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Abstract 17 

 18 

Rock mass erosion in unlined spillways causes significant structural damage and necessitates 19 

expensive repairs. The rock mass is made up of blocks formed by various arrangements of joint 20 

sets. The volume and the protrusion of these blocks, as well as the orientation, opening and 21 

roughness of the joints, are all features that can affect rock erodibility. Most of these features are 22 

incorporated in parameters developed for rock mass characterization. Three joint orientation 23 

parameters are compared in this article using a database containing geological and hydraulic 24 

information on scoured spillways. According to the detailed methodology, data is first classified 25 

according to rock quality using the GSIchart index. Then, for each GSIchart class, data is distributed 26 

according to the damage level, stream power and joint orientation parameter chosen. This study 27 

shows that no joint orientation parameter is currently able to accurately represent the effect of joint 28 

orientation on erosion of excellent- to poor-quality rock mass. Moreover, this study shows that the 29 

GSIchart index is not a rock quality index that completely evaluates rock erosion, since some 30 

relevant parameters for evaluating rock erodibility are not considered. 31 

 32 
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1 Introduction1 34 

 35 

Hydroelectricity production requires the construction of dams. For safety, emergency spillways 36 

are built as part of these dams to carry away excess water. These spillways are excavated into the 37 

bedrock, which exposes the rock mass to the erosive power of water flow. In some cases, rock 38 

mass erosion in unlined spillways has been shown to cause damage to the dam’s structure. The 39 

erosion process occurs in all rock mass qualities and is affected by rock mass features and flow 40 

characteristics. In the field of rock mechanics, several methods for evaluating rock mass erodibility 41 

have been developed, such as those of Kirsten (1982), Van Schalkwyk (1994), Annandale (1995) 42 

Kirsten et al. (2000), Bollaert (2004; 2010; 2002) and Pells (2016). These methods fall into two 43 

main categories: semi-analytical and semi-empirical (Jalili Kashtiban et al. 2021). The main 44 

existing semi-analytical method is the presented by Bollaert (2004; 2010; 2002) − the 45 

Comprehensive Scour Model (CSM). Methods of Kirsten (1982), Van Schalkwyk (1994), 46 

Annandale (1995), Kirsten et al. (2000) and Pells (2016) are classified as semi-empirical. Semi-47 

empirical methods define a threshold where erosion in a rock mass occurs, i.e., when the stream 48 

power becomes greater than a rock’s resistance to erosion. Several researchers have sought to find 49 

methods to define rock mass resistance to erosion according to its characteristics, such as block 50 

size, joint orientation, uniaxial compressive strength, joint opening, joint roughness and joint shear 51 

strength. Boumaiza et al. (2021) have developed a methodology to identify the relative impact of 52 

each of these features on the hydraulic erodibility of rock. It was found that joint orientation 53 

influences rock mass resistance to erosion when subjected to flow power. This article focuses on 54 

semi-empirical methods involving a parameter that describes the effect of joint orientation within 55 

the flow. Methods involving joint orientation parameters that are compared in this paper are 56 

described below. 57 

 58 

The Kirsten index (N) is an excavatability rock mass index that is designed to assess the ease of 59 

excavating bedrock with a bulldozer (Kirsten 1982). This index has also been used to evaluate the 60 

erodibility of the rock mass. However, this application has been criticized. Van Schalkwyk (1994), 61 

Annandale (1995), and Kirsten et al. (2000) used the Kirsten index to define a rock erodibility 62 

limit. This limit depends on the rock’s resistance to erosion, determined using Kirsten’s index, and 63 

 
1 Cup: Uplift pressure coefficient dependent on joint orientation defined through experimental tests. 



on the erosive capacity of the flow (Jalili Kashtiban et al. 2021). Kirsten’s index is presented in 64 

equation (1). 65 

𝑁 = 𝑀𝑠𝐾𝑏𝐾𝑑𝐽𝑠  (1) 66 

Where Ms is the uniaxial compressive strength of the rock, Kb refers to the block size, Kd refers to 67 

the shear strength and Js is the joint orientation parameter. Js defines a value of the rock's 68 

vulnerability to erosion as a function of the joint spacing ratio and the joint orientation within the 69 

flow. The Kirsten index was originally designed to define the ease with which a rock mass can be 70 

excavated. Since its inception, there has been a lot of criticism of this method. In particular, its 71 

application to erodibility situations has been questioned by several authors and some of the 72 

parameters used have been shown not to provide a satisfactory estimate of what they represent 73 

(Boumaiza 2019; Pells 2016). Boumaiza et al., (2019a) reveals that the estimation of orthogonal 74 

joint sets when calculating Js is inadequate and that a better approximation of the angle between 75 

joint sets should be considered. Pells (2016) notes that the Ms and RQD factors of Kirsten’s index 76 

have a much greater impact on the final value of Kirsten’s index. The maximum values of Ms and 77 

RQD are 280 and 100, and their minimum values are 0.87 and 5, respectively. In contrast, the 78 

maximum and minimum values of the Js parameter are 1.50 and 0.37. The overall impact of the Js 79 

parameter on Kirsten’s index is low. 80 

 81 

Pells (2016) proposed two new methods to assess rock mass erodibility: the Rock Mass Erodibility 82 

Index (RMEI) and the Erodibility Geological Strength Index (eGSI) (equation 2). It is in the eGSI 83 

that he introduces Edoa as a new parameter to evaluate the effect of joint orientation on rock mass 84 

erodibility. Edoa makes it possible to evaluate rock resistance to erosion according to joint 85 

orientation and joint spacing ratio. The value of Edoa is added to the GSI index developed by Hoek 86 

et al. (1995). 87 

𝑒𝐺𝑆𝐼 = 𝐸𝑑𝑜𝑎 + 𝐺𝑆𝐼𝑐ℎ𝑎𝑟𝑡    (2) 88 

Pells (2016) used Marinos and Hoek (2000) chart to calculate GSIchart. 89 

 90 

Reinius (1986) and Montgomery (1984) studied the effects of the orientation of blocks aligned in 91 

a horizontal flow channel. Along with different block dispositions (such as orientation and 92 

protrusion) and various flow rates, pressures applied on one of the blocks were measured and the 93 

uplift pressure coefficient Cup was obtained. 94 



The two main parameters that evaluate the effect of joint orientation are Edoa and Js. However, 95 

since Cup is also a parameter that vary according to block orientation, it is considered in this study. 96 

Js, Edoa and Cup do not report the same effect of joint orientation on rock mass erodibility. In order 97 

to determine the parameter that best represents the effect of joint orientation on rock mass 98 

erodibility, a method was used to assess the applicability and the effectiveness of each joint 99 

orientation parameter to classify rock mass according to its vulnerability to erosion. This paper 100 

covers the methodology used to define the parameter that best represents the effect of joint 101 

orientation, presents a summary of the existing parameters, considers the results obtained and ends 102 

with a discussion on the significance and validity of these results. 103 

2 Materials and Methods 104 

 105 

The database used in this study was developed by Pells (2016). It includes the description, 106 

geomechanical features and several geomechanical parameters of the rock mass in 24 dams located 107 

in South Africa and Australia. Flow strength, flow direction and erosion damage levels are also 108 

documented. For each dam, the spillway is separated into different sections depending on the 109 

damage level. For each section, the following geomechanical parameters of joint sets are 110 

described: opening, spacing, persistence, dip, orientation and roughness. The rock is also evaluated 111 

with the Kirsten index factors: RQD, Jn, Jr, Ja, Js and Ms. In total, the database contains information 112 

on a total of 114 sections spread across 24 dams. This information was reported in the form of 113 

consultant reports, technical documents and observations made by geologists. 114 

 115 

The first step of the methodology is to develop the database. Edoa and Js are determined by Pells 116 

(2016) for each section. Cup is determined according to the most critical joint orientation of each 117 

data set. Rock mass quality is assessed by the GSIchart rock resistance index, which is determined 118 

by Pells (2016). Stream power and damage levels are also defined by Pells (2016). 119 

 120 

The joint orientation parameters were compared together using the eGSI index, which combines a 121 

joint orientation parameter to a rock mass quality index. By varying the joint orientation parameter 122 

combined with the GSIchart, it is possible compare their effectiveness, given the assumption that 123 

eGSI is an effective method to determine erosion. 124 

 125 



The methodology used to compare joint orientation parameters was inspired by Boumaiza et al. 126 

(2019b). To combine similar data together, as it is a common practice in rock mechanics, each 127 

parameter must first be divided into classes: joint orientation parameters, GSIchart, stream power 128 

and damage level. For each GSIchart class, a graph of the mean stream power class in relation to the 129 

damage level class is produced. Joint orientation parameters are then plotted, according to the joint 130 

orientation parameter class. It is then possible to compare the effectiveness of the joint orientation 131 

parameter selected according to the damage level recorded. The methodology is summarized in 132 

Figure 1. 133 



 134 
 135 
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2.1 Step 1 – Select a Joint Orientation Parameter 136 

Step 1 consists of selecting one joint orientation parameter from those presented (Edoa, Js or Cup). 137 

The following steps will be performed according to the selected parameter. 138 

2.2 Step 2 – Classify the Database According to GSIchart 139 

The goal of this step is to combine data with similar rock quality index. GSIchart values are assigned 140 

a class from 1 to 4, according to RMR classification (Bieniawski 1989). Classes are assigned 141 

according to the separation shown in Figure A.1.1 in Appendix 1. 142 

2.3 Step 3 – Classify the Joint Orientation Parameter Chosen for Each GSI Class 143 

The goal of this step is to group data into different classes according to the value of the joint 144 

orientation parameter previously chosen. 145 

2.3.1 Js Parameter Classification 146 

Classification of Js was done by Boumaiza et al. (2019b) by statistically distributing Pells (2016) 147 

database. Classification of Js is detailed in Table 1. 148 

2.3.2 Edoa Parameter Classification 149 

Classification of Edoa was done by Boumaiza et al. (2019b) by statistically distributing Pells (2016) 150 

database. Classification of Edoa is detailed in Table 2. 151 

2.3.3 Cup Parameter Classification 152 

Classification of Cup is presented in Table 3. It was done by statistically distributing Pells (2016) 153 

database and based on the effect that this parameter has on erosion. 154 

2.4 Step 4 – Classify the Damage Level 155 

The goal of this step is to assemble data with a similar damage level class from data with the same 156 

GSIchart class and joint parameter class. The damage level classes were defined using Pells 157 

classification (2016). The damage categories depend on the depth of the erosion and its general 158 

extent. The classification proposed by Pells (2016) is presented in Table 4. 159 



2.5 Step 5 – Classify the Stream Power 160 

The goal of this step is to group together all data with the same GSIchart class, the same joint 161 

orientation parameter class and the same damage class. Mean stream power is calculated using this 162 

data. A classification of stream power classes had already been proposed by Boumaiza et al. 163 

(2019b). However, this classification did not sufficiently account for the highest stream power, 164 

which is greater than 100kW/m2. This is why a modified classification is proposed, as shown in 165 

Table 5. 166 

 167 

When all the classes of the chosen joint orientation parameter have been evaluated, continue with 168 

step 6. Otherwise, start over with a new joint orientation parameter class in step 3. 169 

2.6 Step 6 – Draw the Damage Class Graph as a Function of the Mean Stream 170 

Power Class for the Chosen Joint Orientation Parameter 171 

This step aims to visually compare the effect of each joint orientation parameter on rock mass 172 

erodibility. In total, four graphs will be created for each joint orientation parameter, with each 173 

graph representing one GSIchart class. The Y-axis represents the damage level class and the X-axis 174 

represents the mean stream power class for each class of the joint orientation parameter with the 175 

same damage class and GSIchart class. 176 

If all GSIchart classes are considered for the same joint orientation parameter, continue with the 177 

next joint orientation parameter and repeat steps 1 to 6. Otherwise, choose a new GSIchart class and 178 

repeat steps 2 to 6. 179 

2.7 Step 7 – Interpret the Results 180 

This step involves interpreting the results obtained and determining which joint orientation 181 

parameters best represent the effect of joint orientation on rock mass erodibility. 182 

3 Theory 183 

 184 

In the following section, the three joint orientation parameters introduced are presented in detail. 185 

3.1 Presentation of the Js Parameter 186 

 187 



The Js parameter describes the effect of joint orientation on rock mass excavatability according to 188 

the direction of excavation. Kirsten (1982) indicates it is easier to excavate a rock which contains 189 

joints that dip in the same direction as the excavation rather than the opposite direction. In Kirsten’s 190 

study (1982), some assumptions are made to evaluate Js: joint sets are considered orthogonal and 191 

only the two closest joint sets are considered. Since Kirsten’s index is used to assess rock mass 192 

erodiblity rather than excavatability, in this article, Js is considered to be a joint orientation 193 

parameter for rock mass erodibility. The joint spacing ratio (r) is defined by the ratio of S, the 194 

spacing between joints dipping in the opposite direction of ripping, and S, the spacing between 195 

joints dipping in the direction of ripping (Figure A.1.2 in Appendix 1). The joint spacing ratio 196 

presented in equation 3 is necessary to determine Js. 197 

𝑟 = 𝑆𝜓/𝑆𝜃     (3) 198 

 199 

Js values can be found from Table A.1.1 in Appendix 1. The first step in defining Js is to define the 200 

closest spaced joint set oriented perpendicular to the flow. Then, depending on the dip direction of 201 

this joint set (whether it is in the same or opposite direction of the flow), the value of Js will be 202 

found either in the upper section (for 0˚) or in the lower section (for 180˚) of Table A.1.1. With 203 

the joint spacing ratio and the dip of this joint set, it is possible to find a value for Js. When joint 204 

orientation has no effect on rock mass erodiblity, Js is equal to 1. Js value will decrease below 1 if 205 

joint orientation increases a rock’s vulnerability to erosion. If joint orientation increases a rock’s 206 

resistance to erosion, the Js value will increase to above the value of 1. 207 

3.2 Presentation of the Edoa Parameter 208 

Pells (2016) added the Edoa parameter to the rock quality index GSIchart (Marinos and Hoek 2000) 209 

to consider joint orientation and joint spacing effects on rock erosion, as GSIchart does not take 210 

them into account. Edoa is based on the results of laboratory tests on a physical model, erosion, 211 

geological and hydraulic data of dam sites, and on the theory of block uplift. Pells used the model 212 

of the Js parameter to develop Edoa. However, Edoa is more precise, considering different parameters 213 

such as flow types, channel slopes and various joint spacing ratios (r): 1: 1, 1: 2, 1: 4, 1: 8, 1:20. 214 

For a horizontal channel and a bed-parallel flow, Edoa presents negative values, with a maximum 215 

value of 0 and a minimum value of -18 (Figure 2). Therefore, joint orientation cannot have a 216 

positive effect on the resistance to erosion of the rock, as for the Js parameter. 217 



 218 

3.3 Presentation of the Cup Parameter 219 

The Reinius (1986) and Montgomery (1984) laboratory experiments made it possible to obtain 220 

different values of pressure acting on an instrumented block placed in a horizontal flow channel, 221 

among an alignment of non-instrumented blocks (Figure 3a). The block was instrumented with 14 222 

piezometers, which were used to measure the hydraulic head at different points (Figure 3b). The 223 

block dimensions were 15 x 15 x 30 cm3. The Reinius (1986) and Montgomery (1984) studies 224 

considers various flow rates, water loads above the block and block dips. As shown in Figure 3 (a) 225 

and (b) the ß angle is calculated from the vertical, whereas the dip is calculated from the horizontal. 226 

In order to compare the parameters, a 90˚ correction was made to transform ß values into dip 227 

values. 228 

 229 

Using piezometer data, a dimensionless pressure coefficient c was obtained (equation 4). 230 

𝑐 =
ℎ

𝑈2
2𝑔⁄

       (4) 231 

Where h represents the dynamic pressure (m), U represents the velocity of water (m s-1) and g 232 

represents the gravitational acceleration (m s-2). 233 

The dynamic pressure hd is obtained from the water head recorded by the piezometer, from which 234 

the static pressure, the height of water from the piezometer, is subtracted (equation 5). 235 

ℎ𝑑 = ℎ𝑡 − ℎ𝑠      (5) 236 



Where ht is the piezometer, i.e., the total water pressure, and hs is the static pressure, the water load 237 

above the block. Cup was calculated with the mean value of the pressure coefficients at piezometers 238 

5 and 8, when considering a block of thickness b (Figure 3 (b)). 239 

4 Results 240 

 241 

4.1 Classification of the GSIchart Index 242 

According to the classes shown in Figure 2, GSIchart data distribution is presented in Figure 4 (a). 243 

The Y-axis represents the total data for each GSIchart class. 244 

4.2 Classification of the Js Parameter 245 

Data classification for the Js parameter was performed according to the classes described in Table 246 

1. Figure 4 (b) shows data distribution for each Js class. Class 4 of Js has significantly more data 247 

than the other classes. This class corresponds to a Js equal to one, representing joint orientation 248 

having no impact on Kirsten’s index, i.e., having no impact on rock resistance. The Y-axis 249 

represents total data for each Js class. 250 

4.3 Classification of the Edoa Parameter 251 

Data classification according to the Edoa parameter was done according to classes described in 252 

Table 2. Figure 4 (c) shows data distribution for each Edoa class. The Edoa of class 1 has far fewer 253 

data than the other classes. This class corresponds to a situation where Edoa has the least effect on 254 

rock mass resistance to erosion. The Y-axis represents total data for each Edoa class. 255 

4.4 Classification of the Cup Parameter 256 

In order to assess a Cup value for each data set available, each joint set was analyzed according to 257 

its orientation in relation to the flow. Only joint sets not parallel to the flow were considered. A 258 

joint set must have a difference of orientation of at least 20˚ to be considered valid for this analysis. 259 

Then, according to Reinius (1986), the most critical joint set for each data set was chosen. The 260 

most critical joint set is the one with the highest Cup value. Figure 5 illustrates the distribution of 261 

data according to the Cup parameter and the orientation ß (˚) of the block. Only the most critical 262 



Cup values were retained for each data set. Figure 4 (d) shows data distribution according to these 263 

two situations. The Y-axis represents total data for each Cup class. 264 

 265 

 266 

 267 

4.5 Effects of Js on Rock Mass Erosion 268 

The effect of the Js parameter are shown in Figure 6 (a-d). The Y-axis represents the mean stream 269 

power class and X-axis represents the damage level class. The bubble size represent the amount of 270 



data for each bubble. Js of class 1 (Js1) is defined by a joint orientation increasing the rock mass 271 

erodibility and Js of class 5 (Js5) represents a joint orientation increasing rock mass resistance to 272 

erosion. If Js correctly represents the effects of joint orientation on erosion, a high Js class should 273 

produce less damage than a lower class. In addition, the relation between damage classes and the 274 

mean stream power class should be linearly increasing. 275 

 276 
  277 
For all GSIchart classes, the majority of the Js classes do not show the expected relation between 278 

them. Indeed, the Js of class 1 never show more damage than Js of class 2. We can, however, 279 

observe in Figure 6 (b) that the Js of class 2 show more damage than the Js of class 4, and for stream 280 

power class above 3, more damage than Js of class 3. Some correlation is observed for Js of class 281 

4 and 5. Js of class 4 shows indeed more erosion vulnerability than Js of class 5, supposed to show 282 

erodibility resistance. We can also observe that the majority of the classes show the expected 283 

relation between the damage level and mean stream power class, which is observed to be 284 

increasing, as expected. 285 

4.6 Effects of the Edoa Parameter 286 

 287 



The effects of the Edoa parameter are shown in Figure 7 (a-d). If the Edoa parameter correctly 288 

represents the effects of joint orientation on erosion, a higher Edoa class should produce more 289 

damage than a lower class. In addition, the relation between damage classes and the mean stream 290 

power class should be linearly increasing. 291 

 292 

For high rock quality, corresponding to a GSIchart of class 1, the Edoa parameter does not show the 293 

expected logical relation. For a GSIchart of class 1, in Figure 7 (a), the relation between the damage 294 

level and the mean stream power class for Edoa of class 1 and class 2 is reversed, when both are 295 

expected to be increasing. Aside from this aspect, the relationships between the Edoa classes are 296 

not respected, with a larger class showing less damage than a smaller class for low to medium 297 

stream power. For high stream power, the relation between higher Edoa classes is more respected, 298 

with higher classes showing more damage than lower classes. For a GSIchart of class 2, in Figure 7 299 

(b), the order of damage level versus Edoa classes is respected from a mean stream power of class 300 

4. Lower stream power classes may not generate enough energy for the joint orientation to have a 301 

notable impact on rock erosion. The same pattern is observed for GSIchart of class 3, where a good 302 

relation between Edoa happens when stream power mean class reaches 3. GSIchart class 4 in Figure 303 

7 (d) shows that Edoa classes have a logical relationship, both in terms of the order of the Edoa 304 

classes and of the relationship between damage and stream power. 305 



 306 

4.7 Effects of the Cup Parameter 307 

 308 

The effects of the Cup parameter are shown in Figure 8 (a-d). The Y-axis represents the damage 309 

level and the X-axis represents the mean stream power class. If the Cup parameter correctly 310 

represents the effects of joint orientation on erosion, higher classes should show more damage than 311 

lower Cup classes. In addition, the relation between damage classes and mean stream power should 312 

be linearly increasing. 313 

 314 

For the GSIchart classes 1 and 2, i.e., for good-quality rock masses, the results show an acceptable 315 

classification of the Cup parameter. It is generally observed that higher Cup classes generate higher 316 

damage levels, for high stream power classes. However, for lower-quality rock mass, for GSI 317 

classes 3 and 4, correlation between damage and Cup classes is no longer observed. It is also noted 318 

that the relation between stream power and damage is generally increasing. 319 

 320 



4.8 Comparison of Results 321 

 322 

In general, the parameter classification results improve as the mean stream power classes increase. 323 

For the Edoa parameter, its classification also improves when the GSIchart increases. An increase in 324 

the GSIchart classes, according to the classification proposed in this article, occurs when the quality 325 

of the rock mass decreases. Thus, joint orientation would have a greater impact on erodibility for 326 

a lower quality rock subjected to high hydraulic pressures. However, this is counterintuitive since 327 

in a very low-quality rock mass i.e., for a GSIchart below 40, corresponding to a GSIchart of class 4, 328 

the rock is crushed and joint orientation is not easily distinguished. Joint orientation is best 329 

distinguished when rock mass quality is high. Results show correlation between joint orientation 330 

and damage level when GSIchart is of class 1 and class 2, for high stream power, only for the Cup 331 

parameter. No joint orientation parameter presents an accurate relationship between damage level 332 

and joint orientation effect for a good quality rock mass. For all GSIchart classes, solely Js classes 4 333 

and 5 show correlation with damage classes. These classes describe joint orientation that would 334 

either have no effect or have a positive effect on rock resistance to erosion. 335 

5 Discussion 336 

 337 

There are several methods used to classify the effect of joint orientation in a given rock mass on 338 

its erodibility. These methods offer different classifications, hence the need to evaluate these 339 

methods and compare their accuracy. 340 

The errors in the classification of the Js parameter developed by Kirsten (1982) can be explained 341 

by four factors, namely the assumption that joints are orthogonal to each other, the fact that Js 342 

parameter has been developed to characterize the excavatability of the rock rather than erodibility, 343 

the fact that this parameter was developed only theoretically, and the poor amount of data for all 344 

Js classes except for Js of class 4 (Figure 6). Boumaiza et al (2019a) show that the approximation 345 

of orthogonal joints leads to significant errors when calculating Kirsten’s index when the joint sets 346 

considered are in fact non-orthogonal. Js is obtained with the direction of the closer spaced joint 347 

set and the apparent dip of the closer spaced joint set with relation to the direction of the flow. 348 

However, the apparent dip is calculated considering the two joint sets as being orthogonal. If they 349 

are in fact non-orthogonal, this apparent dip will change along with the Js value. In addition, 350 

Kirsten’s index, considering the Js parameter, was developed to characterize the excavatability of 351 



a rock mass. The force considered when excavating a rock mass is that of a bulldozer, where the 352 

force applied by the excavator acts only at a specific point and is directed at a specific angle. The 353 

study of erodibility by hydraulic power involves a hydraulic force acting on all the faces of the 354 

blocks of the rock mass, particularly with an uplift force that acts under the block. Since this 355 

parameter was developed wholly theoretically, some inconsistencies may have appeared, like the 356 

fact that joint orientation can have a positive effect on rock resistance to erosion. Since this 357 

methodology was applied on a limited data set, data was unequally distributed through Js classes, 358 

which resulted in too few data for four out of five of Js classes. 359 

The Edoa parameter was developed by Pells (2016). It is based on the Js parameter, the results of 360 

tests on a scale model, real erosion situations that have taken place in dams and on the kinematics 361 

of block uplift. Pells (2016) physical model has flaws regarding the analysis of joint orientation 362 

effects. Indeed, only one block is modelled, not allowing to measure the effect that joint orientation 363 

could have on a series of blocks and joints. Multiple blocks and joints surrounding an instrumented 364 

block could have an incidence on the uplift pressure measured on that block. Also, only a few 365 

orientations were tested, that is 0˚, 22˚ and 45˚ horizontally and 0˚, 11˚ and 22˚ vertically. 366 

Horizontal and vertical orientations correspond to direction and to dip direction, respectively. The 367 

Edoa parameter also considers orthogonal joints, which presents the same problem as for the Js 368 

parameter. Pells (2016) built his database with erosion and dam data coming from different 369 

sources. Since Pells (2016) did not collect all data himself, some errors or different interpretations 370 

coming from different sources could have been included, especially regarding more qualitative 371 

parameters, such as GSIchart. An analysis of the results demonstrates that the Edoa parameter offers 372 

the best classification of the joint orientation effect on rock mass erodibility. However, the 373 

database used to build the Edoa parameter was used for this study, which could introduce bias into 374 

the results of Edoa. 375 

The Cup parameter of Reinius (1986) is exclusively based on the pressure results obtained from a 376 

scale model. The advantage of the Cup parameter is that it is the only parameter based exclusively 377 

on laboratory tests. It is, therefore, possible to precisely understand its origin. The physical model 378 

used consisted of an alignment of blocks, one of which was instrumented with piezometers. The 379 

uplift pressure parameter is not calculated directly from the pressures measured under the block, 380 

but is calculated as the mean value of the pressure coefficients of piezometers 5 and 8. Moreover, 381 

pressure variation was not measured as a variable dependent of time, more as a fixed value for 382 



each model setup. The Cup parameter yields opposite results to the Edoa parameter, with a better 383 

correlation for high GSI classes. In Reinius (1986) experiments to development the Cup parameter, 384 

the rock mass was modelled with concrete blocks. These blocks thus represent a rock mass of high 385 

quality, which corresponds with GSI classes 1 and 2. Therefore, the Cup parameter may only be 386 

applicable to good GSI classes. Unlike Edoa and Js, Cup does not consider joint spacing. The joint 387 

spacing considered for the Cup parameter is the one used in Reinius (1986) experiments, which is 388 

has a fixed value for all tests. According to Edoa and Js, joint spacing does not radically change the 389 

impact of joint orientation, but it does change the value slightly. Additionally, joint orientation 390 

testing by Reinius (1986) was limited. The block was always placed vertically in the model, with 391 

varying dips from the vertical of 0˚, 9˚, 17.5˚, and 33.5˚ in the opposite direction of the flow and 392 

varying dips from the vertical of 2.9˚ and 18˚ in the same direction of the flow. These tests allowed 393 

Reinius (1986) to extrapolate his results to all cases. However, the Cup parameter would need to 394 

be further developed in order to be applied to all cases of joint orientation. 395 

This study reveals some probable inconsistencies with the GSIchart determination in relation to joint 396 

orientation. Considering the joint orientation parameters analyzed, results show that joint 397 

orientation has much less of an effect on good-quality rock mass than on lower-quality rock mass. 398 

However, joint orientation is much more distinguishable on a good quality rock mass. GSIchart is 399 

determined using block structure and joint condition. When considering GSIchart, the same GSIchart 400 

value is determined for a “very blocky” rock mass with a good joint condition (rough and not 401 

altered) as for a “massive” rock mass with a medium joint condition (smooth and altered), which 402 

could explain the issue regarding the effect of joint orientation. To effectively compare the effect 403 

of joint orientation, rock mass should be classified according to the same class of structure and the 404 

same class of joint condition. Moreover, in our analysis with GSIchart, joint orientation and stream 405 

power does not consider all parameters as having an effect on rock mass erosion, such as NPES 406 

and joint opening. Boumaiza et al (2021) revealed a classification of the most relevant parameters 407 

to study rock mass hydraulic erodibility. From the most to the least important, his study obtained 408 

the following classification: joint condition (Kd), nature of the potentially erodible surface (NPES), 409 

block volume (Vb), joint opening (Jo), joint orientation (Edoa) and rock mass deformation module 410 

(Erm). Our study does not consider NPES, which includes the block’s protrusion, nor does it 411 

consider joint opening or rock deformation module. It would be interesting to include NPES and 412 

Jo in an index of rock quality, as they have more importance for rock mass hydraulic erosion than 413 



joint orientation. Furthermore, joint condition and block volume have the same weight when 414 

determining GSIchart, when, according to Boumaiza et al (2021), joint condition is the most 415 

important parameter for rock mass hydraulic erodibility with block volume following in third 416 

position. Therefore, when studying rock mass hydraulic erodibility, a rock quality index that takes 417 

this classification into account should be considered. 418 

6 Conclusion 419 

 420 

Hydroelectric facilities require the excavation of an emergency spillway in the bedrock, which 421 

exposes the rock mass to hydraulic erosion. Joint orientation is known as a relevant geomechanical 422 

parameter to evaluate rock mass erodibility. The method used in this article to evaluate the 423 

parameters describing the effects of joint orientation on rock mass erodibility is based on the one 424 

used by Boumaiza et al (2019b). The results show that the Edoa parameter is the joint orientation 425 

parameter with a classification that is closest to expectations, based on the GSIchart index of rock 426 

quality, mean stream power and damage level. The Edoa parameter shows good correlation when 427 

the rock is of medium to low quality. Good results for the Edoa parameter may be influenced due 428 

to the database used to determine Edoa being the same used to analyze its accuracy in our study. 429 

This leaves room for potential bias. Regarding the Js parameter, the classification obtained is not 430 

representative of the damage level. However, little data is available for Js classes 1, 2, 3 and 5, 431 

since the majority of data falls under Js class 4. Regarding the Cup parameter, for high stream 432 

power, results generally show good correlation for GSIchart classes 1 and 2. Unlike the Edoa and Js 433 

parameters, Cup does not consider spacing ratio of joint sets, which could help increase the 434 

accuracy of the results for this parameter. 435 

Good-quality rock masses can have a variety of structures, from massive to very blocky, with a 436 

joint condition ranging from rough and non-altered to smooth and altered. In this study, some 437 

parameters that have a significant impact on rock mass erodibility were disregarded, such as NPES, 438 

Jo and Erm. Development of a rock quality index that includes these parameters and considers their 439 

relative importance would be useful in order to correctly analyze joint orientation parameters and 440 

rock mass erodibility. 441 

 442 

 443 
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Table 1. Js proposed classification (Boumaiza et al. 2019b) 514 

Class Js Description 

1 0.4-0.6 Highly vulnerable to erosion 

2 0.6-0.8 Very vulnerable to erosion 

3 0.8-<1 Moderately vulnerable to erosion 

4 1 Less vulnerable to erosion 

5 >1 Minimally vulnerable to erosion 

 515 
 516 

Table 2. Edoa proposed classification (Boumaiza et al. 2019b) 517 

Class Edoa Description 

1 0 to -5 Minimally vulnerable to erosion 

2 -5 to -10 Less vulnerable to erosion 

3 -10 to -15 Moderately vulnerable to erosion 

4 -15 to -25 Highly vulnerable to erosion 

 518 
 519 

Table 3. Cup proposed classification 520 

Class Cup Description 

1 <0 Minimally vulnerable to erosion 

2 0-0.1 Less vulnerable to erosion 

3 0.1-0.4 Moderately vulnerable to erosion 

4 0.4-0.5 Very vulnerable to erosion 

5 >0.5 Highly vulnerable to erosion 
 521 

 522 

Table 4. Proposed classification of damage levels (Pells 2016) 523 

Class 
Scour depth 

(m) 
General extent m3 100m-2 Damage description 

1 <0.3 <10 Negligible 

2 0.3 - 1 10 - 30 Minor 

3 1 - 2 30 - 100 Moderate 

4 2 – 7 100 - 350 Large 

5 >7 >350 Extensive 

 524 
 525 

Table 5. Proposed stream power classification. Modified from Boumaiza et al (2019b) 526 

Class Stream Power (∏uD, kW m-2) Description 

1 < 2.5 Very Low 

2 2.5 - 10 Low 

3 10 - 25 Moderate 



4 25 - 50 High 

5 50 - 100 Very High 

6 > 100 Extreme 

 527 
Table in the Appendix 528 

Table A.1.1. Relative ground structure number (Js) proposed values rebuilt from Kirsten (1982) 529 

Dip direction of 

closer spaced joint set 

(˚) 

Dip angle of closer 

spaced joint set (˚) 

Ratio of joint spacing (r) 

1:1 1:2 1:4 1:8 

180/0 90 1 1 1 1 

0 85 0.72 0.67 0.62 0.56 

0 80 0.63 0.57 0.50 0.45 

0 70 0.52 0.45 0.41 0.38 

0 60 0.49 0.44 0.41 0.37 

0 50 0.49 0.46 0.43 0.40 

0 40 0.53 0.49 0.46 0.44 

0 30 0.63 0.59 0.55 0.53 

0 20 0.84 0.77 0.71 0.68 

0 10 1.22 1.10 0.99 0.93 

0 5 1.33 1.20 1.09 1.03 

0/180 0 1 1 1 1 

180 5 0.72 0.81 0.86 0.90 

180 10 0.63 0.70 0.76 0.81 

180 20 0.52 0.57 0.63 0.67 

180 30 0.49 0.53 0.57 0.59 

180 40 0.49 0.52 0.54 0.56 

180 50 0.53 0.56 0.58 0.60 

180 60 0.63 0.67 0.71 0.73 

180 70 0.84 0.91 0.97 1.01 

180 80 1.22 1.32 1.40 1.46 

180 85 1.33 1.39 1.45 1.50 

180 90 1 1 1 1 
 530 

 531 

Fig. 1: Methodology for comparing joint orientation parameters 532 

Fig. 2: Edoa values for a horizontal channel and a bed-parallel flow (Pells 2016) 533 

Fig. 3: (a) Experimental setup. Reworked from Reinius (1986) (b) Simulated fracture between piezometers 5 and 8. 534 
Dynamic pressures are also shown. Reworked from Reinius (1986) 535 

Fig. 4: (a) Distribution of data by GSIchart class (b)Distribution of Js classes of Pells (2016) case studies data (c) 536 
Distribution of Edoa classes of Pells (2016) case studies data (d) Distribution of data according to Reinius' study. 537 
Modified from Reinius (1986) 538 

Fig. 5: Distribution of Pells’ (2016) data by Cup classification 539 

Fig. 6: Results of the effects of the Js parameter on the rock’s vulnerability to erosion. Lines represent the linear 540 
approximation of data distribution (a) GSIchart class 1 (b) GSIchart class 2 (c) GSIchart class 3 (d) GSIchart class 4 541 

Fig. 7: Results of the effects of the Edoa parameter on the rock’s vulnerability to erosion. Lines represent the linear 542 
approximation of data distribution (a) GSIchart class 1 (b) GSIchart class 2 (c) GSIchart class 3 (d) GSIchart class 4 543 



Fig. 8 Results of the effects of the Cup parameter on the rock’s vulnerability to erosion. Lines represent the linear 544 
approximation of data distribution (a) GSIchart class 1 (b) GSIchart class 2 (c) GSIchart class 3 (d) GSIchart class 4 545 

 546 
Figures in the Appendix 547 
 548 
Fig. A.1.1: GSI determination chart and class separation modified from Marinos and Hoek (2000) 549 
 550 
Fig. A.1.2: Sketch of fractured rock mass (Kirsten 1982) 551 

  552 



Appendix 1 553 

 554 

 555 
 556 



 557 
 558 

Dip direction of 

closer spaced joint set 

(˚) 

Dip angle of closer 

spaced joint set (˚) 

Ratio of joint spacing (r) 

1:1 1:2 1:4 1:8 

180/0 90 1 1 1 1 

0 85 0.72 0.67 0.62 0.56 

0 80 0.63 0.57 0.50 0.45 

0 70 0.52 0.45 0.41 0.38 

0 60 0.49 0.44 0.41 0.37 

0 50 0.49 0.46 0.43 0.40 

0 40 0.53 0.49 0.46 0.44 

0 30 0.63 0.59 0.55 0.53 

0 20 0.84 0.77 0.71 0.68 

0 10 1.22 1.10 0.99 0.93 

0 5 1.33 1.20 1.09 1.03 

0/180 0 1 1 1 1 

180 5 0.72 0.81 0.86 0.90 

180 10 0.63 0.70 0.76 0.81 

180 20 0.52 0.57 0.63 0.67 

180 30 0.49 0.53 0.57 0.59 

180 40 0.49 0.52 0.54 0.56 

180 50 0.53 0.56 0.58 0.60 

180 60 0.63 0.67 0.71 0.73 

180 70 0.84 0.91 0.97 1.01 

180 80 1.22 1.32 1.40 1.46 

180 85 1.33 1.39 1.45 1.50 

180 90 1 1 1 1 

 559 
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