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ABSTRACT

After the quick clay landslide in Gjerdrum in December 2020, the Norwegian Water Resources and Energy Directorate (NVE) developed and
implemented methods to assist during search and rescue operations in the landslide area. Extensive ground investigations were carried out
in evacuated areas as quickly and safely as possible. Three years of investigation, mitigation and reconstruction work has provided valua-
ble knowledge on how to stabilize the area, using vertical drains and other techniques. Drone technology (UAV) has been used for many
purposes during this period, and the use of ground-based InSAR radar monitoring system provided early warning of subsequent landslides

that occurred in the remaining scarp.

INTRODUCTION

The Gjerdrum landslide of 30th December 2020 was the most devastating quick clay landslide in Norway since the Verdal landslide in 1893.
1.35 million cubic meters of mass collapsed. The rupture zone was 240 meters wide and 700 meters long. The deposit zone extended two
kilometers downstream along a valley of lower lying terrain (Figure 1a). Eleven people, including an unborn child, tragically lost their lives.

200 people lost their homes on a permanent basis (Figure 1b).

A national scientific committee was created in the following days to evaluate the factors that triggered the Gjerdrum landslide [The Gjerdrum
committee, 2021]. The Gjerdrum committee later concluded that the retrogressive landslide was caused by a combination of erosion at the

toe of a steep clay slope by a local stream, and high water saturation as a result of an exceptionally wet autumn.

The role of the Norwegian Water Resources and Energy Directorate (NVE) is to improve Norway’s ability to reduce and manage risk from
flooding and landslides. This paper will present NVE’s role in Gjerdrum and give some insights into our experience and results so far. Our
work involved close cooperation with emergency services and the local council of Gjerdrum, as well as extensive collaboration with con-

sultancies and contractors, amongst others the Norwegian Geotechnical Institute (NGI), Multiconsult AS and Age Haverstad AS.

Depositional zone

Figure 1: Overview of the Gjerdrum landslide. A) View of the entire landslide area (orthophoto from 28th April 2021). B) The northern part of the landslide area. C) Boundaries of the evacuated

area (black outline) immediately after the landslide (brown fill).
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METHODS
NVE was involved in the following phases in Gjerdrum:

Search and rescue: In the first seven days following the landslide, NVE assisted the police and emergency services to conduct the search

and rescue operation as safely as possible.

Evacuation: An urgent task immediately after the landslide was to advise the police which areas nearby were at risk and needed to be
evacuated. NVE subsequently commissioned extensive ground investigations in order to determine which areas were safe to move back to,

and which were not.

Mitigation and reconstruction: When the police ended the emergency rescue operation, extensive mitigation and reconstruction work started

in the area. NVE outlined a three year project plan in cooperation with Gjerdrum local council.

RESULTS AND DISCUSSION
NVE developed an early research and development (R&D) plan, so that lessons learnt from our work in Gjerdrum could be shared widely.

Several reports have been published [NVE, 2021-]. Students and researchers will continue R&D in the coming years.

Search and rescue: Our main tasks in this phase were: a) to monitor the remaining steep scarp in case of further landslide activity, b) con-

struct access roads into the landslide pit, and ¢) assist in the search for survivors.

Right from the early stages of the rescue operation, NVE monitored the area for further landslide activity — first by helicopter and then using
UAV-technology with thermal cameras. The purpose was to alert the police and emergency services of any developing landslide risk that

could put the rescue operation in danger. Many survivors were rescued by helicopter in the immediate aftermath of the landslide.

When the police decided to move to search for survivors by foot, floating walkways were constructed from Styrofoam sheets. When manual
searching became difficult due to frost and winter conditions, there was a need to deploy machinery. A floating access road was built, which
could support NVE’s long reach excavator. The excavator flattened the debris along the required route, and two rolls of geotextile with two
meters overlay were rolled out. Then three rolls of geogrid were laid with one meter overlay. A 40 cm deep layer of crushed stone (d/D
= 20/120 mm) was placed over the geogrid, with a final layer of unsorted crushed stone on top constituting the road surface (Figure 2).
This was a new method for building roads in a quick clay landslide area. Some subsidence of the road surface occurred when exposed to
repeated loads from passing machinery but was mitigated with additional crushed stone. All the work could be done without the operator

leaving the excavator, which was important for safety reasons.
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Figure 2: Top: NVEs excavator creating an access road on top of quick clay deposits. Below: A graphic representation of how to build safe roads in quick clay deposits.
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Ten of the eleven missing people were found in the emergency phase. Eventually, and after extensive effort during the first week, the police
stopped the search, as it was not possible to predict where the last person might be located. Due to careful procedures being put in place,
the last missing person was later found during reconstruction work. It was of great consolation to the local community that all the deceased

were found. All NVE staff involved in the emergency phase were offered a debrief to deal with this potentially traumatic experience.

Evacuation: Around 1,500 people were evacuated from potentially unstable areas in the immediate aftermath of the landslide (Figure 10C).
NVE'’s advice to the police was based on the three mapped quick clay zones that were already known in the affected area, in addition to

other information available at that time [NVE, 2021-].

Once people had been evacuated, NVE worked intensively and in collaboration with consultancies to collect and review all existing ge-
otechnical reports from the area. Knowledge gaps were identified. Ground investigations and laboratory analysis were carried out. Some
of the evacuated areas proved to have no quick clay, while in other areas closer to the slide there was quick clay at deeper depth. As the
landslide scarp was in an urban area, and there were challenges with subsequent landslides, the risks were high. NVE and geotechnical
consultants worked in close cooperation to safely refine and determine the final evacuation zone boundaries. The purpose of the work was

to allow people to move back home as soon as possible in areas that could be confirmed as safe.

During January 2021, our work showed that the evacuation zones could be reduced in many areas. However, many of the residents who
were permitted to move back to their homes were traumatized and worried about safety. Several public meetings, publication of all the
available data and stability analysis, along with detailed explanation in plain language, helped to build trust in NVE’s advice and recommen-

dations. NVE also advised that some areas were not safe to return to. In total, 200 people lost their homes on a permanent basis.

The level of anxiety was generally high in Norway after the landslide, and many people contacted NVE to report concerns and seek reas-
surance. For example, an additional known zone with quick clay further to the north in Gjerdrum was evacuated 31st December 2020, due
to strong concerns from residents and observations on the ground. This needed to be checked, even though it was clear that the observed

changes could not be related to the landslide.

Mitigation and reconstruction: When the emergency rescue operation was completed, extensive mitigation and reconstruction work began to
secure the landslide area and restore it for future use. However, landslides kept occurring from the remaining steep scarp and created chal-
lenges in the first eight months. During this time work was ongoing to remove buildings, cars, and belongings, as well as carry out ground
surveys and investigations needed to produce technical specification documents for the reconstruction work. The subsequent landslide
activity affected not only the safety of the people working within the landslide main body, but also alarmed residents, who were already

anxious about their safety.

A ground-based InSAR radar monitoring system was tested and subsequently used as an early warning system (Figure 3), in addition to
the UAV surveillance established during the emergency phase. The radar was able to detect areas of accelerating velocities, typically in a
period of a few hours prior to failure, with the total amount of deformation commonly adding up to about 6-8 mm before failure. When
acceleration was observed, the work underway in the landslide area was stopped. Many of the successive landslides were characterized as
rotational slides with an initial volume ranging from 500 to 50 000 m3. Most of them occurred along the eastern and northern parts of the

scarp, due to the high slope gradient and quick clay at the level of the landslide pit.

Rupture

Figure 3: Example of the use of InSAR radar surveillance in Gjerdrum. A) Radar image showing one of the subsequent landslides. B) Graph showing data from the radar and mass movement

in the hours prior to rupture. C) Aerial photo of a subsequent landslide. (LOS = line of sight.)
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After the first eight months of preparations and dealing with subsequent landslide challenges, the reconstruction work could start. The most
important measure was levelling and stabilizing the 1,230 meters long landslide scarp. Soil and clay were removed from the top and placed
inside the main body of the landslide as a counter filling, making the slopes less steep. This allowed further work within the landslide pit to
be carried out safely. The removal of surface soil was done stage by stage from small areas at a time, in a structured pattern. The principle
was that the removal of the soil and clay should more than compensate for the weight of the machinery used, to avoid any deterioration
in stability.

In addition, 17,500 prefabricated vertical drains were installed in critical areas in the landslide pit, extending to a depth of 20 meters into
the landslide debris. This was done to remove water from the deeper layers of collapsed clay, stabilizing it and reducing the risk of further
landslides. Vertical drains are more commonly used to stabilize the ground for building projects, and to our knowledge has not been used in
this magnitude to stabilize collapsed quick clay. In order to install the vertical drains, the heavy rig used needed a stable working platform.

This was built with layers of geotextile class 5, geogrid and crushed stone (d/D = 8/63 mm) (Figure 4).

:. Geogrid 2

G| Geogrid

Geotextile cl. 5

Figure 4: Left: Schematic of working platform for the vertical drain installation rig. Right: Installation of prefabricated vertical drains in the pit.

The vertical drains were installed from the platform. A geotextile was placed on top, followed by layers of firm clay and topsoil. The weight
of all these layers, including the working platform, squeezed the water up through the vertical drains, into channels in the crushed stone
(d/D = 8/63 mm) layer, and away into the local stream. The measured subsidence at the surface due to the removal of water at depth

through the vertical drains was on the order of 0.5 — 1 meter in the time span of one year.

It was also important to reopen the three streams and river that the landslide buried in clay and debris. New watercourses have been built,
designed with sufficient capacity to accommodate floods, and secured with stones to prevent erosion. Surface water within the restored area

now flows through a drainage network into the local streams.

The progress of work in the area has been thoroughly documented during the whole period. The mass movements have been mapped with
the help of different sources, e.g. photos, videos from UAV, field observation and radar data. Terrain models covering the landslide area were

updated with the use of UAV-based photogrammetry with regular intervals and after subsequent landslides.

On 23rd August 2023, an official event was held to mark the secure restoration of Ask center in Gjerdrum. The local council discussed future
use of the area with residents and other stakeholders and developed a formal plan. The area will be used for park and different recreation

purposes, in addition to agriculture (Figure 5).

CONCLUSIONS

The quick clay landslide in Gjerdrum has been a tragedy for the local community, and it was crucial to help people recover and feel safe
again. NVE has gained hard-earned experience in assisting search and rescue teams, giving advice during evacuation and in performing
reconstruction and mitigation works. The work had to be carried out in an area with high risk due to the urban location in addition to sub-
sequent landslides. Norway will hopefully never experience an event like this again. We have nevertheless developed best practice from the

work in Gjerdrum, which can be valuable should a similar emergency arise, and we want to share this more widely.

Nationally, the Gjerdrum tragedy demonstrated the need for increased measures to prevent quick clay landslides in Norway. Many measures
are already underway, e.g. improving hazard evaluation and mapping of quick clay zones and surveying erosion development by using
satellite images. A white paper will be laid before parliament in 2024 and will set Norway’s ambition for the coming years to prevent quick

clay landslides and other natural disasters.
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Figure 5: The northern part of the landslide area. Top: April 2021, four months after the landslide. Below: Same view, August 2023, after extensive mitigation and reconstruction work.
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