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Abstract

:

The main shock of the Petrinja earthquake occurred on 29 December 2020 with a magnitude Mw = 6.4. The earthquake and the aftershocks caused most of their damage in the alluvial plains of the rivers Kupa and Sava, where liquefaction occurred in the loose layers of sands and silty sands. Maybe most important was the damage to some of the embankments built in the mid-20th century to protect the area from floods. Longitudinal cracks along the embankments, in some places transverse cracks, followed by settlement, with some sandy ejecta near the embankments, were obvious consequences of liquefaction in the lower layers, and lateral spreading. The presence of the sandy layers at a depth of 6 to 8 m was known from previous investigations performed in order to improve the flood protection system. Representatives of the Croatian Waters Authorities (Hrvatske vode) who own, manage, and maintain the embankments, inspected all the embankments and, in the first days after the earthquake, carried out the necessary emergency repairs or built temporary secondary embankments. Soon after, the necessary investigation and design of the remediation began. In 2022, construction got underway. This paper gives an overview of the damage, an interpretation of the failure mechanisms, the rationale for the reconstruction methods and the solutions, together with a short overview of the liquefaction analysis performed.
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1. Introduction


The Petrinja earthquake struck Croatia and the surrounding area on 29 December 2020 at 12:19 pm local time (11:19 am UTC), with an intensity VIII–IX on the EMS scale in the epicentre and a Richter magnitude ML = 6.2 (Croatian Seismological Survey 2021) [1,2], near the city of Petrinja, approximately 50 km south of Zagreb, the capital of Croatia. The felt reports are given in Figure 1 (EMSC 2020 [3]). The moment magnitude was estimated to be Mw = 6.4 [4], and the peak ground accelerations estimated by USGS [5] are shown in Figure 2.



The earthquake was preceded a day before with an earthquake ML = 5.0 and a series of smaller ones, and followed by many aftershocks, as shown in Figure 3, for a 2-year period, as reported by the Croatian Seismological Survey [6]. The epicentres of these earthquakes are given in Figure 4, as assessed for the first two days by the Croatian Seismological Survey [1], together with the earthquakes with magnitudes of 3 or more in the next two years as assessed by USGS [7].



A joint reconnaissance report between EERI and StEER was published in January 2021, led by Eduardo Miranda and based on the work of many Croatian volunteers on the site and colleagues in the USA—working online due to the COVID situation—giving a preliminary overview of the characteristics and effects of the Petrinja earthquake [4].



Concentrating more on the geotechnical conditions and damage, the GEER report made by many volunteers and led by Ingrid Tomac and Sonja Zlatović, was published in March 2021 [10], with a chapter on the earthen levee systems [11].



The detailed investigation and design was done by Geokon-Zagreb and led by Ivan Mihaljević [12,13].
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Figure 4. Epicentres of the 2020 Petrinja earthquake, its foreshocks and aftershocks from 28 December to 30 December 2020—shown with coloured circles (Croatian Seismological Survey, 2020) [14] and epicentres of earthquakes of magnitude 3 or stronger from 31 December 2020 to 29 December 2022 —shown in black symbols [5]. Locations of the damaged embankments are shown in red. 
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This paper gives an overview of the damage, an interpretation of the failure mechandisms, the rationale for the reconstruction methods and the solutions, together with an overview of the liquefaction analysis adopted.




2. Position of Damage and the Basic Geotechnical Data


The positions of the locations discussed in this paper are given in Figure 4. Both the river Sava and its tributaries, the most important being the river Kupa, are meandering in this flat area, and the surface sediments are mostly loose and soft.



The embankments are homogeneous, typically up to 4.5 m high, crown width 4 m, slope 1:2.



Geotechnical investigations on these locations generally show the presence of sandy soils, with thicknesses of 1–2 m, at a depth of several (typically 5–8) m, as illustrated in Figure 5—which were not found or were not recognized as being a problem in the mid-20th century when the levees were built. These are overlaid with clay of high or intermediate plasticity.




3. Types of Damage and Discussion


The damage observed on some of the embankments was mostly longitudinal cracks with lateral spreading and settlement, like those near Galdovo on the Sava river shown in Figure 6. In some cases—like near Stara Drenčina on the Kupa river, for example—cracks traversed the crown, as shown in Figure 7, to the side of the river Kupa, causing subsidence of the embankmentIn the village of Palanjek, the cracks and settlement occurred at the connection of two perpendicular sections of the embankments, as shown in Figure 8; the cracks continue along the embankment.



In the area of the cracks, in many places, along the bottom or near it, ejecta of sandy soils was found—similar to many places in the fields or near houses, where also wells were often filled with sandy soil. The ground surface is mostly sloped towards the river in these locations. This proves that softening and liquefaction occurred in some layers below the surface, the embankment body shook and moved on the softened layer, cracked in the motion, and sliding occurred towards the river leaving the opened cracks and causing sinking. The ejecta were found mostly on the higher side under the embankment. In some embankments’ sections, some longitudinal cracks with lateral spreading and settlement occurred without visible ejecta, which may be attributed to the lower position of the liquefied layer and opened space in the cracks—although vertical in general, the cracks were of irregular shape and mostly hidden below a depth of 2 m.



In some cases—near Petrinja for example—where the ground surface was almost horizontal, longitudinal cracks were visible only at the bottom of the levees, as shown in Figure 9b, with a tendency to heal at least at the ground surface, showing that some of the damage could pass unnoticed in spite of the quick response and inspection undertaken in the couple of days following the main earthquake.



Near Hrastelnica, ejected sandy soil covered a wide area on the river side of the embankment, as shown in Figure 10, and was present in many places on the opposite side, but only a slight crack was noticed on the embankment. However, it is possible that a layer liquefied under the embankment, therefore settlement could have occurred.



The aims of the reconstruction were to amend the recognized damage caused by the earthquakes, and to assure that future earthquakes do not cause damage—at least not at the repaired or reconstructed sections of the levees.



Although the temporary embankments were erected in the first days after the earthquake, it was necessary to choose methods of reconstruction which would allow the work to be done as quickly as possible, but also to be safe in case of heavier rains and higher waters.



In the period after the earthquake, the cracks in the ground partially collapsed, closed, and grew into the grass, but it was not believed that their self-healing was complete. Since there are more permeable layers of gravel and sand underneath clayey top layers, the remains of the cracks provided an open path for water flow during high water levels of the river. The increased hydraulic gradients, i.e. increased water velocities, would allow the transport of fine-grained material and sand – internal erosion and piping, and their ejection onto the surface. This would result in further damage to the embankments, including their subsidence. Additionally, the lack of local experience had to be considered. Therefore, the methods were to be as simple as possible, and solutions robust and safe against high waters and future earthquakes.



At the same time, the reconstructed embankments had to remain in the cadastral plots owned by the Croatian Waters Authorities (Hrvatske vode).




4. Solutions for Reconstruction


Based on international experience [17], the decision was made to increase the resistance of the levees in seismic conditions by reinforcing the foundation soil under the levees and the body of the levees with geogrid layers. Also, vertical cracks in the vicinity of the embankments had to be remediated to prevent seepage and possible piping.



The damaged sections of the embankments are to be reconstructed in the following steps, as illustrated in Figure 11: the damaged parts of the embankment are to be removed, as well as the surface part of the foundation soil, the cracks in the ground filled, the ground improved, and the body of the embankment rebuilt using geogrid reinforcements. If cracks were formed near the embankment, the disturbed soil is to be removed for at least 1 m either side and to at least 1.5 m in depth, and replaced with a well compacted wedge, as shown in Figure 12. Remediation of the foundation soil damaged by cracks – in the depth of 1.5 m—was chosen in order to provide a continuous (healthy) clay layer to ensure resistance against uplift and piping.



The liquefaction analysis was performed to show if the ground improvement would be necessary. On the sections with high liquefaction potential, where the liquefiable layers are covered by clayey layers, the use of ground improvement with jet grouting was chosen as illustrated with Figure 13.



In one section, predominantly with a sandy foundation soil, ground improvement with rapid impulse compaction (RIC) was selected—the process is currently underway as shown in Figure 14 and Figure 15. Figure 16 shows the installation of geogrids and compaction of new foundation soil under the embankment.



Other methods, such as cut-off walls or vertical drains, were discarded either for cost efficiency reasons, or the fact that increasing soil permeability under flood protection embankments must not be allowed.




5. Liquefaction Analysis Method


The reconstruction design [13] was based on Eurocode 7 (HRN EN 1997-1:2012; HRN EN 1997-1:2012/NA:2012) and Eurocode 8 (HRN EN 1998-5:2011; HRN EN 1998-5:2011/NA:2011).



Liquefaction analysis was performed mostly using the data obtained from CPT testing [12], and, in parallel, an analysis was performed using SPT data. Evaluation of the liquefaction resistance was performed using a procedure developed by 20 world experts [18]. The type of soil was chosen from CPT data [19]. Unit weight was also estimated from the CPT data [20], as well as the fines content [21]. The cyclic stress ratio (CSR) was estimated after the work published by Seed and Idriss [22], and the cyclic resistance ratio (CRR) after the work published by Boulanger and Idriss [23]. The transition from the factor of safety to the approximate probability of liquefaction was performed based on the results of Juang and coworkers [24,25].



Possible displacements were estimated after Yoshimine and his coworkers [26].




6. Conclusions


The damage to the levees in the Petrinja earthquake—in the form of cracks, subsidence, and sliding—was mostly caused by liquefaction and lateral spreading, and the cause can be attributed to the presence of sandy layers at a depth of several meters.



The function of the damaged levees was temporarily restored by the Croatian Water Authorities (Hrvatske vode) in a couple of days by the building of secondary embankments. Then the reparation or reconstruction was initiated for the sections with detected damage.



On the basis of an extensive geotechnical investigation on the damaged sections of the levees, the design solutions for reconstruction and seismic retrofitting of the levees were adopted. The solutions addressed the consequences of seismic shaking and liquefaction, as well as liquefaction resistance for future earthquakes.



Although a series of experts made a field inspection of all the flood protection embankments, and checked them and the surrounding areas visually for damage–and detected cracks, settlements, and ejecta–it is clear that maybe some of the consequences of the earthquake were hidden and that further investigations and maintenance should take this into account.
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Figure 1. Felt reports for the Petrinja 2020 earthquake and epicentre location—marked with a star, from the European-Mediterranean Seismological Centre [3]. White rectangle shows the area presented in Figure 2. 
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Figure 2. Peak ground acceleration of the 2020 Petrinja earthquake and the epicentre according to United States Geologic Survey [5]. Red rectangle shows the area presented in Figure 4. 
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Figure 3. Magnitudes of the earthquakes from 28 December 2020 to 28 December 2022 [6]. The most affected areas were the villages and cities in the valley of the meandering rivers, Kupa and Sava, and their tributaries, with mostly soft layers of sands, silts, and clays, and a high ground water table [8,9]. The embankments erected to protect the cities, villages, and fields from the high waters of the Sava and Kupa rivers, were inspected by the representatives of the Croatian Waters Authorities (Hrvatske vode) immediately after the main earthquake. In the following several days, the necessary repairs were made and secondary18 embankments were built to prevent further damage in case of heavier rains and an increase in the water levels of the rivers. 
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Figure 5. Some of the geotechnical data on the discussed damaged sections. White numbers show the depth of the sandy layer below the ground surface—in the figure shown as a red line. Surface layers are clays of intermediate or high plasticity, presented in violet colour; sand with a high content of clay or silt is present at depths of several metres, presented in yellow. The number of SPT blows before the earthquake are shown as red numbers on the right. 
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Figure 6. Typical embankment damage at Galdovo are longitudinal cracks with a depth of 2 m or more. 
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Figure 7. Embankment near Stara Drenčina. The crack crosses the embankment and causes subsidence. A white secondary embankment is visible. 
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Figure 8. Embankment near Palanjek. A crack over 30 cm wide crosses the connection between two perpendicular embankments (a–c) [15]. The ejecta are visible on both sides of the main embankment, as well as the longitudinal cracks along it over 15 cm wide (d). 
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Figure 9. Typical damage to the embankment near Petrinja. There were numerous longitudinal cracks along the embankment, especially on the river side as in (a,b). On the opposite side, ejecta were found, as seen in (c). (Figure 9b,c are copied from [16]). 
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Figure 10. Embankment and surroundings near Hrastelnica (a). The ejecta were found on both sides of the embankment, the river side is shown here (b). The crack on the embankment (c) is barely visible4. Rationale for the Reconstruction. 
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Figure 11. Embankment reconstruction where cracks have opened through the embankment body: the embankment needs to be removed and reconstructed with geogrid reinforcements for better performance in future earthquakes. 
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Figure 12. The solution for cracks under the embankment: at the locations of cracks, it is necessary to remove the soil to a depth of at least 1.5 m, and to a width of 1 m, and to compact the clay material in layers. 
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Figure 14. Another solution for sections with high liquefaction potential consists of removal of the embankment and the subsoil to a depth of at least 1.5 m from the ground surface, rapid impulse compaction, replacement of the foundation soil with the installation of geogrids, and construction of the embankment to the designed height. 
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Figure 15. Rapid impulse compaction (RIC) at the Sava river embankment at Galdovo. 
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Figure 16. Installation of geogrids in the foundation soil of the Kupa embankment near Petrinja. 
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