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ABSTRACT:  This paper presents the results of a study conducted to analyse the long term stability of the cast iron shaft 
lining after coal mine closure and flooding. The attention is mainly focused on the behaviour during the critical phase 
of  flooding as well as the phase corresponding to the disappearance of the water pressure and the stabilization of the 
environment. This pluri-disciplinar study  was conducted by a team combining specialists in rock mechanics who 
identified the main risks and the conditions of stability of the lining and specialists in metallurgy who studied the 
composition of the cast iron and its corrosion behaviour after exposure to mine water.  
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RESUME: Cet article présente les résultats d’une étude de la stabilité à long terme des cuvelages en fonte de puits 
après la fermeture et l’ennoyage des mines de charbon.  L’attention a été particulièrement portée au cours de cette 
étude sur le comportement de l’ouvrage pendant la période critique de montée de l’eau et la période qui la suit et qui 
correspond à la disparition de la pression  hydraulique et la stabilisation de l’environnement. L’originalité de cette 
étude réside dans son côté pluridisciplinaire qui a mobilisé une équipe constituée par des spécialistes en mécanique de  
roches qui ont travaillé sur l’identification des risques encourus et des conditions de stabilité du cuvelage, et des 
spécialistes en métallurgie qui ont étudié la composition minéralogique de la fonte utilisée et  son comportement au 
corrosion lorsqu’elle est  exposée à l’eau de mine. 

MOTS-ClEFS : fonte, cuvelage, ennoyage, stabilité, corrosion  

 

1. Introduction 

The closure and flooding of coal mines require the treatment of several aspects mainly linked to the 
long term stability of the surface, the new hydrogeological water regime and  the management of 
methane. Regarding the first aspect,  the behaviour of shafts and the means needed to ensure their 
stability constitute a major point. 

In France, many shafts, particularly in the Lorraine area, have been  reinforced when crossing 
aquiferous strata  by a cast iron lining. This technique was used before the development of concrete 
lining (end of 19th and beginning of the 20th century). The problem arising with mine flooding 
concerns the behaviour if this reinforcement and its capacity to resist in the long term especially to 
the corrosion phenomenon induced by a water highly charged with aggressive minerals such as 
sulphates and chlorides. In case the stability is not guaranteed for at least a period of one century, 
the shaft should have a complementary treatment, for instance filling with a water resistant grout. 
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This paper presents the results of a study conducted to answer the question of long term stability of 
the cast iron lining especially in the critical phase of flooding and the phase corresponding to the 
disappearance of the water pressure and the stabilization of the chemical environment.  

2. Shafts features and main risks 

The first phase of the study was dedicated to a review of the archives in order to find the conditions 
of installation and the design characteristics of the cast iron lining in the two shafts concerned by 
the stability aspect : Hôpital shafts 1 and 2, period  of sinking 1882-1886. 

These two shafts were operating until 1918 and were closed in 1971 by installing reinforced 
concrete plugs placed on the lining heads and anchored in the surrounding rocks. The site has three 
important constraints which must be taken into account if a special treatment operation has to be 
decided to guarantee long-term stability : 

• the presence of operating constructions very close to the shafts; 
• shaft 2 is used as an outlet of methane with a flow rate of around 140 m3/h, this source 

may induce difficulties for possible interventions in the shaft; 
• the shafts contain many levels and sub-levels which may complicate the operation of 

treatment.  

Starting from the surface, the rocks traversed by the shafts are successively the Trias sandstones 
with a thickness of around 130 m, the Permian sandstones with a thickness of around 100 m and the 
carboniferous layers. The aquifer  is located in  the Trias sandstones and the water table is located 
20 m below the surface. The Trias sandstones are primarily constituted by the Vosges sandstones 
and the tests performed to characterise these rocks highlighted very low mechanical properties 
(cohesion around 0.1 MPa, friction angle around 40° and Young’s modulus around 160 MPa). 

The presence of these weak and permeable sandstones required the use of the cast iron lining whose 
head was installed at the level of the water table and base anchored in the resistant and impermeable 
Permian sandstones. The rest of the shafts was supported with a masonry lining (Fig. 1). 

The stability analysis conducted to point out the main risks and to precise the safety margin showed 
that there are two major failure mechanisms which can occur and affect the stability of the shafts 
and the surface. These mechanisms can be induced either by the concrete plug or by the cast iron 
lining.  

2.1 Failure of the concrete plug 

From the mechanical point of view, the concrete plug can be modelled as a slab submitted to its 
weight and to the weight of the upper filling material. Analytical and numerical models taking into 
account the real shape of the plug and the effect of the surrounding rocks showed that the stresses 
developed are very low and that the conditions of stability are ensured as long as the concrete 
preserves its minimal properties (Fig. 2). 

The risk of instability will appear in case the reinforced concrete slab would loose its mechanical 
characteristics under the effect of ageing and mine water corrosion during and after the flooding. 
The failure of the concrete plug will induce the flow of the backfilling material causing the 
disappearance of the shaft wall support.  
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Figure 1. Cast iron lining in the Lorraine shafts 

The phenomenon of concrete corrosion could be studied more in detail for a precise evaluation of 
the risks, but it was suggested for the treatment of this mechanism to reinforce the backfilling 
material in order to constitute with the concrete slab a homogeneous and coherent plug ensuring the 
long-term stability of the shafts and the surface. 

 
Figure 2. Analysis of the concrete slab stability with a numerical model 

2.2 Failure of the cast iron lining  

This instability would occur either under the effect of the ground and the water pressures or under 
the effect of the cast iron corrosion when exposed to the mine water. The potential risks in this case 
would appear in two different forms (Fig. 3):  

• loss of the concrete plug support when the failure appears in the top of the lining : a 
deterioration of the shaft walls will take place due to the low mechanical characteristics 
of the Vosges sandstones and their strong sensitivity to water. The instability of the 
concrete slab would certainly be limited, but it would give passage to the overlying 
backfilling and therefore the failure could go up on the surface and give place to the 
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formation of a sinkhole or a subsidence whose extension and localization would depend 
on the quality of the backfilling and the zones of less resistance in the ground. 

• failure of the lining in depth in zones where the state of the cast iron and the geotechnical 
conditions of the ground are unfavourable. The disappearance of support would let water 
flowing and leaching the sandstones. The evolution of failure is very difficult to predict. 
It could go up while following zones of lower resistance and creating one or more 
chimneys of very irregular form.  

 
Figure 3. The two risks linked to the lining failure  

This quick analysis shows that the overall stability of the shaft and the surface is mainly governed 
by the stability of the cast iron lining and that a metallurgical study is necessary to forecast the long 
term behaviour and the risks of corrosion and failure.  

It is important at this stage to point out that the critical period presenting the greatest risk of 
occurrence of the two phenomena of failure described above is the period corresponding to the 
phase preceding the flooding and the phase of flooding. Once the flooding is finished, the stability 
conditions would become better and consequently the risks less. 

3. Lining design and stability conditions 

The document written by J. Chaudron in 1867 who supervised the Hôpital shafts sinking describes 
precisely the method used for the installation of the lining and the principle of its design. The 
thickness of the lining was defined according to the formula suggested by Kind and Chaudron: 

50002.0 PRE +=  

where E is the thickness of the cast iron lining in meter, R, the radius of the shaft in meter and P, the 
pressure applied to the lining in bar. The constant 0.02 m is introduced into this formula by safety in 
order to guarantee a minimal thickness of the lining. 

The general method of a lining design is based on the equation which gives the compressive stress 
σ developed in the lining according to the external radius R and the internal radius r of the shaft and 
the pressure applied P ; the thickness E of the lining is thus equal to R-r:  
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To ensure the lining stability, the stress must be lower than the uniaxial compressive elastic limit σE 
of the material. The thickness E is therefore equal to: 
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The correspondence between the 2 equations shows that the formula suggested by Kind and 
Chaudron introduces a safety margin on 2 levels. On the first hand, the term E²/2R was largely 
overestimated by considering it constant and equal to 20 mm, and on the second hand, the elastic 
limit of the cast iron was considered very weak (only 50 MPa) compared to its actual value (at least 
120 MPa). 

This rapid comparison indicates that, from the mechanical point of view, the stability of the lining is 
ensured as long as the cast iron conserves its mechanical properties. To conclude on the long-term 
stability, it was then necessary to study the effect of the mine water on the cast iron during and after 
the flooding phases (risk of corrosion and process of deterioration of the  mechanical 
characteristics). The metallurgical study conducted for this purpose was carried out in three main 
steps: a bibliographic review in order to characterize the cast iron used in the Lorraine region during 
the sinking period of the two shafts, a sampling in the cast iron lining for laboratory experiments 
and a synthesis of the main results obtained enabling to reach a conclusion about the durability of 
the lining. 

4. Metallurgical analysis of the cast iron  

4.1 Bibliographic review  

In his notice, Chaudron (1867) described the lining to be made by a grey cast iron of a second 
fusion with  fine and homogeneous grains. In the German document of Ledebur (1895), it is found 
that carbon in the graphite state makes the metal porous and enables the chemical agents to 
penetrate deeply. It is mentioned also that very graphitic cast iron are characterised by a great 
resistance to rust when graphite is not in large plates and it even seems that this feature awards the 
cast iron a great part of its own resistance. This same document gives an average composition of the 
Lorraine cast iron: carbon 3.8 %, silicium approximately 2 %, manganese approximately 0.6 %, 
phosphorus 1.8 % and allots a tensile mechanical strength of 120 MPa. (the compressive strength 
would be higher). 

Compared with blast furnace hot metal of the Lorraine area in the  1970's used for steel refining, the 
second fusion cast iron of the end of the 19th century has a higher silicon content, but is similar to 
the foundry iron produced by the blast furnaces of Uckange until the beginning of the 1980’. The 
1930 monograph of iron alloys, indicates that, due to a better adherence of rust, the corrosion 
resistance of the cast iron exceeds that of all steels other than stainless. 

The modern literature is richer and more quantitative regarding the behaviour to corrosion. The 
“Practical of Industrial Materials” document indicates that the grey ferrito-perlitic cast iron has a 
high resistance to corrosion and that is little attacked by water, alkaline and carbonate-ground 
solutions, but it is less resistant to diluted acids.  
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The ASM Metals Handbook confirms the features mentioned above and emphasises the low level of 
corrosion in grounds. It indicates that calcium carbonates can form a protective coating and that 
among the components of the cast iron, silicon and phosphorus decrease the speed of corrosion.  

“Les techniques de l’Ingénieur” indicates that, in the absence of oxygen, water corrosion of the cast 
iron is very slow and that the atmospheric corrosion does not exceed 0.1 mm per annum. In the 
absence of oxygen the corrosion of the cast iron in water is quasi-null (justifying the use which is 
made of this material in hydraulic piping). 

4.2 Sampling operation in La Houve Shaft  

As the access to the Hôpital shafts was not possible, it was agreed with Charbonnage de France to 
make an operation of sampling in a cast iron lining in another shaft presenting the same 
characteristics (same type of lining, same installation procedures, same grounds). The choice was 
quickly directed towards Shaft 3 of La Houve mine where a visit was organized to observe the state 
of the cast iron lining and the zones of sampling. 

A total of six samples were taken at three different depths in the cast iron lining for the laboratory 
metallurgical analysis. These samples consist of corroded material obtained by scraping, sawing or 
coring (Fig. 4). During the visit, no visible deformation was detected in the lining. However, a  
layer of calamine was observed with a thickness not exceeding 5 mm. 

 
Figure 4. Photos of some samples obtained by cutting with a pneumatic band saw 

Different stages of analysis were conducted on the samples. The observations were performed first 
with naked eyes then with a binocular and finally with an optical microscope.  The quantitative 
microanalysis was carried out using an electron probe microanalyser in order to determine the 
average and the local (1-2 micrometer resolution) composition as well as the constitutive phases. 
The corroded material which is separated from the cast iron was also analysed separately by X-ray 
diffraction for phase identification. 

4.3 Results of the metallurgical analysis  

The cast iron has a good quality, at least in the part non reached by the corrosion. It does not present 
porosity, cracks or exogenous inclusions of more than 5 micrometers in the cm2 observed. 

The graphite lamellae, approximately 2 microns thick and 100 microns long, are grouped in balls of 
200 microns  diameter. In the vicinity of the layer of corrosion, the cast iron is reached by the 
corrosion which progresses along the graphite lamellae that constitute a percolating network. The 
thickness of oxides between graphite and cast iron is of a few microns (Fig. 5). 

The average global compositions of the two first cast iron samples are rather similar with more 
phosphorus in one than in the other. The carbon content would rather be less than 4 % for a 
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phosphorous cast iron which seems to be of eutectic composition. The content of the other elements 
is rather reliable: silicon approximately 1.6 %, manganese 0.4 %, phosphorus of about 0.5 and 1 % 
for two samples, sulphur approximately 0.08 % and titanium of about 0.5 % (Fig. 6). 

 
a. structure of the sound replacer safe 

lamellar graphite cast iron 
b. structure of the sound replacer lamellar 

graphite cast iron after Nital etching 

 
c. structure of the lamellar graphite cast iron 

in contact with corroded material 
d. structure of the lamellar graphite cast iron 

after Nital etching 
Figure 5. Optical microscopy of the safe and corroded cast iron 

Beyond the global composition, the cast iron phases were identified.  The principal ones are 
lamellar  graphite, ferrite and  pearlite. Ferrite  contains   approximately 1.5 % Si, little  carbon 
(<0.2 %), 0.3 % P and 0.4 % Mn. Pearlite can be distinguished from ferrite only after a 
metallographic etching with nital reagent. It constitutes the major component and the spacing of the 
cementite lamellae within the pearlite is around 1 micrometer. 

Another relatively abundant phase, but not significantly detected with X-ray diffraction, is the 
eutectic with phosphorus, called steadite which is slightly distinguished with optical metallography 
without etching, but clearly in the scanning electron microscope with backscattered electrons signal. 
The formation of this eutectic terminates the solidification of the phosphorous cast iron towards 
950° C and delimits within the structure the size of the eutectic cells (Fig. 7). The local content 
reaches 12 to 13 % P, 2 % C (whereas the theoretical ternary eutectic is with 7 % P, 2 % C). 

One of the bolts which assemble the elements of the lining was also observed and analysed. It 
consists of soft steel rolled with a dense population of non metallic inclusions. Visible corrosion on 
the thread  remained within acceptable limits. 

Adherent layers of corrosion were analysed and observed in contact with the cast iron (Fig. 8). The 
dominating oxide is Fe203 and carbon is also detected with a content close to that of the cast iron. 
Other oxides of Mn and Si, were found with low contents together with chlorides of  Na, K and Ca 
as reactions products of cast iron and water. 
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Figure 6. Example of elemental mapping obtained by the electron probe microanalyser showing the ferrous matrix, 

graphite lamellae and steadite  

 
Figure 7. Image obtained with the backscattered electron band and composition profiles derived from the X-ray diffraction 

(oxide-sulfide inclusion) 

Small zones of corroded layers in graphite and graphite lamellae are still present in the oxides. The 
progression of corrosion circumvents the graphite lamellae and could be of galvanic nature. The 
phosphorous eutectic (mainly Fe3P) resists to corrosion, but these vestiges of cast iron do not block 
the progression of oxidation. The oxide is dense and it adheres to the cast iron and seems to have a 
reasonable mechanical behaviour. 

The X-ray mapping confirmed the presence of potassium and sodium chlorides. X-ray diffraction 
identifies, in the separated calamines, calcite CaCO3, hydrated goethite Fe2O3, and on the free face 
of calamine, gypsum CaSO4H20. The literature had presented calcite like a natural protection of the 
cast iron against hard water corrosion (adherent and waterproof deposit). 
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stratified structure of the adherent calamine to the 
cast iron  (optical microscopy) 

spectra of X-rays diffraction of calamine: scale taken in the metal 
side (goethite and calcite) 

Figure 8. Optical microscopy and X-ray diffraction performed on the calamines  

4.3 Synthesis on the metallurgical analysis  

The results of the metallographic and analytical expertise performed on the cast iron lining samples 
are relatively coherent with the bibliographic data. They allow to make an assessment on the 
durability  of the metal structure with respect to corrosion. 

The cast iron is obtained after a second fusion and has a lamellar graphite structure. The progression 
of corrosion is well highlighted in the cast iron, along the graphite lamellae.  

Two layers of corrosion are to be distinguished: adherent dense calamine and, beyond a thickness of 
less than 5 mm, a ventilated and very fragile calamine which contains iron oxides but also species 
deposited by water (quartz and gypsum). The description of the corrosion process proposed along 
the graphite lamellae (galvanic corrosion to some extent) is quite identical to that proposed by 
Ledebur. 

The favourable role of phosphorus on the corrosion resistance is highlighted. The maximum speed 
of corrosion pointed out by literature is 0.1 mm per annum. Over the lifespan of the studied shaft, 
aqueous corrosion should consume less than 10 mm, which is a pessimistic estimate. Actually the 
metal consumption on the internal face of the lining would be rather about 0.03mm/year. 

5. Conclusions on the long-term stability 

Based on the bibliographic review and on the metallurgical analysis of the cast iron over a century 
in service, the maximum value of the  corrosion rate was estimated to be around 0.1 mm/year. 
According to the security margin adopted during the design in the thickness of the lining and in the 
mechanical strength of the cast iron, the durability of the cast iron structure with respect to 
corrosion was assessed to be over at least 100 years. After flooding, the environment will be 
stabilised, the water will no longer be oxygenated and the mechanical stresses will be reduced. 
Under those conditions, the behaviour of the cast iron should be more than adequate and the long 
term stability would be assured.  

In spite of a level of risk considered to be low or even very low, recommendations were made for 
the implementation of a system to monitor the two shaft stability during the critical phase of 
flooding. As the shafts are not accessible, a surveying operation with a dedicated borehole camera 
was performed to check the quality of the cast iron lining. This operation confirmed the 
observations made in the open shaft.  
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The monitoring solution suggested would consist in manufacturing a system of an umbrella which 
would be introduced into the shaft until the base of the cast iron lining then unfolded in order to 
retain the blocks which could fall. 
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