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Abstract 

Earthquakes and related coseismic effects at the surface, such as liquefaction and lateral spreading, can impact 

humans due to the resulting economic or social disruptions (e.g. slope and foundation failures, flotation of 

buried structures, etc.). In this respect, the 2020 Petrinja Mw6.4 earthquake (Croatia) provided many examples of 

liquefaction and lateral spreading, as identified by the post-earthquake field reconnaissance campaigns. The 

observed liquefaction cases occurred in the alluvial plains of the Kupa, Sava and Glina Rivers or along faults, 

with ejecta composed of sands and/or gravels of different grain size and mineralogy. The lateral spreading 

phenomena were observed along river embankments and roads. In this context interest in studying these 

different features arose, and an international research team from Italy, the United States and Croatia recently 

performed an intensive geological, geotechnical and geophysical campaign to assess the liquefaction 

susceptibility at selected sites located throughout the epicentral area (from Glina to Petrinja to Sisak). Innovative 

in-situ test equipment, such as the dynamic cone penetration test (DPT) for liquefied gravels and the Medusa flat 

dilatometer test (Medusa DMT) for liquefied sands, were employed in combination with standard in-situ tests, 

such as the standard penetration test (SPT), the piezocone test (CPTU), and shear wave velocity (Vs) 

measurements. These techniques were employed to verify their advantages relative to the existing liquefaction 

triggering charts and to characterize the soil properties of the buried liquefied layers and the non-liquefied crust. 

This paper presents preliminary results and comparisons at some of the investigated liquefaction sites. 

Keywords: liquefaction, in-situ geotechnical and geophysical tests, dynamic cone penetration test, medusa flat 

dilatometer test, 2020 Petrinja Mw6.4 earthquake (Croatia). 
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1. Introduction 

Earthquakes and related phenomena, such as liquefaction-triggered lateral spreading, can generate 

important economic or social disruptions. It is therefore necessary to adopt proactive measures to 

manage earthquake risk by ground strengthening to prevent slope and foundation failures, and 

flotation of buried structures, as stated in several building codes (e.g. [1]). In this respect, the 

collection of field data regarding liquefaction phenomena is critical to improving knowledge on 

ground failures and impacts to man-made structures. 

The 2020 Petrinja Mw6.4 earthquake (Croatia) provided many examples of liquefaction and lateral 

spreading, as identified by the post-earthquake field reconnaissance campaigns and by remote surveys 

using drone photos [2, 3]. In this context, interest in studying such different features arose, and an 

international research team from Italy, the United States and Croatia began an intensive geological, 

geotechnical and geophysical campaign beginning in September 2022 which is still ongoing. This 

study is using innovative in-situ techniques and equipment to assess the liquefaction susceptibility at 

ten selected sites throughout the epicentral area (between Glina, Petrinja and Sisak; Fig. 1). The 

objectives were to verify their advantages relative to the existing liquefaction triggering charts and to 

characterize the properties of the liquefied deposits and the non-liquefied crust. This paper describes 

the field tests, and presents some preliminary results and comparisons at some of the investigated 

liquefaction sites. 

 

Figure 1. Location of the field investigation sites and epicenters of the 2020 Mw6.4 and Mw5.0 Petrinja 

earthquakes with OpenStreetMap as background [2]. The locations of the observed liquefaction manifestations 

were derived from drone images taken by HGI and available satellite images.  

2. Geological setting 

The earthquake-affected area [4] is located in the continental part of Croatia (Fig. 1), at the 

southwestern margin of the Sava Basin within the Pannonian Basin System. The wide Petrinja region 

is located between the Adria-derived units of the Dinarides to the southwest, and the Europe-derived 
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units (Tisza mega unit) of the Pannonian region to the northeast [2, 5]. During the Tertiary, the region 

was subjected to tectonic extension (Miocene), followed by a compressional phase (Pliocene-

Quaternary), eventually generating a complex framework of NW-SE striking, inverted normal faults 

[6, 7]. The epicentral area of the 2020 earthquake is located in the Hrastovička mountain, composed 

of various basement rocks (Jurassic-Paleogene) such as metamorphites of the ophiolitic complex, 

volcanic rocks, spilites, marine limestone, turbiditic calcarenites, marls conglomerates, sandstones, 

shales and coals [8, 9]. The liquefaction phenomena occurred in the lowlands at elevations between 

100 and 200 m (Fig. 1). The Neogene and Quaternary deposits form the sedimentary infill of the 

Pannonian Basin System [10]. Some of the coseismic effects were recorded within the Neogene 

bioclastic limestones and calcrudites, but most of them occurred in the alluvial plains of Glina, Kupa, 

and Sava Rivers. The affected sediments were deposited in different environments such as flood plain, 

meander oxbow, and active streams. The liquefaction affected  lithologies widely vary from clays, to 

silts, sands, and gravels, although the silty sediments are prevailing. the overall thickness of the 

Quaternary succession is usually up to 5 m in alluvial plains, but it may reach estimated at a 

maximum of up to 30 m [8, 9]. 

3. The 2020 Petrinja earthquake 

3.1 Seismic event 

On 29th December 2020 at 11:19 (UTC), the town of Petrinja and its surroundings were hit by a 

destructive Mw6.4 earthquake [11]. The seismic sequence began in the morning of the previous day 

(05:28 UTC) with Mw5.0 earthquake centered about 5 km southwest of Petrinja [2]. According to [11] 

and the Croatian Earthquake Catalogue – CEC (updated and continuously supplemented version first 

described in [12]), the mainshock was with a shallow crustal depth of about 6 km, generating 

moderate to strong shaking in central Croatia, and was largely felt across Croatia and neighbouring 

countries. Earthquake shaking triggered surface ruptures along the fault trace, and extensive 

liquefaction and lateral spreading within approximately 20 km around the epicentre (Fig. 1) [2, 3]. 

Based on its surface projection and orientation, the ruptured zone was associated to the Petrinja-

Pokupsko Fault (PPKF). Following the NW-SE orientation of the older faults, the PPKF most 

probably represents a re-activated deep-seated dextral strike-slip fault zone [2]. 

3.2 Liquefaction evidences 

An European team of researchers (geologists and engineers), in tight collaboration with the Croatian 

Geological Survey, performed field reconnaissance campaigns with the aim of providing a detailed 

identification and characterization of the primary and secondary geological and geotechnical 

coseismic effects induced by the Croatian earthquakes [2]. To improve the understanding of the 

liquefaction phenomena [3], the Working Group integrated the data collected directly in the field with 

those from a remote survey by drone aerial photos acquired immediately following the earthquakes. 

This process allowed for the collection of the liquefaction record with the highest possible 

completeness both in terms of pattern and distribution of the phenomena. The data set includes several 

detailed case studies typified by the following characteristics: (a) liquefaction occurring on alluvial 

plain sites (Kupa, Sava and Glina rivers); (b) ejecta consisting of sand and/or gravel locally associated 

with shells and armoured mud balls; (c) lateral spreading phenomena along roads and river 

embankments; (d) sand ejecta of different grain size and composition, even at the same site; and (e) 

sand and/or gravel ejecta developed along fault traces. 
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Figure 2. Examples of liquefaction following the Petrinja earthquake (modified after [2]): a) lateral spreading 

along Kupa river embankment at Letovanic; b) crack with sand ejecta in the alluvial plain of the Sava river; and 

c) sand and gravel ejecta of different provenance with the presence of shells close to the Kupa river. 

4. Site investigations 

At the ten research sites, a thorough geological, geotechnical and geophysical site investigation was 

planned using innovative in-situ test equipment, as described in the following paragraphs. Most of the 

investigations were carried out in September 2022, although some of them are still ongoing due to 

weather conditions and flooding near the rivers. At each of the six gravel sites, dynamic cone 

penetration (DPT) tests were performed in combination with boreholes, piezocone test (CPTU), and 

shear wave velocity (VS) measurements. At the lateral spreading site, boreholes with standard 

penetration tests (SPT) at approximately 0.5-meter intervals were performed. Finally, at the liquefied 

sandy sites with high fines content, the Medusa flat dilatometer test (Medusa DMT) was employed in 

combination with standard geotechnical in-situ tests, such as borehole with SPTs, CPTU and VS 

measurements. Currently, laboratory analyses are being conducted on soil samples collected at all 

sites to provide information on mineralogy and geotechnical properties of the liquefied sandy and 

gravelly deposits and of the non-liquefied crusts. 

4.1 Dynamic cone penetration test (DPT) 

The dynamic cone penetration test (DPT) was developed in China in the early 1950s to measure 

penetration resistance of gravel for application in bearing capacity analyses. Based on their 

experience, standard test procedures and code provisions have been formulated [13, 14]. Because of 

widespread gravelly deposits beneath the Chengdu plain, the DPT is widely used in that region, 

particularly for the evaluation of liquefaction potential [15]. More recently, an updated liquefaction 

triggering curve has been proposed by [16] using a worldwide database. 

DPT equipment is relatively simple, consisting of a 120-kg hammer, raised to a free fall height of 100 

cm, then dropped onto an anvil attached to 60-mm diameter drill rods which in turn are attached to a 

solid steel cone tip with a diameter of 74 mm and a cone angle of 60º as shown in Fig. 3a. The larger 

cone makes it less affected by gravel particles, while the smaller rod diameter helps to reduce shaft 

friction on the rods behind the cone tip. 

Prior to testing, the drill rods are marked at 10 cm intervals (see the detail in Fig. 3b, photo of the 

Petrinja DPT test) and the number of blows required to penetrate each 10 cm is recorded. The raw 

DPT blow count is defined as the number of hammer drops required to advance the cone tip 10 cm. A 

second penetration resistance measure, called N120, is specified in Chinese code applications where 

N120 is the number of blows required to drive the cone tip 30 cm; however, N120 is calculated simply 

by multiplying raw blow counts by a factor of three which preserves the detail of the raw blow count 

record. 
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Figure 3. a) Component sketch of tripod and drop hammer setup for dynamic penetration tests (DPT) along with 

DPT cone tip (modified after [15]); b) photo of DPT testing at one of the Croatian site investigation with 

conventional drill rig; c) Medusa DMT layout [17]; d) photo of the Medusa DMT testing at one of the Croatian 

site investigation using a conventional light penetrometer combined with drill rig. 

4.2 Medusa dilatometer test (Medusa DMT) 

The Medusa DMT is the combination of a flat dilatometer with a hydraulic automation and measuring 

system for autonomously performing DMT tests [17]. Fig. 3 shows the main components of the 

instrument, together with a photo of a Medusa DMT test performed in September 2022 in Croatia. A 

rechargeable battery pack powers an electronic board, connected to a pressure transducer and to a 

custom-designed motorized syringe. The firmware coded in the electronics activates the motorized 

syringe for generating the pressure required to obtain the DMT readings. The maximum operating 

pressure is 25 MPa. A high accuracy pressure transducer is used to measure the pressure generated by 

the syringe and operating on the membrane. An electric wire provides the contact status of the 

membrane to the electronic board. The A, B, and C pressure readings are taken by the electronics 

firmware with the same criteria used for the traditional pneumatic DMT equipment. Details on 

calibration chamber and field validation of the Medusa DMT can be found in [17, 18, 19, 20].  

4.3 Geophysical surveys (H/V and surface-wave analysis) 

To better reconstruct the near-surface velocity profile an extensive geophysical survey was carried out 

using both two-dimensional (2D) arrays of seismic nodes and linear array of geophones. For the 2D 

array, a quite innovative technology in small-scale surveys based on seismic nodes was used [21, 22]. 

Seismic nodes are composed of compact digitizers with internal battery connected to 3C geophones 

(GSB-3C and GS-one manufactured by Geospace Technologies), and the absence of cable and their 

ease in the field installation allowed to quickly deploy a large number of nodes (from 20 to 46 

depending on site). Seismic nodes were arranged at each selected site in a circular geometry (Table 1) 

with usually 3 circular rings with different radius (about 5, 12 and 25 m), and a node in the centre 

close to DPT or Medusa DMT surveys. Seismic nodes recorded at each site a few hours of ambient 

vibrations (seismic noise) with a sampling rate that was set equal to 250 Hz. 

From seismic noise data collected by 3C nodes, it was possible to compute the horizontal-to-vertical 

noise spectral ratio (H/V curve), and derive the site resonance frequency (f0) from the peak in the H/V 

curve [23]. f0 is an important proxy for potential site amplification [24] used in site characterization 

analyses and microzonation mapping. It is related to the presence of a strong seismic impedance 

contrast in the subsoil profile, where f0 value is linked to the average thickness and shear-wave 

velocity of soft soil deposits overlaying a stiffer soil unit or bedrock interface [25]. 

For the linear array of geophones, a maximum of 72 vertical geophones (eigen-frequency 4.5 Hz) 

connected to a multi-channel acquisition system was used (Geode manufactured by Geometrics, 

connected in serial for a maximum number of 3 Geode) recording files with length of 1.5 s and 

sampling rate equal to 8000 Hz. The 72 geophones were equally spaced from 0.5 to 1 m, depending 
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on the site (Table 1). In contrast to the 2D array of nodes which collects seismic noise, the linear array 

records seismic signals produced by an active source composed of a 5 kg-sledge-hammerhitting a 

metal plate. The seismic source was located at the beginning, in the middle and at the end of the linear 

array of geophones in order to reproduce forward and reverse shot records. 

To provide absolute positions for each seismic measurement, a real-time kinematic (RTK) positioning 

was used through a GNSS receiver (S900a new manufactured by Stonex). In this way, the position of 

each deployed node and the first and last geophones within the 1D line were measured with accuracy 

of a few cm. The absolute position was also measured for the geotechnical and borehole surveys 

previously discussed. In order to derive a surface-wave dispersion curve, active data collected by the 

linear geophones array and passive data from nodes will be analysed with the multichannel analysis of 

surface waves (MASW) technique [26, 27]. In particular, the analysis from 3-components data 

recorded by nodes will allow to retrieve the Rayleigh and Love dispersion curves. 

The surface-wave dispersion curves obtained by 1D active array and 2D passive array will be 

combined to achieve information in a large frequency band. In general, active methods provide results 

at higher frequencies in comparison to passive techniques [28]. However, in the analysed experiment 

the dispersion curves are expected to extend toward high frequencies also in the passive case, due to 

the large number of seismic nodes deployed in a relatively small area (Table 1). 

Table 1 – Geophysical surveys performed at the selected sites. For the position of the Site, refer to Fig. 1. For 

Sites 2 and 6, the geometry of array installation  is reported in Fig. 6 

ID site 
Date of geophysical 

survey 

2D arrays: number of seismic 

GSB nodes (and radius with 

maximum aperture) 

1D array using 72 vertical 

geophones: spacing between 

adjacent geophone 

Site 1 14 September 2022 32 (25 m) 1 m 

Site 2  12 September 2022 46 (21 m); array A in Fig. 6 0.5 m 

Site 3  13 September 2022 26 0.5 m 

Site 4 15 September 2022 29 (22 m) 1 m 

Site 5 14 September 2022 - 0.5 m 

Site 6  15 September 2022 20 (10 m ) array F in Fig. 6 - 

Site 10 16 September 2022 25 (20 m) - 

5. Preliminary results 

Considering that the field campaign is ongoing and most of the results are still under evaluation, this 

section presents only some preliminary results at two gravel liquefaction sites (Sites 2 and 6, Petrinja) 

and at a sand liquefaction site with high fines content (Site 8, Donje Jame). 

The energy transfer measurements at Site 6 indicate that the DPT hammer was providing an average 

of 89% of the theoretical free-fall energy, which is practically identical to the Chinese standard 

without requirement for hammer energy correction. Plots of the soil profile, the DPT blow count 

(N120), and the relative density are provided in Fig. 4. Preliminary analyses indicate that the friction on 

the drill rod behind the DPT cone artificially increased the N120 value in the clayey silt, while the CPT 

cone resistance remained essentially constant within similar materials. Therefore, the DPT blow 

counts below the clayey silt layer were corrected to account for this effect. Additional DPT testing is 

planned with an open borehole to the top of the gravel to confirm this correction. Using the corrected 

DPT blow counts in the sandy gravel to gravelly sand layers, correlations [29] indicate a relative 

density between 40 to 55%. These preliminary assessments indicate that the gravelly soil from about 4 

to 6.25 m is the critical layer for liquefaction at this site. Ongoing mineralogical studies and 

liquefaction evaluations should help confirm this conclusion. 
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Figure 4. Preliminary DPT results for test site at Petrinja (Site 6). 

At Site 8, a preliminary interpretation of the Medusa DMT was performed according to [30] 

correlations. Fig. 5 shows the DMT profiles in terms of: material index (ID) and the soil behaviour 

type index (SBTDMT) for the mechanical soil behaviour, constrained modulus (M) for the soil stiffness 

at “operative” strain level, undrained shear strength (su) and friction angle (ϕ’) for the soil resistance, 

and horizontal stress index (KD) for the stress history of the soil. The top 3.5 m are identified mostly 

as sands and silty sands, whereas silts, clayey and sandy silts are predominant at higher depths. This 

finding is in agreement with the borehole log and the CPTU data. According to the DMT and 

phreatimeter readings, the ground water table is located at 3 m depth, where the silty sandy layer is 

present. This body represents probably the one that liquefied during the Petrinja earthquake, as it was 

preliminary evaluated by examining the soil stratigraphy, the earthquake reconnaissance information 

and the KD profile. However, liquefaction triggering analysis and laboratory tests on borehole samples 

and ejecta are required to confirm these preliminary outcomes. 

 

 

Figure 5. Preliminary Medusa SDMT results at the test site of Donje Jame (Site 8). 
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The objectives of the geophysical surveys were: (a) to infer the f0 value from the H/V curve (from 3C 

nodes); (b) to measure the surface-wave dispersion curve combining both passive and active array 

methods [31]; and (c) to infer the near-surface shear-wave velocity profile in the top few hundreds of 

meters by means of a joint inversion of the H/V and dispersion curves integrating results from 

geotechnical tests. Fig. 6 shows an example of the 2D array geometry applied in the field at two 

gravel sites in Petrinja (Sites 2 and 6), and the preliminary results in terms of H/V obtained at two 

arrays. 

 

Figure 6. Seismic arrays in Petrinja. The yellow markers indicate the seismic nodes installed in 2D configuration 

(arrays A and F). The red line within array A shows the linear array of 72 geophones used for active experiment 

(the shot positions were situated at: -5 m and -2 m far from the first geophone, in the middle of the line, and at 

+2, +5, + 10 m far from the last geophone). The mean H/V curves computed at all seismic nodes of the two 

arrays are also shown. 

6. Conclusions 

The 2020 Mw6.4 Petrinja earthquake offered the possibility for an in depth study of the liquefaction-

induced features in the epicentral area. In particular, the variety of coseismic evidences (gravel 

liquefaction, lateral spreading and sand liquefaction with high fines content) provided an opportunity 

to improve knowledge of issues for which the experience is still limited. 

In this respect, an intensive geological, geotechnical and geophysical campaign was planned at ten 

selected sites along the Kupa, Glina and Sava Rivers to verify the use of existing liquefaction 

triggering charts and to evaluate the soil properties of the liquefied layers and the non-liquefied crust. 

Some preliminary findings are reported in this paper based on extensive geophysical survey and two 

innovative geotechnical in-situ tests, the dynamic cone penetration test (DPT) and the Medusa flat 

dilatometer test (Medusa DMT). These results already provide a valuable information regarding the 

soil deposits that liquefied during the earthquake. Additional liquefaction triggering analysis and 

laboratory tests on borehole samples and ejecta are required to confirm these preliminary outcomes. 

More definitive conclusions should be possible once the ongoing field campaign and subsequent 

analyses are completed. 
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