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Abstract

:

A methodology for designing nature-based solutions (NBS) and soil and water bioengineering (SWB) works is proposed which includes the main particularities of this type of intervention. The dynamic nature of NBS/SWB works, their most important changes and possible critical scenarios are reflected in the proposed methodology. A clear and practical time framework for design checks is also defined. Existing structural design routines and plant root reinforcement models are integrated into the proposed time staged scheme. Likewise, the connections with the monitoring stage and the possibilities of continuous improvement are incorporated as an essential characteristic of the approach of this type of intervention. The proposed methodology is validated by means of a practical case study example embracing the whole service life of an SWB/NBS intervention. The obtained results are in good agreement with both the accumulated experience within the European SWB sector and the existing data collected in SWB monitoring works. The proposed methodology can be readily implemented in a wide range of nature restoration projects and works.






Keywords:


slope stabilization; geotechnical design; civil engineering; vegetation; wood decay; monitoring stage; nature-based solutions; soil and water bioengineering












1. Introduction


Soil and water bioengineering (SWB) is generally considered as a discipline in which plants are used to stabilize hillslopes, riverbanks, and earth embankments, eventually in combination with inert materials [1,2]. SWB is a sustainable tool to improve resilience against soil loss and degradation [3].



Nature-based solutions (NBS) imply solutions to societal challenges that involve working with nature as an integrated approach that could address the twin crises of climate change and biodiversity loss [4]. Furthermore, NBS and SWB approaches comply with public policies, such as EU strategies concerning the green infrastructures [5], the circular economy and the green deal, as well as the global framework defined by the United Nations’ Sustainable Development Goals (UN SDGs).



As has been shown in Preti et al. [6], SWB is an instrument of NBS. Both disciplines share approaches and complement one another. Results from the comparisons made in the latter work confirm that NBS is a unifying concept to prioritize nature to integrate climate change adaptation, mitigation, and disaster reduction efforts, also embracing many aspects of SWB criteria and applications [6,7].



According to the strategy and philosophy of the SWB works, the materials that initially provide rigidity and stability to a slope will gradually transfer their stabilizing functions to the developing vegetation and, hence, ensure sustainability of the solution [8]. On the other hand, the use of plants as a building material transfers and transcends the plant multifunctionality to engineering structures. Indeed, the ultimate SWB objective pursued is having vegetation as the main agent responsible for the stability and reinforcement, in the long term, of the intervention area. The utilized biodegradable materials in the last stage of the SWB work service life will mainly perform a nutrient supply function.



With SWB works, the nature of the materials used generates a natural evolving dynamic into the design life of the works. One of the most important changes in the soil conditions takes place when plants, the live components, begin to grow and propagate new roots [9]. Furthermore, the wood, one of the inert components used in SWB techniques, is generally not treated and, as a consequence of this, its mechanical properties deteriorate as time progresses [10]. Therefore, for SWB work design, the time and material durability must be considered more explicitly throughout the design life of the intervention.



The proposed Tardio&Mickovski methodology allows for inclusion of the following topics and processes in the SWB work design process:




	(a)

	
Definition of a temporal framework of milestone stability checks for both short- and long-term analysis.




	(b)

	
Effects of inert material (wood) deterioration processes on stability checks.




	(c)

	
Assessment of reinforcing and stabilizing effects of the root systems of developing vegetation. Incorporation of this reinforcement in the long-term stability checks of SWB works.




	(d)

	
Integration of the preceding processes throughout the service life of SWB works.









There are general decision frameworks aiding the decision-making process regarding quantitative and temporal aspects of the SWB approach [8,11,12,13], as well as protocols for sampling, testing, and monitoring of SWB interventions [14,15], although an experience-based and detailed design protocol is still lacking [16]. In this study, our objectives are to integrate the stress transfer process between the inert elements and the vegetation, as well to incorporate both the typical dynamic nature and the evolution of an SWB work into an integrated eco-engineering design methodology. This methodology is demonstrated on a real-life case study and the obtained results are compared with collected data coming from SWB monitoring works.



This paper utilizes the basis, design routines, and approaches included in previous work by the authors [17]. In this study, a new time milestone framework, new SWB service life stages definition, and new stability check organization have been defined. The following sections show and describe the design stages and elements included in the proposed methodology.




2. Theoretical Background


To cover the apparent gap in the design with vegetation for stability [11,18], there is a need for a clear methodology, based on existing structural/geotechnical design procedures, to put the SWB solution design into practice and justify its application, not only from a stability, but also from a sustainability and resilience point of view [19].



In designing and constructing new earthwork slopes, it is important to attempt to anticipate the relevant changes in material properties and geo-eco-structural conditions that may affect them during the design, ensuring that the stability is not compromised by any foreseeable change [20,21]. The two main elements expected to experience changes in an SWB technique stability checks during the design life of the works are the inert (wooden) elements and the plants. While the wooden elements will degrade with time, the plant roots will develop, grow and, at the end of life, will die [17].



In the following sub-sections, methodological proposals for assessing the magnitude of the above changes are introduced. The proposed methodology focuses on the definition of a temporal design framework for incorporating and organizing the effects of the above factors throughout the service life of the works. Therefore, the methodology does not include prescriptions (e.g., regarding the use of one or another method for assessing wood deterioration processes or root reinforcement effects) but remains flexible to allow for the incorporation of verified state-of-the-art approaches at any time, following the spirit of the Eurocodes.



A time milestone framework is also introduced and defined for both integrating the above issues and embracing all the particularities stemming from the dynamic nature of SWB works. This framework is the main skeleton of the proposed methodology which allows for the temporary organization of SWB stability checks and ensures an adequate stabilizing function transfer process between the inert materials and the evolving vegetation. Therefore, the methodology milestones scheme allows for the definition of a safe and effective long-term design of SWB works.



2.1. Wood Deterioration Processes


The inherent ability of wood species to resist biological deterioration is referred to as natural durability or decay resistance [22,23]. Natural durability varies between wood species [24] and is explained mainly by the composition and amount of wood extractives [22,25].



In the absence of experimental data or information from public or private institutions or organizations, a viable method to characterize the evolution of wood deterioration processes is the model of Leicester et al. [10]. Due to accumulated experience, this method yields conservative results which allow designs on the side of safety [11,17].



The Leicester et al. approach models the wood deterioration process as bi-linear [10] (Figure 1), where the untreated wood in the ground would steadily decay along the perimeter after a time lag of decay. The rate of decay (mm/year) can be calculated as:


  r =  k  w o o d   ⋅  k  c l i m a t e    



(1)







While kclimate depends on the values of average precipitation, average annual temperature and the number of dry months on the site [10]; kwood depends on the type of wood [10]. A detailed explanation of both these coefficients and their calculation can be found in [10].



It should be noted that sapwood deteriorates more quickly than heartwood due to its higher moisture content [26]. Given the range of diameters used in SWB works (between 100 and 300 mm; [3]), the presence of juvenile wood (corewood) will be important, which also implies a greater presence of sapwood. Due to this situation, generally, the used value of the rate of decay r (mm/year) must correspond to corewood (in this way, the results will additionally err on the side of safety).



The lag time (years) (Figure 1) can be estimated in terms of the corewood decay rate (rcorewood) as shown in Equation (2) [27]:


   t  l a g _ c o r e w o o d   = 5.5 ⋅  r  c o r e w o o d      − 0.95    



(2)







According to the above model, the decay progresses inwards while the remaining wood retains the initial mechanical properties. Therefore, if at a time t the decay depth is dt (mm) (Figure 1), the bending strength can be calculated as [27]:


  R =  π  32     ( D − 2  d t  )  3   f d   



(3)




where D is the initial diameter (mm) and fd is the design strength value which is calculated by using both characteristic strength values and structural design standards [28]. Characteristic strength values of undecayed wood can be found in the literature or measured in the laboratory [29,30].



The loss of section, from the mechanical point of view, can be calculated from the estimation of the part of the radius affected by the deterioration processes.


   d t  = r ⋅ ( t −  t 0  )  



(4)




where: dt = depth (part of the radius) affected by deterioration processes (mm) after t years of the completion of the SWB work. The part of the diameter affected will be equal to 2dt.



A detailed explanation of the Leicester et al. [10] model parameterization process can be found in [10,27].



In the Tardio&Mickovski methodology, internal stability checks (bending and shear) take into account the diameter loss of wooden elements due to wood deterioration processes.




2.2. Reinforcement Effect Due to Root Systems


The development and use of plant root reinforcement models to assess the effects of vegetation in slope stability analysis has become a prominent research area all over the world in the last 15 years, with research developments in root anchorage models [31,32,33,34,35,36,37,38,39] and their application in practical stability problems such as shallow landslides or soil erosion [35,40,41,42,43,44].



From a mechanical point, rooted soil behavior can be simulated by using different root reinforcement models. Some of them are based on traditional limit equilibrium (LE) approaches [45]; other are based on more advanced numerical analysis [37,46]. The most common mechanical root reinforcement models are the perpendicular and inclined root reinforcement model [47,48], the fiber bundle model [31,35], the energy approach model [49], and a number of LE, finite element (FE), and finite difference (FD) numerical methods integrating the above models [37,50,51,52,53].



Plants have both beneficial and adverse effects on slope stability and are the most variable element in an SWB intervention. The way in which vegetation mechanically enhances soil mass stability is via root reinforcement. The mechanical effects of vegetation on slope stability have been extensively documented overtime [18,32,39,47]. Among the main adverse effects of vegetation are the windthrow, i.e., the loss of structural reinforcement of the slope by the roots, and the surcharge because of the vegetation weight. Models related to either plant growth or root distribution with depth are very useful for incorporating new effects in SWB techniques design because roots take the loads and distribute into soil. Small vegetation roots reinforce the soil providing and add cohesion value [54], which can be included in the Mohr–Coulomb constitutive equation [47,55,56] for soil strength.



For preliminary assessment of vegetation reinforcement, a simple breakage model (perpendicular reinforcement model; [47]) can be used assuming all roots break in tension under load. This should be used with caution because of its simplicity, reduced amount of input parameters (root area ratio at depth z–RAR(z) and root tensile strength Tr; Equation (5)) and applicability [57]. It must be borne in mind that only small roots (diameter <10 mm) are considered in this model to compute the added cohesion value (cr), since big roots only contribute to slope stability as structural anchorage [58].


   c r  = 1.2 ⋅ R A R ( z ) ⋅  T r   



(5)







Root system morphology and properties can be studied by field techniques [59,60,61,62] or indirectly estimated from theoretical root distribution models [6,63,64]. Published literature [65,66,67,68] includes data of root systems of the most common living material used in SWB solutions.



The distribution of roots decreases with depth under the soil surface. This distribution, expressed as root area ratio (RAR; ratio of cross section of roots and the soil cross section at depth z below ground) can be modelled using existing methods [63,64] as an exponentially decreasing function of soil depth ([64]; Equation (7), Table 1).



The mean rooting depth value (bm) predicted by the existing models [63,64], which is a third of the total depth value [63,69], is valid both at the plant community level and for water controlled ecosystems and flat areas. In this approach, the volume occupied by the roots is assumed to follow a conical distribution [64,69].



Root depths for the utilized plant species in SWB works can be determined by using allometric relations and synthetic parameters [70].



The preceding approach can be used for generating an idealized and theoretical distribution of roots with depth. This information will allow the depiction of root reinforcement magnitude variation with depth which, in turn, will be used in bioengineered slope stability analysis.



Field work campaigns for studying real root distribution should be carried out using the existing field protocols [14] to validate the assumptions and models. The thus gathered information will serve to improve the theoretical model outcomes as well for analyzing real root system typologies and depths.




2.3. External and Internal Stability


As with any stabilization structure, SWB solutions must be checked from a structural point of view to ensure that the external (resistance to sliding and overturning, bearing capacity and slope failure; Figure 2), and internal (resistance to bending, shear, compression, tension) stability are satisfactory, and these checks must include both decay and plant effects in order to reflect the changes during the lifetime of the SWB solution. In the case of wooden elements, the internal stability calculation is based on the governing timber structural design [28]. On the other hand, the external stability checks are usually performed in line with existing geotechnical engineering design standards and the stability is expressed in terms of a Factor of Safety (FoS; [17,39]). Approaches for the estimation of the safety factors in bioengineering measures can be found in Pisano et al. [71] and Giadrossich et al. [62]. In this study, we have adopted lumped global FoS expressions for the sliding and overturning checks [50] since the purpose on this paper is to show how the different stability checks vary with time. The global stability of bioengineered slope can be assessed using existing slope stability analysis methods [20], taking into account both long-term (drained) and short-term (undrained) scenarios.




2.4. Stages and Time Milestones of the Tardio&Mickovski Methodology


A realistic methodology for designing and calculating a SWB intervention must be able to include the processes of change of the materials used (living and inert) throughout the SWB work service life [11,72]. There are three distinct stages in the overall design life of a SWB work [11,17,72]:



STAGE 1: during which the reinforcing and stabilizing functions are carried out by the inert materials (natural and/or manufactured) used in the SWB work.



STAGE 2: in which both the vegetation has already reached a good degree of development and coverage and the inert materials are still able to ensure the external and internal stability of the SWB system. There is, therefore, collaboration in the stabilizing functions between inert materials and the developing vegetation.



STAGE 3: during which vegetation is already the main stabilizing agent of the intervention area. Inert materials may continue to perform some residual reinforcing function even if they are no longer needed at this stage. The decaying wooden elements now function as a slow-release fertilizer that nourishes the developing vegetation (Figure 3).



Given the characteristics of SWB works, long-term stability can be viewed as the condition at which relatively stable plant communities are established [73], and the stabilizing contribution of the root system is well developed.



Given that the main objective of the Tardio&Mickovski methodology is ensuring the mechanical stability over the SWB service life, both the previous SWB service life stage scheme and the main elements to be taken into account at each stage can be set as follows (adapted from [17]):



STAGE 1: Time 0, just after the completion of SWB intervention. The structures of the SWB work are checked without including any reinforcing or stabilizing effect coming from the vegetation.



STAGE 2: In which a minimum time interval within which the stability of the SWB system must be ensured by the inert structures is set. The stability checks of this stage serve to ensure, in the long-term, an adequate development of the vegetation and, therefore, to give viability to the progressive transfer process of the stabilizing functions between the structures and the vegetation. At this stage, external and internal stability checks do not include any reinforcing or stabilizing effect coming from the vegetation.



The variation of the strength of wooden elements sections should be carried out according to Leicester et al. [10] and Tardio&Mickovski [17] approaches. The time milestone to be checked at this stage will be between 15 and 25 years after the SWB work completion. According to the SWB sector accumulated experience and data obtained in SWB monitoring works [14], a minimum period of 15 years is necessary for allowing an adequate vegetation development. This 15-year time milestone is based on the following works:




	(a)

	
Sorolla et al. [74], where 23 log crib walls were analyzed. Information regarding vegetation and log crib wall deterioration processes was collected.




	(b)

	
Castillo-Serrabasa [75], where 12 log crib walls were analyzed. Information regarding vegetation and logs deterioration processes was collected.




	(c)

	
Case studies analyzed during the Ecomed project [14].




	(d)

	
Bioengineering works analyzed in Wolff Kettenhuber et al. [76].




	(e)

	
Time framework included in Fernandes and Guiomar [77].









In the abovementioned works, both the vegetation and the related ecological dynamics could be developed within a 15-year time interval (indeed this time threshold errs on the side of safety in all the preceding cases). This concrete time milestone coincides with the long-term concept defined in Walker et al. [73].



STAGE 3: This stage corresponds to the moment at which the vegetation is the main reinforcing and stabilizing element in the intervention area. In this stage, a global stability check of the SWB work is carried out at the same time milestone as STAGE 2 (at least 15 years of service life of the work), with the difference that plant roots’ reinforcing and stabilizing effects are included in the global stability check. On the other hand, no stabilizing effect coming from the inert structures is taken into account.



Figure 4 shows both the temporal structure and the stability checks to be carried out at each stage according to the Tardio&Mickovski methodology.



The above stability checks and timeline structure ensure the following:




	(a)

	
In STAGE 2, an adequate mechanical behavior is ensured for, at least, the first 15 years of the SWB work service life. This implies that the residual mechanical resistance of the bioengineered structures will always be achieved between 15 and 50 years of service life of the SWB work (depending on the species of wood used and the conditions of the intervention area). This time milestone, at which the structure will perform a residual mechanical reinforcing effect, can be calculated by using the Leicester et al. model [10].




	(b)

	
In STAGE 3, the overall stability check is performed at the same time milestone as in STAGE 2. This ensures an overlap of time in which there is collaboration between the wooden structure (still mechanically stable in STAGE 2) and the vegetation reinforcing effects (even if this overlap of effects is not taken into account so that the design errs on the side of safety). From the STAGE 3 time milestone until the moment at which (theoretically and without taking into account plant reinforcing effects) the structure will reach its residual strength and eventually fail, there will be a time interval during which both reinforcing effects, those coming from the structure and those coming from the vegetation, will continue to overlap. A minimum value of 5 years is proposed for this extra time interval (after STAGE 3 time milestone) in which an overlapping reinforcing effect between the structures and vegetation takes place. Therefore, according to the preceding time framework, the structure’s residual strength must be reached at t = 20 years as minimum. In this way, the residual risk is minimized when adopting the SWB approach.









Therefore, the above approach ensures both the stability and collaboration between the system elements and an adequate time interval for vegetation to develop and evolve. That is, with the previous scheme of stages, time milestones and stability checks, compliance with the main objective of SWB works is ensured: in the long term, the main stabilizing and reinforcing functions are performed by vegetation.



The information needed to perform the stability checks of the SWB system at each of the before mentioned stages is shown in Table 2.



It is necessary to ensure that the inert materials (vegetal and manufactured) keep the system stable at least until STAGE 3. An extra time interval for ensuring plants and structure reinforcing effect overlap must be also ensured (a minimum value of 5 years is proposed).



To the preceding design scheme we must add maintenance and monitoring tasks accompanying and collecting information throughout the SWB service life [78]. The information collected (Figure 5) will not only serve to calibrate or correct some design aspects but will also allow better designs in future works (it will allow permanent improvement processes and adaptive information management; [78,79]).



Examples of SWB work monitoring protocols can be found and downloaded at http://ecomedbio.eu/protocols (accessed on 9 January 2023) [80].





3. Methodology Validation—Case Study


3.1. Site and SWB Work Information


An existing log crib wall in Sant Hilari Sacalm (Gerona, Spain) is analyzed. The region has a mean annual temperature of 15.5 °C, a mean annual rainfall of 749 mm and no (rainfall < 5 mm) dry months per year. This yields a kCLIMATE = 1.75 (Equation (1); [10]).



The soil strength properties include an effective cohesion of 5kPa, and effective angle of internal friction of 30°. The soil unit weight was 20.10 kN/m3 [75].



The inert wood for the SWB structure was obtained from nearby chestnut (Castanea sativa. Mill.) stands, with logs of approx. 200 mm diameter. The wood mechanical properties are the following:



Bending strength: 18 N/mm2



Shear strength: 3.4 N/mm2



The chestnut heartwood is resistant (durability class 2; AS 5604-2005). According to Leicester et al. [10], Kcorewood is twice the value of Kheartwood of the selected tree species which yields a kwood equal to 0.96 (Equation (1); [10]). For a Service Class 3 and permanent loads, the modification factor kmod = 0.5 [28]. The material coefficient γm = 1.3 and, thus, the design bending and shear strength calculated using Equations (1) and (2) will be equal to 10.77 N/mm2 and 1.38 N/mm2, respectively.



The utilized living material consists of 2.0 m length bitter willow (Salix eleagnos, Scop.) living branches (approx. diameter 10 mm) harvested from the site. Root characterization and distribution with depth was performed using theoretical models [64], plant species allometry, and synthetic parameters [70]. An average root tensile strength of 15 MPa was adopted based on published literature [81]. For the bitter willow, the allometric ratio between the plant height and the root depth was taken as 1.5 [68].



The geometry and details of the SWB structures in Sant Hilari Sacalm are shown in Figure 6 .



The log crib wall is 2.2 m high and 2.0 m wide. Given the length of the available chestnut tree logs, a bending span length of 2.0 m was adopted.



Given the terrain slope angle above the crib wall, the crib wall inclination and the preceding data, the active thrust coefficient (ka; Coulomb theory) equals to 0.335.



In this case study example, the log crib wall design both in the short and long term using the Tardio&Mickovski methodology was checked and justified. This included performing the stability checks of the methodology work service life stages as shown in Table 2.



Castillo-Serrabasa [75] analyzed the log crib wall in Sant Hilari Sacalm and carried out different monitoring tasks. Therefore, existing information regarding the wood deterioration processes and the vegetation dynamics in the case study area was used. The Tardio&Mickovski methodology implementation and outcomes were then compared with the collected information in the preceding SWB monitoring tasks.




3.2. STAGE 1: Stability Checks


The internal stability check was performed for the ‘in-ground condition’-critical situation where the wooden elements (logs) are buried (Figure 7). For the internal stability check, the bending and shear strength analyses were performed according to Eurocode 5 [28]. The outer log row is considered as the most critical from both durability and bending stress aspects [82] because of its exposure to the climate and loading. The inner row of logs will be subjected to both a lower temperature and moisture variation throughout the year and, at that depth, the level of oxygen will be lower and, therefore, the biotic activity will be lower [76]. Finally, from a bending analysis point of view, the outer row does not have soil in front counteracting the soil thrust, unlike the inner row.



In STAGE 1 wood deterioration processes are not active and vegetation reinforcement effects are not taken into account.



The results obtained are presented in Table 3:



Therefore, in STAGE 1, the crib wall is mechanically stable.




3.3. STAGE 2: Analysis of Wood Deterioration Processes


For the stability checks included in the Tardio&Mickovski methodology STAGE 2, it is necessary to estimate the progress of wood deterioration processes. According to the case study information, a decay rate (r) of 1.68 mm/year is obtained (Equation (1); [10]).



As stated before, a time milestone equal to 15 years (after the work completion) is analyzed.



On the other hand, the lag time (tL; number of years until wood deterioration processes are activated) is 3.36 years (Equation (2); [10]). Therefore, the part of the radius affected by the deterioration processes after 15 years of service life was calculated as dt = 19.53 mm (Equation (4); [10]). The effective diameter (diameter not affected by deterioration processes) after 15 years was calculated to be 16 cm.



According to Leicester et al. [10] model and the log crib wall internal stability analysis, the number of years for reaching the log crib wall residual mechanical resistance is 28. For this, the minimum diameter necessary to withstand existing loads and forces is calculated. After that, the number of years for reaching that diameter value (by including the deterioration processes effects) is determined.




3.4. STAGE 2: Stability Checks


Using the above data and according to the Tardio&Mickovski methodology, in STAGE 2, the log crib wall internal stability check is carried out, taking into account wood deterioration effects. In this stage, the reinforcing effects of vegetation are not included. As stated before, the objective is ensuring a minimum time interval of 15 years for allowing an adequate development of vegetation.



In the new situation, the results obtained are as follows (Table 4):



Therefore, in STAGE2, the crib wall is mechanically stable. The log crib wall is able to stabilize the intervention area, allowing vegetation to develop and fulfill its reinforcing functions.




3.5. STAGE 3: Stability Checks


The vegetation characterization included in Castillo-Serrabasa (2022) [75] offers the following information:




	(a)

	
Mean vegetation height = 3.5 m




	(b)

	
Mean vegetation diameter = 0.12 m









According to the preceding information, and taking into account the bitter willow allometry, a total root system depth of 2.3 m is estimated. According to Preti et al. [64] and Gonzalez-Ollauri and Mickovski [69], a mean rooting depth (bm) of 0.78 m is obtained. Following Preti et al. [58], a RAR value of 0.0008 is obtained at z = 2.0 m. This depth has been chosen for defining the root reinforced area within the log crib wall geometry.



According to Wu’s [47] model (Equation (5)), the additional cohesion due to roots equals to 7.83 kPa. This value has been added to the bare soil cohesion value for performing an overall stability analysis of the bioengineered slope. The mechanical reinforcing effects of the log crib wall are discarded in this stage of the methodology.



A global stability factor of 1.7 is obtained for the slope supported by the vegetated log crib wall. Therefore, the global stability is now ensured by the vegetation. Furthermore, given that the log crib wall is stable up to the 28th year of the SWB service life, there is an extra time interval of 13 years where the reinforcing and stabilizing effects of both the SWB structures and the vegetation are overlapping.





4. Discussion


In the SWB approach, the use of materials which change their properties with time (plants and wood) is very common, and a design methodology which makes an allowance for the deterioration and change of the work will be a very useful tool for eco-engineers. Indeed, the proposed methodology allows the interconnection between the SWB work evolution and the engineering work design stage.



From the comparison of STAGE 1 and STAGE 2 safety factors values, it can be noted that STAGE 2 sliding and overturning safety factors are slightly lower compared to the results obtained in STAGE 1. This is mainly due to log crib wall loss of weight because of the wood deterioration processes and the log diameter losses. In fact, this situation is counter balanced by the developing vegetation weight (which could be included as an overburden load over the SBW structure) [81] but, as stated before, all the effects coming from the vegetation are not taken into account in STAGE 2 of the methodology.



On the other hand, the methodology proposed here has proven that, for the case study conditions, the selected log crib wall minimum diameter (0.2 m) allows for an adequate performance of the SWB work throughout its entire service life. With the selected log crib wall structure, the viability of the stress transfer processes between the SWB structure and the vegetation is ensured (as was confirmed in the SBW monitoring works in Sant Hilari Sacalm). Indeed, as proved in STAGE 3 stability checks, the long-term slope global stability is ensured by the vegetation.



For parametrization purposes, the methodology has been applied to the same crib wall but changing the wood type of the logs. In this new exercise, a wood type with lower natural durability has been chosen. Particularly, the crib wall will have logs of 0.2 m diameter of Pinus uncinate Mill. The results obtained are shown in Table 5.



Therefore, the log crib wall made of pine wood is shown to be mechanically unstable in the long-term. According to Table 5, design decisions must be taken in order to ensure the SWB long term stability. In this case, both a reduction of the bending span length and an increase of log diameters are adopted. In particular, the bending span length is reduced by up to 1.5 m and the diameters are increased up to 0.25 m. With these new values, STAGE 2 stability checks are positively verified. Furthermore, the residual strength resistance of the new crib wall will be reached at t = 26 years. Therefore, the overlapping effects between the SBW structure and the vegetation are developed during an extra time interval of 11 years (after the STAGE 3 time milestone).



Thus, the proposed methodology is able to detect design scenarios where the structure would be unstable without giving enough time to the vegetation to properly settle down and reinforce the slope. Traditional design would not have detected this situation and therefore an improvement within the design stage of SWB works has been proven.



Comparisons with existing SWB monitoring outcomes:



In Castillo-Serrabasa [75], the state of deterioration of the crib walls was classified according to five different levels:



LEVEL 1: Intact structure



LEVEL 2: The onset of deterioration processes is detected. Structural integrity remains intact.



LEVEL 3: Sapwood already deteriorated. The onset of corewood and heartwood deterioration processes is detected.



LEVEL 4: The structure shows zones with an overall and clear deformation. Structural mechanical integrity is clearly reduced. Corewood deterioration processes are clear.



LEVEL 5: The structure fulfills only a residual mechanical function. Some parts of the crib wall logs are totally deteriorated. Roots and soil occupy parts of the original structure.



According to the 12 log crib walls analyzed in Castillo-Serrabasa [69], a mean value of 7 years is necessary to pass from one level of deterioration to the next one. The regression line obtained in that study is the following:


  y = 0.1234 ⋅ x + 1.4091  



(8)




where y is the deterioration level and x is the number of years.



Therefore, according to Equation (8), a total of 28 years is necessary for going through all the deterioration levels defined in Castillo-Serrabasa [75]. This outcome coincides with that obtained in the Tardio&Mickovski methodology, in which it was concluded that the log crib wall would reach its residual strength after 28 years of work service life. This result is also in good agreement with existing research papers regarding SWB structure evolution [72,84]. Furthermore, the structure stability was verified at t = 15 years and this is in good agreement with field work observations. Therefore, the outcomes of the proposed methodology are in good agreement with the field work data collected in SWB monitoring works.



All the obtained results err on the safe side when compared with existing SWB field work monitoring outcomes and existing research papers [72,84].




5. Conclusions


The dynamic nature of bioengineering works must be reflected and incorporated into the design methodologies of this type of intervention because of the potential instability of either the structure or the slope that is being stabilized. Factors such as the deterioration processes of the biodegradable materials used and the evolution of the vegetation reinforcement effects should be integrated into the calculation of this type of work. This approach is aligned with the “quantitative soil bioengineering” concept [85].



Although there are protocols and methods for both assessing SWB structure stability and plant root reinforcement effects, they have not been utilized for either organizing or structuring an overall design framework reflecting the SWB service life dynamic and performance. The existing methods have been utilized for assessing a concrete moment of a SWB work but a time staged scheme and approach for SWB work design was lacking.



The proposed methodology covers an existing gap in the SWB works design. It not only complements existing support decision frameworks for SWB technique selection [11] but also contributes to the SWB technique calculation all over the SWB service life stages in a comprehensive fashion. Existing SWB design protocols [83] only cover the end of construction stability checks, giving place to an unrealistic design framework for this type of intervention.



The proposed methodology (Tardio&Mickovski methodology) collects the SWB structure critical points from the lifetime of the structure and ensures an effective development and transfer of the stabilizing functions between the inert elements and the utilized living material in the long-term. This methodology also reflects the evolution of the stabilizing role of vegetation and the stress transfer phenomena involved in a typical SWB intervention. The Tardio&Mickovski methodology allows for the detection, anticipation, and solving of critical issues during the service life of the bioengineering work as well as supporting the SWB design decision making process. This capacity is especially relevant in this type of works since the main objective is to ensure the correct development of the living plants used as well as their reinforcement and stabilization functions [18]. Ensuring stability over the SWB service life creates the possibility of ecological dynamics development and ecological succession phenomena [73,86,87].



It is worth mentioning that, to the above purely mechanical objective, we must add all the ecological and ecosystem benefits obtained in parallel. Indeed, a comprehensive and fair assessment of nature-based solutions (NBS) and SWB techniques must include all benefits and effects achieved throughout the service life of the intervention [8]. Parameters such as biodiversity increase check, resilience evolution check, sustainability check, etc. could be included in a future expanded version of the proposed methodology, together with an opportunity to map the spatio-temporal development of the solution [88].



The proposed methodology enables the generation of continuous improvement processes (adaptive management of information), the calibration of the method, and the use of the information generated during the monitoring stage of SWB works.



The proposed methodology has been successfully utilized in nature restoration projects for local, regional, and national public administrations in Spain (e.g., projects for the Hydrological Confederation of the Tajo river, projects for Naturalea, Ltd., Castellar del Vallès, Spain). It is also being included in technical manuals and tutorials for regional public Spanish administrations (e.g., Diputación Foral de Bizkaia).



The accumulation of SWB monitoring data, together with the data surveyed on sites [89], will be a remarkable source of useful information both to calibrate the proposed methodology and to gather data regarding wood decay, root morphology, and plant evolution.
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Figure 1. Leicester et al. [10] model parameters. (a) Diameter variation and decay depth (dt) and (b) bi-linear modeled progress of decay depth with time (adapted from [10]). 
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Figure 2. Log crib wall external stability checks. (A) Sliding check, (B) overturning check, (C) slope failure check. Adapted from Tardio&Mickovski [17]. 
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Figure 3. Crib wall logs in an advanced deterioration state (Artía river, Irún, Spain). Plant roots are occupying the space previously filled by tree logs while adsorbing nutrients coming from the decomposed wood. Source: Guillermo Tardio. 
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Figure 4. Methodology Tardio&Mickovski. Design methodology of SWB works including wood deterioration processes and vegetation reinforcing effects. In the figure, STAGE 2time milestone has been defined at t = 15 years (as a minimum value). In STAGES 2 and 3, the stability of the system must be ensured for a minimum period of 15 years. Adapted from Tardio&Mickovski [17]. 
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Figure 5. Analysis, by means of a resistograph, of wood deterioration processes in a log crib wall (Artia river, Irún, Guipúzcoa, Spain). Source: Guillermo Tardio. 
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Figure 6. Log crib wall geometry: (a) cross-section (B = log crib wall width) and (b) front-view. 
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Figure 7. Log crib wall showing natural durability critical situation; in-ground condition (highlighted in red color). 
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Table 1. Equations and parameters for the root reinforcement calculation [63,64].






Table 1. Equations and parameters for the root reinforcement calculation [63,64].





	
Equations

	
Terms






	
   R A R ( z ) =   A r ( z )   A r s     

	
(6)

	
RAR(z) = root area ratio at the depth z

Ar(z) = roots cross sectional area with depth (m2)

Ars = rooted soil area (m2)




	
   A r ( z ) = A  r 0   e    − z    b m        

	
(7)

	
z = soil depth (m)

Ar0 = roots cross sectional area at z = 0 (m2)

bm = mean rooting depth (m)
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Table 2. SWB work service life stages and parameters to be taken into account in each of them according to the Tardio&Mickovski methodology.






Table 2. SWB work service life stages and parameters to be taken into account in each of them according to the Tardio&Mickovski methodology.









	Service Life Stage of the SWB Work
	Information Needed to Assess System Stability





	STAGE 1
	Initial geometry and mechanical properties of the utilized inert materials (natural and manufactured)



	STAGE 2
	
	(a)

	
Determination of cross sectional losses of wooden elements. Wood deterioration processes assessment.




	(b)

	
Determination of mechanical strength losses of the inert materials used.




	(c)

	
Perform stability checks including the preceding information.




	(d)

	
The wooden elements must ensure a minimum period of 15 years of structural stability for the development of vegetation.









	STAGE 3
	
	(a)

	
Plant roots depth and distribution analysis.




	(b)

	
Mechanical properties of the plant roots and the plant-soil continuum




	(c)

	
Plant roots reinforcement determination. Perform global stability including root reinforcement.




	(d)

	
Discard wooden elements structural stabilizing effects.
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Table 3. STAGE 1 external and internal stability checks. Sliding and overturning safety factor formula adapted from Gray and Sotir [50]. Internal stability is calculated according to Menegazzi and Palmeri [83]. Slope stability checked using LE method (Morgenstern–Price method). In STAGE 1, neither wood deterioration processes nor reinforcing plant effects are included.






Table 3. STAGE 1 external and internal stability checks. Sliding and overturning safety factor formula adapted from Gray and Sotir [50]. Internal stability is calculated according to Menegazzi and Palmeri [83]. Slope stability checked using LE method (Morgenstern–Price method). In STAGE 1, neither wood deterioration processes nor reinforcing plant effects are included.





	
METHODOLOGY STAGE

	
FoS Sliding Check

	
FoS Overturning Check

	
Fos Global (Slope Failure Check)

	
Internal Stability




	
Bending

	
Shear




	
Maximum Allowable Stress (N/mm2)

	
Calculated Stress (N/mm2)

	
Maximum Allowable Stress (N/mm2)

	
Calculated Stress (N/mm2)






	
STAGE 1

	
2.85

	
6.75

	
1.82

	
10.77

	
3.84

	
1.38

	
0.53




	

	

	

	
Verified

	
Verified
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Table 4. STAGE 2 external and internal stability checks. Sliding and overturning safety factor formula adapted from Gray and Sotir [50]. Internal stability is calculated according to Menegazzi and Palmeri [83]. Slope stability checked using LE method (Morgenstern–Price method). In STAGE 2, reinforcing plant effects are not included.






Table 4. STAGE 2 external and internal stability checks. Sliding and overturning safety factor formula adapted from Gray and Sotir [50]. Internal stability is calculated according to Menegazzi and Palmeri [83]. Slope stability checked using LE method (Morgenstern–Price method). In STAGE 2, reinforcing plant effects are not included.





	
METHODOLOGY STAGE

	
FoS Sliding Check

	
FoS Overturning Check

	
Fos Global (Slope Failure Check)

	
Internal Stability




	
Bending

	
Shear




	
Maximum Allowable Stress (N/mm2)

	
Calculated Stress (N/mm2)

	
Maximum Allowable Stress (N/mm2)

	
Calculated Stress (N/mm2)






	
STAGE 2

	
2.74

	
6.47

	
1.82

	
10.77

	
6.01

	
1.38

	
0.66




	

	

	

	
Verified

	
Verified
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Table 5. Implementation of the TardioandMickosvki methodology in the case of a log crib wall made of Pinus uncinata Mill. wood.






Table 5. Implementation of the TardioandMickosvki methodology in the case of a log crib wall made of Pinus uncinata Mill. wood.





	
METHODOLOGY STAGE

	
FoS Sliding Check

	
FoS Overturning Check

	
Fos Global (Slope Failure Check)

	
Internal Stability




	
Bending

	
Shear




	
Maximum Allowable Stress (N/mm2)

	
Calculated Stress (N/mm2)

	
Maximum Allowable Stress (N/mm2)

	
Calculated Stress (N/mm2)






	
STAGE 1

	
2.80

	
6.63

	
1.8

	
7.69

	
3.84

	
1.15

	
0.53




	

	

	

	
Verified

	
Verified




	
STAGE 2

	
2.66

	
6.31

	
1.8

	
7.69

	
9.10

	
1.15

	
0.82




	

	

	

	
Not verified

	
Verified
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