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Abstract

:

Although accurate root cohesion model estimates are essential to quantify the effect of vegetation roots on shallow slope stability, few means exist to independently validate such model outputs. One validation approach for cohesion estimates is back-calculation of apparent root cohesion at a landslide site with well-documented failure conditions. The catchment named CB1, near Coos Bay, Oregon, USA, which experienced a shallow landslide in 1996, is a prime locality for cohesion model validation, as an abundance of data and observations from the site generated broad insights related to hillslope hydrology and slope stability. However, previously published root cohesion values at CB1 used the Wu and Waldron model (WWM), which assumes simultaneous root failure and therefore likely overestimates root cohesion. Reassessing published cohesion estimates from this site is warranted, as more recently developed models include the fiber bundle model (FBM), which simulates progressive failure with load redistribution, and the root bundle model-Weibull (RBMw), which accounts for differential strain loading. We applied the WWM, FBM, and RBMw at CB1 using post-failure root data from five vegetation species. At CB1, the FBM and RBMw predict values that are less than 30% of the WWM-estimated values. All three models show that root cohesion has substantial spatial heterogeneity. Most parts of the landslide scarp have little root cohesion, with areas of high cohesion concentrated near plant roots. These findings underscore the importance of using physically realistic models and considering lateral and vertical spatial heterogeneity of root cohesion in shallow landslide initiation and provide a necessary step towards independently assessing root cohesion model validity.
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1. Introduction


Vegetation plays a critical role in protecting slopes against shallow landslides, primarily because of the mechanical reinforcement that plant roots provide to the soil on steep slopes [1,2,3,4]. In many upland areas, shallow landslide susceptibility increases in response to population and urbanization pressure, overgrazing, timber harvest [5], and climate-induced wildland fire size and frequency [6]. Over the last several decades, researchers have developed a variety of root breakage models to quantify the additional root cohesion provided to the soil [7,8]. These models vary significantly in their assumptions about the root reinforcement mechanics. For example, the earliest model developed by T.H. Wu, L.J. Waldron, and colleagues [9,10,11], known as the Wu and Waldron model (WWM), assumes that all roots break at once. This assumption was challenged by Pollen and Simon [12] in their fiber bundle model (FBM), a stress-controlled model that represents root breakage as a progressive process in which the weakest roots break and cause the load to be redistributed to the surviving roots. Instead of a stress-controlled model, Schwarz et al. [13] proposed a strain-controlled model called the root bundle model-Weibull (RBMw) that uses the Weibull distribution to represent the probability of breakage with increasing strain.



Since its publication, the WWM has been found to result in overestimation of root reinforcement in numerous studies due to its assumption of simultaneous failure [12,14]. By contrast, the FBM and the RBMw are generally considered to have more realistic assumptions [7]. However, despite the important role that root reinforcement plays in preventing shallow landslides, the authors are not aware of any studies that have compared results from these three models at a landslide site with the detailed measurements of root characteristics that are necessary for computing root cohesion with all three models. To the authors’ knowledge, only the study of Zydron and Skorski [15] has compared results from all three models together, but this study was conducted at an agricultural plot rather than at a landslide site. Similarly, while some studies have computed root cohesion using root data collected from shallow landslide sites [16,17], none of these studies compared more than two models. In this study, we use a unique dataset with detailed measurements of root characteristics, collected from the scarp of a shallow landslide, to calculate root cohesion using these three root breakage models. The comparison we present in this paper demonstrates how the choice of root breakage model affects root reinforcement estimates across an entire landslide site.



The study we present in this paper is important because the differences between the results of the three models at a landslide site could have significant implications for making engineering and land management decisions, such as the type, quantity, and extent of vegetation required to reinforce a slope [2,18]. Comparing these models at the same site would allow practitioners to adjust values that were previously estimated with one model to obtain values equivalent to estimation with another model. This type of comparison could be particularly valuable if other models are thought to be more realistic at that site. A better understanding of the magnitude and spatial variation of root reinforcement provided by different plant assemblages is necessary to evaluate potential negative impacts from different land use scenarios.



The previously instrumented research catchment in the Oregon Coast Range, CB1, is a thoroughly studied landslide site, with tightly constrained site characteristics, that is well suited for this type of comparative study. This catchment was heavily instrumented with hydrologic monitoring for several years before experiencing a landslide in 1996 [19]. Following the landslide, data from the catchment became the subject of several research studies on hillslope hydrology and slope stability [19,20,21,22,23,24]. As part of this research, Schmidt et al. [25] measured the tensile strength of vegetation roots at the site and used these data to estimate root reinforcement in the slope using the WWM. Since then, the development of the newer root breakage models, including the FBM and the RBMw, present the opportunity to revisit estimates of root cohesion at CB1.



This paper has two main objectives:




	
To reexamine previously published root cohesion estimates for the CB1 landslide by Schmidt et al. [25], which was evaluated before the development of breakage models accounting for progressive root failure. Because root cohesion values for the CB1 slide have been cited and used in subsequent studies [19,21,22,26,27], reexamining these values has implications for these existing studies as well as future investigations.



	
To compare the results of these three models at an instrumented landslide site where interpretations have implications for other shallow landslides. Because roots in the landslide scarp were surveyed and measured post-failure, data from the CB1 site is uniquely suited to this purpose.








In this study, we apply three different root breakage models to data from the CB1 catchment: (1) the WWM; (2) the global load-sharing FBM; and (3) the strain-controlled RBMw. These three models are representative of the major developments in root breakage models since the original publication of the WWM, as outlined by Dias et al. [7]. First, we review how root tensile strength was calculated based on laboratory analysis of root specimens collected at several locations in the Oregon Coast Range. We use these data to estimate regression models for predicting root tensile strength for roots of a given diameter and species. We then review the root data that were collected from the CB1 site after landsliding and use the regression models to calculate root tensile strengths. We then apply the three root breakage models to obtain estimates for apparent root cohesion. Finally, we investigate how root cohesion varies both laterally along the scarp perimeter and vertically with depth. We also investigate the contribution of each of five vegetation species to the overall root cohesion as a step towards independently validating cohesion estimates from different model frameworks.




2. Materials and Methods


2.1. Root Breakage Models


Plant roots reinforce a soil mass against shear failure because roots are strong in tension and weak in compression, whereas soil is weak in tension and strong in compression [28]. Root-reinforced soil is a composite material where roots of relatively high tensile strength reinforce a soil matrix of relatively low tensile strength [29]. The contribution of roots to the shear strength of soil can be described as an additional term in the widely adopted Mohr–Coulomb failure criterion:


  s =  c ′  +  c r  +  (  σ − u  )  tan  ϕ ′  ,  



(1)




where s is shear strength, σ is normal stress, u is pore-water pressure, ϕ’ is effective angle of soil internal friction, and c’ is the effective soil cohesion. The apparent root cohesion cr represents the additional shear strength provided by roots [29]. Roots produce an apparent cohesion via fiber reinforcement, hereafter referred to as root cohesion. Most research quantifying root cohesion focuses on the tensile resistance of the root “bundle”. We focus on “breakage” models that calculate maximum tensile resistance of a root bundle where tensile strengths of the individual roots are known [7].



The WWM, the first quantitative model for estimating root bundle tensile strength, assumes that all roots fail simultaneously, mobilizing the sum of the full tensile strength of all roots. Several studies indicated that the WWM overestimates the strength because the assumption that all roots break simultaneously is not realistic; instead, roots break progressively, with the load from broken roots being redistributed onto surviving threads [12,14]. Pollen and Simon [12] therefore developed the fiber bundle model (FBM) to simulate progressive failure due to loading.



The greatest drawback of the FBM is that it does not account for root elasticity; the stress-step approach does not allow roots of different sizes to respond differently to the same applied load [15]. To address this shortcoming, Schwarz et al. [30] proposed a new model, the root bundle model (RBM), which uses a strain-step approach. Subsequently, Schwarz et al. [13] published an extension of the RBM, the root bundle model-Weibull (RBMw), which uses a Weibull probability distribution to account for variability in mechanical properties among roots of the same diameter.



Several studies have compared root cohesion estimates obtained between at least two of the published models. Preti and Schwarz [31] suggested multiplying the root cohesion by a correction factor to account for overestimation. Several studies have estimated this correction factor for the purpose of adjusting results obtained using the WWM [16,32,33]. One of the original authors of the WWM suggested reducing WWM estimates by a factor of 0.3–0.5 [34]. Arnone et al. [32] reports that the ratio of FBM-estimated cohesion to the WWM-estimated cohesion ranges from 0.34 to 1, with an average of 0.4 proposed by Preti and Schwarz [31]. Comparisons between the WWM and the RBMw suggest similar values for the ratio of WWM-estimated cohesion to RBMw-estimated cohesion, in the range of 0.4–0.6 [13,15], with Zydron and Skorski [15] proposing a correction factor of 0.5 for adjusting WWM-estimated cohesion.




2.2. CB1 Landslide Site


The 860 m2 CB1 catchment was monitored for unsaturated and saturated hydrologic flow response magnitude and pathways in the context of shallow-soil slope stability. CB1 is located below Mettman Ridge in the Oregon Coast Range, approximately 15 km northeast of Coos Bay, Oregon, USA [35]. The ridge crest elevation is approximately 300 m. A detailed physical description of the site and its soils is provided in Montgomery et al. [19] and Anderson et al. [20]. CB1 is one of two adjacent catchments used for experimental work on landslide failure [20,23,24]. The site was clearcut logged in 1987 and replanted with Douglas fir saplings in 1989; instrumentation was installed starting in 1989 and remained in place until November 1996, when it was destroyed by a landslide and the associated debris flow [19]. Figure 1 shows an aerial view of the CB1 catchment immediately after the landslide, and Figure 2 shows photos of the catchment both before and after the landslide taken from the same vantage point.



The CB1 site used artificial sprinkling experiments to understand hydrologic response [20,23,24]. Montgomery et al. [19] provides several photographs of the site before and after failure, as well as analysis of hydrologic conditions at the time of landslide initiation. The initial landslide source area was confined to the colluvium overlying sandstone bedrock with post-event observations constraining the failure mass upslope of the weir. The landslide and associated surface water flow stripped off most of the colluvium down to bedrock in the source area. After the landslide, the depth of the landslide scar from remnant ground surface to landslide failure surface was measured around the perimeter of the scar including lateral and head scarps components. The average depth of the landslide failure plane around the perimeter of the slide was 0.7 m but varied from 0.3 m to 1.2 m. The basal surface of the landslide scar was relatively planar, with an average slope of 43°, generally parallel to the ground surface. The basal area of the landslide scar was 157 m2 and the total length of the upper scar was 58 m. However, roots from only 37 m of the scar perimeter could be collected and measured because of physical disturbance and obstruction by catwalk infrastructure [19].



After the 1996 failure, Schmidt et al. [25] meticulously measured and collected vegetation roots from the failure scarp. Vegetation in the vicinity of the failure scarp is dominated by Douglas fir (Pseudotsuga menziesii) saplings planted two years after the clear cut, blue elderberry (Sambucus caerulea), thimbleberry (Rubus parviflorus), foxglove (Digitalis purpurea), and Himalayan blackberry (Rubus discolor). All the plant species are native except for Himalayan blackberry, which is non-native and invasive [36]. Low confining stress triaxial tests on undisturbed material determined the colluvium was essentially cohesionless, with an internal friction angle of 40° [19]. Because very few roots intersected the basal landslide surface, and all the roots intersecting the lateral margin were observed to have broken, Schmidt et al. [25] concluded that plant roots mainly provided lateral reinforcement.



Previous root cohesion estimates at CB1, obtained using only the WWM [19,25], estimated a spatially averaged root cohesion of 4.6 kPa over the entire 37 m perimeter of the landslide scarp. These estimates were calculated in vertical and lateral profiles, revealing that root cohesion is spatially heterogeneous, with values ranging from near 0 to 13 kPa in the vertical profile dimension and near 0 to 14 kPa laterally along the scarp [19]. The basal component of root cohesion was estimated to be 0.1 kPa [19], a small fraction of the estimation for the roots exposed in the lateral scarp. The relatively low estimate for the basal component highlights the fact that most of the roots are constrained within the overlying colluvium, with few roots piercing the colluvium–bedrock interface.




2.3. Estimation of Root Thread Strength from Experimental Data


Schmidt et al. [25] carried out tensile strength tests for root threads of 12 species at multiple sites throughout the Oregon Coast Range, including the Mettman Ridge area near Coos Bay. Schmidt et al. [25] collected root specimens measuring up to 6.5 mm in diameter by identifying healthy plant species in the field, excavating their roots, trimming suitable lengths of similar diameter, and determining the tensile force at failure for given diameter classes. Thread strength tests were conducted by adhering the ends of 15–20 cm-long threads into clamps, pulling by hand with a consistent force until the thread failed, and measuring the maximum force required for failure with calibrated springs. Healthy roots were identified based on bark characteristics and relatively high elasticity. We use the same method of estimating thread tensile strength as Schmidt et al. [25], who used a second-order polynomial regression model to represent maximum tensile load. To obtain results in units of tensile strength, which is necessary to apply the FBM, we convert the results of the polynomial regression model to a power law representing tensile strength (see Appendix A). We estimate maximum tensile load at failure for all species except Douglas fir. Because the Douglas fir roots measured were relatively fine and not representative of larger Douglas fir roots, we instead used the equation from Burroughs and Thomas [37] for the tensile load of Coast Douglas fir, which is based on a sample with greater representation of large-diameter roots. The experimental data and equations for tensile load are shown in Figure 3.




2.4. Root Data from the CB1 Landslide Site


Root data obtained from the CB1 landslide scarp are available in Schmidt and Cronkite-Ratcliff [35]. These data were collected by Schmidt et al. [25] and consist of 349 roots, 41 of which are located in the basal surface. All roots intersecting the slide scarp were broken during landsliding. These roots represent five different species: foxglove, Douglas fir, elderberry, blackberry, and thimbleberry. Of the remaining 308 roots that were not in the basal surface, 280 were live and generally oriented perpendicular to the failure surface and failed during landsliding. A subset of roots aligned roughly parallel to the slide scarp were exposed but did not fail during landsliding. The majority (211 out of 280; 75%) belonged to thimbleberry plants. It should be noted that the roots identified in the landslide headscarp were not excavated to the plant of origin to determine species. Rather, species were identified based on proximity to remaining above-ground plant biomass, and also by characteristic species traits (e.g., color, texture, tortuosity, bark, etc.) of the roots observed during the measurements of thread strength vs. diameter for the different species examined. The scarp was divided into 16 segments ranging from 1 to 6.2 m in width and from 0.29 to 1.2 m in average depth. However, roots were measured in only 12 of these 16 segments, with 4 segments occluded by ground disturbance (Figure 4). Segments are inclined at angles of 39–87° from horizontal. The area of each segment ranged from 0.5 to 4 m2.



Figure 4 shows the location and diameter of the roots broken in the landslide scarp, and Figure 5 and Figure 6 show the diameter distribution and depth distribution for the roots broken in the landslide scarp. All the root species exhibit a roughly similar diameter distribution that is positive-skewed, with most values falling below 10 mm, and with modal values between 2 and 6 mm. The thickest observed root was an elderberry root with a diameter of 20 mm. The depth distributions for all species appear to be relatively similar, showing that most roots are located at relatively shallow depths. Approximately 90% of all roots are located within 50 cm of the ground surface. This is consistent with earlier research showing that in general, at least 80% of the biomass is within 40–50 cm of the ground surface [2].




2.5. Application of Root Breakage Models


2.5.1. Wu and Waldron Model (WWM)


The WWM uses a simple calculation where the total force that can be sustained by the root bundle is the sum of the tensile strengths of all the individual roots in the bundle, multiplied by their cross-sectional areas.


   F b  =  R f    ∑   i = 1  N   T i   A i  ,  



(2)




where Ti is the tensile strength of the i-th root (in units of stress), Ai is area of the i-th root, and Rf is a correction factor for the inclination angle of the root. We use a value of 1.0 for Rf, following the conclusion of Thomas and Pollen-Bankhead [28] that an Rf value of 1.0 was most appropriate for sites with friction angles between 5° and 45° and failure surface angles between 10° and 90°.




2.5.2. Fiber Bundle Model (FBM)


Pollen and Simon [12] developed the FBM to address the systematic overestimation of root cohesion by the WWM, which assumes simultaneous failure of all roots. A single force is applied to a bundle of parallel fibers according to a load apportionment rule which determines the applied stress on each individual fiber. If the applied stress on a fiber exceeds its tensile strength, the fiber breaks, and it is no longer available to support the applied load in subsequent iterations. Effectively, this process finds the maximum total force that can be sustained by the entire bundle without breaking all the roots. Flowcharts describing the FBM are shown in Pollen and Simon [12] and Dias et al. [7].



In this study, we applied the FBM assuming global load sharing, in which the load is distributed equally among all fibers, rather than local load sharing, in which the load from a broken fiber is distributed disproportionally to its closer neighbors. In this study, we implement the FBM such that the load is distributed equally to each individual root, following the recommendation of Mao et al. [38]. This method of load apportionment ensures that the largest roots break last, making the total bundle strength dependent on the larger roots. This assumption is supported by Cohen et al. [39], who showed that small diameter roots will always be the first to break, and Giadrossich et al. [40], who showed that small roots provide almost no contribution to root reinforcement at the stand scale.



Note that any subset of roots with the same tensile strength and diameter will fail simultaneously. Therefore, in this study, where tensile strength is a function of diameter only, roots of the same species and diameter will either survive or fail together in a single model iteration.



Root Bundle Model-Weibull (RBMw)


The root bundle model-Weibull (RBMw) was developed to account for the effects of elastic deformation on root failure. Schwarz et al. [30] proposed a strain-controlled model, the RBM, that imposes successive displacements to a root bundle and calculates the resisting tensile force that results from the given strain. It is thus possible to calculate the forces acting on the root bundle for any displacement [41]. Schwarz et al. [13] further extended the RBM to account for variability in strength for roots of the same diameter. This extension was named the RBMw (root bundle model-Weibull) because they used a Weibull survival function to represent the decreasing probability of survival as the root is stretched beyond its original length.



The Weibull survival function represents the probability that a root remains unbroken when it has been stretched to a specific displacement. To model the elastic response of the root in a way that is independent of the root diameter, the displacement is normalized based on the elastic properties of the root. For details on how we implemented the RBMw, see Appendix B. The shape parameter ω and the scale parameter λ* of the Weibull survival function are estimated separately for each species. The resulting parameter values are shown in Figure 7.






2.6. Calculation of Root Cohesion


For each of the three models (WWM, FBM, and RBMw), the goal is to obtain the maximum force that can be sustained by the bundle. While the WWM directly gives an estimate of the maximum force, the FBM and RBMw produce a force value as a function of the nominal applied force or displacement, respectively. The FBM and RBMw therefore require application over a range of inputs to find the maximum force that can be sustained by the bundle. The root cohesion is calculated as the ratio of the maximum force Fb to the area of the failure surface (A):


   c r  =  F b  / A    



(3)







The root cohesion can be calculated to give a scarp-averaged cohesion value for the entire bundle, without accounting for any spatial variability due to the spatial distribution of roots in the scarp. To obtain a spatially distributed estimate for root cohesion, the domain is discretized into sections (laterally and/or vertically), and the maximum force is calculated individually for each of these smaller sections ranging in cross-sectional area from 0.57 to 4.0 m2 (when binned by segment) and from 0.42 to 3.3 m2 (when binned by 10-cm depth intervals).





3. Results


First, we describe the results of the maximum force calculation across the entire landslide scarp without considering any spatial variability in the root cohesion. Figure 8 shows the number of surviving roots as a function of applied force from the FBM. Figure 9 shows the force-displacement curve from the RBMw. Whereas the WWM predicts a maximum force of 101.2 kN, the FBM predicts a much lower maximum force of 26.1 kN. The maximum force from the RBMw is lower still at 18.3 kN. These results are consistent with earlier research showing that the WWM overpredicts cohesion relative to the FBM and the RBMw [12,14]. Additionally, we draw the reader’s attention to the strain at which each species reaches its maximum activated force. Whereas both elderberry and Douglas fir exhibit peak values at about 200–300 mm of displacement, the maximum thimbleberry contribution to strength occurs at a much lower displacement value of about 40 mm.



In addition to the scarp-averaged values, we calculated the root cohesion distributed vertically and laterally within the scarp. Along with these distributed values, we describe the percent contribution to the overall bundle strength from vertical and lateral sections of the scarp. Because of the nonlinearity of the FBM and RBMw models, a general formula for the contribution of any one section k of the bundle is posed as a percent reduction in strength (PRS) for the bundle without group k:


  P R  S k  = 100  [     (   F b  −  F   (  b − k  )     )     F b     ]   



(4)




where Fb is the maximum force for the entire bundle, and F(b−k) is the maximum force for the bundle with all the roots belonging to group k removed. Group k could represent a group of roots at a particular depth, a particular section along the perimeter of the scarp, and/or roots belonging to a specific species.



3.1. Scarp-Averaged Cohesion


When converted to root cohesion averaged over the entire 37 m long slide scarp, which has a total cross-sectional area of 21.8 m2, the root cohesion is 4.6 kPa for the WWM, 1.2 kPa for the FBM, and 0.8 kPa for the RBMw. In their comparative study of the three models, Zydron and Skorski [15] obtained similar results for the relative cohesion estimates for two different tree species. However, the ratios of FBM-estimated cohesion and RBMw-estimated cohesion to the WWM-estimated cohesion, which are 0.18 and 0.26, respectively, are somewhat lower than estimates of comparable ratios from other researchers (see Section 2.1). Results for the scarp-averaged root cohesion are summarized in Table 1.




3.2. Root Cohesion by Depth


Root cohesion was calculated along different depth bins to highlight variability with depth below the ground surface. All three models show that cohesion diminishes below a depth of about 80 cm, with no model predicting cohesion greater than 2 kPa below this depth. However, there are substantial discrepancies in the cohesion values as well as the relationship versus depth that depend on the breakage model. The maximum root cohesion calculated by the WWM, for example, is 11.4 kPa, which is approximately 40% greater than the root cohesion calculated from the FBM at 8.1 kPa, and five times greater than the root cohesion calculated by the RBMw method at 2.3 kPa. The maximum activated forces and the root cohesion for the 10-cm depth bins are shown in Figure 10.



For the WWM and RBMw models, root cohesion reaches its maximum at a depth of 10–20 cm below the ground surface, and for these two models, roughly 80% of the root cohesion provided by these shallowly rooted plants species is in the top 40 cm of the regolith, with background negligible values at deeper soil depths. However, when using the FBM, the maximum cohesion occurs at a depth of approximately 60–70 cm below the ground surface. These results demonstrate the influence of the root strength model in calculating root cohesion and the implications for applying these values in the context of slope stability modeling in landscapes with plant species expressing different characteristic rooting depths. Similar results were reported by Zydron and Skorski [15], who reported that the WWM consistently produced the highest root cohesion values with depth, the RBMw produced the lowest, and the FBM produced values that fell between the results of the other two models.




3.3. Root Cohesion along the Scarp Perimeter


The results also show that root cohesion is not homogeneous in the planform dimension along the perimeter of the landslide scarp. The maximum force and the cohesion calculated along the segments of the scarp are shown in Figure 11. For segment 3, the cohesion is <0.05 kPa for all three models, while in segment 9, the cohesion ranges from 3.1 kPa when calculated by the RBMw to 12.9 kPa when calculated by the WWM. The differences in the relative magnitudes of cohesion estimated by each of the three models are also evident in the depth-dependent and scarp-averaged cohesion values.



The planform distribution of root cohesion may be less informative than the depth distribution, since it mostly reflects the spatial location of roots belonging to specific plants, whereas the vertical distribution may be more indicative of a generalized relationship with depth. However, the lateral root distribution indicates areas of low root cohesion along the scarp perimeter, which could indicate gaps in vegetative root reinforcement and initiation areas for shallow landslides. For instance, Roering et al. [42] suggested that shallow landslides occur in areas of low root cohesion between trees; they presented a simple method for mapping of the distribution of trees and their canopies in hollows to quantify the landslide susceptibility.



Calculating the root cohesion by segment and by depth, as shown in Figure 12, provides more evidence that the cohesion has significant spatial heterogeneity. Although depth bins have a uniform size of 10 cm, the variation in the width of each segment results in the areas over which cohesion was calculated varying between 0.08 m2 and 0.65 m2. Figure 12 shows that cohesion is highly concentrated within areas that have a high density of elderberry and Douglas fir roots, which have the greatest tensile strengths. For all three models, the cohesion distribution among the different depth/segment sections has a skewness greater than 5, indicating the very high degree of spatial concentration. For the depth/segment sections with the greatest contribution, while most depth/segment sections contribute <1% to the overall root cohesion, the percent contribution for the strongest section is 16% for the WWM, 23% for the FBM, and 12% for the RBMw. Alternatively, the cohesion of the strongest individual section is 123 kPa for the WWM, 99 kPa for the FBM, and 34 kPa for the RBMw, values which are greater than the scarp-averaged cohesion calculated from the respective model by a factor greater than 25. This relation highlights the great spatial variability and localized maxima adjacent to denser, spatially concentrated, plant roots.




3.4. Contribution of Cohesion by Species


The amount of cohesion contributed by each of the species within the CB1 landslide scarp is an especially important question from a geotechnical engineering point of view because it addresses which species could be most effective for slope stabilization [2,18]. The contribution of root cohesion by a particular species represents the PRS that would occur if roots from that species were removed from the bundle, calculated using Equation (4). Figure 13 shows the contribution of root cohesion by species for each of the three models. The best way to interpret the results shown in Figure 13 is to compare the contributions from different species in the FBM and RBMw to those in the WWM. This figure reveals two interesting results. First, in the FBM model, the only two species that contribute to the cohesion are Douglas fir and elderberry, which have the greatest tensile strength for large diameter roots. This suggests that the results of the FBM are especially sensitive to the tensile strength of the largest diameter roots. Second, the greatest strength contribution in the RBMw model derives from thimbleberry and slightly exceeds that of either Douglas fir or elderberry. The force-displacement curve in Figure 9 shows that the maximum resisting force of each species is mobilized at different displacements. Furthermore, those resisting forces activate over different ranges of displacement. While thimbleberry roots impart a high strength, most of this strength is activated at displacements generally less than 250 mm, whereas the strength of Douglas fir and elderberry roots is activated over a much wider range of displacements. Although thimbleberry is relatively weak in tensile strength compared to Douglas fir and elderberry, its peak resisting force is concentrated at a different displacement than Douglas fir and elderberry, allowing it to complement the cohesion from the two stronger species.





4. Discussion


Although our results clearly show that cohesion estimates by both the FBM and the RBMw are substantially less than those estimated by the WWM, at present, we have no independent means to evaluate which model results are the most representative of actual site conditions. It is well known that the assumptions of simultaneous failure in the WWM are unrealistic and represent an upper bound on the strength of a root bundle. Both the RBMw and FBM were developed to represent progressive failure, which we believe is much more realistic generally. Although the results on the accuracy of root breakage models compared to experimental and field tests varies widely (see Table 1 in Ji et al. [43]), it is well established that the WWM overestimates the root strength [12,14]. Schwarz et al. [17] report that for lateral reinforcement along a landslide scarp, the WWM overpredicts root cohesion by approximately a factor of three, a finding supported by other studies [12,39,44]. Our results also indicate that progressive failure models produce scarp-averaged cohesion values that are 18% and 26% of the WWM-estimated value for RBMw and FBM, respectively, a result which is approximately consistent with these studies and others [15]. These results are strong evidence that the WWM-estimated values represent overestimation of the root strength at CB1 as well. However, the magnitude of overestimation is expected to vary depending on the local root diameter distribution and the thread strength of individual species.



The likely overestimation of root cohesion by the WWM has important implications beyond the CB1 site. Schmidt et al. [25] investigated CB1 as one of several landslide sites and compared the root cohesion values in terms of the land use and disturbance history, particularly in terms of the forest management. The results of that study indicated that the root cohesion at CB1 was broadly consistent with values (a range of 1.5–6.7 kPa) for other clearcuts with a disturbance less than 11 years old. By comparison, Schmidt et al. [25] estimated that median lateral root cohesion in industrial forests up to 123 years old fell in the range of 6.8–23.2 kPa and old growth forests fell in the range of 25.6–94.3 kPa. If these estimates, obtained using the WWM, overestimate the root strength by the degree suggested in this study and others, these results are likely to be overestimates as well, and caution should be exercised when quoting or applying these values in new investigations. As previously reported values from Schmidt et al. [25] have been cited in other publications [19,21,22,26,27], these values in the literature should be used with great discretion.



There are major discrepancies between the root strength values calculated using the various models. These results point to the importance of using models that are physically realistic and account for the important processes governing root behavior under tension, including differential displacement and load redistribution. The three models have differences in which species impart the greatest contribution to the overall bundle strength. For instance, the FBM-modeled cohesion is contributed entirely by two species, Douglas fir and elderberry (Figure 13). However, field observations revealed broken roots of all five species measured along the scarp. Observations of broken root threads are consistent with a mobilization of a finite contribution of strength by a broader array of roots than indicated by the FBM approach. Alternatively, the RBMw model results highlight the control of species on the resisting forces activated over a range of displacements (Figure 9). Hence, the RBMw model results suggest that a range of species with different tensile strength characteristics may more effectively hinder landslide deformation at a range of displacements. In Figure 13, the RBMw model results indicate a contribution from all species except for foxglove in the total contribution to strength. Foxglove roots were both small in diameter and limited in number and as such could be expected to play a minimal role in the total resistance. Hence, results from the RBMw model are more consistent with observations of broken roots of all species along the slide scarp.



Additionally, more sophisticated models also consider root behavior under compression [4,45], a process which is not considered in this paper. In the distal extents of landslides, roots undergo compression, imparting a lower strength than their tensional forces [4,45]. However, remaining evidence following the CB1 landslide did not allow for any estimate of root behavior in the landslide toe where compression would be more pronounced. Such evidence was removed by the passage of the landslide and downslope debris flow (Figure 1 and Figure 2). None of the models applied in this study account for all these processes. Future research directions should continue applying models that account for these processes in addition to pursuing root model validation through alternate means to evaluate actual model robustness.




5. Conclusions


Earlier publications that quantified the contribution of vegetation roots at the CB1 landslide site reported the apparent root cohesion had a spatially averaged, static value of 4.6 kPa over the entire scarp [19,25], without considering the heterogeneity of root cohesion across the failure plane. These analyses were based on the Wu and Waldron model (WWM). We believe that root breakage models that account for progressive root failure better characterize the reinforcement mechanics at the CB1 site, which failed with progressive landslide deformation prior to debris flow mobilization. Hence, the static value of 4.6 kPa determined from the WWM is likely an overestimate and such values should not be used in subsequent numeric landslide susceptibility models. Furthermore, the RBMw results from CB1 indicate that root cohesion may be less than a fifth of the static WWM value (0.8 kPa). Combined with other research suggesting that the WWM can substantially overpredict root cohesion, this result suggests that the vegetation roots contribute far less cohesion to the soil than indicated by earlier investigations at CB1. Additionally, because the vegetation is responsible for nearly all the cohesion in the root–soil composite, and the mineral component of the soil has been shown to have negligible cohesion, this result means that the overall regolith has far less cohesion than previously established by Schmidt et al. [25].



Despite the discrepancies in the magnitude of the apparent root cohesion, the results of all three models consistently show that root cohesion has significant spatial heterogeneity, corroborating the conclusion of Schwarz et al. [17]. This result has important implications for slope stability modeling, which because of constraints on model input parameters have traditionally assumed that root cohesion is a homogeneous, spatially invariant value. When combined with site-specific data on topography, hydrologic response to rainfall, and material properties available for the CB1 site, slope-stability analysis will allow these three root models to be tested against factors of safety estimated from three-dimensional slope stability models.
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Appendix A


We use the same method of estimating thread tensile strength as Schmidt et al. [25], who used a second-order polynomial regression model to represent maximum tensile load:


   F  m a x    ( d )  = a d + b  d 2  ,  



(A1)




where Fmax is the tensile load and a and b are scaling factors.



While Equation (A1) gives the maximum load in units of force, many root breakage models, particularly the FBM, use tensile strength in units of stress. For this reason, we first estimate maximum force at failure using Equation (A1) and then convert to units of stress. Equation (A1) can be converted to negative power-law form by dividing by the cross-sectional area of the root to convert the dependent variable to units of stress. This conversion transforms the relationship to be linear in the reciprocal of the diameter [46]:


   T  m a x    ( d )  = u  d  − 1   + c ,  



(A2)




where Tmax is the tensile strength, u is a scaling factor and c is a constant.



To estimate the tensile load at failure for each species, we use ordinary least squares regression to obtain fits to Equation (A1). We then convert the results to the form of Equation (A2) to obtain results in units of tensile strength. In our specific case, where the tensile force is represented by a load measured in kilograms [25], we first multiply the load by the standard acceleration of gravity to obtain units of force before converting to Equation (A2).




Appendix B


In the RBMw, roots are modeled with linear-elastic deformation that break at a threshold displacement [13]. The average root length L, the average maximum tensile force F, and the average elastic modulus E are modeled as power-law functions of root diameter d [13,30]:


  L  ( d )  =  L 0   d γ   



(A3)






  E  ( d )  = r  E 0   d β   



(A4)




where L0 and E0 are scaling factors for length and elastic modulus, respectively, β and γ are exponents, and r is a scaling factor which accounts for reduction in the elastic modulus due to root tortuosity [13].



Using the above equations, the tensile force sustained by a root as a function of the diameter d and the displacement ∆x is:


  F  (  d , ∆ x  )  =   π r  E 0    4  L 0     d  2 + β − γ     ∆ x   ,           F  (  d , ∆ x  )  <  F  m a x    ( d )   



(A5)




where Fmax represents the maximum tensile force of the root (Equation (A1)). For a given displacement ∆x, the force mobilized by the bundle is the sum of the forces on each root at that displacement:


   F b   (  ∆ x  )  =   ∑   i = 1  N  F  (  d , ∆ x  )   



(A6)







To represent the variability in the mechanical properties of roots of the same diameter, Schwarz et al. [13] use the two-parameter Weibull survival function defined by the scale parameter λ* and the shape parameter ω:


  S  (  ∆  x *   )  = exp  [  −    (    ∆  x *     λ *     )   ω   ]   



(A7)




where ∆x* represents the normalized displacement. The normalized displacement is the ratio of the displacement ∆x to the displacement at which the root fails, ∆xmax:


  ∆  x *  =   ∆ x   ∆  x  m a x      



(A8)







By introducing the Weibull survival function, the force mobilized by roots of the same diameter becomes dependent on displacement as well as the diameter. This additional dependence is achieved by multiplying the force on each root by its probability of survival for a given normalized displacement, giving the term F(di, ∆x) S(∆x* ). The total strength of the root bundle at a given normalized displacement is the sum of forces mobilized by all roots at that displacement:


   F b   (  ∆ x  )  =   ∑   i = 1  N  F  (   d i  , ∆ x  )  S  (  ∆  x *   )     



(A9)







The RBMw requires a range of displacements to be applied to the bundle using Equation (A9), until the maximum applied force is found.



In our model, root length L was calculated using Equation (A3), and the elastic modulus E was calculated using Equation (A4). As no site- nor species-specific values for the scaling factors and exponents were available, we adopted values from Schwarz et al. [30] that fit data for 27 spruce roots: E0 is 696 MPa mm, L0 is 335 mm, β is −1, and γ is 0.63. Because the value for E0 accounts for the effects of tortuosity, the tortuosity coefficient r from Equations (A4) and (A5) is effectively equal to 1 [30]. Root force at failure Fmax was obtained by Equation (A1) using coefficient values shown in Figure 3.



Because Weibull survival function parameters must be calibrated from the normalized displacement, we estimate the normalized displacement from the experimental data described in Section 2.3. We represent the displacement at which the root fails, ∆xmax, as the displacement where the applied force equals root force at failure Fmax. The normalized displacement was estimated as the ratio of the measured displacement to the displacement at failure (Equation (A8)). However, because the displacement is linearly proportional to force, the normalized displacement is equivalent to the ratio of the measured tensile force Fmeas to the estimated tensile force at failure Fmax:


  ∆  x *  =    F  m e a s      F  m a x      



(A10)







The estimated normalized displacement values used to calibrate the Weibull functions are therefore equivalent to the multiplicative residuals from the tensile force regression models (Equation (A1); Figure 3). The Weibull survival function shape and scale parameters (Figure 7) are estimated separately for each species using maximum likelihood estimation (e.g., Lee [47]).
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Figure 1. Post-landslide oblique aerial photo, taken roughly towards the NNW direction, reveals both upslope shallow landslide extent and downslope debris flow scour. Vehicles on the road near the bottom of the image indicate the relative size of the landslide area. Photograph by K.M. Schmidt, U.S. Geological Survey. 
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Figure 2. View of the CB1 catchment (a) before and (b) after the landslide. Both images are taken from the same location at the top of the scarp. The view is to the north, looking directly down the central axis of the hollow. Panel (a) shows some of the instrumentation which was installed at the site before the landslide. The instrumentation included tipping bucket rain gages, tensiometers, piezometers, catwalks to minimize ground surface disturbance, and a downslope weir. Photograph by K.M. Schmidt, U.S. Geological Survey. 
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Figure 3. Field-measured relations of species type with tensile load at failure (solid circles) for a given thread diameter with best fit second-order polynomial model from Equation (A1) (see Appendix A) (except for Douglas fir, where the equation of Burroughs and Thomas [37] was used). Equations are shown for foxglove (a), Douglas fir (b), elderberry (c), blackberry (d), and thimbleberry (e). Panel (f) shows the estimated curves for all species color-coded by the individual species. In all plots, the diameter range of the curves represents the range over which the tensile load was estimated. All data are available in Schmidt and Cronkite-Ratcliff [35]. 
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Figure 4. Panel (a) shows the plan view of the landslide scarp perimeter constructed with a tape and compass survey, showing the locations of numbered segments. Only segments where roots were measured are numbered. Segments where no roots were measured (because of obstructions including collapsed soil masses and broken site infrastructure) are shown as dashed lines. Segments of scarp perimeter are constrained to the boundary of the initial landslide and do not include the downslope debris-flow. Data on the location of the scarp segments are available in Schmidt and Cronkite-Ratcliff [35]. Panel (b) shows the location and diameter of live roots in the scarp, showing the depth below ground surface and the position along the landslide scarp perimeter for each root. The vertical dashed lines demarcate the lateral boundaries of each segment along the scarp perimeter, with shaded areas showing the approximate areal extent of each scarp segment. A small amount of “jitter” (Gaussian noise with variances of 0.1 m and 0.01 m in the horizontal and vertical dimensions, respectively) has been applied to the location and depth to visually differentiate roots located at the same perimeter and depth location. Data on the location and diameter of roots are available in Schmidt and Cronkite-Ratcliff [35]. 
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Figure 5. Histograms of broken live root diameter for each of the vegetation species identified along the landslide scarp. Histograms of broken live root diameter are shown for foxglove (a), Douglas fir (b), elderberry (c), blackberry (d), and thimbleberry (e). Panel (f) shows the histogram of broken live root diameter for roots of all species together. 
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Figure 6. Histograms of depth below ground surface for the roots of each of the vegetation species identified along the landslide scarp. Histograms of depth below ground surface are shown for foxglove (a), Douglas fir (b), elderberry (c), blackberry (d), and thimbleberry (e). Panel (f) shows the histogram of depth below ground surface for roots of all species together. 
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Figure 7. Estimated normalized displacement data (circles) and curve from the fitted Weibull survival function (see Appendix B). Estimated normalized displacement and fitted Weibull survival curves are shown for foxglove (a), Douglas fir (b), elderberry (c), blackberry (d), and thimbleberry (e). Panel (f) shows the estimated normalized displacement and the fitted Weibull survival curves for roots of all species plotted together. 
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Figure 8. Results from the FBM, showing the number of surviving roots after application of different loads. Vertical dashed line indicates the maximum activated force. 
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Figure 9. Force-displacement curve resulting from the RBMw model. Horizontal dashed line shows the maximum activated force. 
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Figure 10. Root strength variation by depth calculated over the perimeter of the landslide scarp. Panel (a) shows maximum activated force, and (b) shows cohesion, superimposed over the scarp-averaged cohesion values for comparison depicted as vertical dashed lines. Panel (c) shows the cumulative strength contribution with increasing depth for each of the three models. All quantities are calculated over all roots within 10-cm depth increments along the scarp plane; negligible roots intersecting the basal surface are not included. 
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Figure 11. Maximum activated force (a) and root cohesion (b) calculated independently for each scarp segment, showing lateral variation along the perimeter of the landslide scarp. Panel (a) shows maximum activated force, and (b) shows root cohesion, with the scarp-averaged cohesion superimposed as horizontal dashed lines for comparison. Both quantities are calculated within each segment along the length of the scarp perimeter; negligible roots intersecting the basal surface are not included. S1 through S16 denote the scarp segments depicted in Figure 4a. 
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Figure 12. Root cohesion (a–c) and percent strength contribution (d–f) calculated by segment and 10-cm depth bin along the landslide scarp for each of the three models. The distribution of cohesion across different segment and depth bins (g–i) shows that cohesion has a high degree of spatial heterogeneity across the scarp. 
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Figure 13. Contribution of root cohesion by species calculated for each of the three models. Because of the nonlinearity of the FBM and RBMw models, the contributions for FBM and RBMw will not necessarily sum to 100%. 
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Table 1. Results for root cohesion averaged over the entire CB1 landslide scarp.






Table 1. Results for root cohesion averaged over the entire CB1 landslide scarp.





	Model
	Maximum Force (kN)
	Root Cohesion (kPa)
	WWM Reduction Factor





	WWM
	101.2
	4.6
	1



	FBM
	26.1
	1.2
	0.26



	RBMw
	18.3
	0.8
	0.18
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