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Abstract

:

Vegetation can be used as a nature-based solution (NBS) to restore rivers and mitigate water-triggered processes along streambanks. Roots are well known to improve the overall stability of slopes through hydro-mechanical reinforcement within the rooted zone. Vegetation-based solutions require the selection of species that are most suitable for specific locations, and they are aimed at restoring the natural state and function of river systems in support of biodiversity, flood management, and landscape development. Selecting a combination of different species along different zones of the riverbank can improve the conditions for the river system with regard to biodiversity and stability. Therefore, more studies are needed to investigate how the combination of a variety of different plant species can improve the stability of the riverbank. This paper presents a methodological approach for slope stability modeling including vegetation as well as the results obtained from a series of slope stability calculations adopting the proposed methodology. The analyses were carried out for critical shallow (≤3 m deep) shear planes of ideal benchmark slopes covered with four different plant combinations—(i) only grass, (ii) grass and shrubs, (iii) only trees, and (iv) trees, shrubs, and grass—for species typically found along streams in southeastern Norway. In this desk study, two types of tree species were selected, namely Norway spruce (Picea abies) and Downy birch (Betula pubescens). The Goat willow (Salix caprea) was selected as a shrub, while a common mixed-grass was chosen as grass. Vegetation features were obtained from the literature. The methodology was used for two main cases: (1) considering only the mechanical contribution of vegetation and (2) considering both the hydrological and mechanical reinforcement of vegetation. The main outcome of the numerical modeling showed that the purely mechanical contribution of vegetation to slope stability could not be decoupled from the hydrological reinforcement in order to have a realistic assessment of the roots improvement to the stability. The most critical shear surfaces occurred below the rooted zone in all cases, and the best performance was obtained using the combinations including trees. Considering the typical climate conditions in Norway, the hydro-mechanical reinforcement was most effective in the spring and for combinations including low height vegetation (i.e., grass and shrubs). The study concludes that a mixed combination of vegetation (trees, shrubs, and grass) is the most suitable for reaching the highest hydro-mechanical reinforcement of streambanks, together with erosion protection and boosting the ecosystem biodiversity. The current study can help practitioners determine which vegetation cover combination is appropriate for improving the current stability of a streambank with restoration practices.
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1. Introduction


Climate change and loss of biodiversity are currently two big challenges the modern world faces [1]. The future climate of Norway and the Nordic countries is forecasted to be warmer, wetter, and more erratic with respect to freeze–thaw and wetting–drying cycles [2]. Therefore, events triggered by water, such as erosion, floods, and landslides, are expected to become more frequent in the future. Areas along rivers and streams are particularly vulnerable to impacts of climate change.



Riverbanks can be considered as a type of slope, and as such, their stability is based on the same principles that govern the stability of hill slopes and embankments. Hence, the assessment of the factor of safety (FS) as an indicator of the riverbank stability is widely accepted in the geotechnical engineering practice. Factor of safety is defined as the ratio of the shear strength (resistance) along a potential failure surface to the driving force resulting from the integration of shear stresses acting on that surface. A value of FS greater than unity means that the slope is stable.



However, the vulnerability of riverbanks and streambanks to slope instability is not only attributable to the effects of the climate change but also to the lack of vegetation in the proximity of the banks. Some studies conducted in Australia have demonstrated that forested banks or banks with well-established vegetation were considerably more stable than banks with similar topography that were subjected to vegetation clearing in the past [3].



Due to unfavorable conditions for agriculture in large parts of Norway, the cultivation of new lands for increasing grain producing areas took place in the 1970s in many areas. As a result of this, ravines and steep lands were made suitable for modern machinery by leveling, meandering creeks were straightened, and vegetation zones between agricultural lands and creeks were reduced or removed [4].



Apart from the well-known effects in reducing surface erosion, riparian vegetation also provides hydrological and mechanical reinforcement to bank stability [5]. Hence, native plants can be used as a nature-based solution (NBS) to reduce the risk of bank instability and simultaneously regenerate and preserve the complex variety of in-stream and riverside habitats.



In partially saturated slopes, the hydrological effect of plants on soil shear strength is mostly given by a reduction of the pore-water pressure and the resulting increase of soil suction through water extraction, but this effect is often ignored in slope stability problems. Soil–water dynamics influenced by the presence of roots are the root water uptake from the soil and the stemflow [6], which are all processes needed by the plants to transfer the water from the soil to the structure, to be able to exert its vital functions. They are influenced by the roots and shoot characteristics [7,8,9], tree architecture, seasonality, and meteorological conditions [7]. All these processes that resulted in an increment of soil suction have proven beneficial to slope stability [10]. Furthermore, recent studies have shown that also the soil’s hydrological regime may influence on the overall soil–root reinforcement [11].



Mechanical reinforcement from root shear resistance is generally accepted to be included as additional cohesion, which is a function of the strength of the roots crossing potential shear planes, and the number and diameter of such roots [12], for most soils. Some exceptions were observed for coarse soils, where roots have demonstrated to also increase the friction angle of the composite material [11,13]. Attempts to estimate the hydro-mechanical effects of vegetation on riverbank and slope stability have been conducted [3,14,15,16] using either less or more accurate root models: the first considering an additional cohesion exerted by the roots in the case of single instance root breaking, and the latter considering progressive root breaking during soil shearing. One of the main conclusions was that root models using a single instance of root breaking tend to overestimate the overall effect of roots on slope stability; thus, the use of a progressive root-breaking model to quantify the roots reinforcement is more realistic [15].



How the combination of different native plant species can improve the stability of the streambank needs to be further studied, so that both geotechnical and ecological considerations are evaluated when it comes to selecting the best vegetation combination as NBS along riverbanks. This paper contributes to the research on this topic by analyzing benchmark cases representative of streambanks found in southeastern Norwegian catchments. To assess the role of combined vegetation on streambanks, an ideal slope is analyzed, and the most common among the native tree, shrub, and grass species are considered.




2. Materials and Methods


2.1. Vegetation Species Selected in This Study


Species that can be used as NBS are highly dependent on local conditions, such as local climate as well as soil and groundwater conditions.



Plant species that could thrive on streambanks were selected based on native vegetation commonly found in southeastern Norwegian ravines. Although this was a desk study that did not involve field experiments, the authors selected a study area in Åserud ravine in Nes municipality in southeastern Norway and therefore investigated plant species registered in that specific area (BioFokus, 2016 and https://www.artsdatabanken.no/, access date 1 October 2020). This particular ravine consists of a meandering stream below marine limit that enters Glomma river (Figure 1).



The geology of the area consists mainly of a mix of marine and stream/fluvial deposits. According to the Köppen–Geiger climate classification [17], the climate type is classified as Dfb—Warm-summer humid continental climate, with climate cold and temperate and with the highest precipitation in the summer–fall season.



Hydrological factors that can cause the triggering of instabilities in these ravines are prolonged rainfall or snow melt. The period of the year where these triggering hydrological factors are prevalent ranges from spring to autumn, when the ground is unfrozen and rainfall and snow melt can both lead to water infiltration into the soil and river flooding.



Surrounding the ravine are agricultural lands and grazing fields, which could imply a contribution of pollutants and increased values of phosphate to the ravine. Therefore, selecting species living here could also be of future use for studies regarding improving water quality, nature restoration, etc. Two types of tree species were selected: Norway spruce (Picea abies), called here T1, and Downy birch (Betula pubescens), T2. The Goat willow (Salix caprea), which is also called S. Willow, was selected as the shrub. It grows in the woods in almost all of Norway and can occur both as a small tree (with one larger main stem) and a bush (several stems of similar size) depending on growth conditions. Examples of ravine conditions found in southeastern Norway are provided in Figure 2.



A summary of the tree and shrub features and the environmental conditions where they grow, based on a report provided by [18] for Norwegian ravines, is shown in Table 1. For the grass species (G), mixed grass was chosen based on a previous study conducted along a Norwegian catchment by [19].




2.2. Modeling of Slope Stability Using Vegetation


Many factors need to be considered when assessing slope stability, including vegetation [20]. The methodological approach shown in Figure 3 can be adopted. This approach consists of two main parts:




	
Hydrological modeling, to assess the pore water pressure regime;



	
Slope stability modeling, to assess the safety factor.








As input data, hydrometeorological analysis implies the collection of meteorological data (e.g., rainfall intensity, wind, temperature, relative humidity), or the analysis of potential future climate scenarios, to be used to feed the hydrological model. For the input data related to the soil, many soil parameters as well as hydraulic processes (water fluxes) are affected by the presence of vegetation. An attempt to categorize the effects of vegetation on the input data has been done, based on whether they are a function of the root features (mostly density, architecture and depth) or the canopy (type of aboveground vegetation).



For the hydrological modeling and evaluation of the pore water pressure regime in the ground, both roots and aboveground vegetation features influence the processes and the soil parameters. The hydraulic conductivity of the soil strongly depends on the type (coarse or fine) and age (i.e., young or decaying) of roots. Some preliminary functions were proposed to model the effect of roots on the change of soil hydraulic conductivity, but so far, they have only been included in analytical analyses [21]. However, recent studies have found that hydraulic conductivity of the soil can also change with time as the roots develop and grow [22]. Additionally, as roots occupy the pores, they tend to change the soil void ratio and thus change the soil bulk density, while shear strength is mostly affected by the root diameter and depth [23].



With regard to the aboveground vegetation in a water flux, interception accounts for the rainwater intercepted by the vegetation that does not infiltrate into the soil. Interception is strongly affected by the canopy area and parameters such as the Leaf Area Index (LAI) [24], which is defined as the projected area of leaves over a unit of land. Most of the hydrological models calculate the potential evapotranspiration with the equation proposed by Penman–Monteith [25], in which the potential transpiration given by the vegetation is usually a function of the LAI and the soil cover fraction.



To assess the factor of safety associated with a root reinforced slope, the commercial software GeoStudio (GEO-SLOPE International, Ltd., Calgary, AL, Canadian) was used (2019 version), with packages SEEP/W and SLOPE/W. The module SEEP/W, using finite element (FEM)-based formulation to analyze groundwater seepage and excess pore-water pressure dissipation, was adopted for the hydrological modelling and the calculation of pore-water pressure distribution.



To simulate the change of soil water content, and thus pore-water pressure dissipation due to the transpiration of the roots, the module SEEP/W uses the modified Richard’s equation [26]:


    ∂ θ   ∂ t   =  ∂  ∂ z    (  K  ( h )    ∂ h   ∂ z   + K  ( h )   )  − S  (  z , t  )   



(1)




where  θ  is the volumetric water content, h is the total hydraulic head, K(h) is the soil hydraulic conductivity, and S(z,t) is the Sink term, which can be explained as the volumetric water content taken by the roots during the transpiration process. This term depends on the initial water content, the root density with depth, and the plant moisture limit [27,28,29].



The initial water content is dependent on the location of the initial water table (WT). The plant moisture limit function used was the same for all types of species and was equal to 1 for values of suction between 1 and 100 kPa; then, it had a decreasing linear trend toward 0 for a suction value of 1500 kPa. This function gives an indication that plants can actively uptake water from the soil when the suction is below 100 kPa, whereas as the suction values increase (meaning the soil becomes drier), the ability of plants to uptake water is reduced.



The normalized root density was derived from root mass and volume data available in the literature for each species [21,30,31], and it ranged between 0 (no density) and 1 (maximum value of root mass).



More details on the equations used within SEEP/W can be found in [32].



The fluctuation of groundwater level in the streambanks is an aspect that strongly influences the pore water pressure distribution in the soil and consequently the slope stability. In this study, different initial levels of the water table were considered to investigate how the water table influences the stability of vegetated slopes. The water tables were selected based on the experience of the authors for conditions around the study area.



Following the SEEP/W analysis, the limit equilibrium method (LEM) within the SLOPE/W package was used for slope stability modeling and calculation of the safety factor assuming the rotational failure model proposed by Bishop [33]. The use of failure modes other than rotational to assess bank stability is still under debate, as banks can collapse by a variety of failure mechanisms. Simplified infinite slope stability models have been adopted in the past to account for the role of vegetation on the stability of forested plane slopes [34,35,36]. Other studies addressing the slope stability of streambanks have used the BSTEM—Bank-Stability and Toe-Erosion Model [36], which uses a wedge failure mechanism and is considered more appropriate when assessing the stability of frictional slopes [37]. The limitation of the current version of BSTEM model is that the root reinforcement is only designed and tested for top of bank vegetation, not vegetation covering an entire bank slope [19].



The GeoStudio software can create soil regions with different properties, not only at the top but also along the entire bank of the slope. Therefore, regions having the properties of the composite material made by soil permeated by roots were created along the surface of the slope. The depth of each vegetated region (i.e., composite material) was equal to the average depth of the roots of the plant species selected for this study (see Section 2.3.1).



The selected method to evaluate the role that vegetation plays in reinforcing the slope was to calculate the percentage of FS increment compared to the bare condition for each scenario. The FS increment was calculated using Equation (2):


  F S   i n c r e m e n t    ( % )  =     Δ F s   F  S B    · 100 =      (  F  s V  − F  S B   )    F  S B    · 100  



(2)




where FSB is the safety factor calculated for the condition of bare slope and ∆FS is the difference between FS of the vegetated combination (FSV) and the FS of the bare slope: (FSV − FSB). The bare slope condition is calculated for each scenario along with the vegetated combination, and therefore, the reference FS for bare soil changes in each increment calculation.




2.3. Benchmark Cases: Geometry, Initial Conditions, and Vegetation Combination


Ideal benchmark slopes with different inclination were analyzed. For simplicity, a homogeneous slope with a silty soil was considered in the analyses. It is worth mentioning that Norwegian ravines sometimes can be made of quick clay layers, which can collapse and behave as a flow-like material when disturbed, but the stability of this special soil goes beyond the scope of this study. Publicly available borehole information near the ravine shows a dry crust between 1 and 3 m thick overlying clayey material with varying degrees of silt. Some of the clay could possibly be quick clay. In this study, vegetation influences only the uppermost layers of soil, and failure surfaces that were maximum 3 m deep were selected for analysis. Although the site area may have clay deposits at depth, to simplify the model by only having one material type, a silty material was selected in Geostudio, which is more representative of the surficial materials that would be found in the ravine. The main soil properties chosen, the initial conditions of the water table, as well as the inclination of the slopes analyzed are listed in Table 2. Although the water level in the river affects slope stability, the level was considered constant for all analyses to minimize model complexity and reduce the number of simulations. Further study can be aimed at looking at the effect of vegetation on slope stability with rising water table in the river. For the soil hydraulic properties, the values for a silty soil available in the software were used with a saturated hydraulic conductivity of 2.4 × 10−6 m/s.



The vegetation combinations considered are listed in Table 3, according to the zones shown in Figure 4.



2.3.1. Mechanical Reinforcement


The additional mechanical strength given by the vegetation was included in the slope stability analyses by adding the value of root cohesion to the existing soil cohesion to obtain the total cohesion of the root–soil composite material. The additional cohesion due to roots was taken from recent studies that have used the RipRoot model, which was constructed to include progressive root breaking, on the same types of vegetation investigated in this report [19], except for the Norway spruce tree (T1), where the additional cohesion was calculated from the average root diameters and the root tensile strength available in literature [38]. Table 4 shows the average root depth and the root additional cohesion for the different types of species.




2.3.2. Hydrological Reinforcement


The hydrological reinforcement exerted by vegetation for bank stability is the contribution of two main processes: the interception of rainfall that would otherwise have infiltrated into the bank and the water uptake from the soil for transpiration. Both processes result in improved soil shear strength as the main benefit to slope stability by reducing the development of positive pore-water pressure due to infiltration and enhancing the soil suction increment through water extraction.



Another process, the change of infiltration rate during rainfall, is considered using the change of soil hydraulic conductivity in Figure 2. This approach has been controversial. Some authors have found that the presence of roots reduces water infiltration due to reduction of soil permeability, whereas others have demonstrated that the presence of roots creates soil macro-pores and preferential flow paths that increase the soil permeability. Typically, the change in soil permeability depends on the age of the roots. It is generally accepted that mature or decaying roots and their associated biological activities increase the infiltration capacity due to the increased soil porosity [42,43,44], whereas opposite behavior is observed for young healthy roots [22,45].



However, the greatest potential benefit to bank stability by use of vegetation was found to be the suction due to evapotranspiration, especially during the summer months [10]. Conversely, during rainfall events, the interception due to the vegetation is almost negligible, and in some cases, it rarely reached 5% of the total rainfall [46].



Since the aspect related to the change of hydraulic conductivity is still not well understood, in this study for the sake of simplicity, the hydraulic properties of the rooted soils were assumed to be equal to those of bare soil. In addition, the interception was considered negligible. To account for the hydrological influence of vegetation on slope stability, the Penman–Monteith equation for calculating potential evapotranspiration was used in the modulus SEEP/w, with the recommended procedure of the FAO—Food and Agriculture Organization [25]. The vegetation features for the Penman–Monteith evapotranspiration formula were in most cases taken from the literature or assumed based on the experience of the authors. Table 5 shows the value of the LAI for the different plant species considered. The modified Richard’s equation proposed by [26] was used to account for the transpiration of the roots, by using the sink term, which can be explained as the volumetric water content taken by the roots during the transpiration process. This term depends on the initial water content, the root density along depth, and the plant moisture limit [27,28,29].





2.4. Simulated Cases


2.4.1. Only Mechanical Reinforcement


A first series of simulations was conducted to quantify only the effects of mechanical reinforcement of roots on slope stability. For this set of calculations, only the module SLOPE/W of the software package GeoStudio was used; thus, the pore water pressure distribution was given only by positioning the level of the groundwater table in the slope (WT in Figure 3), which remained constant during the slope stability calculation. To quantify the effect of root reinforcement on shallow slope stability, shear planes at the depths of 1, 2, and 3 m from the slope surface were selected for each slope geometry. Four different critical shallow shear surfaces for each depth were considered, respectively one for each slope geometry (20°, 30°, 33°, and 40°). As shown in Table 2, to account for the fluctuation of groundwater level, three different initial water tables (WT) were considered for each of the slope combinations in Table 3. The FS calculated for the bare slope B was used as control to assess the increase of FS due to the combined vegetation.




2.4.2. Hydro-Mechanical Reinforcement: Evaporation and Rainfall


To assess how vegetation influences the slope stability in a typical streambank in southeastern Norway, the atmospheric conditions to which the slope is exposed required consideration.



The meteorological variables such as air temperature, relative humidity, and wind speed needed for the Penman–Monteith equation were taken from the records of the Norwegian Centre for Climate Services (NCCS) (seklima.met) for the meteorological station in Skedsmo—Hellerud, just outside Oslo in southeast Norway. Details of the meteorological data used are listed in Table 6.



Some considerations were made for the values of rainfall intensity to be used. First, two different seasons of the year where vegetation could play a relevant role were considered: (i) spring season, with May as the representative month, and (ii) fall season, with October as the representative month. In May, the vegetation thrives, so it has its maximum effect on the slope stability, while in October, the vegetation is still present but has lost part of its effectiveness in improving the slope stability, partly because of the climate conditions (higher relative humidity, lower temperature) and partly due to the onset of autumn where plants begin shedding foliage.



To simulate a common rainfall event that could occur respectively in the months of May and October, the average monthly rainfall was considered. For the antecedent days of drying, the last 4 years were considered, and the average days of consecutive drying between 2 rainfall events were calculated. In general, for this area, October is a rainy month compared to May. The rainfall events in October last longer than those registered in May, and the drying periods are shorter and can be on average just 1 day. Two different simulations were carried out respectively for May and October, starting from the same initial water table of 3 m, but with different antecedent days of drying as well as different rainfall intensities, respectively:




	
May (spring season): 2.5 days of antecedent drying followed by 2 days of 2 mm/d of rainfall intensity;



	
October (fall season): 1 day of antecedent drying, followed by 2 days of 3.2 mm/d of rainfall intensity.











3. Results


3.1. Mechanical Reinforcement of Combined Vegetation on Slope Stability


Figure 5 shows the FS increment (%) for the vegetation combinations considered and for each of the slope inclinations selected. For all of them, the maximum FS increment registered was less than 8%, with the lowest value for the deepest slip surface of less than 1%. An interesting finding is that as the water table distance to the surface decreases (i.e., the water table rises), the higher the effect of vegetation on the FS. Regardless of the slope inclination, the FS increment for the same vegetation combination is the highest for a WT = 2 m compared to the ones for WT of 3 m or 4 m. This means that as the water table rises, the overall stability is reduced, but the positive effect of vegetation increases.



With regard to failure surfaces, the vegetation effects for all types of slope inclination are observed mostly at the shallowest slip surface (1 m), and this is justified by the fact that the maximum rooting depth for all vegetation types was 1 m. In fact, for a rotational surface, only the initial part and the final part of the slip surface intercept the rooted zone.



With regard to the vegetation covering, a slope covered by only grass or by both shrubs and grass can only improve the FS by maximum about 2%, while a slope covered by trees can improve the FS by more than 6%.



The best combinations for all slopes are those including trees (T1B, T2B, T1SG, and T2SG), with a tendency to give higher FS increment in the combinations T1SG and T2SG, due to the entire vegetation coverage. This indicates that as expected, the highest mechanical reinforcement is given by the trees due to the highest additional root cohesion to the soil, but the best combination is the one including also shrubs and grasses along the slope, meaning the highest coverage of the slope by vegetation.



When comparing the series including trees, it is possible to observe that the higher FS increment is given by the combination with T1 (Norway spruce). By looking at the rooting depth and the additional root cohesion of the two different tree species (Table 4), it seems of higher importance to have a deeper root system with a lower additional cohesion (T1), instead of having a shallower root system with higher additional cohesion (T2).




3.2. Hydro-Mechanical Reinforcement of Combined Vegetation


3.2.1. Spring Season—May


The coupled hydrological and mechanical reinforcement from the vegetation on slope stability needs to be studied in close relation with the season of the year. The methodology in Figure 2 for this case was adopted including also the hydrometeorological analysis as input for the hydrological modeling, which in turn represents the input to the slope stability modeling.



Figure 6 shows the increment of FS (%) obtained for the different vegetation combinations respectively after 2.5 days of drying (left graph), and at the end of 2 days of rainfall, for the three slip surface depths considered. The simulations were done only for the slope of 20° (Figure 6a) and 30° (Figure 6b) and for an initial water table of 3 m depth, which represent typical inclinations and water table position for ravines found in Norway.



For the slope of 20° inclination, the FS increment registered at the shallowest surface (1 m) increases from a maximum of about 6%, only considering the mechanical reinforcement (Figure 5a), up to a maximum of about 25%, when including the hydrological reinforcement due to drying (gray line in Figure 6a). On the other hand, for the most critical surface among the three analyzed (3 m depth), the FS increment changes from a maximum of about 4% to a maximum value ranging between 5% and 10%.



Likewise, for the slope of 30° inclination, the FS increment registered at the shallowest surface (1 m) increases from a maximum of about 5%, only considering the mechanical reinforcement (Figure 5b), up to a maximum of about 15%, when including the hydrological reinforcement due to drying (gray line in Figure 6b). For the most critical surface (3 m depth), the FS increment changes from a maximum of about 2% up to a maximum value of about 5%.



This indicates that even though the mechanical reinforcement has very little effect outside the rooted zone, there is continued improvement due to the hydrological activities of the roots, mostly by up taking of water and changing the pore pressure regime due to the evapotranspiration process.



When rainfall occurs, the FS is reduced due to water infiltration into the soil, increasing the pore water pressure. Having vegetation present in the slope influences the hydraulic properties of the soil permeated by roots, so during modeling, it could be considered to introduce a change of hydraulic conductivity of the vegetated soil, as suggested in Figure 3. However, for simplicity and due to lack of data (no lab tests were conducted), in this study, the hydraulic properties were assumed to be unchanged between the bare and vegetated soil. This is assumed to be conservative for the case where vegetation has shown to reduce the permeability of the soil and thus the water infiltration rate, or alternatively optimistic where the vegetation has shown to increase the soil permeability.



In this study, results from a simulated rainfall event of 2 days in the spring season show that the FS increment is slightly reduced compared to following the drying event, as expected, for both the slopes of 20° and 30° of inclination (Figure 6a,b black lines). However, when comparing these results to those obtained for the case “only mechanical reinforcement” (Figure 5a,c), the latter still have the lowest FS increment recorded. This is due to the difference in initial pore water regime because of the antecedent drying period, which unequivocally has modified the hydrological conditions due to the vegetation activity.



In general, from the shape of the radar graphs, it is possible to observe that the best combinations were those including shrubs and grass, specifically SG, T1SG, and T2SG.



For comparison purposes, Figure 6 shows the FS obtained for the spring season grouped in two main graphs: one related to low height vegetation—only grasses, or shrubs and grasses (Figure 7a)—and another one that considers either only high vegetation or mixed high vegetation and low height vegetation (Figure 7b). The FS vegetated vs. the FS bare trends are shown for the slope inclinations of 20° and 30°, and for the deepest slip surface (3 m), which can be considered as the lower bound of the expected FS increment due to vegetation. From these graphs, it is possible to observe, on the basis of the FS for a bare slope, what to expect for a vegetated combination in a typical spring situation:




	
After 2.5 days of drying;



	
After 2 days of rainfall (2 mm/d)—after the slope has been exposed to 2.5 days of drying.








As expected, the FS values calculated for a 20° slope are higher than the ones calculated for a deeper inclination of the slope (30°).



Most of the trend lines have a slope almost parallel to the bisector line and a certain intercept, except for the cases T1B and T2B, where the trend lines are almost overlapping the bisector line (Figure 7b). This means that for any FS registered in a bare slope, regardless of the slope inclination, there is an almost equal value of FS for the combination with only trees on the top and bare soil along the slopes (T1B and T2B); i.e., there is no improvement in FS by the addition of trees to the top of the slope. This is also shown in Figure 5, where the combinations including only trees have shown to always give the lowest FS increment. This could be attributed to the non-complete covering of the slope by vegetation, for the case including only trees at the top of the slope (Figure 4). The combinations T1B and T2B are the only two combinations that do not have vegetation coverage also along the slope (Table 3).



It can be stated that to be effective in reinforcing a river/stream embankment from a hydro-mechanical point of view, the vegetation should cover the entire slope (both the top part and the slope).




3.2.2. Fall Season—October


The same evaluations performed for the spring season were also carried out for the fall season, with the only exception that a soil cover fraction of 70% of the vegetated slopes was considered as a plausible reduction of the plant coverage during this season.



Figure 8 shows the FS increment evaluated for the same slope inclinations considering 1 day of drying, followed by 2 days of rainfall respectively for a 20° (Figure 8a) and 30° (Figure 8b) slope inclination.



The FS increment varied between a minimum of 1% for the deepest shear surface and a maximum of 8% for the shallowest shear surface in both slopes.



When compared to the case where only mechanical reinforcement is considered (Figure 5b), the difference in FS increment is not as remarkable as it was for the spring case, but it is relatively similar. This means that in the autumn season, the hydrological reinforcement is not as high as during the spring season. It is also interesting to notice that for all the slip surface depths, the FS increment due to vegetation was higher after the rainfall (black lines in Figure 8) compared to the case after drying (gray lines). This means that as the situation is worsened due to rainfall infiltration, the absolute FS values decrease, but the relative values of FS increment become higher (i.e., the FS was worsened more significantly in the bare soil scenario after rainfall than in the vegetated scenarios). In the spring season, the FS increment was higher after drying than after rainfall, whereas in the fall season, the FS increment was higher after rainfall. This shows that vegetated slopes have higher influence following rainfall in the wet season than in the dry season, despite an overall lower FS increment.



Figure 9 shows the FS vegetated vs. FS bare trends for both the low height vegetation and the mixed high and low height vegetation



From these graphs, it is possible to observe, based on the FS for a bare slope, what to expect for a vegetated combination in a typical autumn situation:




	
After 1 day of drying;



	
After 2 days of rainfall (3.2 mm/d)—after the slope has been exposed to 1 day of drying.








Here, the trend lines for all vegetation combinations have a very small intercept. In addition, contrary to the spring season, the contribution given by the trees only scenario does not differ much from the other vegetation combinations that cover the entire slope. Combinations including trees appear to contribute more to the slope stability compared to low height vegetation.



However, the hydro-mechanical reinforcement of vegetation in fall season seems to be not as important as in the spring season.






4. Discussion


The study described in this paper investigates the effect of different combinations of vegetation species on the stability reinforcement of streambanks. The main point for discussions from the analyses of benchmark cases are as follows:




	
By only considering the mechanical reinforcement, the increase of FS due to the presence of roots does not exceed 8%.








The mechanical effect of roots is exerted within the rooting zone (i.e., the area of soil permeated by roots), as the root-permeated material behaves as a composite material in which the stresses are distributed between the solid skeleton and the root network. In this case, since the maximum depth of roots was 1 m, the critical shear surface was below the rooting depth in most cases, and this explained why by only considering a mechanical reinforcement through additional root cohesion, the FS increment was negligible.



	
To be effective in reinforcing a river/stream embankment from a hydro-mechanical point of view, the vegetation should cover the entire slope (both the top part and the slope).






This is expected, since vegetation along streambanks finds maximum effectiveness when it completely covers soil. This is not only to improve slope stability but also to reduce other possible negative factors that might affect the slope overall stability such as erosion both along the slope and at the toe of the slope [20,52].



	
In the spring season, for a typical southeastern Norwegian catchment, the increase of FS due to vegetation reaches values up to 20% for the shallowest slip surface (1 m deep) and a maximum of 10% for the deepest shear surface (3 m deep), showing that hydrological reinforcement of the vegetation is more pronounced in the spring season compared to the fall season, where the FS increment due to the vegetation cover is maximum 8%. This is also expected, since plant activity varies seasonally depending on its physiological requirement [53]. Similar studies in different climate conditions [54,55] have confirmed that vegetation exerts its maximum effect in terms of hydrological reinforcement during the dry seasons, confirming that the plant–water uptake is the main hydrological mechanism contributing to slope stability.



	
Low-height vegetation has shown to be a good hydrological reinforcement in spring season, while the mixed combination including trees gives the highest mechanical reinforcement.



	
This study demonstrates that a combination of vegetation, trees–shrubs–grasses, gives the highest reinforcement, indicating this would be the best solution in terms of slope stability and expected biodiversity enhancement along riverbanks with soil and slope properties such as the one studied in this paper.



	
In the spring season, the FS increment after rainfall is less than after drying, whereas in the autumn season, the FS increment after rainfall is higher than after drying. Although the overall FS for autumn is lower, the vegetation is shown to have a more stabilizing effect following a rainfall than in the spring season; i.e., the FS for the bare slope was reduced more compared with the vegetated slopes in the spring than in the autumn.






The results above are only valid for the types of ravines with input parameters similar to those used in this study. The simulations in this study were conducted by using benchmark cases and data taken from the literature, only considering one type of soil and with all the limitations associated with this type of analyses (i.e., ideal slope geometry, root/shoot features from different environmental contexts, etc.).




5. Conclusions and Further Works


In this study, a methodological approach to assess the hydro-mechanical reinforcement of vegetation on slope stability was proposed and adopted. The methodology includes the required steps for the evaluation of slope stability by including the multiple effects that vegetation can provide to soil properties and soil–atmospheric interaction. All the factors that could be changed by the presence of vegetation were classified and referred to current available scientific literature, highlighting the knowledge gaps still remaining. Then, the approach was applied to benchmark cases of a Norwegian ravine, considering different slope inclinations and initial water tables. The analyses were carried out for two cases: (1) only considering the mechanical reinforcement of vegetation and (2) considering a coupled hydrological and mechanical reinforcement of vegetation. The results showed that the purely mechanical contribution of vegetation to slope stability could not be decoupled from the hydrological reinforcement, since in all cases, the critical shear surface occurred partly outside the rooted zone. Very few attempts so far have been done to evaluate the effects of vegetation on the stability of streambanks in Norway [10], and this is only a small contribution to this topic. Further studies are needed to assess whether vegetation can be a viable solution for improving slope stability of riverbanks and streambanks in Nordic regions. The novel open source tool Plant-Best [56], which detects also landslide prone zone in a GIS environment, could be used for a Norwegian stream context and provide a validation of the work carried out in this study.



Furthermore, additional simulations must include extreme rainfall intensities and climate change projections to evaluate the vegetation effects on stability of streambanks in a changing climate.



Possible future activities that would improve the use of vegetation as NBS along streambanks in Norway in a quantifiable manner are the following:




	
Investigations of real bank failures observed in Norwegian ravines (i.e., type of soil involved, vegetation, slopes, meteorological data, etc.);



	
Investigation on the root/shoot features (i.e., root depths, root additional cohesion, root structure, tree height, tree density, vegetation combination) in a real case study site of a Norwegian catchment, also looking at other vegetation species;



	
Application of the methodological approach in Figure 2, including the additional effects of roots on slope stability modeling (i.e., change in soil permeability, soil porosity);



	
Modeling of the effects of seasonal weather patterns and climate change on slope stability.
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Figure 1. The area considered in the desk study. The catchment is located northeast of Oslo, and the study area is one of the tributary streams of the Glomma river. On the right side, the focus area with the surficial geology map; blue is marine sediments under the marine limit, and yellow is river and stream sediments consisting of river plains, terraces, and fans. 
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Figure 2. Example of streambanks in a Norwegian southeastern catchment: (a) highly vegetated with grass, shrubs, and trees and (b) barely vegetated. 
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Figure 3. Methodological approach for slope stability modeling including vegetation–soil parameters and processes influenced by the presence of vegetation (root density/architecture/depth and canopy area). 
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Figure 4. Benchmark bank showing the top and slope regions. 
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Figure 5. Factor of safety increment (%) calculated for the different cover combinations at (a) 20°, (b) 30°, (c) 33°, and (d) 40° of slope inclination. The ID of each vertex reflects the combinations proposed in Table 3, and the last two numbers correspond to the slope inclination (e.g., T1SG_20 is the combination including the tree Spruce (T1) at the top and shrubs and grass on the slope, for a 20° slope inclination). The radar graphs are made for three different slip surfaces respectively at 1, 2, and 3 m distance from the slope surface. 
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Figure 6. Factor of safety increment calculated for different vegetation combinations at (a) 20° and (b) 30° of slope inclination—spring season. The gray curves represent the factor of safety (FS) increment obtained after the drying, while the black curves are the result of 2 days of rainfall applied after the drying. The ID of each vertex reflects the combinations proposed in Table 3, and the last two numbers correspond to the slope inclination (e.g., T1SG_20 is the combination including the tree Spruce (T1) at the top and shrubs and grass on the slope, for a 20° slope inclination). The radar graphs are made for the same three different slip surfaces respectively at 1 m (continuous line), 2 m (dashed line), and 3 m (dotted line) of depth. 
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Figure 7. Factor of safety (FS) calculated for the different slope inclinations and vegetation combinations—spring season; (a) low height vegetation (only grass -GG, shrubs and grass—SG), (b) combinations including trees. 
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Figure 8. Factor of safety increment calculated for different vegetation combinations at (a) 20° and (b) 30° of slope inclination—autumn season. The gray lines represent the FS increment obtained after the drying, while the black lines are the result of 2 days of rainfall applied after the drying. The ID of each vertex reflects the combinations proposed in Table 3, and the last two numbers correspond to the slope inclination (e.g., T1SG_20 is the combination including the tree Spruce (T1) at the top and shrubs and grass on the slope, for a 20° slope inclination). The radar graphs are made for the same three different slip surfaces respectively at 1 m (continuous line), 2 m (dashed line), and 3 m (dotted line) of depth. 
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Figure 9. Factor of safety (FS) calculated for the different slope inclinations and vegetation combinations—fall season; (a) low height vegetation (only grass -GG, shrubs and grass—SG), (b) combinations including trees. 
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Table 1. Vegetation features and environmental conditions of the trees and shrubs studied.
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Trees

	
Shrubs




	

	
Picea Abies

(Norway Spruce)

	
Betula Pubescens

(Downy Birch)

	
Salix Caprea

(Goat Willow)






	
Drainage and soil type

	
Root depth is drainage dependent

	
Can grow in soils with poor drainage

	
Sandy/clay soil




	
Nutrients/minerals availability

	
Prefer soils rich in nutrients

	
-

	
Calcareous soils




	
Soil depth

	
Deep

	
-

	
-




	
Humidity

	
-

	
Can grow in soils with high water content

	
Dry/slightly moist




	
Biodiversity

	
Can make the vegetative ground cover sparse with low biodiversity

	
Season dependent, but generally allows for rich biodiversity

	
-




	
Coexistence with other species

	
Grows deeper roots when mixed with other tree species

	
Good

	
Good




	
Plant establishment

	
Slow at the beginning—poor for immediate stabilization

	
Pioneer species, good for immediate stabilization

	
Pioneer, especially good to repair landslide areas




	
Vegetative Propagation

	
-

	
Seeds and root shoots from the tree stump

	
Shoots from tree stumps, branches and roots




	
Roots

	
Normally flat with sinking roots. Deeper roots when growing with other tree species

	
Tap roots

	
Deep at first, then flat reaching out to the sides




	
Water consumption

	
-

	
High

	
-




	
Treefall—Wind risk

	
Can grow very tall—increased risk to wind damage

	
Not specified—possibly no high treefall risk

	
It grows not taller than 10 m—no high treefall risk




	
Tree Height

	
High

	
High

	
Can be both tree and shrub
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Table 2. Main soil properties of the soil studies and inclination of the benchmark slopes and water table conditions.
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	Slope and Soil Parameters
	Values





	Slope height, H
	10 m



	Inclination, I
	20°, 30°,33°, 40°



	Unit weight, γ
	18.5 kN/m3



	Cohesion, c′
	0 kPa



	Friction angle, ϕ′
	33°



	Initial water table, WT
	2 m, 3 m, 4 m
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Table 3. Vegetation combinations and ID considered in the simulations.
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Vegetation Combination

	
ID




	
Top

	
Slope






	
Bare soil

	
Bare soil

	
B




	
Grass

	
Grass

	
GG




	
Shrubs

	
Grass

	
SG




	
Trees (Spruce)

	
Bare soil

	
T1B




	
Trees (Birch)

	
Bare soil

	
T2B




	
Trees (Spruce)

	
Shrubs and grass

	
T1SG




	
Trees (Birch)

	
Shrubs and grass

	
T2SG
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Table 4. Values of average rooting depth (RD) and additional root cohesion (cr) for the vegetation species studied.
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ID

	
Species

	
RD

	
Reference

	
cr

	
Reference




	

	

	
m

	

	
kPa

	






	
G

	
Mixed grasses

	
0.6

	
[30]

	
0.35

	
[19]




	
S

	
Salix Caprea

	
1.0

	
[19]

	
1.37

	
[19]




	
T1

	
Picea abies

	
1.0

	
[39]

	
5.70

	
[38]




	
T2

	
Betula P.

	
0.6

	
[40,41]

	
7.18

	
[19]
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Table 5. Leaf Area Index (LAI) values used in the model for the vegetation species considered.
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	ID
	LAI (m2/m2)
	Reference





	G
	1
	[47]



	S
	2.5
	[48]



	T1
	4.4
	[49]



	T2
	3.0
	[50]
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Table 6. Meteorological data used for the simulations in this study.
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	Month
	Average Temperature (°C)
	Average Relative Humidity
	Average Wind Speed (m/s)
	Average Solar Radiation (J/Sec/m²)
	Average Albedo [51]





	May
	10
	0.72
	6.15
	5852.63
	0.14



	Oct
	4.75
	0.90
	4.36
	1570.96
	0.18
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
FS vegetated

18

@ ©
17
16
15
14
o2 0 20
x| S 30
o6 56 3
= el TIBTZB TISGT25G
~ - 25daysdying | 12 = 25 daysan
— — 2dayscaiofal -~ =~ 2daysrainfal
(atterdryng) | 44 (afterdrying)
11 12 13 14 15 16 17 18 11 12 13 14 15 16 17 18
FS bare soil FS bare soil





media/file4.png





nav.xhtml


  sustainability-13-04046


  
    		
      sustainability-13-04046
    


  




  





media/file18.png
FS vegetated
LN W h D N ®

—

0.9

(a)

[ 20°
<© 30°

GG

1 day drying

2 days rainfall
(after drying)

0.9

1

1.1

1.2 1.3 14 15 16 1.7 1.8
FS bare soill

1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1

1
0.9

(b)
g
/4
//‘
72
v/
Vs
//
// O 20°
/ < 30°
T1B T2B T1SGT2SG
- - 1 day drying
— — 2 days rainfall
(after drying)
o9 1 11 12 13 14 15 16 1.7 1.8

FS bare soill





media/file16.png
Slope 20° - Autumn

T2SG_20

T1SG_20

(@)

SG_20

T1B_20

Slope 30° - Autumn (b)

T2SG_30 SG_30

T1SG_30 T1B_30

T2B_30
1 day drying f !

Slip surface depths

T eeceeeee 3 2 1
2 daysrainfall .,....... 3m zm ﬁ






media/file2.png





media/file5.jpg
cimme [ Hydrometeorological
&3 analysis

Hydrological modelling

Soil hydraulicproperties
+ Change sl dacconciy

Pore water pressure regime

Soil physical properties
Sobot sagegaion

Slope stabilitymodelling

Soil mechanical properties
e r—

S

Unstablevolumeof sl |
landside iggering are

Vegetatedsiope






media/file3.jpg





media/file1.jpg





media/file7.jpg
Distance:





media/file10.png
Fs increment (%) - Slope 20° & 20
10

T2SG_20

T1SG_20

Slip_surface depths

V\/T=2m 00010. 3m
WT =3m ®***** 3m
WT =4m °*°*°*°*°* 3m

- e e 2Mm —I']m
o e en 2M
L el 1]

e M

e— ] )

///////////////’/;//”\\\\\\\\\\\\\\\\\\\\
////////////;//\\\\\\\\\\\\\\\
SG_20

T1B_20

(@)

Fs increment (%) - Slope 30°, 5¢-30

T2SG_30

T1SG_30

WT= 2mooooloo 3m
VVT= 3mo¢o-oo 3m
VVT= 4mo¢o-oo 3m

T1B_30

o— 1 M

— T m

(b)

Fs increment (%) Slope 33° OGG_33

T2SG_33

4
N

T1SG_33

Slip surface depths

- e e Dm

I
VVT: 2muoo.ou 3m
WT=3meesese 3m
WT=4meeeees 3m

amm—
o e e 2M

- e e 2m

1m

T m

SG_33

T1B_33

(€)

Fs increment (%) - Slope 40°1 OGG_40

T2SG_40

T1SG_40

I
VVT: 2mo.oooo 3m
WT=3meeeeees 3m

- e» e )m

= em e 2M

WT=4meeesse 3m

- e e 2M

a— 1 m

8
///////////’;//\\\\\\\\\\\\\\\
SG_40

T1B_40

Slip_surface depths

o M

1m

(d)

e m





media/file12.png
Slope 20° - Spring

T2SG_20

T1SG_20

2.5 days drying
2 days rainfall

(a)
SG_20
T1B_20
Slip surface depths
3N @ emm==- 2m m
3m - = =2m m

Slope 30° - Spring

T2SG_30

T1SG_30

2.5 days drying
2 days rainfall

(b)
SG_30
T1B_30
T2B_30  Slip surface depths
1
ooooooooo 3m - e DM m
--------- 3m - e e )m m






media/file9.jpg





media/file0.png





media/file14.png
FS vegetated

1.8

1.7

1.6

1.5

1.4

1.3

1.2

1.1

(a)

O 20°
< 30°

Initial

2.5 days drying
2 days rainfall
(after drying)

1.1

1.2

1.3 1.4 1.5
FS bare soll

16 1.7

1.8

(b)

0 20°
<& 30°

T1B T2B T1SG T2SG
. — 2.5 days drying

2 days rainfall

(after drying)

12 13 14 15 16 17 1.8
FS bare soil





media/file8.png
™~ =
- -

uoneAs|3

=]

40

35

30

25

20

Distance





media/file11.jpg
Slope 20° - Spring.

@

‘Slope 307 - Sping

T2s6.30

56,30

®

Ten






media/file6.png
Slope geometry

nfiltration
Runoff

WATER FLUX
Climate Hydrometeorological ) )
] Hvdrological modellin —Interception
change analy5|s Y g g i-ejeden
——— e

Soil hydraulicproperties

[Evapotranspiration
* Leaf Interception
* Plant transpiration

Adoue)

* Change in soil hydraulic conductivity

| Pore water pressure regime ‘

Soil physical properties

Root density/architecture/depth

Vegetated slope

* Soil-root aggregation v NPUT
1 T .
Soil mechanical properties }—.—4:‘ Slope stability modelling ‘
|
v °* Root tensile strength—additionalcohesion: OUTPUTl
e mmmmm—m———m— - ————-— - ! | Safety Factor

Unstable volume of soil-
landslide triggering area






media/file15.jpg
Siope 20° - Auturn (@) | Siope 30° - Autuma ®






media/file17.jpg
18

17
16
15
14
13
o 02
o| 12 30
11
o s6 TIBT2BTISGT2SG
5 dayayg | A g
7 Gays raniat |
Gaiterdying) | o (attercryng)
09 1 1112 13 14 15 16 17 18 09 1 11 12 13 1.4 15 16 17 18

FS bare soil

FS bare soil





