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ABSTRACT: Water is an important weathering factor on rock discontinuities and in rock mass mechanical 

behavior. The increase of rainfall in frequency or in intensity highlights some problems on the rock slope 

stability analysis. The aim of this paper is the multi scale analysis of the chemical impact of water on rock 

(surface roughness and matrix). In this study we show how water induces degradation and thus may 

decreases the stability of the discontinuous rock mass. Water is known to have significant erosion and 

dissolution effects on rock surface or rock matrix. The chemical features of water such as temperature, pH or 

salinity make it a “good” candidate to rock degradation. This study has two main components. The first one 

is the study of water-solid chemical mechanisms and the other is the analysis of the mechanical response of 

the discontinuity modified by the water alteration. The stability of the rock mass is naturally a function of the 

type and the space distribution of discontinuities. The study aims also to evaluate the effect of water flow on 

the rock slope stability and it is performed at two space scales: laboratory (micro scale and macro scale) and 

in situ scales. The last one is still under investigation and will be presented. 

KEY WORDS: Water, chemical degradation, rock discontinuity, stability. 

1 INTRODUCTION 

Roads are frequently closed because of collapsing boulders or more generally by rock fall phenomena. These 

events are mainly induced by the presence and the behavior of discontinuities in mountains rock mass. As a 

matter of fact, theses discontinuities play a major role on the stability of the rock slopes [1]. An event as 

heavy rains is an important factor of rock stability. The Intergovernmental Panel on Climate Change (IPCC) 

[2] related the phenomena of increasing precipitations and rise in altitude permafrost due to climate change 

will impact the occurrence of the rock fall phenomenon. A number of large-scale slope movements is also 

linked to precipitation (rain and snow melting [3]). In this framework water is considered as an important 

weathering factor because of the specificity of its molecule which confers to it a strong erosive power [4]. 

Water effects in fractured media are significant by the interactions between water and rock. Many reactions 

either mechanical pressure or chemical dissolution are involved in rock weathering. Dissolution is certainly 

the main cause of limestone weathering due to its mineralogy [5][6][7]. Indeed one of the main mineral of 

limestone is calcite (CaCO3). This crystal is very sensitive to dissolution, particularly with water acidified. It 

shows an effervescence due to CO2 formation thanks to the reaction with acid [4] 

CaCO3+2H3O
+
 -> Ca

2+
 + CO2 + 3H2O  

It is known that water pH of natural waters varies between 4 and 9 [4]. The reaction between water and 

calcite shows dissociation with product of reaction calcium ion and carbonate ion 

CaCO3 + CO2 + H2O -> Ca
2+

 + 2HCO3
-
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In addition of chemical reactions, there are also physical mechanisms whose modify the rock cohesion in 

order to open the way of chemical degradation [8]. Some features of the rock will be modified by the 

influence of water [8][9]. This paper will focus on the behavior of discontinuities subjected to chemical 

action of water. Two experiments reproduced in laboratory showed the influence of water degradation on 

rock discontinuities. That degradation will be accelerated by a decrease of pH water. The first one considers 

the alteration of a rock bridge, the rock shape and the shear strength evolution. The second analysis presents 

the dissolution rate and the roughness evolution. Finally we present the in situ block test under investigation. 

2 ALTERATION OF LIMESTONES IN LABORATORY 

In order to examine the behavior of discontinuities subject to water alteration several series of experiments 

are performed. The alteration is performed in laboratory according to type of stone and water flow. This 

section shows how water may cause discontinuity degradation. The alteration is performed on six different 

limestone’s sample (Table 1) from French quarries. Four of them are oolitic limestones as Pierre de Lens 

(Lens Stone) from south of France and Pierre de Caen (Caen Stone) from Normandy, Chamesson and Larrys 

are from Burgundy. The others as the Comblanchien is a micrite with some stylolitic joints and tension 

cracks and the sixth named Montagnole is a micrite and locally detritic with tension cracks and stylolitic 

joints. Some of their properties are given in (Table 1). 

 

Table 1: Some properties and features of the different limestones used in the experiments. 

Name Caen 
Stone 

Lens Stone Larrys Comblanchien Chamesson Montagnole 

Density (kg/m
3
) 2050

(5)
 2185

(5)
 2573

(5)
 2674

(5)
 2230

(3)
 2680

(8)
 

UCS
*
 (MPa) 26 50

(3)
 175

(5)
 180

(1)
 80

(3)
 145

(8)
 

Total porosity (%) 24 14
(3)

 6.7
(4)

 <1
(5)

 17,4
(3)

 0,7
(8)

 

Porosity Hg (%) 17
(5)

 15
(5)

 3,5
(5)

 ND 16.1
(3)

 ND 

Mean radius pore (nm) 1900
(5)

 1600
(5)

 52
(5)

 30
(7)

 200
(3)

 ND 

Capillarity (g/m
2
/s

0,5
) 143

(2)
 60

(2)
 10

(2)
 0,4

(1)
 66 ND 

Permeabilityy (µD = 
9.869.10

-19
 m²) 

20000
(6)

 409
(3)

 15
(4)

 0,05
(3)

 88
(3)

 ND 

Sources :1site carrière SETP, 2R.Bost (2008), 3A.Saad (2011), 4M.Bost (2008), 5J.D’Amato (2012), 6E.Nauleau (2010), 7Bachaud 

(2009), 8Rapport Géolithe (2006). UCS* : uniaxial compression strength. ND : not determined 

 

Two experiments are performed. The first experiment is based on quasi-static water, which means that there 

is “no” flow of the solution on the sample. In that case it is simulated a water which comes into the 

discontinuity and remains in it at rest. In the second experiment, the water is flowing in order to model a 

runoff inside the discontinuity during rains fall. In this experiment the flux is one liter of fluid per day. The 

different types of limestone are submitted to acidic water (water with 0.035µl sulfuric acid (35%)). Thus 

acidic water is chosen to accelerate the phenomenon of dissolution. This acid is used in order to increase the 

rate of chemical rock degradation, it is selected to enhance the degradation kinetics of the rock, and also to 

reproduce the percolation of rainwater in soil and that loads in humic acid to becomes more acidic than 

rainwater. This kind of water causes damages to the rocks through discontinuities. Water used for the two 

experiments has the same pH. 

2.1 Alteration in quasi-static regime 

2.1.1 Experimental procedure 

This first experiment consists in leaving limestone’s samples at rest in a fixed volume of acidic water (Figure 

1). The evolution of weight of each samples during cycles of alteration are measured at different times. A 

cycle is composed of two steps. During the first step all samples are soaked 2 days in a sulfuric acid solution 
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at pH 2 then during the second step samples are dried at 60°C for 2 days (Figure 1). The acidic solution is 

renewed. Thanks to that change, the alteration is more effective by repetitions of these cycles, in fine, the 

samples degradation is increased. 

The rock samples are cylindrical (diameter: 12 mm, high 100 mm) (Figure 1). A number of 24 sticks samples 

are used for each type of limestone. We used four types of limestone: Pierre de Caen (Caen Stone), Pierre de 

Lens (Lens Stone), Larrys and Comblanchien whose differ by their porosity. Limestones’ porosity extend to 

a range from one to several tens percent. Caen Stone and Lens Stone have a high porosity respectively 20% 

and 17%, whereas the two others have a low one respectively 7% and 1%. 

 
 

Figure 1: Schematic representation of the two steps of the experiment “alteration in quasi- static 

regime” which is composed of one cycle of weathering (left). Picture of the first phase of the 

experiment quasi-static regime limestone samples sticks are soaking in the acidic water (right). 

After each cycle of degradation the weight sample is measured in order to follow the evolution during the 

experiment. A picture of each sample is also taken in order to analyze qualitatively the limestone’s aspect 

between each cycle. This first step of analysis is extended to a smaller scale. During a second step (more 

quantitative), we performed measures by mercury porosimetry intrusion (MIP) in order to follow the 

evolution of the porous matrix. The analysis is performed at micro-scale within an environmental scanning 

electron microscope (ESEM). 

2.1.2 Analysis 

The evolution of each sample weight is measured during the dissolution process. A decrease of weight is 

measured for each type of limestone. Figure 2 represents normalized weight (weight (t)/weight (0)) versus 

time of degradation. We noticed linearity with time of the loss of weight for all the type of limestone (Figure 

2). This indicates there is a constant rate of dissolution for limestone. In this figure below, we can observe 

that whatever the giving porosity the rate of decreasing weight is quite constant. However we can observe 

the higher the porosity, the higher the rate. This difference of rate means that the dissolution process also 

affects the pores of the matrix although the pore pressure is very small. Moreover the dissolution process has 

a higher influence on the more porous sample (Caen stone). 

1cm 
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Figure 2: Evolution of sample weight during the experiment Alteration in static regime. 

We observed on the sample with high porosity (Lens stone and Caen Stone) the fluid at a very small pressure 

rise into them whereas the fluid does not for the low porosity sample. The visual trailing shows a brownish 

aspect of the sample mainly for all samples but with an exception for Lens stone which conserve its 

whiteness. The change of color is due to the presence of impurities specially remobilization of iron often 

turns the sulfuric acid a yellowish brown color. 

At the fluid-air interface recognized by the different of coloring, a recession of the surface is observed for 

each sample of each limestone (Figure 3, Figure 4). This recession suggests a loss of material. The high 

degradation in this part of the sample is also attributed to the influence of the CO2 in ambient air. Actually, 

CO2 is considered as an important acidifying component of water. The interface is the place where the 

exchange between ambient air and the water near the surface is the most important, makes it a zone where 

degradation is improved. 

 

(Zoom) 

Figure 3: Pictures of Caen Stone samples: Initial state (E0), after 10 days (E3), 20 days (E6), 30 

days (E9), 40 days (E12), 50 days (E15) and 60 days (E17). 

We observe the same high degradation near the interface, for all types of limestone. This information 

suggests an influence of CO2 whatever the porosity. 
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Figure 4: Pictures of Larrys samples during alteration: Initial state (E0), after 10 days (E3), 20 

days (E6), 30 days (E9), 40 days (E12), 50 days (E15) and 60 days (E17). 

In order to evaluate the different states of alteration of the porous matrix evolution inside the sample, 

mercury intrusion porosimetry (MIP) measures have been done. This method is commonly used to evaluate 

the total porosity and the pore size distribution of different materials. MIP results are expressed as the total 

mercury volume intruded (log diffential intrusion) in a sample versus pore size (mean diameter pore). 

Measures were carried out after several cycles of degradation. The Figure 5 shows the volume of mercury 

intrusion versus the pore diameter. We represent on the graph three of the four limestone used for the study 

(Larrys (7%) Lens Stone (17%) and Caen Stone (20%)). First of all we can observe the mean pore diameter 

increases with the limestone’s porosity. Then for each type of limestone there is an increase of the mean pore 

diameter between the initial state and 3 days of alteration. The alteration increase pore volume. Low porosity 

sample have little mean pore diameter whereas high porosity have their mean diameter higher. Matrix of 

Lens Stone and Caen Stone samples are modified after the first cycle. Indeed an aperture of the mean 

diameter pore is measured after the first cycle but the mean diameter doesn’t increase for the other cycles. 

Nevertheless on Lens Stone, the volume of mercury increases between 30 days and 60 days of alteration. 

This reveals an increase of pores with same size. Larrys’ samples show an increase of the mean diameter 
pore all along the state of degradation (Figure 5). 

 
Figure 5: Volume of mercury intrusion versus pore size diameter for samples of Lens Stone, 

Caen Stone and Larrys and for several state of weathering 
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We observe sample of limestone named Lens Stone at micro-scale with an environmental scanning electron 

microscope (ESEM) (Figure 6). These three pictures show three states of limestone degradation's at different 

time, the first represents non-altered sample, the second at 10 days of alteration and the last one after 60 days 

of alteration. The limestone observed is Lens Stone, it is composed of ooids which are spherical grains 

composed of concentric layers. We observe along the period of alteration a digging around the ooids, which 

indicates dissolution of calcite. This kind of feature shows the non-homogeneous fact of dissolution either at 

space scale. 

   

Figure 6: ESEM pictures from sample of Lens Stone at initial state (left) after 10 days (middle) 

and after 60 days (right). The dash line circles emphasize the gap between oolites; this gap was 

created during the alteration. 

2.2 Shear strength analysis 

In order to the observation and measurement of chemical degradation an evaluation of the mechanical 

response of the sample submitted to a shear loading is performed. The measurements are made with a 

uniaxial cell in order to evaluate the influence of alteration on the mechanical properties of limestone 

samples. We used cylindrical samples (Figure 7) as samples in the alteration in quasi-static experiment. Each 

sample is positioned in a shaped granite base (Figure 7) and put in the uniaxial cell (Figure 8). 

  
 

Figure 7: Shape of the granite base with dimension (left) the sample of limestone (middle) are 

inserted into the granite for the test (right) (after Druon) 

The loading (kinematically controlled) applied for the shear on the weathered sample is measured and it is 

called: mechanical strength. Each sample is sheared in order to compare them in function of their porosity in 

one case and their weathering degree in another case. 

http://en.wikipedia.org/wiki/Ooid
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Figure 8: Picture of the uniaxial cell used for the experiment “alteration quasi-static” (left). 
Sample in the granite base (middle) and the broken sample after the test (right) (after Druon). 

Shear strength measurements are performed on different non-altered limestone samples on a range of 

porosity 2% from 35 % (Figure 9). The different curves show an increase in the shear stress versus tangential 

displacement until a peak is reach and then a decrease followed by an increase to a maximum and then 

failed. The first stress drop is associated to micro-cracks of the sample and the final stress drop is related to 

the failure of the sample. All limestone samples seem to have the same behavior. 

We noticed the smaller the porosity the stronger slope, this implies that the slope of curves is hardening with 

the decreasing porosity. It suggests porosity affects the mechanical response of samples. 

 

Figure 9: Shear stress versus tangential displacement for different limestone’s porosity (modified 

from Druon, 2011 [10] ). 

The following experiment focused on non-altered Larrys (7%) sample. The Figure 10 shows the evolution of 

shear stress versus tangential displacement. The curve shows an increase to a peak at 16 MPa and a decrease 

to 12 MPa. This first part of the curve with the little peak, indicate a first micro-crack in the limestone 

sample. After that the shear stress rises to a maximum at 21 MPa and after the shear stress collapse. This part 

of the curve represents the rupture of the sample. 
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Figure 10: Evolution of shear stress versus tangential displacement for the limestone Larrys 

(modified from Druon, 2011). 

In order to show the alteration influence on limestone mechanical behavior, we performed a test also on 

weathered limestone. First limestone samples are undergoing a flow of acidic water (pH 2) and others with 

non aggressive water (pH 7) during several weeks. Two samples of weathered limestone are used for 

mechanical test. 

The Figure 11 shows the evolution of Larrys’ samples mean failure peak during alteration period for two 

different pH degree of water (pH 2 and neutral water pH (7)). Which is surprising in that two curves show an 

increase of mean peak rupture to a maximum and a decrease. They have the same shape except the maximum 

for the acid water (pH 2) appears before that for rain water (pH 7). The difference between the curves points 

out the acceleration process of dissolution. The comparison between two different pH degrees of water 

shows how much the influence of pH water is relevant during the alteration process. Furthermore the slope 

before the peak for the pH 2 curve is stronger than the slope for pH 7. 

 

Figure 11: Evolution of the mean failure peak after period of alteration for Larrys limestones. A 

comparison between different water, acid (pH 2) and neutral (pH7). Dashes (above and below) 

represent respectively the standard deviations max and min. The small dashes for pH2, and the 

large dashes for pH 7(modified from Druon, 2011). 
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2.3 Rock bridge alteration in the case of flowing water 

2.3.1 Experimental procedure 

It exists [11] [12], part in the rock mass which is connected to the block ready to fall. These parts are called 

rock-bridge and they constitute the block stability. In this experiment, the shape of the sample and the water 

flow are different from the first one. Limestone’s blocks are sawn so as to leave a continuous part, called 
rock bridge. The rectangular geometry of the bridge is connected to the surface of the block. The above part 

is taken off. The experiment is realized in open system where CO2 of the atmosphere can influence the 

interaction between the acidic solution and the surface of the block because CO2 is known to acidify water. 

The acidic solution is stored in tins and the solution flows via a drip system. The water flow is about one liter 

per day (Figure 12). 

  

Figure 12: Schemes of the shape limestone samples for the experiment Alteration in the case of 

“flowing water”, the acid solution is in drip system, the flow is one liter of solution per day, and 

run along the discontinuity and around the rock bridge (left). Picture of the runoff along the 

discontinuity and around the rock-bridge (right). 

Figure 13 depicts the time evolution of water pH during two different experiments. A continuous flow on the 

limestone surface; maintains pH stability around 2 whereas limestone’s sample immersion in an acidic 

solution buffers it at pH 7. This graph shows how time-contact between rock and solution is relevant. 

 
Figure 13: Representation of the evolution of pH as a function of time, the dotted curve with open 

symbols shows the evolution in the case of an alteration in static water regime: limestones 

(CaCO3) are soaking in an acidic solution (H2O; H2SO4). The solid curve and filled symbols 

shows the evolution in the case of an acidic solution flows along the limestone. 

The experiment is performed in an open system, which means the sample in contact with ambient air. The 

interaction with the CO2 of the ambient air increases the phenomenon. The flow of water causes a material 

dissolution and destructuration (Figure 14). Fine particles are observed in the water of the recovery basin as 
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observed by Kupper [13]. The picture shows also an asymmetric flow of the solution. Indeed we observed 

during the period of runoff that water followed different paths. It is obvious that water prefers the easier path 

to dissolve crystals less competent that the rest of the rock sample. 

 
Figure 14: Picture of Montagnole limestone (CaCO3) sample surface degradation by acidic 

solution (H2O; H2SO4) 

2.3.2 Analysis 

Each type of limestone received 12 liters of acid solution flowed for a period of 17 days. After 8, 11 and 17 

days, a geometric analysis by laser is performed. Many profiles were done in order to show the influence of 

the alteration surface and to establish the decreasing of the rock bridge perimeter. This decreasing of the 

perimeter is observed during the water flowing for all samples (Figure 15). In addition we noticed an intact 

part of the rock bridge below. The recession of the rock-bridge perimeter may imply a decrease of the 

mechanical resistance of the rock bridge. 

 
Figure 15: Comparison between the different states of alteration for each limestone of their rock 

bridges’ perimeter measured with laser. 

We performed other laser profiles (Figure 16). Profile P1 was taken above the bridge then profile P2 just 

under the bridge, and the third P3 was measured on the below far from the bridge (Figure 16). These profiles 

were made at initial state, after 8 days of runoff, 11 days and at final state (17 days). Profile P1 is made near 

the place where the drop fell. It shows a digging which increases significantly over time. Profiles under the 
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bridge show two diggings (P2) then three (P3). These paths followed small fractures. These ones indicates 

preferential path of water circulation (P2 and P3). 

 

Figure 16: Montagnole sample after acidic water runoff, line P1, P2, P3 represent the place we 

take the profile by laser (left). These graphs represent the 3 profiles done by laser, the different 

curves show the evolution of the “topography” of the sample surface during alteration period 

(right) 

3 METHOD IN SITU TO IDENTIFY ROCK BRIDGE 

3.1 Localization and geometry of the site 

The site is located in Montagnole near Chambery (73) in France. The block is a triangle shaped dihedral with 

fractures and it is apparently ready to fall (Figure 17). This work aims to evaluate the potential of Ground 

Penetrating Radar (GPR) measurements to find and estimate the quantity of rock bridges into a block with a 

discontinuity. 

 
Figure 17: View of the rock mass, it presents a dislocated area on the left, and major 

discontinuities are in black and superficial are in white. 
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3.2 Methods 

GPR data were acquired using high frequency (1600 MHz) to estimate the presence of rock bridges 

(continuity in the rock mass). This high frequency is adapted to detect interfaces such as rock-air-rock in two 

meters thick. The air tends to disperse the signal, so we can deduce the rock bridge’s presence or not. In this 

paper, GPR measurements consisted in profiles acquired from the block (Figure 18), in order to make a grid 

of the block and identify the presence of rock bridges. 

 

 
Figure 18: Depict of the North Face of the block in Chambery (73). The black lines reveal the 

different discontinuities observed. The black horizontal lines identified each radar profile, profile 

3 to 9 from the bottom to the top. 

3.3 Results and discussion 

The first observation in situ reveals many discontinuities; the major ones represented in black on Figure 17 

are those where we suppose there are rock bridges to maintain the stability of the rock mass. The white ones 

appear to be just on the surface but they are important for the surface degradation. The GPR reveals the 

possibility to identify the surface discontinuity (Figure 19). As a matter of fact radar-gram present some 

weirdness, these ones are the proofs of different environment as air or rock mass. These are analyzed and 

after a treatment, a 3D view of the discontinuity surface could be made as Figure 20 shows. 

 
 

Figure 19: Radar gram acquired after profiles from the block, profile 3 to 6, the black lines 

represented the weirdness observed and used for the 3D representation. 
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Figure 20 show horizontal dots, which represented the separation between rocks and void i.e. the 

discontinuity inside the block.  

 

Figure 20: 3D view of the surface discontinuity after analyze and treatment of the data. 

4 CONCLUSION 

These results allow us to highlight some points on the rock bridges or more generally rock behavior under 

dissolution caused by water flow. 

The experiments in laboratory give us interesting information on the surface, as we showed for the 

experiment in static regime and also on the behavior of the porous matrix submitted to dissolution. 

Concerning the loss of weight, we noted that it is related to the available amount of oxonium ion in the 

solution to dissolve calcite. In this experiment the solution is saturated in 2 days whereas in the experiment in 

flowing regime the solution is never saturated due the dynamic flow of water. 

The shear strength of different rock bridges unaltered limestone indicates that it is a link between physical 

characteristics of rocks. This is the value of Young's modulus, the average compressive strength and the 

average force measured at the rupture. 

These two experiments confirmed this relevance of water in alteration process. The experiment in flowing 

regime is more efficient than static one. The 60 days of alteration for the first experiment in static regime 

showed less important damages whereas the 17 days of alteration for the flow regime, the damages are 

impressive. 

We show alteration on the surface, but also inside the sample, which indicate relation between them. During 

the flowing regime experiment we observed that the reactive water use preferential path no matter what 

limestone used. 

For instant the first results with the GPR method reveal it to be an important tool in characterization of rock 

bridges and also the visualization of surface discontinuity. Our results need to be correlated with other 

geophysics methods. The laboratory analysis will be extended to the in situ scale. 
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