rupture generated pronounced velocity pulses characteristic of earthquakes
exhibiting strong forward directivity, concentrating a substantial portion of the
released seismic energy within relatively short time intervals ”— in accord with our
assumptions regarding the selection of ground motions. It should be noted that
the direction of lateral response of the car is not exactly normal to the fault,
forming an angle of about 20°; hence our selection of the EW component of Fukiai,
which also formed a similar angle with the Kobe fault normal. Although our
analyses are for two types of wavelets, an asymmetric Gabor and an M&P, other
wavelet choices have been found (in few analyses) to produce predictably small
differences in the finalinferred intensities, in agreement with Bustos et al. (2026),

Jampole et al. (2018), and Makris & Black (2004).
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Table 2. Computed angles of rotation of the Daihatsu Terios car caused by
(parametrically varying) Fukiai-based Gabor wavelet

Agabor Vet ) Oup
(g) (m/s) (degrees) (degrees)

0.40 1.03 19 11
0.43 1.11 24 17
0.45 1.16 29 22
0.48 1.24 38 30
0.50 1.30 44 36
0.51 1.32 Toppling

ANALYSIS AND RESULTS: FUKIAI-BASED GABOR EXCITATION OF
SUV-No1 VEHICLE

The dynamic equilibrium equations are solved by direct numerical time
integration. The second-order equations are transformed into a first-order system
of ordinary differential equations, supplemented by internal state variables
describing frictional sliding of the wheels. The resulting initial-value problem is
solved using the “DOP853” explicit Runge-Kutta method of order 8, as
implemented in the “Python SciPy” library through the “solve_ivp” routine (Hairer
et al. 1993, Virtanen et al. 2020). Each Gabor wavelet, which was imposed as
excitation, was scaled to 6 different values of peak acceleration, Acavor, and peak
velocity, Veanor, in search of the values that lead to an angle of rotation of about 35°

—41°. Table 2 shows the studied pairs and the resulting angles of rotation.

The successful asymmetric Gabor wavelet of Tp = 1.5 s that gives a resulting
maximum angle of rotation of the Daihatsu Terios consistent with that observed
inthe video, = 38°, is the motion with Agabor ® 0.48 g and Veavor ® 1.24 m/s. Detailed
results of the analysis are shown for this successful motion in Figures 9 — 12.

Specifically:

e Figure 9 summarizes the parametric search for the optimum amplitudes

of acceleration (and the associated velocity). The figure plots rotation

13



time histories with reference to Acanor. It is evident that the motion having

Acabor ® 0.48 g and Veanor ® 1.24 m/s leads indeed to the result closest to
the observation as seen in Table 2.

e Fig. 10 compares the acceleration A(t), velocity V(t), and displacement D(t)
of the base excitation with those obtained for the center of mass of the
vehicle. Notice that whereas their accelerations and velocities are not very
different (except for the longer total duration of the response), the
horizontal displacement of the car center (in the negative y direction)
exceeds that of the base by a factor of about 1.60. And, more significantly,
the duration of this exceedance is almost 2 seconds (corresponding to an
effective response period of approximately 2.5 s) — evidence of the
increased effective period during large uplifting angle. As already
mentioned, this is consistent with the observed response of the car.

e Fig. 11 compares the time histories of the elastic and the uplift angles of
rotation, confirming the large uplift with long duration interval, as noted
above.

e Fig. 12 plots the time histories of the normal reactions, N, acting from the
ground against the wheels of each of the two sides (left and right), and
contrasts them with the time history of the uplift angle. Uplifting occurs
when the normal reaction N = 0. It can be recognized in this figure at what
time exactly uplifting takes place, and on which side. Again, notice the 2.5
s () of the uplift duration of the right wheel.

The success of the model and the analysis stem not only from matching the

observed peak angle of rotation, but also from the proper qualitative anticipation
of the asymmetric uplift and, especially, from explaining the large duration of the

major uplift.

Our parametric study included variation in the axial stiffness from 40 kN/m to
50 kN/m, as indicated in the literature. Differences in the outcome exist but are
too small to warrant illustration here (see a related comparison later on). Also not
shown here is the time history of the slippage of the wheels, as its peak magnitude

was only 2-5 cm in the various parametric analyses.
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INCREASING THE DOMINANT PERIOD OF FUKIAI-BASED GABOR
EXCITATION OF SUV-No1

However, there is a possibility that the ground motion had a larger dominant
period than the Tp = 1.5 s of the Fukiai-based Gabor. The substantial distance (=

35 km) of the site from the starting point (the hypocenter) and the large depth of
the soil deposit would justify a slightly longer velocity pulse. We chose the
increase of time by a factor 7/5 = 1.4, to have an overall time of the strong motion
equalto 7 s, as the video shows, rather than the 5 s of the current Gabor. Thus, in
this case, the dominant period is 1.5 x 1.4 = 2.1 seconds. An impulsive motion
with this large velocity period might be considered as a very unfavourable

estimate of the likely motion. The velocity time history V(t) of the stretched Gabor
motion of Agabor = 0.48 g and velocity VGabor = 1.73 m/s is shown in Fig. 13 in
comparison with that of the original motion (which was of the same Acabor = 0.48

g, but of smaller Veapor ® 1.24 m/s).

The computed response of the light Daihatsu Terios to this motion shows
overturning collapse, as seen in the parametric search of Fig. 14 — rather
unsurprisingly, since in this case the peak velocity, 1.73 m/s, is much greater (by a
factor of 1.4) than the 1.24 m/s of the initial unstretched Gabor velocity. Recall
that large peak velocity (and velocity increment) is the most detrimental measure
of intensity for inelastic systems (Bertero et al. 1978, Garini & Gazetas 2013,

Sassani & Bertero 2002, Hall et al. 1995).

By parametrically downscaling the stretched motion to Acabor=0.30g, 0.40 g,
0.42 g, 0.45 g, 0.46 g (and correspondingly the velocity Vgabor) We obtain the
response angles of rotation that are compared in Fig. 14 . Evidently, the Acabor=
0.45 g motion is the one whose response of 40° matches closely enough the peak
observed angle of about 38°. The corresponding peak velocity, however, is Veabor
% 1.60 m/s. Fig. 15 presents the total B(t) and uplift Bup(t) rotation, and Fig. 16
contrasts Bup(t) with the axial reactions N(t) from the ground against the two
wheels. The similarity of the results to those in Figures 10-12 for the original Gabor

wavelet of 0.48 g and 1.24 m/s is evident.
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In conclusion, an asymmetric Gabor motion fitted to the stretched Fukiai
motion, with dominant period Tp ® 2.1 s, peak velocity Veabor ® 1.60 m/s and peak
acceleration Acabor ® 0.45 g, could explain the rotational response of the Daihatsu
Terios car during the Venezuelan My 7.5 Earthquake.

To investigate a still longer dominant period, we further stretched the Fukiai
motion leading to a fitted Gabor wavelet with dominant spectral Sy(T) period of Tp
= 2.5 s. This new wavelet led to peak angle of rotation 6 = 38° when it was
downscaled to achieve values of Vgabor ® 1.85 m/s and peak acceleration Acabor

= 0.42 g. For the sake of brevity, the results of this study are not presented here.

RESULTS FOR THE LIXOURI-BASED GABOR EXCITATION OF SUV-
No1 VEHICLE

The Lixouri (2014) strike-slip, fault-normal, motion bears a strong forward
directivity effect (Garini et al. 2017) and has PGA =0.62 g and PGV =1.18 m/s. As
seenin Fig. 17 the motion can be fitted readily by a Gabor wavelet with velocity of
amplitude Veawor = 1 m/s and acceleration Acawo= 0.47 g. These are very close to

the optimal values obtained with Fukiai-based Gabor, as shown below. Moreover,

the dominant period of V(t) of the two fitted motions is nearly the same (about Ty

~ 1.5 s) as seen in the velocity response spectrum, Sy(T), given in this Fig. 17; but

the duration is somewhat shorter than the 7 seconds of strong motion duration.

The response of the Daihatsu Terios caris explored parametrically in Fig. 18, by
down- and up-scaling the original fitted Gabor, varying its amplitudes from Agabor=
0.35g-1.0g. Itisreadily noted that the best outcome, 6 = 38° of the right side of
the car, is achieved for Agavor= 0.50 g and, correspondingly, Veabor = 1.20 m/s —
indeed very similar to the initial values before scaling. Notice that some of the
higher accelerations give either unattainable or erroneously “early” rotations of

the left side of the car, contrary to the observation.

Therefore, the Lixouri fitted Gabor (0.50 g, 1.20 m/s) that is compatible with the
observed rotation has a little higher acceleration and a little smaller velocity than
those of the Fukiai-based motion (0.48 g, 1.24 m/s). These are small differences

indeed.
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RESULTS FOR THE LIXOURI- AND FUKIAI-BASED MAVROEIDIS-
PAPAGEORGIOU (M&P) WAVELETS

To explore the sensitivity, and improve the constraint, of our results, the M&P
wavelets fitted to the two seismic motions, shownin Fig. 8, are used in our reverse
analysis of the Daihatsu Terios car. Fig. 19 shows the velocity and acceleration
response spectra of these wavelets. The parametric results are plotted in Figures
20 and 21 for Fukiai- and Lixouri-based M&P wavelets, respectively, while Table 3

summarizes the main results. Each of the two figures compares the angles 0(t)

and OBup(t) for ten different peak values of excitation, designated in terms of Amgp.

Table 3. Computed peak angles of rotation of Daihatsu Terios caused by
(parametrically varying) Fukiai- and Lixouri-based M&P wavelets

Original Amzp Vmep | PeakAcc ) Oel Oup
Motion (g) (m/s) (8) ©) ) ©)
0.50 1.30 0.69 28 15 21
0.51 1.32 0.66 30 14 22
0.52 1.34 0.62 32 13 25
Fukiai 0.53 1.37 0.62 35 12 28
(fitted with 0.54 1.39 0.63 38 12 31
M&P) 0.55 1.42 0.71 42 15 34
0.60 1.55 Toppling
0.65 1.68 Toppling
0.70 1.81 Toppling
0.80 2.07 Toppling
0.48 1.03 0.73 24 16 16
0.50 1.07 0.72 28 16 19
Lixouri 0.52 1.12 0.68 32 15 24
(fitted with 0.54 1.16 0.62 36 13 28
M&P) 0.55 1.18 0.63 38 12 31
0.57 1.22 0.70 45 15 37
0.58 1.24 Toppling
0.59 1.26 Toppling
0.60 1.29 Toppling
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It is evident that the values leading to 8 = 38° are, for Fukiai and Lixouri based

wavelets, respectively:

Amgp=0.54g and Vmer =1.39m/s

Amgp=0.55g and Vmap =1.18 m/s

Therefore, the two types, Gabor and M&P, of the “successful” wavelets have
similar peak velocities, but the M&P wavelets require a little larger peak
acceleration to lead to the uplift of the light car. It is not obvious where this
difference comes from. Notice only in Fig. 8, that the M&P motions are
“truncated” by excluding one more trailing cycle: they have 3 or 4 peaks instead of
the 4 or 5 peaks, respectively, of the asymmetric Gabor. Itis also worth noticing
that O(t) of the M&P excitations in Figs 20 and 21 are much smoother than those of
Gabor (Figs 11, 15, 18). We do not claim that the above two observations are the

reasons for the differences, which in any case are very small.

ANALYSIS OF ROCKING OF THE HEAVIER SUV-No2 VEHICLE

To provide an additional check on the inferred idealized wavelet motions that
explained the behaviour of the Daihatsu Terios car, we investigate the response of
a relatively tall but much heavier car, seen in Fig.22. We identified it visually as a
Jeep Cherokee/Liberty KK (called either SUV-N,2 or Jeep Cherokee/Liberty). Its
material and support parameters (from the manufacturer and the literature:

Chrysler 2007, Czarnecki 2008, Li et al. 2022) are given in Table 4:

Table 4. Inertial and stiffness properties of Jeep Cherokee/Liberty KK

m = 1900 kg Jce =850 kg-m?
b=0.82m z,=0.85m
K.=90 + 100 kN/m Ky = 250 + 300 kN/m

C.=1.35+1.50kN-s/m Cy;=3.08+3.5kN-s/m
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The full-contact (“elastic”) formulation follows the general rigid block on

compliant-foundation dynamics (see Gazetas 1983), where the role of rotational

soil stiffness, Ke, is played through the vertical springs:
Ko=2 K,b* = 4kz b?> =121 kN-m /rad.

The proper mass moment of inertia is the one with respect to the base center

rather than the center of gravity: Jo =Jce +m zc? =2.22 t-m?. Thus,

Te =21 \/E = 0.85s (6)
Kg

a value very slightly smaller than that of the Daihatsu Terios.

The above are average values between those given by the manufacturer. Note
that the height-to-base (aspect) ratio z./b = 1.04, is practically the same as that
of the Daihatsu Terios car. Thus, the main differences between the two cars with
respectto rocking are the larger mass (by a factor of 1.8), larger mass moment of
inertia (by 2.5), and larger stiffness (by 3.2) of the Jeep Cherokee/Liberty. Hence,

the expectation of smaller rotation (e.g., Housner 1963, Makris & Roussos 2000).

Table 5. Step-by-step estimation of the apparent and the likely-actual Jeep
Cherokee/ Liberty rotation

CCTV Video Apparent rotation Perspective-corrected

instant time | measured in image | rotation, the “reality” Interpretation
(s) (degrees) (degrees)
. . reference
87.00s 0 0

orientation

opposite rocking

90.29 s +3.14° 4+9.82°
extreme

90.50s —218° _6.81° cleqr unloading /
uplift onset

90.71s —4.89° —15.29° near maximum
observed roll

o _ maximum
075 —>06 —15.82 observed roll
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We estimated the maximum angle of rotation, 8, by examining the video
frame-by-frame in the time window of the strongest visible oscillation, using the
aforementioned methods explained for the Daihatsu Terios car. The results are
shown in Table 5.

Accounting for greater uncertainty due to the location of the car in front of the
camera, we conclude that: 13° < |04, < 20°, with a most probable value of
16°.

Forthe car’s 2D model (Fig. 22), the governing Eqns (2) are solved with the new

parameters of the Jeep Cherokee/Liberty, using as base excitation the successful

(for the Daihatsu Terios) Fukiai-based asymmetric Gabor having Agabor = 0.48 g,

VGabor = 1.24 m/s. The response to this motion of the heavier car, also shown in

Fig. 22, shows that the peak angles
0., ~13° and 0~22° (6)
come close to matching the highest estimate of observed rotation, 8 = 20°, but it

is larger than the most probable angle, 8 = 16°.

However, the Lixouri-based Gabor wavelet (Acavor = 0.50 8, Vgavor = 1.20 m/s)
leads to an angle of the heavy car a little smaller: = 19.6° — closer to “reality”.
Furthermore, seein Fig. 23 the results of parametrically investigating the effect of
the vertical stiffness (K,) of the heavy Jeep Cherokee/Liberty car on the total and
uplifting angles. The excitations are the Lixouri-based Gabor with Agaber =0. 50 g,
Veabor = 1.2 m/s (left) and the Fukiai-based Gabor with Agabor =0. 48 g, Vgavor= 1.24
m/s (right), i.e. the scaled motions that were found to lead to response angles of
the light Daihatsu Terios car similar to the measured 6 = 38°. For assumed K, = 90
kN/m and 100 kN/m, the two wavelets could lead to a peak angle of rotation closer

to the observed range, 13°-20°.

For further insight into the uncertainties of the problem, Table 6 summarizes
the results of a more detailed parametric study. The conclusion from the Table is
that, within the unavoidable uncertainty on the wavelet peak amplitudes of
acceleration and velocity, in addition to that of the vertical stiffness, the motions

that explain the large rotation of the light Terios car can also explain the smaller
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rotation of the heavy Jeep Cherokee/Liberty, after perhaps a very-slight decrease
in its A and V amplitudes. This provides an additional, though less precise,
consistency check on the inferred pulse amplitudes.

Table 6. Parametric results for peak angles of rotation of the heavy Jeep

Cherokee/Liberty SUV, varying the vertical stiffness and the peak
acceleration and velocity of the Gabor wavelets.

original | K Acavor | Voaor |PE2KAcs| O Ot | Oup
Motion (kN/m) (g) (m/s) (8) ©) ©) ©)
0.40 | 1.03 | 0.82 12 9.6 7

90 0.50 | 1.20 | 0.87 20 12 16

055 | 1.42 | 0.97 27 11 21

Lixouri 0.60 1.55 1.12 28 11 22
(fitted with 0.40 | 1.03 | o0.74 10 8 5

Gabor)

0.50 | 1.20 | 0.93 17 11 12

100 055 | 1.42 | 1.07 21 11 15

0.60 | 1.55 | 1.19 24 12 16

065 | 1.67 | 1.18 27 12 19

0.40 | 0.89 | 0.95 14 11 10

0.48 | 1.07 | 0.97 20 14 16

& 050 | 1.11 | 0.96 22 14 25

Fukiai 055 | 1.22 | 0.82 29 14 23
(fitted with 060 | 1.34 | 0.87 34 14 29
Gabor) 0.40 | 0.89 | 0.97 11 10 0
0.48 | 1.07 | 1.05 19 13 17

100 050 | 1.11 1.05 20 13 20

055 | 1.22 | 0.92 26 13 21

0.60 | 1.34 | 0.97 30 13 26

WHAT ABOUT THE VERTICAL COMPONENT OF GROUND MOTION?

All analyses so far assumed the excitation to be solely a horizontal motion.
Therefore, the previous conclusions are valid only under this assumption. But an
earthquake ground motion always contains a vertical component. We have to

investigate the effect of this simultaneously occurring component.



Shallow strike-slip faulting has produced in many cases very weak vertical
ground motions. As an example, we attach in Table 7 the list of peak
accelerations and peak velocities of the strong motions of the Kobe 1995
earthquake, in terms of the direction of each component. Notice that the vertical
acceleration peaks are only a fraction (on average 40 %) of the Fault-Normal (FN)
peaks, while the vertical velocity peaks are an even smaller fraction (only 20 %) of

those of the FN.

Table 7. PGA (m/s?) and PGV (cm/s) of each component of strong records
from Kobe 1995. Adapted from Miyazaki et al. (2023).

q Record 2

Station Component PGA (m/s?) | PGV (cm/s)

NS 8.18 91

EW 6.17 76

Kobe JMA FN 8.46 105

uD 3.32 40

NS 6.86 57

EW 8.02 123

FUKIAI

FN 8.32 130

uD — —

NS 6.42 133

TAKATORI EW 6.66 127

FN 7.59 165

uD 2.89 16

NS 6.83 182

Kobe D8T EW 3.94 61

(Dai 8 Tottei) FN 7.28 189

uD 3.41 35

Nevertheless, we use the original Lixouri vertical acceleration time history,
whose PGAy = 0.5 g is equal to 80 % of the horizontal PGAL% 0.63 g, in order to get
an illustrative upper-range estimate of the effect of the vertical motion. The

records of the two components are shown in Fig. 24.

First, both components, unchanged (that is, as recorded, without any
wavelet fitting), are used as simultaneous excitation to capture properly the much
higher frequencies contained in the vertical component. Fig. 25 compares the

response to excitation without and with the vertical excitation. The resulting peak

rotation angles in the two cases are almost equal (36° versus 37°), both slightly
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inferior to the actual angle of rotation, despite the 0.63 g peak horizontal
acceleration and 1 m/s peak horizontal velocity. (Obviously, the latter, being the

most critical of the two parameters, is quite small.)

As a parametric investigation, Gabor wavelets are now optimally fitted to the
vertical component’s V(t) and, along with the Gabor wavelet of the horizontal
component, excite the car. Moreover, to be certain of the polarity (up or down) of
the vertical motion, we perform two analyses with the vertical component applied
either with (+) or with (=) sign. The results are summarized in Fig. 26, and itis really
interesting to see that the effect of the vertical component is small for the motions
examined for these pulsive motions, leading to a change of only approximately +

2-3 % in peak total rotation relative to horizontal excitation alone (Fig. 26).

There is no evidence of much more substantial vertical acceleration in
Caraballeda than in Lixouri. In the video, the lid of the black waste-bin did not
move upward at all (it was personally checked that it was indeed free to do so),
and the white-black bin toppled without any apparent vertical jumping. We can
thus, tentatively at least, conclude that the results of the previous sections, where
only horizontal excitations were imposed, are approximately valid. Note that
similar conclusions regarding the negligible effects of the vertical component of
motion for both rocking and sliding systems can be seen in Gazetas et al (2012),

Tsopelas et al. (1996), Bustos et al. (2026), among others.

SUMMARY AND CONCLUSIONS

The recorded rocking response of two parked vehicles in Caraballeda provided
an unusual opportunity to constrain the characteristics of strong earthquake
ground motion at a site of no instrumental recordings. A nonlinear dynamic model
of a block undergoing swaying—rocking oscillations, incorporating suspension
flexibility, unilateral contact, uplifting, and frictional sliding, was used to identify
idealized coherent ground-motion pulses capable of reproducing the observed

large-amplitude rocking of a Daihatsu Terios Suv.
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Within the investigated families of asymmetric Gabor and M&P wavelets, and
the adopted vehicle properties, the compatible ground motions have dominant
velocity-pulse periods, Tp, in the range of 1.5 s - 2.5 s, pulse velocity amplitudes,
V, in the range of 1.2 m/s -1.85 m/s, and corresponding pulse acceleration
amplitudes, A, of 0.42 g - 0.55 g. The response of a second, heavier vehicle
provides an additional, although less precise, constraint on the estimated
excitation. These estimates should be interpreted as a family of ground motions
compatible with the observed response of the two vehicles, rather than as a

unique reconstruction of the unrecorded earthquake accelerogram.

Moreover, the actual peak ground acceleration (PGA) remains less
constrained because the high-frequency components and random fluctuations
of ground shaking have been excluded in our reverse procedure. Consequently,
the actual PGA, and to a lesser extent PGV, may exceed the fitted pulse
amplitudes Acabor, AM&P and Veabor and Vmap. The accelerograms of Fukiai and
Lixouri in Figure 8, compared with the fitted wavelets, provide indicative, record-

specific ratios between peak ground-motion values and fitted pulse amplitudes:

e For Fukiai : PGA/AGabor ~ 0.80/0.50 =1.60 and PGV/VGabor~1.35/1.2%1.12

e For Lixouri: PGA/AGabor ® 0.62 /0.47 = 1.35 and PGV/VGabor®1.2/1.121.10
Even though the sample is very small for a general statistical conclusion, the
following site- and orientation-specific ranges should be regarded as tentative

extrapolations rather than direct results of the inverse analysis:
PGA=0.60g-0.80g and PGV=1.25m/s-1.90 m/s (7)

If the limited directional information in Table 7 is used only as an
approximate guide for the discrepancy between the FN and a component at 25°
to the Fault, a multiplying factor of 1.05 could be applied to the above values to

illustrate possible fault-normal (FN) peak values:

PGAFN) = 0.65g-0.85g and PGV(rn) £1.30 m/s-1.95m/s (8)

In view of the huge number of total collapses of modern multi-story buildings,

especially along and near the fault line in Caraballeda, the higher end of the



illustrative range in Eq. (8) merits consideration, although building damage alone
cannot establish the local PGA or PGV. If confirmed, these PGV estimates would
rank among exceptionally large values (for comparison, larger velocities have
been reported at: Rinaldi, in Northridge 1994; TSU068, in Chi-Chi 1999; and
Antakya 3123, in Kahramanmaras 2023).

Although the inverse analysis involves unavoidable modelling and
observational uncertainties, the investigation demonstrates the potential of
video-recorded nonlinear rocking responses to provide quantitative constraints
on coherent seismic near-fault ground-motion pulses at locations where no
instrumental measurements are available. Reverse analyses by other
investigators: (a) have found higher velocity amplitudes, of about 2 m/s, using
sliding objects as observation specimens for analysis (Bustos et al. 2026,

Restrepo et al. 2026), and (b) have found smaller velocity amplitudes, =1 m/s

using seismological modelling (Bernal & Cardona 2026, Wong et al. 2026).
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FIGURE 6 Selected snapshots of the oscillation of the Daihatsu Terios SUV car
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FIGURE 9 Comparative summary graph of the (total) rotation angle, 0(t), of the Daihatsu Terios car, due to
Fukiai-based asymmetric Gabor wavelet with parametrically varying amplitudes, designated in terms of Ag .,
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