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Validation of the recycled 
backfill material for the landslide 
stabilization at a railway line
Karmen Fifer Bizjak  * & Barbara Likar 

In mountain areas landslides many times endanger safety of transport infrastructures, and these 
must be stabilized with retaining wall structures. In this paper the validation of a new composite as a 
backfill material for landslide stabilization with a large scale demo retaining wall is presented. The new 
composite was made from residues of paper industry, which uses for its production deinking process. 
New composite was validated with the laboratory tests, construction of small demo sites and at the 
end with a large demo retaining wall structure with a length of 50 m. It was concluded that the paper 
sludge ash and the paper sludge are in proportion 70:30, compacted on the optimal water content 
and maximum dry density, reached sufficient uniaxial compressive and shear strength. However, the 
composite’s hydration processes required the definition of an optimal time between the composite 
mixing and installation. In 2019, the retaining wall structure from the new composite was successfully 
built. The large demo structure is an example of the knowledge transfer from the laboratory to the 
construction site, in which composite and installing technology could be verified.

Keywords  Landslides, Recycled backfill material, Paper sludge ash, Paper sludge, Geotechnical composite, 
Railway line, Recycled material, Environment

In mountain areas landslides affect safety of transport infrastructures and represent a threat to roads and 
railways1–3. Retaining wall structures, which come in different types and shapes, are most often used to stabilize 
landslides. Analyses of landslides near railways showed that 70% of them are caused by human activities4. Reha-
bilitation costs are high, especially if transport congestion costs are considered5.

Twenty percent of the extracted materials are used for runways, railways, and waterways. These data vary 
across Europe due to differences in building tradition, natural resources, climate, and the state of the economy. 
In spite of the large quantities, reuse and recycling only amounts to 10.6%. The last Waste Framework Directive6 
states that construction and demolition waste have to be re-used, recycled, or backfilled. These include the 
re-entry of construction and demolition of remove wastes, excavated materials, industrial wastes and marine 
sediments into the production cycle and the reuse of existing foundations7. This directive envisaged an increased 
use of recycled materials from other industries that can be used as backfill material.

Due to digitalisation, the worldwide production of graphic paper decreases, but the overall paper industry 
grows due to the production of packaging paper and hygiene and textile paper products8. In 2018, global paper 
production hit 400 million Mg per year9 and the vision of the paper industry is to maximize the content of recy-
cled fibre. With the increase in paper production, landfills are necessary for such high production. Most paper 
residues are used in energy production by burning in boilers10. Paper ash, which is a residue remaining after 
burning, is a non-hazardous waste material, but landfilling with this material will be reduced due to EU waste 
management legislative measures and policies11. Large landfills are required for such high quantities of ash and 
because of this it is difficult to obtain suitable locations.

The composition of ashes and sludge varies significantly from one paper mill to another12. It is, thus, necessary 
to conduct detailed investigations into the use of paper residues for geotechnical structures. Recent geotechni-
cal research using paper sludge ash has been focused on optimisation processes for soil stabilization, using the 
sludge as a binder in road structures and embankments or as a backfill material in open pit mines13. Most of the 
published research was performed in the laboratory on previously prepared mixtures14,15. Paper sludge ash was 
used for soft soil stabilization, and laboratory tests were conducted with different percentages of paper sludge 
ash (5 to 20%). In these experiments, the uniaxial strength of the soil doubled after a 10% addition of ash16,17. 
A clay soil with high water content was stabilised with paper sludge ash, and the measurements showed that 
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paper sludge ash can be used without any other binding additives18. In another experiment, several mixtures 
consisting of an expansive soil and paper sludge ash as a binder were obtained19. An optimum of 8% paper sludge 
ash showed an improvement in compressive strength. A clayey soil below a pavement was treated with paper 
sludge ash due to a very low bearing capacity. The results showed that paper sludge ash increased the strength 
of the soil and improved other geotechnical parameters such as the Atterberg limit, California bearing Ratio, 
and compaction ratio20. A paper sludge ash mixture with lime was compared with Portland cement and other 
additives for soil and road stabilization21. Also sulphate-bearing soil was stabilised with paper sludge ash instead 
of Portland cement and lime. Laboratory prepared samples showed that the linear expansion was significantly 
reduced with this mixture22.

Paper fly ash could completely replace the cement component in backfill material23. A 10% paper fly ash 
mixture reached compressive strengths of up to 0.8 MPa, which is high enough for geotechnical structures and 
roads. The mechanical properties of a recycled aggregate concrete (RAC) could also be improved with paper 
sludge ash and chemical properties with the higher resistance against acid and sulphate attacks24.

Even though most of the published investigations focus on laboratory experiments, some results of field inves-
tigations are also available. For example, subgrade of road infrastructure was stabilised with cement and paper 
sludge on a length of 250 m. After one week, the uniaxial compressive strength reached 4.5 MPa25. Likewise, for 
hydraulically bound layers, fly ash from paper industry was used. Field measurements showed that the bearing 
capacity increasing with time and paper fly ash is a suitable additive for road stabilization26.

Hazardous trace elements could be present in fly ash27, which makes its use impossible in earth structures28 
and fill material29–31. It is, thus, mandatory to carry out leaching tests to avoid a negative impact on the 
environment.

Investors, designers, and construction companies are very conservative about using recycled material due to 
a lack in experience with such materials. At the same time, legislation on this topic varies from country to coun-
try, which makes it difficult to use recycled material as a construction product. The here presented large demo 
structure from recycled material was built to prove the possibility of using this composite as a backfill material.

In this paper new composite was developed from the residues of the paper industry with the deinking pro-
cess. The new composited was made by 70% of paper sludge ash (PSA) and 30% of paper sludge (PS). The new 
composite was validated by laboratory tests, small demo fields, to validate the compacting technology and finally 
with the large demo construction of the retaining wall. The retaining wall was built near a rail track to stabilize 
an active landslide.

Materials and methods
Geotechnical condition of the landslide
In mountainous countries, there is a high potential for landslides along transport lines. If the transport construc-
tions are old and dilapidated, landslide vulnerability is even greater. In the southern part of Slovenia between 
Ljubljana and Novo mesto, an unstable slope endangered a very frequented railway line. Based on the geological 
investigation (Figs. 1, 2) of the landslide32, it was evident that a retaining wall structure had to be installed to 
prevent the landslide from further movements.

Firstly, a geomechanical investigation of the landslide area (900 m2) was performed and based on the results 
the final location for the retaining wall was selected. A 50 m long structure was envisaged for the first part of 

Figure 1.   Location of the landslide.
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the landslide (300 m2) stabilization. The investigation program consisted of the drilling of nine boreholes on 
a length of 5 to 15 m, Standard penetration tests, pressure meter tests, and geomechanical laboratory tests on 
samples taken from the boreholes. Basic geomechanical properties of the soil were tested: water content and 
density33, Atterberg limits34, direct shear tests35, oedometer test36, permeability37 and Pocket penetrometer test. 
The boreholes were equipped with piezometers and inclinometers for further monitoring of the water level and 
slope deformations. The boreholes are designed in such a way that it is possible to perform inclinometric and 
piezometric measurements.

Waste material—paper sludge ash and paper sludge
Residues from the paper industry were used for the large demo retaining wall structure. The raw material for the 
production process was recovered paper after the deinking process. Waste material from the production is paper 
sludge (PS), which is incinerated in steam boilers. A combustion residue from this steam boiling is paper sludge 
ash (PSA). PSA and PS are classified as non-hazardous waste without environmentally harmful components.

Chemical composition of PSA and PS are presented in Table 1. Also, leachate tests were done and showed 
that only barium content (63 mg/kg d.s.) exceeds the limit value for inert waste (20 mg/kg d.s.).

Physico-mechanical properties of PSA and PS were tested in an accredited geomechanical laboratory accord-
ing to the EU standards for the geomechanical testing of soil material, including the analysis of the water content, 
Atterberg limits, density, Proctor tests, unconfined compressive strength, and sieving analyses.

Experimental design
The production of aggregates amounts to 3.07 billion Mg per year and the aggregate industry is the largest 
extraction industry in Europe38. Problems with the mixing and compaction of different materials often occur at 
the construction site, which cannot be identified in the laboratory where the material is prepared under ideal 
conditions. Therefore, before building the retaining wall, small demo sites were established for testing the mix-
ing and compaction technology.

The research on the new recycled material started with laboratory tests. These tests were performed on 
small samples, but at the construction site, the quantities of the used material were much larger. Therefore, it 
was necessary to build small test fields before installing new composites into large geotechnical structures. In 
this way, the mixing and compacting could be optimised. After technology optimization, the new composites 
could be successfully installed into the large demo structure, i.e. backfill material behind the retaining wall. The 
experimental procedure is shown in Fig. 3.

Figure 2.   Geological profile A-A′

Table 1.   Chemical composition of the waste material.

Waste material

Parameter (wt%)

Si Al Fe Ca P Mg K Na Ti S LOI

PSA 5.31 4.37 0.27 19.20 0.07 1.02 0.22 0.13 0.11 0.12 27.26

PS 3.4 2.94 0.17 12.73 0.03 0.62 0.13 0.10 0.07 0.02 53.41
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Laboratory tests
Geomechanical tests were performed in an accredited geomechanical laboratory. Mixtures with different content 
of PSA were tested but, in the paper, only results of composite with 70% PSA and 30% PS are presented. This 
mixture was chosen because it had sufficient geomechanical characteristics to be used as a backfill material and 
was, at the same time, suitable for compaction at the construction site.

The components of PSA and PS were mixed and then compacted at optimal water content to the maximum 
dry density. The Proctor Compaction Tests—SPP were done according to the requirements of the corresponding 
standard39 and additional compressive strength40. The tests were done with different time periods; directly after 
compaction and after one, four, seven, twenty-eight, and fifty days of curing. For direct shear tests35 some samples 
were tested immediately after compaction and others left to cure for 7 or 28 days before testing. Direct shear test 
was performed under the shear speed of 0.01 mm/min and vertical load of 100 kPa, 200 kPa and 400 kPa. The fric-
tion angle and cohesion were determined from the line that best fits test data by using the least squares method.

For freezing/thawing tests, the Slovenian technical specification41 TSC 06.320 (2001) was used. In a climate 
chamber, composites were freezing at − 20 °C and thawing at 20 °C at 12 cycles.

If material is not mixed at the construction site, the transport time is very important. The time delay between 
mixing and compaction was tested on samples which were moistened to the optimal water content and maximum 
water content (5% higher from the optimal water content). Two different procedures were used for the prepared 
samples. The mixture which was compacted at the maximum water content was cured in air (wmax). The other 
material compacted at the optimum water content was cured in closed boxes (wopt).

Preparation of small demo fields and field testing
Small demo sites of 2 × 2 × 0,6 m in size were constructed with three layers, each of them having a thickness 
between 10 and 15 cm. PSA, PS, and water were mixed in a stirrer and then compacted to a density of at least 
95% ρd,max, as determined in the laboratory by the SPP.

The first demo site was compacted immediately after mixing, the next one 4 h after mixing, and the last 
one 24 h after mixing. For the last mixture, additional water was added, and remixing was needed for proper 
compaction.

Every installed layer was tested for dry density and moisture content (ρd,max, w), according to42. The light 
weight deflectometer was used for determining the dynamic deformation modules (Evd)43 of every installed layer. 
For leaching tests according to44, the samples were taken from the demo sites after 28 days.

Large demo retaining wall construction
Field and laboratory tests during demo retaining wall construction
Construction works started with earth work for the foundation of the 50 m long and 1,5 high retaining wall 
structure (Fig. 4) made by gabions in two lines. The foundation of the retaining wall structure was below the slip 
surface predicted from the borehole logging and geological mapping. The composite was installed between the 
landslide slope and gabions in a width between 2 and 3.5 m (Fig. 5). For the backfill material, 100 mg of mixture 
were used and compacted in nine layers. PSA and PS were mixed at the paper company facility, 70 km from the 
construction site. Based on the good results from the small test fields, we determined a thickness of 30 cm for 
the large demo construction (Fig. 6) and using hand operated mini road roller compactor. Thicker layers and a 
stronger compactor enabled faster construction of the large demo retaining wall. The water content and maximal 
dry density (w, ρd,max) were measured by a nuclear surface gauges according to Slovenian technical specification. 
Moreover, dynamic deformation (Evd) modules were measured on each installed layer. Samples for direct shear 
and leachate tests were taken from the last layer. Samples for leachate tests were prepared according to SIST EN 
1744-3 to clarify potential environmental impacts. Two samples were taken from the last layer and cured 28 days. 
In the installed material the temperatures are measured in different depths (0.30 m—T1, 0.60 m—T2 and T4 and 

Figure 3.   Experimental program.
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0.90 m—T3), while the water content is measured at depth of 0.60 m. The temperature probe (T4) was installed 
near the gabions while other three were installed in the middle point between gabions and natural slope.

Monitoring of the structure
Slope stability monitoring was performed during and after the construction phase via inclinometer measure-
ments and a detailed laser scanning of the whole structure. A weather station was installed near the structure to 
register detailed climate conditions on the landslide.

The drainage system of the structure consists of vertical and horizontal pipes on the bottom of the composite 
and on the contact with the slope. A part of the water from the drainage system was collected in a plastic tank 
built at the end of the structure for water quality monitoring and chemical analyses to estimate environmental 
impacts on the surrounding areas.

Results and discussion
Geomechanical laboratory tests and field tests of the landslide material
Laboratory tests of samples from the landslide showed that the upper layers were mostly made of high plasticity 
clay, and partly of low plasticity clay. The lowest clay plasticity, compressibility modulus and shear properties 
were recorded at the contact between the rock and clay (Table 2) at a depth of 7–9 m in the highest part of the 
slope. Fissured dolomite was located below the clay layer.

Figure 4.   Location of the large demo structure.

Figure 5.   Profile of the retaining wall structure with backfill material.
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Clay layers have a low permeability coefficient, therefore indicating that precipitation water mostly flows on 
the surface and on the contact between clay and limestone. Stability analyses of the landslide showed that the slip 
surface was32 at the contact of the clay and limestone in the depth of 9 m, which was confirmed with inclinometer 
measurements in the borehole above the rail line.

Raw waste material
The initial water content of PS was 45–50%, while PSA was dry (Table 3). The optimum water content (wopt) 
determined with the standard Proctor test was higher and the maximum dry density (ρd,max) lower for PS in 
comparison with the results for PSA. The unconfined compressive strength of PSA was like that of very stiff soil. 
For PS, the uniaxial compressive strength was much lower (220 kPa). Both materials were non-plastic. The results 
show that PSA was fined-grained, with an average particle size less than 63 µm.

Properties of the composite
In the laboratory several mixtures were prepared and among them the mixture C70/30 reached enough high 
geomechanical properties.

Standard proctor tests (SPP)
Standard Proctor tests for the mixture with 70% PSA and 30% PS (C70/30) indicated that the wopt was between 
45 and 50% and the ρd,max was between 0.99 and 1 mg/m3.

The main difference between the investigated composites and the natural gravel material was the density. The 
ρd,max of natural gravel material is between 1.98 and 2.12 mg/m345, while the investigated composites had much 
lower ρd,max values. Also, mixture with 20% of fly ash and soil46 has higher ρd,max (1.48 mg/m3) than the composite 

Figure 6.   Compacted layer of the composite (8th layer).

Table 2.   Geomechanical properties at the contact between the rock and clay.

Water content Bulk density
Oedometer modulus at 
200 kPa wp wl Ip Permeability at 200 Pa Friction angle/peak Cohesion/peak

% mg/m2 (MPa) % % % m/s ° kPa

51 1.14 6 33 110 77 1E−9 10.5 32

Table 3.   Properties of the raw material.

Initial water content Optimum water content Maximum dry density
Unconfined compressive 
strength Plastic limit

Particle size (mm)

0.063–2.5 mm 0.002–0.063  < 0.002

% % mg/m3 (MPa) % % % %

PSA 0 51 0.99 0.3–0.5 Non plastic 13.3 75.59 11.11

PS 45–50 56.5 0.89 0.22 Non plastic – – –
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C70/30. In the case that the soil beneath the foundation of the supporting structure is very soft and the heavy 
structure could cause large soil settlement, a lighter backfill could be an added advantage. . However, the com-
posite requires a lot of water, indicating that great attention must be paid on the proper mixing of both materials.

Unconfined compressive strength—qu and time behavior of the composite
Time of curing had an impact on the unconfined compressive strength of the composite and with time it 
increased. Immediately after mixing, qu was low and in the range of soft soil, but after one week, qu increased to 
over 1300 kPa (Fig. 7). After 28 days of curing, qu was 1610 kPa and still slightly increased with time. Compared 
to the published data23, the mixture of sand, ash and a few % of sludge reached qu of only 800 kPa after 28 days.

The time of curing had also a high impact on the vertical deformation at maximum load. A higher value of 
vertical deformation was observed after 1 day of curing, which rapidly decreased after 7 days. These points to the 
fact, that the time of curing had a high impact on the vertical deformation at maximum load. The behaviour of 
composites changed from ductile failure in the first 4 days to brittle in the next days of the sample’s observation. 
Even after the construction of the retaining wall, the creep subsides only after a certain time, so it is positive that 
the backfill material can be elastic and can withstand additional deformations.

The geomechanical properties of the composite changed according to the time between mixing and com-
paction, but previous research has not put much emphasis on this parameter. DPSA is a hydraulically active 
material31. The results show that the uniaxial compressive strength decreases with increasing time between mix-
ing and compaction (Fig. 8). The maximum value of the uniaxial compressive strength is reached if the material 
is compacted at wopt, immediately after mixing. If the material is compacted at wmax, the uniaxial compressive 
strength is reduced by 40%. The situation is different when the material is compacted with a time delay. Even 
with a two-hour delay between mixing and compacting, the value of the uniaxial compressive strength decreases. 
In this case, the decrease is greater for mixtures compacted at wopt (75%) and smaller for mixtures compacted 
at wmax (40%) in comparison with the highest value of uniaxial compressive strength. The hydration reaction 
causes drying of the material, which results in lower uniaxial compressive strength.

If the mixing and construction site is not at the same place, the transport time has a high impact on the 
uniaxial compressive strength. A decrease in the uniaxial compressive strength (11–37%) was reported with a 
compaction delay of 2 h for a mixture of expansive soil and cement47.

According to the results, the composite must be moistened to wopt, if the mixture was compacted immedi-
ately after mixing. If the mixture is to be transported to the construction site, it had to be moistened to wmax and 
compacted within 4 h. These results are very important to the optimisation of the mixture in dependence of the 
transport distance to the construction site. For the stability analysis of a retaining wall structure, the designer 
must have access to the detailed geomechanical parameters of the material at the time when it is installed in the 
structure, including the effects of the time lag between mixing and compaction.

Shear properties
The results of the direct shear tests showed that the friction angle (∅′) and cohesion (c) increased with the time 
(Fig. 9). After 28 days of curing, the composite reached a friction angle of 48° and a cohesion of 200 kPa (Fig. 10). 

Figure 7.   The vertical deformation at the maximum load after 0, 1, 4, 7, 28 and 50 days of curing.
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In comparison with the natural material, the shear properties of the composite were higher, i.e. gravel usually 
has a friction angle around 36° and no cohesion. A mixture of sand and 70% of fly ash reached lower values of 
friction angle (42°) and cohesion (84 kPa) even it included 3% of cement48.

Frost resistance
The samples were subjected to a frost investigation with 12 cycles of freezing and thawing. Freezing ration is 
coefficient between the unconfined compressive strength after exposure to freezing and the unconfined strength 
after sample curing at atmospheric temperature and humidity. According to the Slovenian legislation41 it must 
be more than 0.7. The results indicated that the composite could be used at temperatures below 0 °C because the 
freezing ratio was more than 0.7 (measured value 0.76).

Based on the laboratory results, mixture C70/30 was tested in the small demo site with the different time 
of compaction. The results from the laboratory were confirmed with the field observations. If the mixture is 
transported from the paper factory to the construction site, the moisture of the mixture has to be higher than 
wopt , while 3 to 5% of water were consumed based on hydration processes in the composite. In the laboratory, 
qu was lower for the mixture compacted 4 h after mixing, and the same result was obtained from the field test 
measurements.

Figure 8.   Unconfined compressive strength depending on the compaction time.

Figure 9.   Friction angle and cohesion of the composite.
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Results from leaching tests
Leaching tests were performed on samples taken from the small demo sites compacted with a lag of 4 h. It was 
proved that PSA is a hydraulically active material31. Hydrocalumite and monocarboaluminate were identified 
in composites after 50 days. Hydraulically processes in the composite have provided that all concentrations of 
elements were below the limits set for inert waste by the current Slovenian legislation49 Thus, the composite does 
not entail any negative environmental impacts.

Results from the large demo retaining wall structure
Based on the laboratory results and those from the construction of small test sites, the decision of using com-
posite D30/70 was confirmed. Prior to construction work, a large quality control was organised with field and 
laboratory testing.

Results of laboratory tests of samples from the large demo retaining wall
Samples from the last layer of the composite were taken to the laboratory for the testing. The direct shear test 
was performed immediately after compaction and results showed that the angle of friction was lower by 15% in 
comparison with the previous laboratory tests in the first phase, when the laboratory prepared composite was 
tested. The cohesion was almost the same for both samples. After one week of curing the angle of friction and 
cohesion increased. However, there was still a difference between the samples taken from the structure and those 
tested in the laboratory, where the cohesion was much lower for the retaining wall. After 28 days, the results for 
both samples were very similar; only the angle of friction was higher by 10% for the samples prepared in the 
laboratory (Fig. 11). In the construction site, the composite could not be as homogenously compacted as in the 
laboratory, so that the shear parameters in the actual wall were slightly lower (angle of friction), while the results 
still matched very well. The shear characteristics of the composite are higher than the shear characteristics of 
the compacted gravel material.

In comparison with the original gravel material, the new composite has much better shear characteristics, 
especially cohesion, which is comparable to those of soft rock.

Leachate tests were performed on samples taken from the installed composite, which confirmed that the mate-
rial has no negative environmental impacts. The composite did not exceed any limits for hazardous substances 
according to Slovenian legislation49.

Field tests
The percent of compaction was calculated based on nuclear probe measurements (SI1). Specification TSC 06.711 
requires the compaction of the layers has to be at least 92% of ρd,max. The measurement results showed that the 
installed layers reached the required limits.

The dynamic modulus has to reach 15 MPa according to the requirements of the Slovenian technical 
specification50. The results were like those from the small demo sites. After 7 days, all dynamic modulus values 
were higher than 15 MPa.

After the structure had been finished, the composite was covered with a humus layer. Nowadays, the compos-
ite is covered with field plants, and the whole construction fits very naturally into the environment.

Results of long‑term monitoring
To ensure the safety of the railway line from landslides, a retaining wall was built, which has now been observed 
for more than two years. The landslide stability is observed with two inclinometers (P1, P3) and horizontal 

Figure 10.   Shear stress vs horizontal displacement for the sample cured 28 days.
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displacements were acceptable (Figs. 12, 13). Water level measurements are also carried out in the inclinometer 
well. The location of the inclinometers is visible in the Fig. 1.

The retaining wall stopped landslide movement successfully. The stability of the landslide was also measured 
using detailed laser scanner measurements. The difference between the measurements taken in 2019 and 2020 
showed that that there were no displacements and cracks on the retaining wall structure and on the surface of 
the landslide (Figs. 14, 15). Deformations only happen in the drainage system where the settlements are less 

Figure 11.   Shear properties from the samples prepared in the laboratory and samples from the structure.

Figure 12.   Inclinometer measurements in borehole P1.
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than 5 mm. In a time of measuring (year 2020) the concrete drainage canal next to the gabions has not yet been 
concreted.

Samples were taken from the last layer of the large demo retaining wall structure for estimation the environ-
mental impact of the used composite. Leaching test was performed on the samples curing 28 days. The results 
showed (Table 4) that none of the components in the leachate exceeded the limits established by Slovenian 
legislation49. This also applies to barium (Ba) which is the only metal element above the limits of the inert waste 
in the waste material.

Figure 13.   Inclinometer measurements in borehole P3.

Figure 14.   Picture of the retaining wall structure.
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Water samples collected from the water tank installed near the structure were taken and analysed in an 
accredited chemical laboratory. The result of the sample, taken almost 2 years after the structure was finished, is 
presented in Table 5 and results of chemical analysis of water for year 2019 and 2020 are presented in SI5. The 
tested parameters did not exceed the limits prescribed by Slovenian legislation51. It could be concluded that the 
composite meets all environmental requirements according to the national law.

Results from installed probes for measuring temperature and for the water content showed that the composite 
has low water permeability coefficient while no of the precipitation have influence on water content of the backfill 
(SI2–SI4). This was also confirmed with the sample that was taken after one year from the upper backfill layer 
and was tested in the laboratory for the water content.

The monitoring of the retaining wall continues to confirm the results so far.

Conclusions
The aim of this study was to develop a backfill material for geotechnical structures. In the paper the validation 
for the retaining wall structure is presented. For new composite the mixture from paper sludge ash and paper 
sludge from the residues of the paper industry in the ratio 70:30 was used. The retaining wall structure with the 
new composite was built near the railway line to prevent further movement of a landslide. The composite had a 
sufficient uniaxial compressive strength and shear properties and allowed small deformations before reaching 
the peak strength. The technology and procedure of material compaction were first tested in small demo sites, 
and finally, the large demo retaining structure was built. The described composite has not yet been used as a 
backfill material together with the gabions.

Figure 15.   Scan of the retaining wall structure; the difference in deformations between 2019 and 2020.

Table 4.   Concentrations of elements in the leachate from DPSA and DPS.

Component As Ba Cd Cr total Cu Mo Ni

Average mg/kg d m 0.003 8.82  < 0.002 0.002 0.61 0.097 0.006

Limit mg/kg d m 0.5 20 0.04 0.5 2 0,5 0.4

Component Pb Sb Se Zn Chloride Fluoride Sulphates

Average mg/kg d m 0.005 0.001 0.003 0.005 13.5 3.6 10

Limit mg/kg d m 0.5 0.06 0.1 4 800 10 1000

Table 5.   Chemical analysis of the water.

Component As Ba Cd Cr total Cu Mo Ni

Average mg/l 0.0014 0.046  < 0.0002 0.005 0.022 0.0077 0.0017

Limit mg/l 0.1 5 0.025 0.5 0.5 1 0.5

Component Pb Sb Se Zn Chloride Fluoride Sulphates

Average mg/l 0.0006 0.0022 0.0004 0.0011 2.96 0.234 12

Limit mg/l 0.5 0.3 0.6 2 800 10 1000
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The laboratory results showed that the geomechanical properties of the composite decreased with the time 
between mixing and compaction. If PSA and PS are mixed at paper factory facilities, the time of transport to the 
construction site is very important, to which previous research has, to date, not paid attention to. The results from 
the laboratory and small demo sites showed that before transport, the composite had to be moistened above wopt. 
This is very important statement which has to be considered when the backfill material is used. If the mixture has 
not sufficient water content, the dynamic elastic modulus of the compacted layer would be lower as required by 
legislation. Three to 5% of water was consumed based on the hydration reactions of PSA. Small demo sites were 
prepared immediately after compaction and with a lag of 4 and 24 h. Similar to the laboratory tests, the results 
showed that the composite could be properly compacted even 4 h after mixing.

In 2019, the construction of the large demo structure was finished in the southern part of Slovenia. For the 
retaining wall structure, gabions and backfill material based on the presented composite were used. An intense 
quality control of geomechanical properties was conducted during the construction phase. Every layer was tested 
according to density, water content, and dynamic modulus. Several samples were taken to a geomechanical 
laboratory to confirm the geomechanical properties and environmental parameters. The results confirmed that 
the geomechanical properties of the installed composite were similar to those determined in the preliminary 
laboratory tests. Leaching tests of the used composite showed that material does not have any environmental 
impact. Thus, the composite meets all technical and environmental requirements required for backfill material.

A two-year monitoring after construction confirmed the stability of the landslide and the environmental 
acceptability of the new composite. The monitoring of the retaining wall continues to confirm the results so far.

The new composite has proven to promote the advantages of a circular economy. The composite meets the 
same technical and environmental requirements as the natural backfill material. The large demo structure is 
an example of the knowledge transfer from the laboratory to the construction site, in which large demo struc-
tures are crucial for testing composite and installing technology. Via installation control and the monitoring of 
geomechanical and environmental parameters, it was proven that the new composite could meet all sustainable 
requirements and is, with a suitable economic model, also cheaper for the contractor than the natural materials. 
The successfully built large demo retaining wall structure with the new backfill composite could encourage sup-
pliers, designers, construction companies, and investors to replace the natural material with the recycled one. It 
may serve as a role model for a material cycle between the paper and construction industry.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 6 December 2023; Accepted: 19 March 2024

References
	 1.	 Nappo, N., Peduto, D., Mavrouli, O., van Westen, C. J. & Gulla, G. Slow-moving landslides interacting with the road network: 

Analysis of damage using ancillary data, in situ surveys and multi-source monitoring data. Eng. Geol. 260(3), 105244. https://​doi.​
org/​10.​1016/j.​enggeo.​2019.​105244 (2019).

	 2.	 Zhou, S., Tian, Z. & Di, H. Investigation of a loess-mudstone landslide and the induced structural damage in a high-speed railway 
tunnel. Bull. Eng. Geol. Environ. 79, 2201–2212. https://​doi.​org/​10.​1007/​s10064-​019-​01711-y (2020).

	 3.	 Kulsoom, I. et al. SBAS-InSAR based validated landslide susceptibility mapping along the Karakoram Highway: A case study of 
Gilgit-Baltistan, Pakistan. Sci. Rep. 13, 3344. https://​doi.​org/​10.​1038/​s41598-​023-​30009-z (2023).

	 4.	 Laimer, H. J. Anthropogenically induced landslides—A challenge for railway infrastructure in mountainous regions. Eng. Geol. 
222, 92–101. https://​doi.​org/​10.​1016/j.​enggeo.​2017.​03.​015 (2017).

	 5.	 Klose, M., Damm, B. & Terhost, B. Landslide cost modeling for transportation infrastructures: A methodological approach. 
Landslides 12(2), 321–334. https://​doi.​org/​10.​1007/​s10346-​014-​0481-1 (2014).

	 6.	 Directive (EU) 1007) Commission implementing decision (EU) 2019/1004 of 7 June 2019 laying down rules for the calculation, 
verification and reporting of data on waste in accordance with Directive 2008/98/EC of the European Parliament and of the Council 
and repealing Commission Implementing Decision C (2012) 2384 (EU Commission, 2019).

	 7.	 Roque, A. R. et al. Sustainable environmental geotechnics practices for a green economy. Environ. Geotech. 9(2), 68–84 (2022).
	 8.	 Elliot, A. & Mahmood, T. Beneficial uses of pulp and paper power boiler ash residues. TAPPI J. 5(10), 9–16 (2006).
	 9.	 EPN The state of the global paper industry. Shifting SEAS: new challenges and opportunities for forest, people and climate. Envi-

ronmental Paper Network. https://​envir​onmen​talpa​per.​org/​wpcon​tent/​uploa​ds/​2018/​04/​State​OfThe​Globa​lPape​rIndu​stry2​018_​
FullR​eport-​Final-1.​pdf (2018).

	10.	 Bajpai, P. Recycling and deinking of recovered paper, 5–25 (Elsevier Science, 2013).
	11.	 EAA The Roadmap to a Resource Efficient Europe (EU COM 2011/571) (EU Commission, 2011).
	12.	 Bajpai, P. Management of Pulp and Paper Mill Waste 181–185 (Springer, 2015).
	13.	 Segui, P., Aubert, J. E., Husson, B. & Measson, M. Characterization of wastepaper sludge ash for its valorization as a component 

of hydraulic binders. Appl. Clay Sci. 57, 79–85 (2012).
	14.	 Julphunthong, P. et al. Evaluation of calcium carbide residue and fly ash as sustainable binders for environmentally friendly loess 

soil stabilization. Sci. Rep. 14, 671. https://​doi.​org/​10.​1038/​s41598-​024-​51326-x (2024).
	15.	 Wei, L., Chai, S. & Guo, Q. Mechanical properties and stabilizing mechanism of stabilized saline soils with four stabilizers. Bull. 

Eng. Geol. Environ. 79, 5341–5354. https://​doi.​org/​10.​1007/​s10064-​020-​01885-w (2020).
	16.	 Jhariya, S. & Parte, S. S. Stabilization of black cotton soil by the waste sludge (hypo-sludge). Int. J. Sci. Dev. Res. 3, 445–449 (2018).
	17.	 Mavroulidou, M. Use of waste paper sludge ash as a calcium-based stabiliser for clay soils. Waste Manag. Res. 36(11), 1066–1072 

(2017).
	18.	 Khalid, N., Mukri, M., Kamarudin, F. & Arshad, M. F. Clay soil stabilized using waste paper sludge ash (WPSA) mixtures. EJGE. 

12, 1215–1225 (2012).
	19.	 Dharan, R. B. Effect of waste paper sludge ash on engineering behaviors of black cotton soils. IJEE 09(03), 188–191 (2016).
	20.	 Rani, M. & Jenifer, J. Analysis of strength characteristics of black cotton soil using wood ash as stabilizer. Int. J. Res. Sci. Technol. 

06(1), 171–179 (2016).

https://doi.org/10.1016/j.enggeo.2019.105244
https://doi.org/10.1016/j.enggeo.2019.105244
https://doi.org/10.1007/s10064-019-01711-y
https://doi.org/10.1038/s41598-023-30009-z
https://doi.org/10.1016/j.enggeo.2017.03.015
https://doi.org/10.1007/s10346-014-0481-1
https://environmentalpaper.org/wpcontent/uploads/2018/04/StateOfTheGlobalPaperIndustry2018_FullReport-Final-1.pdf
https://environmentalpaper.org/wpcontent/uploads/2018/04/StateOfTheGlobalPaperIndustry2018_FullReport-Final-1.pdf
https://doi.org/10.1038/s41598-024-51326-x
https://doi.org/10.1007/s10064-020-01885-w


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:7031  | https://doi.org/10.1038/s41598-024-57555-4

www.nature.com/scientificreports/

	21.	 Rios, S. et al. Increasing the reaction kinetics of alkali activated fly ash for stabilization of a silty sand pavement sub-base. Road 
Mater. Pavement Des. 19, 201–222 (2018).

	22.	 Rahmat, M. N. & Kinuthia, J. M. Effects of mellowing sulfate-bearing clay soil stabilized with wastepaper sludge ash for road 
construction. Eng. Geol. 117, 170–179 (2011).

	23.	 Wu, H., Yin, J. & Bai, S. Experimental investigation of utilizing industrial waste and byproduct material in controlled low strength 
materials (CLMS). Adv. Mater. Res. 639–640, 299–203 (2013).

	24.	 Bui, K. N., Satomi, T. & Takahashi, H. Influence of industrial by-products and waste paper sludge ash on properties of recycled 
aggregate concrete. J. Clean. Prod. 214, 403–418 (2019).

	25.	 Lisbona, A., Vegas, I., Ainchil, J. & Riso, C. Soil stabilization with calcined paper sludge: Laboratory and field tests. J. Mater. Civ. 
Eng. 24(6), 666–673. https://​doi.​org/​10.​1061/​(ASCE)​MT.​1943-​5533.​00004​37 (2012).

	26.	 Vestin, J., Arm, M., Nordmark, D., Lagerkvist, A., Hallgren, P., Lind, B. Fly ash as a road construction material. In WASCON, (eds 
Arm, M. et al.) 1–8 (ISCOWA and SGI, 2012).

	27.	 Kinnarinen, T., Golmaei, M., Jernström, E. & Häkkinen, A. Removal of hazardous trace elements from recovery boiler fly ash with 
an ash dissolution method. J. Clean. Prod. 209, 1264–1273 (2019).

	28.	 Leelarungroj, K., Likitlersuang, S., Chompoorat, T. & Janjaroen, D. Leaching mechanisms of heavy metals from fly ash stabilised 
soils. Waste Manag. Res. 36(7), 616–623. https://​doi.​org/​10.​1177/​07342​42X18​775494 (2018).

	29.	 Mladenovič, A. & Hamler, S. Zupančič N Environmental characterisation of sewage sludge/paper ash-based composites in relation 
to their possible use in civil engineering. Environ. Sci. Pollut. Res. Int. 24(1), 1030–1041 (2017).

	30.	 Mauko, P. A. et al. Comparative Life Cycle Assessment of possible methods for the treatment of contaminated soil at an environ-
mentally degraded site. J. Environ. Manag. 218, 497–508 (2018).

	31.	 Oprčkal, P. et al. Remediation of contaminated soil by red mud and paper ash. J. Clean. Prod. 256, 1–33. https://​doi.​org/​10.​1016/j.​
jclep​ro.​2020.​120440 (2020).

	32.	 Fifer, BK Geološko geotehnično poročilo, ZAG, Ljubljana (2018)
	33.	 SIST EN ISO 17892-1 Geotechnical investigation and testing - Laboratory testing of soil - Part 1: Determination of water content 

(2015).
	34.	 SIST EN ISO 17892-12 Geotechnical investigation and testing - Laboratory testing of soil - Part 12: Determination of liquid and 

plastic limits (2015).
	35.	 SIST EN ISO 17892-10 Geotechnical investigation and testing—Laboratory testing of soil—Part 10: Direct shear test (2015).
	36.	 SIST EN ISO 17892-5 Geotechnical investigation and testing—Laboratory testing of soil—Part 5: Incremental loading oedometer 

test (2017).
	37.	 CEN ISO/TS 17892-11 Geotechnical investigation and testing—Laboratory testing of soil—Part 11: Determination of permeability 

by constant and falling head (2004).
	38.	 UEPG Annual Review 2019-2020 (UEPG, 2020) https://​uepg.​eu/​media​theque/​media/​UEPG-​AR201​92020_​V13_​(03082​020)_​

sprea​ds.​pdf.
	39.	 SIST EN 13286-2:2010/AC Unbound and hydraulically bound mixtures -Part 2: Test methods for laboratory reference density and 

water content -Proctor compaction (2013).
	40.	 SIST EN 13286-41 Unbound and hydraulically bound mixtures Test method for determination of the compressive strength of 

hydraulically bound mixtures (2004).
	41.	 TSC 06.320 Vezane spodnje nosilne plasti s hidravličnimi vezivi (DRSI, 2001).
	42.	 TSC 06.711 Meritev gostote in vlage. postopek z izotopskim merilnikom (DRSI, 2001).
	43.	 TSC 06.720 Meritve in preiskave. deformacijski moduli vgrajenih materialov (DRSI, 2003).
	44.	 SIST EN 1744-3. Tests for chemical properties of aggregates—Part 3: Preparation of eluates by leaching of aggregates (2002).
	45.	 Sulewska, M. J. Prediction models of minimum and maximum dry density of non-cohesive soils. Polish J. of Environ. Stud. 19(4), 

797–804 (2010).
	46.	 Hozatlıoğlu, T. D. & Yılmaz, I. Shallow mixing and column performances of lime, fly ash and gypsum on the stabilization of swell-

ing soils. Eng. Geol. 280(105931), 2021. https://​doi.​org/​10.​1016/j.​enggeo.​2020.​105931 (2021).
	47.	 Nazari, Z., Tabarsa, A. & Latifi, N. Effect of compaction delay on the strength and consolidation properties of cement-stabilized 

subgrade soil. Transp. Geotech. 27, 100495. https://​doi.​org/​10.​1016/j.​trgeo.​2020.​100495 (2021).
	48.	 Lee, K. J., Kim, S. K. & Lee, K. H. Flowable backfill materials from bottom ash for underground pipeline. Materials 7, 3337–3352. 

https://​doi.​org/​10.​3390/​ma705​3337 (2014).
	49.	 UL RS Uradni list republike Slovenije, Uredba o odlagališčih odpadkov, No. 10/14 (UL, 2014).
	50.	 TSC 05.413 Izvedba nasipov, zasipov, klinov in glinastega naboja. (DRSI 2000).
	51.	 UL RS Uredba o odvajanju in čiščenju komunalne vode No. 98/2015. (UL, 2015).

Acknowledgements
The realisation of this project was supported by the European Union, co-financed by the Horizon 2020 under 
grant agreement N°730305, project Paperchain. This study was also supported by the Ministry of Higher Edu-
cation, Science and Technology of the Republic of Slovenia (Research group P2-0273 and Infrastructure group 
I0-0032).

Author contributions
Corresponding author, K.F.B.: conceptualization, supervision, interpretation of data, writing—preparation of 
the original manuscript; Co-author: B.L.: methodology, interpretation of data, writing—reviewing and editing 
of the original manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​57555-4.

Correspondence and requests for materials should be addressed to K.F.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1061/(ASCE)MT.1943-5533.0000437
https://doi.org/10.1177/0734242X18775494
https://doi.org/10.1016/j.jclepro.2020.120440
https://doi.org/10.1016/j.jclepro.2020.120440
https://uepg.eu/mediatheque/media/UEPG-AR20192020_V13_(03082020)_spreads.pdf
https://uepg.eu/mediatheque/media/UEPG-AR20192020_V13_(03082020)_spreads.pdf
https://doi.org/10.1016/j.enggeo.2020.105931
https://doi.org/10.1016/j.trgeo.2020.100495
https://doi.org/10.3390/ma7053337
https://doi.org/10.1038/s41598-024-57555-4
https://doi.org/10.1038/s41598-024-57555-4
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:7031  | https://doi.org/10.1038/s41598-024-57555-4

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

http://creativecommons.org/licenses/by/4.0/

	Validation of the recycled backfill material for the landslide stabilization at a railway line
	Materials and methods
	Geotechnical condition of the landslide
	Waste material—paper sludge ash and paper sludge
	Experimental design
	Laboratory tests
	Preparation of small demo fields and field testing

	Large demo retaining wall construction
	Field and laboratory tests during demo retaining wall construction
	Monitoring of the structure


	Results and discussion
	Geomechanical laboratory tests and field tests of the landslide material
	Raw waste material
	Properties of the composite
	Standard proctor tests (SPP)
	Unconfined compressive strength—qu and time behavior of the composite
	Shear properties
	Frost resistance

	Results from leaching tests
	Results from the large demo retaining wall structure
	Results of laboratory tests of samples from the large demo retaining wall
	Field tests
	Results of long-term monitoring


	Conclusions
	References
	Acknowledgements


