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This report briefly reviews the state-of-the-art on the analysis of landslides and debris flows. The report consists of three parts: (1) theoretical background for the analysis of landslides; (2) debris flow mechanics; and (3) a review of numerical models for landslides and debris flows. 
This report clarifies some of the basic concepts on the analysis of hillslope stability through the infinite slope method.  The book from Lu and Godt (2013) on hillslope stability analysis is strongly recommended since it contains a lot more on the basic understanding and the mechanics of hillslope stability.  
The analysis of debris flows and mudflows is quite complex partly because the nomenclature is poorly understood.  The summary presented here is abbreviated from the book of Julien (2010). The emphasis is on the basic concepts alongside as many calculation examples as possible.  Additional papers from O’Brien and Julien (1988) on rheology, O’Brien et al. (1993) on numerical modeling and Julien and Leon (2000) on countermeasures and remediation are added in Appendix.  
In terms of computer models, there is no “great” computer model that combines hillslope instability and debris flows altogether.  Perhaps SINMAP should be considered for hillslope stability and the commercial code FLO-2D should be best for debris flow and mudflow routing.  The recent TREX simulation results from Kim (2012) also provide a very instructive combined analysis of hillslope stability with hazard mapping and hydrological modeling with TREX.  The illustration at Duksan Creek demonstrates the importance of rainfall intensity, surface runoff and shear stress in the delineation of damage areas from flashfloods and debris flows. The site illustrates the possible use of countermeasures in South Korea.  
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Extreme rainfall precipitation events occur worldwide and the concern continues to increase. Localized rain storms with high intensity and short duration have been observed around the world. South Korea is also one of the countries impacted by extreme rainfall events. The average annual precipitation in Korea is about 1,245 mm (1974 to 2003) and two third of this precipitation is concentrated in the summer season. Extreme rainstorms during typhoons have caused major damage from landslides and debris flows in South Korean mountains. During the past 10 years two typhoons and one heavy rainfall severely damaged the Korean peninsula. More specifically, the damages from typhoons Rusa in 2002, Maemi in 2003, and extreme rainfall in 2006 totaled 11.1 billion dollars respectively (Kim 2012).
This heavy rainfall patterns during typhoons typically cause surface runoff and slope saturation is a primary cause of landslides. As rainfall infiltrates into soils, it increases the pore pressure of fully saturated soils which reduces shear strength on the slip surface. Figure 1.1 shows a recently damaged area along Duksan Creek in Inje County, Gangwon Province, South Korea. 
Figure 1.1. Damaged area at Duksan Creek, Inje County, Gangwon Province, South Korea (from Kim, 2012)
[bookmark: _Toc414822162]Landslide Types and Background Information 
Different types of landslides are sketched in Figure 2.1. 
[image: ]
Figure 2.1. Different types of landslides (USGS, http://pubs.usgs.gov/fs/2004/3072/fs-2004-3072.html)
Some of the landslide terminology is further detailed in Figure 2.2.
[image: ] 
Figure 2.2. Terminology for landslide features (modified from Varnes, 1978)

Kim (2012) summarized some of the literature on landslides and debris flows in Korea. The most common types of landslides are rock falls, planar slides, rock creep, and rotational slides. Debris flows typically occur along the mountainous valleys and initially start from a translational slide that then changes to a debris flow. Therefore, most debris flows are related to translational slides. Landslides in the northern part of South Korea showed granite bedrock more weathered than metamorphic rock. These properties increased water permeability and then raised shear stress. From 10 events since 1990, landslide occurrence depended primarily on the rainfall intensity rather than rainfall duration. Two-thirds of the debris flows were caused by intensive rainfall. In the Gangwon Province, saturated soils and infiltration triggered 55% of the landslides into debris flows. 
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The recently published book by Lu and Godt (2013) on hillslope stability is strongly recommended.  The following analysis is borrowed from Kim (2012) who applied this methodology at Duksan Creek.  Casadei et al. (2003) used a similar model without saturation near the free surface. The infinite slope method represents a very long plane with a potential slip surface parallel to the free surface. The soil is fully saturated up to the free surface from constant infiltration during intense rainstorms per the sketch in Figure 2.3. 
[image: ]
Figure 2.3. Definition sketch for the infinite slope method
The factor of safety for an infinite slope is expressed as the ratio of the soil shear strength to the applied shear stress along the potential failure surface.  The safety factor is given here, with the derivation found in Kim (2012), as
[image: ]			(2.1)
where: FS = Factor of Safety [dimensionless]
c    = cohesion [N/m2]
γsat = saturated unit weight of soil [N/m3]
γw = unit weight of water [N/m3]
dw = vertical depth of saturated soil to the slip surface [m]
   = the angle between the slip surface and the horizontal [°]
   = the angle of friction [°]

[bookmark: _Toc414822164]Application example in South Korea
As an example, Kim et al. (2011) performed a test to determine the cohesion and internal friction angle as a function of the degree of saturation of the soil. The results are shown in Figure 2.4, with the symbol IJ representing samples taken in the Inje County area. 
[image: ]
Figure 2.4. The soil cohesion and internal friction angle change with respect to the degree of
saturation (Kim et al., 2011)
Therefore, the changes in soil cohesion and internal friction angle with saturation are important to interpret the infinite slope model. As the degree of saturation changes from 0 % to 100 %, soil cohesion and the internal friction angle decrease significantly. In Figure 2.4, the blue line indicates the values of soil cohesion and internal friction angle for fully saturated soils. From these measurements for saturated soils, the factor of safety can then be calculated as a function of the saturated water depth and the hillslope angle as shown in Figure 2.5.
[image: ]
Figure 2.5. Factor of safety and slope angle with respect to infiltration depth dw
Incipient hillslope failure conditions are obtained at infiltration depth between 0.2 m and 1.0 m and at critical slopes from 19° to 29°. Byun (2010) examined landslide places in Inje County and identified the failure depth of landslides was as shallow as 0.3 m to 0.5 m.  Field investigations in Gangwon Province showed a failure depth to 0.5 m to 0.8 m. Oh et al. (2009) analyzed the landslide characteristics at the Inje County area using 2.5 m resolution of SPOT5 satellite image and GIS. The results showed that the mean slope angle for the incipient failure sites, debris transport and debris accumulation areas were typically 26°, 24°, and 16° respectively.  Son et al. (2009) analyzed the landslides of the Inje County area using aerial photograph taken by 8 million pixels of a camera and GIS. The results showed that the mean slope angle for these three zones were 26°, 24°, and 19° respectively. Thus, the slope failure angles of 19° to 29° from the infinite slope analysis are representative of field measurements and a detailed analysis of aerial photographs. 
It is interesting to note that root strength can also be added to the soil cohesion parameters.  More information about root strength can be found in Lu and Godt (2013) and Dietrich et al. (2008).
The saturated depths that serve in the calculations of the safety factor can eventually be calculated with hydrologic models like TREX on a grid-basis. The result of the infiltration depth at each cell within the watershed can be applied to the Infinite slope method to analyze slope stability in the Duksan Creek watershed. Kim also showed that the infiltration range of 0.2 m to 1.0 m from the TREX modeling is very close to the field investigation results. 
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In general, the volumetric sediment concentration Cv of hyper-concentrations ranges from 5-60%.  The mass density of hyper-concentrations ρm is calculated from ρm=ρ+(ρs/ρ)Cv, where ρs  is the mass density of sediment and ρ is the mass density of water. The dry specific mass of a mixture is the mass of solids per unit total volume.  It is identified as ρmd and calculated as ρs Cv.  The porosity p0 is the ratio of the volume of water per unit total volume, or p0 = 1- Cv.  The void ratio e corresponds to the volume of water per unit volume of solids, or e= (1-Cv)/Cv.  The bulking factor B is the ratio of the total volume to the volume of solids, B = 1/Cv = 1 + e.   A linear sediment concentration λ has been defined by Bagnold as a function of the volumetric sediment concentration Cv and the maximum volumetric sediment concentration Cv*  0.615.  The relationship for λ is .
The properties can also be defined from measurements of weight of solids Ws, weight of fluid W and total weight Wt.  The sediment concentration by weight is Cw = Ws/Wt.    The water content of soils as w is defined from the ratio of the weight of water W to the weight of solids Ws, or w = W/Ws.  Conversions to the volumetric concentration are obtained as Cv = 1/ (1 + wG), or w = (1 - Cv )/GCv.  These physical properties are listed in the Table below from Julien (2010).  
[image: C:\Users\pierre\Desktop\CIVE401\2014_11_18\2015_03_21\mudflow.jpg]
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Rheology describes the forces required for the deformation of matter.  The paper of O’Brien and Julien (1988) is presented in Appendix I.  They used a Bingham model where the applied shear stress τ is a function of a threshold shear stress, called yield strength τy, and the dynamic viscosity μm times the rate of deformation dvx/dz, or

			(2.2) 
The parameters τy and μm vary with Cv as shown in Figure 3.1 from Julien (2010).
[image: F10_13a][image: F10_13b]Figure 3.1. Yield strength and dynamic viscosity of hyper-concentrated flows
	The analysis of coarse sediment mixtures is somewhat more complex and involves an additional shear stress due to particle impact, called the dispersive shear stress τd defined as


			(2.3)
	The dispersive shear stress increases as a function of three main parameters, namely:  (1) the second power of the particle size ds; (2) the volumetric sediment concentration Cv; and (3) the second power of the rate of deformation dvx/dz.  It is important to recognize that the dispersive stress is proportional to the product of these three parameters, therefore high values of all three parameters are required to induce a significant dispersive shear stress.
	A quadratic rheological model has been proposed by O'Brien and Julien (1985) which combines the following stress components of hyper-concentrated sediment mixtures:  (1) cohesion between particles; (2) internal friction between fluid and sediment particles; (3) turbulence; and (4) inertial impact between particles.  The resulting quadratic model is:

			(2.4)♦
where the yield strength τy  and the dynamic viscosity μm were previously defined, and ζ is the turbulent-dispersive parameter.  The last term of the quadratic model combines the effects of turbulence with the dispersive stress induced by inertial impact of sediment particles.  Combining the conventional expression for the turbulent stress in sediment-laden flows with Bagnold's dispersive stress gives:

			(2.5)

where ρm and lm are respectively the mass density and mixing length of the mixture; ds is the particle diameter;  is Bagnold’s linear concentration;  and cBd  0.01 is an empirical parameter defined by Bagnold.
[bookmark: _Toc414822167]Parameter evaluation
The rheological properties of hyper-concentrations are determined from laboratory analyses of rheograms obtained from viscometric measurements.  Both the yield stress and viscosity typically increase exponentially with the sediment concentration.  

						(2.6a)

						(2.6b)

where τy is the yield stress in Pa, μm is the dynamic viscosity in Pa.s and Cv is the volumetric sediment concentration.  The constants a, b and c are coefficients determined from the measurements.  Values of b and c are approximately equal to 10, meaning that a 10% increase in Cv gives a ten-fold increase in τy and μm. 
A generic relationship for typical soils as a function of the sediment concentration can be obtained for a = 0.005, b = 7.5 and c = 8.  For instance, the yield strength at Cv = 70% is estimated as τy = a 10 bCv  0.005 x 10 (7.5 x 0.7) = 889 Pa.  Similarly, the dynamic viscosity of the same mixture is calculated from Eq. (2.6b) as μm  0.001 x 10 cCv  0.001 x 10 (8 x 0.7) = 398 Pa.s.  At such a high sediment concentration, this soil is probably not moving because its yield strength exceeds the critical shear stress of large boulders and the viscosity is 400,000 times larger than the viscosity of clear water.  
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The fall velocity of particles of diameter ds and specific weight γs = g in a Bingham plastic fluid of specific weight γm is given as a function of particle diameter ds, yield strength τy, mixture viscosity μm and mass density ρm as:

                 32		(2.7)♦
	This fall velocity reduces to zero for particles smaller than the buoyant particle diameter dsb given by:

	33		(2.8)♦
The particles ds < dsb remain neutrally buoyant in the mixture and do not settle.  For instance, at values of τy = 100 Pa and Cv = 0.6 (ρm ≈ 2,000 kg/m3), cobbles as large as 70 mm in diameter do not settle in the sediment mixture.
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The relative magnitude of the terms in the quadratic equation defines the following dimensionless rheological model from Julien and Lan (1991) 34 shown in Figure 3.2 based on the dimensionless parameters are defined as: 

(1) Dimensionless excess shear stress 35			(2.9a)

(2) Dispersive-viscous ratio 36 (2.9b)

(3)Turbulent-dispersive ratio 	37	  (2.9c)
where Cv* 0.615, cBd  0.01 and for field applications m = 0.4h.
[image: F10_15] 
Figure 3.2. Classification of rheological models (after Julien and Lan 1991)
	Simplifications of the quadratic rheological model are possible under the following conditions:  (1) the Bingham model is applicable when Πτ->1, and viscosity will be dominant when τ < 5 τy ; (2) the flow is turbulent when Πτ > 5 and Πτd > 1; and (3) the dispersive shear stress is dominant when Πτ > 5 and Πdv > 4.  	This analysis suggests that hyper-concentrations could be classified as:  (1) mudflows when the Bingham rheological model is applicable; (2) hyper-concentrated flows or mud flood, when the turbulent shear stress is dominant; and (3) debris flows when the dispersive stress is dominant.  
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In Figure 3.3 below, measured values of the Darcy-Weisbach friction factor f from V/u* =  are shown as a function of the relative submergence h/d50.  There is a slight increase in V/u* with h/d50, as described by the logarithmic relationship.  
[image: F10_16]
Figure 3.3. Resistance to flow for debris flows and mudflows (from Julien and Paris 2010)
For mud floods and debris flows, the mean flow velocity can be estimated from the logarithmic equation

			(2.10)♦
It is interesting to observe that despite the complexity of mudflows and debris flows, the ratio of V/u* is rarely larger than 30.   
A straight line with slope 1/6 also shows that the Manning-Strickler approach is also equally applicable.  The Manning approach with n = 0.064 d501/6 where ds is the median grain diameter in meters also provides reasonable estimates.  This corresponds to

					(2.11)

As a calculation example, the mean flow velocity in a steep mountain channel can be estimated from S = 0.05, the flow depth is 3 m and the median grain diameter is 30 mm.  First the shear velocity is calculated as u* =  = 1.21 m/s.  The logarithmic approach gives the following mean flow velocity of V/u* = 5.75 log h/ds, or V = 1.21 x 5.75 log (3/0.03) = 13.9 m/s.  Alternatively, the Manning equation yields V = 9.811/2 h2/3 S1/2 / (0.2 d501/6) = 9.811/2 x 32/3 x 0.051/2 /(0.2 x 0.031/6)= 13 m/s.  Two detailed calculation examples are spelled out in Appendix II.
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[bookmark: _Toc414822172]Numerical modeling of landslides
Two basic approaches are used for landslide hazards: a statistical method and a deterministic method. The statistical method is based on the frequency of landslides  and is difficult to apply to different areas. For instance, Dai et al. (2002) expanded upon the landslide probability approach. The deterministic method relies on physics and mechanics, and the prediction parameters depend on topography, geology, soil type, and rainfall. Several landslide models have been developed since the 1990’s, and five models were reviewed by Kim (2012), which should be accessed for more details and references. 
The first model is the Stability INdex MAPing (SINMAP) for shallow landslides. This model combines the infinite slope model and uses the Mohr-Coulomb failure criterion for the limit equilibrium. This model cannot be applied to deep soil instabilities, including deep earthflows and rotational slumps, and it needs field information such as soil and climate properties.
The second model is the SHAllow Landsliding STABility Model (SHALSTAB). This model is a physically-based model for the topographic control on shallow landslides, e.g. Huang and Kao (2006). The hydrological model is TOPOG which predicts the soil saturation from steady state rainfall in a cohesionless soil of spatially constant thickness. The limitation is that several parameters, including soil cohesion, were not considered to compute slope instability.
The third model is Level I Stability Analysis (LISA). This model was developed by the U.S. Forest Service and a Monte Carlo simulation is used to estimate a probability of slope failure. The limitation of this model is that LISA cannot simulate the size or number of failures on a particular landform, or the likely location or type of failure.
The fourth model is the Distributed Shallow Landslide Analysis Model (dSLAM). This model is a distributed, physically based slope stability model. This model is based on an the infinite slope model, uses a kinematic wave groundwater model and a continuously changing vegetation root strength model. This model assumes that infiltration capacity is larger than rainfall intensity, therefore, Hortonian flow is not considered. The limitation of this model is that many parameters, including the effective soil cohesion, the cohesion attributed to root strength, and the vegetation surcharge, are used to obtain slope stability.
The fifth model is the Transient Rainfall Infiltration and Grid-Based Regional Slope Stability Model (TRIGRS) of the U.S. Geological Survey, e.g. Baum et al. (2008), Raia et al. (2013). This model is based on a Fortran program for calculating transient pore pressure changes and a factor of safety. Infiltration is calculated by solving the Richards’ equation. Input data are hard to obtain in this model including soil depth and initial water-table depth. The results are also very sensitive to the initial conditions. 
Kim (2012) reviewed landslide models with a focus on SINMAP for landslide simulation at Duksan Creek.  The model was selected because the input parameters are simple compared to other models and the results of SINMAP are presented in terms of a stability index (factor of safety) which was easy to compare with actual landslide hazard sites in Figure 4.1.  Kim (2012) demonstrated that the hillslope stability models tend to predict large zones of instability in steep mountain areas while the safest areas were located in the valleys.  

 [image: ][image: ]

Figure 4.1. Landslide hazard maps from KFRI and SINMAP (from Kim, 2012) 

[bookmark: _Toc414822173]Numerical modeling of debris flows
There are not many models that can simulate the propagation of debris flows and mudflows.  One of the main problems is that the simulations are very sensitive to the parameters selected. In Japan, the model of Takahashi has been used for decades, but it only included the dispersive stress approach.  The parameter  was modified to fit simulations to some observations.  The problem with using the dispersive stress theory in computer models is that the debris cannot stop.  Therefore, Takahashi had to develop a number of algorithms for flow stoppage on milder slopes. His book Takahashi (1991) summarized some of this approach.  The model has been tested on multiple debris flows of boulders down the steep volcanic hillslopes in Japan.  
For more muddy flows found in the United States, the model FLO-2D was developed by O’Brien et al. (1993) and the earlier developments date back to the early 80’s.  This paper is given in Appendix III. The model uses the quadratic approach discussed earlier.  This model is quite flexible in allowing the simulation of mud floods, mud flows and debris flows.  The model is commercial and info can be obtained on the web at http://www.flo-2d.com/
The latest in terms of simulation of the location of damages from landslides and debris flows has been developed by Kim (2012).  The model uses TREX for the distributed calculation of hydrologic parameters.  Kim then used the infiltration depth from this model to calculate the shear stress applied from the flow.  The combination of a stability factor and a channel runoff factor from TREX may provide the best possible results in terms of mapping.  




[image: ]
Figure 4.2. Maps of flow depth from TREX at Duksan Creek on 7/15, 2006 (from Kim, 2012)
However it was found at Duksan Creek that the zones where the maximum damages was observed were not in the hillslopes, but in the valleys.  As shown in Figure 4.3, this is where the zones of high shear stress predicted by TREX were much better and much more in-line with the field observations of damages areas.

[image: ]
Figure 4.3. Comparison of the TREX shear stress map and the damage areas (from Kim, 2012)
Other multi-dimensional models are possible, e.g. Dietrich et al. (2008) and Commend et al. (?) They tend to demand an enormous amount of data.   


[bookmark: _Toc414822174]Mitigation and countermeasures
[bookmark: _GoBack]Flood mitigation design must take into consideration the rheological behavior of the three types of hyper-concentrated sediment flows (Julien and Leon 2000) – this paper is presented in Appendix IV.  
Debris flows involve the motion of large rocks and debris characterized by destructive frontal impact surging and flow cessation on steep slopes.  The mixture must contain very large concentrations of very coarse material.  Dispersive stress arising from the collision of large particles which controls the exchange of flow momentum and energy dissipation.  The fluid matrix is essentially non-cohesive.  The interstitial fluid does not significantly inhibit particle contact, permitting frequent collisions and impact between the solid clasts.  Debris flows originate on steep slopes and attain high velocities.  The impact forces generated by fast moving coarse material can be exceedingly destructive.  Structures such as sabo dams, debris rakes and fences are designed to separate out the debris material.  The purpose of sabo dams is to arrest the frontal wave of debris, store as much solid material as possible and drain the debris flow of the fluid matrix.
	Mudflows have a fluid viscosity that is several orders of magnitude higher than that of water.  The content of clay is high, and the clay type is often montmorillonite in the U.S.  The yield strength is very high (τy > 100 Pa) and some size fractions do not settle according to Eq. (2.8).  The water content is fairly close to the plastic limit and the Bingham model is applicable.  The hydraulic properties of mudflows are typically low flow velocities and large flow depths, thus low values of the Froude number.  These hydraulic properties sustain motion of mudflows on flat slopes.   Flood mitigation design must include consideration of flow avulsion, debris and mud plugging of channel and conveyance facilities, and cleanup/ maintenance.  Effective mitigation measures for mudflows include storage, deflection, spreading and frontal wave dissipation.  Mudflow detention basins can be very effective where the mudflow volume is relatively small and can be estimated for the design flood event.
Mud floods are very fluid hyper-concentrated flows in steep mountain channels.  The grain size is very small compared to flow depth (d50 << 0.02h).  Flow velocities are very high and the turbulent flow is often supercritical.  The water content is lower than the liquid limit and the concentration of clay is low.  The turbulent shear stress is dominant.  Conveyance design for mud floods should include consideration of sediment bulking, surging (roll waves), supercritical flow, debris plugging, sediment abrasion, super elevation, and potential for sediment scour and deposition.  It is preferable to maintain the channel cross-section as straight and uniform as possible.  Straight, steep channels will result in high velocities and high Froude numbers and will prevent the formation of cross waves and local deposition behind channel irregularities.  Channel lining with concrete, or grouted riprap can be effective, but very expensive.  Two important design considerations with lining channels on steep alluvial fan slopes are abrasion of the lining and excess pore water pressure.  


[bookmark: _Toc414822175]Physical modeling 
In terms of physical modeling of debris flow, perhaps the best site is the Disaster Prevention Research Institute in Kyoto, Japan.  They have developed numerous types of sabo dams to counteract debris flows.  In the US, most hyper-concentrated sediment flows will tend to be very muddy and turn into mud flows, e.g. in California and Utah. However, in Oregon, the volcanic eruption of Mount St-Helens has caused tremendous damage from the lahars and ensuing massive sediment transport down the Cowlitz and the Toutle Rivers. More details on the research on volcanic areas is found at  http://volcanoes.usgs.gov/observatories/cvo/
In Korea, a new experimental research station has been built by the Korea Forest Research Institute.  The best contact point in Korea would be Dr. Jaehoon Kim.  A couple photos are shown in Figure 4.4 from my visit of KFRI during summer 2013.     
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Figure 4.4. Photos from the research facility at KFRI and example of debris countermeasure near Seoul, South Korea  
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Figure 10.13a. Yield strength versus volumetric concentration
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