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Abstract 

In an after war zones, removing of destruction debris as well as the effect of direct impact might trigger 

landslides and geo-material instabilities. This paper discusses the factors affecting slope stability and movement 

and shows the available methods to back analyze, investigate, and/or design near surface rock and soil structures. 

In general, explosion waves and the resulted debris may jeopardize the geo-material stability through different 

factors such as; introducing new fractures inside rocks and/or soils, temporary increasing water pressure, 

dynamic loading-unloading cycles, and/or stress unloading. For example; upon unloading as a result of removing 

destruction debris, the stress path will change and consequently destabilize soil/rock slopes. This becomes of 

great concern in many civil engineering projects such as, road cuts, foundations, and retaining walls. Rock slopes 

susceptible to instability could be divided into two main categories; the structurally controlled slopes, and the 

complex rock slopes. In the later, rock slope instability would involve intact material fracturing to form a 

continuous rupture surface, this also can occur in highly over-consolidated clay soil slopes. One mechanism, to 

form a continuous rupture surface, is by introducing new fractures through explosions or high rate of loading 

and/or unloading. In this paper, the modes of instabilities that have been documented in the field are summarized 

to introduce the factors affecting the geo-material slope movement. In rare cases movement of a slope can be 

attributed to a single reason. Some of the numerical modeling approaches discussed in this paper can be utilized 

to model sophisticated explosion, dynamic, and/or static loading conditions. Hybrid modeling approaches might 

be used to examine slopes’ vulnerability to movement by simulating the entire construction process of structures, 

tunnels, retaining walls, and roads. Modeling the entire reconstruction process and the effect of explosions would 

help to reduce or to eliminate risks in an after war region construction, and as a result would reduce the life cycle 

cost of a project. 
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1. Introduction 

The stability of rock slopes is of great concern in many projects such as, mining, roadway cuts, foundations, and 

dam excavation. According to Hajiabdolmajid and Kaiser (2002), rock slopes susceptible to instability can be 

divided into two main categories, the structurally controlled slopes and the complex rock slopes. Kinematics of a 

landslide or the type of movement or instability associated with the landslides is a key and important 

characteristic of the landslide itself and one of the principal criteria for classifying any landslide (Cruden and 

Varnes ,1996, and Varnes ,1978). 

Cruden and Varnes (1996) recognized five kinematically distinct modes of landslide movement, fall, slide, topple, 

flow and spread. Table 1 shows landslide classification system based on the slope kinematics and the type of the 

material involved in the instability. These landslide movements can be triggered by the effect of explosion waves 

dynamic loading, water table changes, and initiating new cracks along the pre-existing joints due to high stress 

concentration. This paper shows failure due to dynamic loading, as a result of high impact explosions, may occur 

even in a dry slope with non-persistent joint. 

The factor affecting soil/rock slopes in the presence of explosion loading is discussed thoroughly to highlight 

their relative importance. The effect of geology, tiome effect, dynamic loading, orieintation, water level, rock 

strength. The methods adapted to analyze such slopes need to have the capabilities to model coupled problems. A 

dry rock slope adapted from Alzo’ubi (2007) is presented to investigate the effect of repeated high loading 

impact on initiation and propagation of failure. 

This paper summerized the factors controlling slope stability and movement, the available methods to back 

analyze, investigate, and/or design near surface rock and soil structures are also presented. Explosion impact can 

defragment rock and soil slopes and changes their geometry and/or alter their physical circumstances. These 

changes due to explosion waves and the resulted debris movement can alter the slope behavior perminmently 

through introducing new fractures inside rocks and/or soils. I hope through this paper to shed a light on these 



important effects. Fracturing and propagation can result from repeated explosion impacts on surface geomaterial 

slopes as we will see in this paper.  

Table 1: Landslides Classification System, after Hutchinson (1988), Cruden and Varnes (1996), Hungr et al. 

(2001). 

Type of Movement 

Type of material 

Bedrock Engineering soils 

 Predominantly Fine Predominantly coarse 

Falls Rock fall Earth fall Debris fall 

Topples  Rock Topple Earth Topple Debris fall 

Slides 
Rotational  Rock slump Earth slump Debris slump 

Translational  Rock Slide Earth slide Debris slide 

Lateral Spreads  Rock spread Earth spread Debris spread 

Flows 

Rock flow 
Earth flow 

Debris flow 

Rock avalanche Debris avalanche 

Deep creep Soil creep 

Complex and compound 
Combination in time and/or space of two or more principal types of 

movement 

 

2. Factors affecting rock slopes stability and processes 

Slope movement can be attributed to many causes, and in rare cases movement of a slope can be specified to one 

single reason. According to Varnes (1978) the slope movement process involves a continuous series of events 

from cause to effect. Repairing the effect of a landslide is often more economical than remove or prevent the 

cause, to take a decision, the risk associated with any particular landslide should be taken into consideration. 

In general, rock slopes in mining environment, road way cut or natural rock slopes for instance, can be connected 

through cause and effect relation, Stacey (1968) summarized these factors as; ground water conditions, the rock 

mass geological units, in situ and induced stress state, rock mass strength, rock mass structures and orientations, 

the geometry of the rock slope, the seismic environment, in the case of the open pit mine, the time frame of the 

mine operation may influence the mine. Eberhardt (2006) presented the instability of rock slopes processes as a 

cause and effect, Figure 1. He examined many physical processes that might affect rock slopes numerically and 

showed that numerical methods are capable of modeling complex problems relating to geometry, non-linearity or 

the presence of coupled processes. The factors influencing the rock slope instability is discussed in the 

following.  
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Figure 1: Relationship between the rock mass processes and slope movement, after Eberhardt (2006) 

 

 



2.1 Ground water 

The water table position in any geomaterial slope might influence its behavior and eventually cause movement. 

The stress state inside a rock slope is dependent on ground water conditions not to mention that water flow effect 

on jointed rock mass as the water flow might cause erosion of fine material. In addition, water might react with 

some minerals which results in destroying or reducing any apparent cohesion and allow instability to occur 

(Morgenstern (1971), Sharp et al. (1977), Hoek and Bray (1981), Sjoberg (1996)). The water table position 

during dynamic loading also varies, so high impact explosions can travel inside the ground and cause the water 

table to rise. If the pore pressure resulting from that movement exceeds the acceptable limit movement may be 

triggered even at small scale. These type of small movements can produce small cracks that may coalesce to 

form a rupture surface with further loading-unloading cycles. 

The principal of effective stress has been presented by Terzaghi (1936). As the water pressure increase, as a 

result of explosions, the effective stress inside the rock mass below the water table decrease and might resulted 

in instability as the strength of the rock mass decrease. Above water table, saturation as a result of dynamic 

loading destroys capillary tension; destruction of capillary tension in soil slopes has been studied and presented 

by Fredlund and Morgenstern (1977). 

In 1960, upon the end of construction of the Vaiont Dam in northern Italy, the height of the arch dam was at over 

290 meters. In October of 1963, a massive landslide occurred on the left valley wall of the Vaiont reservoir, 400 

million tons of rock was involved in the landslide. The rock mass entered the reservoir at a high speed generating 

a wave over 230 meters high, this wave overtops the Dam and traveled downstream through the river valley, 

destroying many villages and killing 2050 people, (Stewart and Kennedy (1970)). According to Stewart and 

Kennedy (1970) the increase in pore water pressure due to filling the reservoir, was the reason behind reducing 

the effective stress and caused the catastrophic failure. As the pore-water pressure increase the effective stress 

acting inside the rock mass will decrease and according to Mohr-Coulomb failure criterion: 

              (1) 

where: τ = shear strength, σn is normal stress, u is water pressure, ' is effective angle of friction and c' is the 

effective cohesion. 

The shear strength according to above criteria decreased as the pore water pressure increase, this could 

ultimately lead to failure, and a slope that is stable under dry conditions may well become unstable when water 

pressures are increased.  

An ideal analysis method and for that matter, a design method, should be able to model coupled processes, which 

is only available through the use of numerical models that can handle flow through the rock mass during 

dynamic loading. This complex process and modeling of explosion effect on water table and fracturing initiation 

as a coupled process.  

2.2 In situ and Induced Stresses 

In geotechnical engineering, the factor of safety defined by the ratio between the strength to the stress of a 

particular material, this applies to underground or ground structures in both soil and rocks. If the stress exceeds 

the strength of a material, failure initiates and might propagate in progressive manner. Note that impact of 

explosions in war zones may stress to increase in a short period of time and eventually results in failure. The 

stress state within a rock mass, wither it is in situ or induced by explosions may have a direct impact on slope 

behavior and stability. 

The stresses exerted on a slope can be increased or reduced by many processes, such as imposition or deposition 

of a surcharge load on that slope. Removing a support can alter the stress state of a slope and cause instability. 

High velocity waves may also alter the state of stress and cause movement. The stress state in slope site is 

essential to predict and interpret the mechanics of slope behavior.  

The initial and induced stresses are often hard to be quantified for slope design. However, the in situ stresses 

play an important role in determining the failure mode, for instance, if blocks contained within the rock slope are 

subject to relatively high lateral compressional forces, the confining pressure will reduce the likelihood of rocks 

rotating out of the slope. However, explosions occur near the surface and can cause big stress changes to near 

surface rocks and cause rocks to rotate and fail; usually small confinement stress exists near the ground surface. 

In addition, Stacey et al. (2003) argued that the in situ stress state can also influence the distribution of stresses 

inside a rock mass. 



Its noteworthy to mention that components of stress existed in slopes are; the gravitational stresses due to the 

mass of the rock, the tectonic stresses which may cause uplifting or tilting of a ground surface, surcharge loading, 

and transitory stresses (earthquake and explosions), Cruden and Varnes (1996). The vertical stress at a point is 

assumed to be solely due to the mass of the overlying rock column and any additional surcharge loading. The 

horizontal stress field is way more difficult to determine due to the locked in tectonic stresses involved. 

Tectonic stresses are developed when movement of crustal plates forces the contact and displacement of large 

units of rock and cause bending, folding, and faulting of the rock units, stress concentrations might result in 

fracturing. In open pit environment, the pit excavation results in distressing the slope surface and stress 

concentration at the toe, the vertical stress decreases while horizontal stresses still the same. Also, transitory 

stresses can cause high stress concentration and lead to failure. 

The joint distribution, orientation and degrees of persistency also have an impact on the stress state inside the 

rock mass (Shen et al. (1995), Lajtai (1969b)). Goodman 1989 also discussed the effect the geology on the stress 

concentration. Changes in lithology account for large deviations from expected elastic stress distributions. As the 

stiffness of the rock increase it is ability to carry stress will increase and cause stress concentrations.   

In summary, the stress distribution inside the rock mass is very complicated and in order to take it into account, 

the lithology, structures, the degree of persistency of the rock discontinuities, explosion stress and in situ stress 

state should be incorporated in the analysis. Numerical methods should be used to simulate the effect of stresses 

in the rock mass. Figure 2 shows a potential stress distribution in a rock slope.  

 

Figure 2: Potential Stress distribution in a rock slope, after Sjoberg (1996) 

 

2.3 Geology  

Rock formations and characteristics can affect rock slope stability. Specific types of rock can be described by 

certain rock mass characteristics. For example, sedimentary rocks are generally characterized by parallel bedding 

at which sliding might occur. Cruden and Hu (1996) examined modes of failure observed in thinly bedded, 

sedimentary rock slopes with cross joints and found examples of buckling and toppling. The failure mechanisms 

involved toppling and buckling. Stead and Eberhardt (1997) examined numerically complex mode of failure also 

occurred in thinly bedded sedimentary rock formations, tensile and/or shear failure accompanied with sliding 

were the reasons for those failures.  

Although the rock type may give an indication about a possible failure mode, understanding of other factors such 

as rock weathering, stress state, water table, structures, and rock mass strength are vital in any instability 

assessment. Note that, altering a geology of a site requires millions of years along with many factors such as, 

pressure and weathering. However, explosion stresses are very shortly lived and they will not affect the geology 

of a site in a war zone.  



2.4 Rock Mass Strength  

A rock mass is composite material consisting of different discontinuities and intact material. This composite 

formation adds to the complexity of the rock mass strength determination. Figure 3 demonstrate the complexity 

of the problem; notice that, rock slopes usually consist of network of discontinuities that have different degree of 

persistency and orientations and not only continuous discontinuities. The overall stability of a slope can be 

determined by the amount of strength derived partially from the discontinuities and partially from the intact rock. 

 
Figure 3: Complexity of a rock mass and effect of sample size, after Hoek and Brown (1980) 

The strength of the rock mass, which controls the stability, is a function of the size of the slope under study. If 

the slope is in the order of 50-100 m, the slope instability is most likely to be controlled by discontinuities; these 

discontinuities might be continuous or discontinuous. Otherwise, Small volumes of rock tend to be stronger than 

larger volumes of the same rock type. As the size of the rock slope under investigation increase the 

discontinuities such as, joints, fractures and/or faults increase and reduce the strength of the rock mass. Figure 4 

shows the volume effect on the strength of the rock mass, as the volume of the rock under consideration increase, 

the strength of the rock decrease. 

Intact rock strength; the uniaxial compressive strength of the intact rock pieces, can be determined in the 

laboratory by using the uniaxial testing, triaxial testing and/or in the field using the point load test. The intact 

rock has no pre-existing failure plane; therefore, the intact rock strength becomes a function of the crystalline 

structure of the rock which is an upper bound of the material strength. 

In rock slopes, as the volume increase the number of flaws, discontinuities, cracks increase and as a result the 

strength decrease as shown in Figure 4. So, if large slopes are subjected to repeated explosions, the amount of 

cracks will increase after every explosion and these small cracks will grow to form larger ones and eventually 

reduce the rock strength. The best way to understand and analyze such problem is to use hybrid numerical 

methods. 

 

Figure 4: Effect of the volume of the rock on the strength of the rock mass, after Sjoberg (1999) 



2.4.1 Discontinuity Strength  

The strength of the rock discontinuities is critical factor controlling the slope stability. The geometry, continuity, 

orientation relative to the loading conditions, degree of continuity and distribution affect the physical ad 

mechanical properties of the rock discontinuities and as a result, the total strength of the rock mass. The 

discontinuity shear strength is dependent on the adhesive bonding of the rock, the surface asperities and the 

stress required shearing through these features, and/or the stress required to over-riding these asperities (Hencher 

(1995)). The infilling material strength, if present, may affect the strength of the discontinuity. The strength of a 

planar failure with no infilling and no asperities can be described by Mohr-Coulomb failure criterion:  

           (2) 

where: τ = shear strength, σn is normal stress,  ' is effective angle of friction and c' is the effective cohesion. 

For rock discontinuities with asperities (rough surface), Patton (1966) introduced the term “i” as a result of 

experiments in which he carried out shear tests on ’saw-tooth’ specimens, Figure 5 shows an example of Patton’s 

results. The results indicated a biplanar failure criterion that depends on the normal stress effect. In an after war 

zone, the many explosions in that specific are might shear the asperities and reduce the strength of the joint. The 

First part occurs while shearing at low normal stress by moving up the asperities, while the second part occurs as 

a result of asperities damage. The shear strength of Patton’s saw-tooth specimens can be represented by: 

           (3) 

where b is the basic friction angle of the surface and i is the angle of the saw-tooth face. 

 

 
Figure 5: Schematic illustration of Patton’s experiment on the saw-tooth specimen shear strength. 

Although, Patton’s approach is very simple, but it does not reflect the reality that changes in shear strength with 

increasing normal stress are gradual rather than abrupt. Barton (1976), Barton and Choubey (1977) and Barton 

and Bandis (1990) studied in the laboratory joints behavior and proposed the following equation to describe rock 

joints behavior: 

                              (4) 

where: τf=shear strength, σn' =effective normal stress, JRC = joint roughness coefficient JCS =joint wall 

compressive strength, b =base angle of friction. Figures and equations are available to calculate the parameters 

in Barton-Bandis criterion for rock joints. Note that, the JRC will be highly affected by explosions loading, 

especially in near surface rocks. The JRC and the infilling of the rock joints might play an important role in 

determining the strength of the rock joints and sample should be taken and sent to the laboratory to determine the 

strength of the infillings. The orientation of the structural discontinuities with respect to loading is also critical, 

and influences the rock mass strength. The rock mass strength is much lower when the possibility exists for shear 

to occur on a discontinuity. Usually failure follows the easiest path which is plane of weakness as long as the 

loading condition is favorable (Hoek and Brown, 1980).  



The strength of the rock mass is a combination of both intact rock and discontinuities strength which make it 

very difficult to assess. If the joint is non-persistent fracturing through the intact material might occur to form an 

admissible rupture surface. The presence of discontinuities, along with their relative sizes, orientation, fillings, 

continuity, and strengths contribute to the rock mass strength. In addition, the in situ stresses acting within the 

rock mass play an important role in the strength mobilization. 

 

2.5 Slope Orientation and Pit Geometry  

In the case of open pit mines, the relative pit geometry and orientation of the slopes forming the pit can also 

affect the stability. For example, if major structural features, characterized by a particular orientation, do not 

intersect the slope in an unfavorable manner, a slope will be more stable, as the risk of simple sliding along that 

major fault will be eliminated. Note that, explosions, at normal scale, will hardly change the slope orientation. 

 

2.6 Dynamic Loading  

The dynamic loadings involve the seismic environment (explosion) and the earthquakes. Blasting of a rock slope 

directly affects rock mass quality of the near surface rock by inducing damage, Hoek-Brown criterion discusses 

this damage in controlled explosions. However, further discussion need to be made on uncontrolled ones such as 

in war zones. Moreover, even uncontrolled blasting in open pit mines or roadway cuts increase the fracturing and 

damage which results in lower strength of the rock mass and decrease the stability. Most rock engineers are 

aware of this over-break, but usually this is only quantified on a visible scale.  

Effect of Earthquakes also play a role in the slope stability, the gravity acceleration may act as driving force. The 

earthquake should be incorporated in the design by determining gravity acceleration coefficient for the region at 

which the slope is located. 

Knowledge of how far into the slope over-break occurs is essential and should be taken into consideration for 

slope stability design or investigation. Tools and techniques are available to minimize the blasting damage, if the 

blasting is for construction or mining purposes, but these are not being applied very widely in either the mining 

or civil engineering industries because of a fear of the extra costs involved in controlling the blasting. In war 

zones, where blasting is order of magnitudes higher than in mining or civil work, explosions effect can go far 

deep into the ground. Note that, release of load after blasting can also cause additional damage to the rock mass, 

(Hagan (1982), Hoek et al. (2002)). 

Numerical methods and limit equilibrium methods can handle the gravity acceleration but direct explosions can 

only be modeled by using numerical methods such as finite element, discrete element methods, and more 

favorably hybrid techniques due to their ability to model fracture propagation and failure in fully coupled 

manner.  

 

2.7 Time Effect 

The design time is not the same in mining and civil engineering applications. In mining Environment, usually, 

slopes only need to be stable as long as personnel and machinery are working in the mine. As a result, slope 

failure may be acceptable and even stimulated from an economic perspective; indicating that the slope was not 

too conservatively designed.  

In the case of the civil engineering applications, which is our concern in this paper, slopes must remain stable for 

long period of time. Examples include slopes designed next to highways, dams, power lines, etc. 

Time effect on slopes also occurs through weathering, as rocks may disintegrate and fracture under cycles of 

thermal expansion and contraction or freezing and thawing, (Cruden and Varnes,1996). These weathering 

processes over an extended period of time can increase the likelihood of slope instability as the rock mass 

disintegrated. Blasting in war zones usually occurs over an extended period of time and happens frequently. 

These repeated explosions over time may also cause rock mass disintegration and slope instability. 

 

3. Application 

To illustrate the effect of explosions on surface rock slopes, the UDEC-DM (Alzo’ubi, 2007) was used to model 

fracture initiation and propagation due to high impact explosives. Figure (6), shows the model and of the slope 

with pre-existing non-persistent joints, table 2 shows the properties of the rock mass.  In these types of slopes, 



internal fracturing is essential to form a continuous rupture surface.  This 100 m high slope had a discontinuous 

pre-existing joints as shown in the figure. The slope was marginally stable when a friction angle of 38° and 

tensile strength of 0.9 MPa was used for the flaws properties.  The dynamic effect of explosion was modeled to 

investigate one effect of explosion on a dry rock slope. To simulate the effect of explosions, seismic 

loading-unloading of 0.1 g was introduced in 10 cycles. At failure, the intact rock bridges fractured and 

coalescence occurred between the pre-existing rock joints and the newly formed fractures in the intact rock to 

form a rupture surface inside the rock slope (Figure 6b).  

The results of the modeling indicate that repeated dynamic loading, similar to the explosion effect, caused 

continuous fracturing in the form a wing cracks that merged with the rock joints (Figure 6b) to form a sliding 

surface. 

Table 2. Material properties used in dynamic modeling of the stepped path example 

Property Planar Failure                   

Φ (°) (basal plane)                  35 

Cohesion (MPa) 1.5 

Kn (GPa) 10 

Ks (GPa) 10 

Tensile Strength (MPa) 0.9 

Φ (°)  (internal flaws) 38 

 

 
                                  (a) Diagram of the slope 

    

(b) Failure of a slope with non-persistent joints 

 

Figure 6: Model of a slope with a discontinuous failure surface using the UDEC-DM (a) before failure and (b) 

coalescence between pre-existing joints 

Note that, the rock mass above the newly formed rupture surface continued to slide and form a pile of rocks at 

the toe of the slope as shown in Figure 7. shows the completed movement of the slope.  This result usually 

observed in the field in which rock slopes rarely move as a single mass, but usually fragmented. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7:  Failure of the rock slope as a result of 10 cycles of 0.15 g dynamic loading acceleration. 

 

4. Conclusion  

As a result of explosions, rock and soil slopes might go into different changes. This paper discussed the different 

factors affecting slopes in after war zones to facilitate reconstruction. Due to many factors affecting slope 

instabilities, each factor was discussed individually. Explosion affects the ground water level, joint strength, rock 

mass strength, and it might cause fracture initiation and propagation. The results of this paper showed that 

further research need to be conducted on the effect of explosions with time. Some the affected factors are shortly 

lived while other are long lasting and might be permanent. If the rock mass -under repeated explosions- started to 

deteriorate and to disintegrates; then slope instability may occur. In highly over-consolidated clay soils with 

slickensides, stress concentration due to explosion loading and unloading may result in sudden failure. It should 

be mentioned that, brittle rocks might be greatly affected by explosions in compared to ductile ones. An example 

was given to illustrate the effect of repetitive dynamic loading on a dry rock slope. 
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