
HAL Id: hal-02499370
https://hal.science/hal-02499370

Submitted on 25 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Role of surrounding soils and pore water in calcium
carbonate precipitation in railway tunnel drainage

system
Zilong Wu, Yu-Jun Cui, Antoine Guimond Barrett, Miguel Mellado Moreno,

Yongfeng Deng

To cite this version:
Zilong Wu, Yu-Jun Cui, Antoine Guimond Barrett, Miguel Mellado Moreno, Yongfeng Deng. Role of
surrounding soils and pore water in calcium carbonate precipitation in railway tunnel drainage system.
Transportation Geotechnics, 2019, 21, pp.100257. �10.1016/j.trgeo.2019.100257�. �hal-02499370�

https://hal.science/hal-02499370
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


1 
 

Role of surrounding soils and pore water in calcium carbonate precipitation 1 

in railway tunnel drainage system 2 

Zilong Wu1, 2, Yujun Cui2*, Antoine Guimond Barrett3, Miguel Mellado Moreno2, Yongfeng Deng1 3 

1. Southeast University, Institute of Geotechnical Engineering, School of Transportation, Nanjing, 4 

China 5 

2. Ecole des Ponts ParisTech, Laboratoire Navier/CERMES, Marne-la-Vallée, France 6 

3. SNCF-Réseau/Direction Ingénierie & Projets - Département des ouvrages d’art- Division 7 

Tunnels et Géotechnique 8 

 9 

 10 

 11 

 12 

Corresponding author 13 

Prof. Yu-Jun Cui 14 

Ecole des Ponts ParisTech 15 

6-8 av. Blaise Pascal, Cité Descartes, Champs-sur-Marne 16 

77455 Marne-la-Vallée cedex 2 17 

France 18 

 19 

Email: yu-jun.cui@enpc.fr 20 

Phone: +33 1 64 15 35 5021 

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S2214391219301722
Manuscript_06c4564924a939977e7216c63067cbb7

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S2214391219301722
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S2214391219301722


2 
 

Abstract 1 

Calcium carbonate (CaCO3) precipitation in tunnel drainage system poses serious problems to 2 

railway tracks. In this study, the calcification phenomenon identified in Meyssiez tunnel was 3 

analyzed through laboratory testing and site water monitoring. In particular, the surrounding soils 4 

were investigated in the laboratory. Site water table was regularly monitored in the field and site 5 

water was taken for laboratory analyses in terms of pH and electrical conductivity (EC). Examination 6 

of the test results showed that the calcification phenomenon was mainly induced by the calcium 7 

carbonate dissolution in the fine fractions (d < 0.08mm) of surrounding soils. Due to this dissolution, 8 

the void ratio of fine fractions (ef) and the hydraulic conductivity (k) of soils both increased. 9 

Meanwhile, calcium carbonate dissolution increased the pH values and electrical conductivity (EC) 10 

of groundwater. However, any recharge of water table by rainfalls decreased both pH and EC. 11 

Further analysis showed that a calcium carbonate dissolution degree can be defined in terms of pH 12 

and/or electrical conductivity (EC) values. The lower the pH values or the higher the EC, the higher 13 

the calcium carbonate dissolution in surrounding soils. 14 

 15 

Key words: tunnel drainage; calcium carbonate dissolution; fines fraction; pH values; electrical 16 

conductivity 17 

18 
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1. Introduction 1 

Railway has been one of the most important transportation means over the world. In France, more 2 

than 34000 km of rail lines have been constructed, including 6% of high-speed lines [1-2]. 3 

Nowadays, there are 1548 tunnels with a total length of 631 kilometers in the French railway 4 

network [3]. However, most of these tunnels have been affected by the calcification phenomenon 5 

[4-5]. This problem has been also involved in other countries, for instance, Switzerland [6], Austria 6 

[7], Korea [8] and China [9]. The calcium carbonate (CaCO3) precipitation can cause clogging of 7 

tunnel drainage system, heavily increasing the cost of maintenance [2,7]. Therefore, better 8 

understanding the calcification phenomenon in tunnel drainage system is of paramount importance in 9 

railway maintenance. 10 

Through investigations on some specific cases, Dietzel et al. (2008) [7] and Jung et al. (2013) 11 

[8] reported that this calcification phenomenon was induced by the degradation of concrete lining 12 

and shotcrete. Recently, Chen et al. (2019) [5] studied problematic tunnels with calcification in some 13 

countries (including France, Austria, Korea and China) and proposed that this phenomenon is mainly 14 

induced by the dissolution of calcium carbonate (CaCO3) in the surrounding soils. Basically, when 15 

rain water infiltrates into underground through the fissures of surrounding soils, the H+ and HCO3
- in 16 

the water react with the calcium carbonate (CaCO3) in the soils, leading to the generation of calcium 17 

bicarbonate (Ca2+ and HCO3
-) [2,5,7,10], as shown in equation (1). As a result, the pH value and the 18 

electrical conductivity (EC) of groundwater increase. Meanwhile, progressive dissolution of calcium 19 

carbonate creates additional fissures, increasing the void ratio (e) and hydraulic conductivity (k) of 20 

surrounding soils. 21 

              
−−+ +⇔++ +
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Thereafter, the groundwater carrying Ca2+ and HCO3
- flows through the soils, finally reaching 1 

the drainage gutters through the drain holes. As the external environment (air pressure in the tunnel 2 

and the temperature of drainage solutions) changes, reaction (1) would happen in the inversed 3 

direction, from right to left, causing calcium carbonate precipitation in tunnel drainage gutters 4 

[2,5,7]. 5 

It should be noted that the viewpoint of Chen et al. (2019) [5] was made based on a statistical 6 

analysis and needed to be verified by test results on both soil and water. This paper reports a detailed 7 

case study of Meyssiez Tunnel in France. After identification of the calcification in this tunnel, core 8 

samples of the surrounding soils were taken from the site for laboratory characterization. Field water 9 

table was also regularly monitored and site water was taken for laboratory analyses in terms of pH 10 

and electrical conductivity. The test results allowed the calcium carbonate (CaCO3) dissolution in the 11 

surrounding soils to be identified as the main mechanism involved in the calcium carbonate 12 

precipitation in the tunnel drainage system. 13 

2. Calcium carbonate precipitation in Meyssiez tunnel 14 

Meyssiez tunnel is located near Meyssiez village, approximately 50 km south of Lyon, France. It was 15 

constructed in the period from 1990 to 1993 in the sedimentary limestone area and has a total length 16 

of 1878 m. The geology environment is shown in Fig. 1, indicating that the surrounding soils are 17 

mainly Mill-stone, Mill-sand and Mill-sandstone. Note that these soils all have a high content of 18 

limestone (up to 60%). The top layer involves a normal surface soil without limestone and its 19 

thickness changes with the locations: 12.7 m at the hillcrest and 5 m at the southern hill toe. Fig. 2 20 

shows the tunnel structure with concrete linings and shotcrete of 55 cm and 25 cm, respectively. Note 21 

that in order to decrease the water pressure applied on the structure, a number of drainage holes and 22 
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two lateral gutters were set up. 1 

Meyssiez tunnel has been exploited for twenty-five years. Its drainage system has been seriously 2 

affected by calcium carbonate precipitation [4-5], as shown in Fig. 3. Dietzel et al. (2008) [7] and 3 

Jung et al. (2013) [8] concluded that this problem was induced by the degradation of shotcrete and 4 

concrete lining. Indeed, Laver et al. (2013) [11] conducted a series of tests on shotcrete samples 5 

extracted from London tunnel. Results revealed a greater permeability and an altered shotcrete 6 

composition in the older shotcrete samples (1902-1926s). However, this was not the case for the new 7 

shotcrete (1970s) [11]. Considering the construction date for Meyssiez tunnel (1990s-1993s), it is 8 

normal to ignore any degradation of the shotcrete of this tunnel. On the other side, the calcium 9 

carbonate precipitation in Meyssiez tunnel has been occurring since several years, without any 10 

noticeable change of the concrete lining state (leaking and cracking) based on the field investigations 11 

on this tunnel. Therefore, it can be concluded that the calcification phenomenon observed is not 12 

closely related to the shotcrete and concrete lining in Meyssiez tunnel. The responsible is most likely 13 

the surrounding soils. 14 

3. Laboratory characterization of the surrounding soils and pore-water 15 

3.1 Materials 16 

The natural soil core with dimensions of 10 cm in diameter and 20 m in height was taken at 17 

01/08/2017 by drilling at a location 50 m far from the south exit of Meyssiez tunnel. Thereafter, the 18 

soil core was sealed in plastic tubes with ends closed to avoid water loss by evaporation. After 19 

sampling, the borehole was kept as a piezometer for the monitoring of site water table and a source 20 

for groundwater sampling. The field monitoring of water table was undertaken every two weeks from 21 

31/08/2017 to 07/06/2018, together with the groundwater sampling after each monitoring. Note that 22 
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when it was possible, the rainwater was also collected for the purpose of comparison. For both 1 

rainwater and groundwater, the pH and electrical conductivity (EC) were measured in the laboratory 2 

following American standard [12-13]. 3 

The basic parameters of soils at different depths are shown in Fig. 4. The natural water content 4 

(wn) was determined by oven-drying. The liquid limit (LL) and plastic limit (PL) were measured 5 

using Casagrande method and rolling method, respectively [14]. The specific gravity (Gs) was 6 

determined following ASTM standard [15]. The sand content (ws; d ≥0.08 mm) and the fine fractions 7 

(d < 0.08 mm) were obtained by wet sieving [16]. The Calcium carbonate (CaCO3) contents in 8 

surrounding soils (wcaT) and that in the fine fractions (wcaf) were measured following AFNOR 9 

standard [17]. 10 

Fig. 4 shows that the values of natural water content (wn), liquid limit (LL), plastic limit (PL), 11 

natural density (ρn), specific gravity of soils (GsT), specific gravity of fine fraction (Gsf) and sand 12 

content (ws), equal to 7.8% to 24.6%, 34.9% to 72.8%, 16.9% to 28.8%, 1.55 Mg/m3 to 2.09 Mg/m3, 13 

2.71 to 2.79, 2.73 to 2.80 and 8.16% to 75.6%, respectively. Fig. 4 also reveals that in the soils at 14 

depths of 6.0 m, 7.3 m, 12.7 m and 15.4 m, the sand contents (ws) exceed 60%, categorizing these 15 

soils into sandy soils. Therefore, their liquid limit (LL) and plastic limit (PL) could not be 16 

determined. 17 

In addition, Fig. 4 shows that wcaT and wcaf are equal to zero when the depth is less than 5 m, 18 

indicating that calcium carbonate does not exist in this zone. However, calcium carbonate is widely 19 

distributed beyond 5 m depth, in agreement with the geology environment shown in Fig. 1. Fig. 4 20 

also presents the change of RcaT and Rcaf with the depth. The definitions of RcaT and Rcaf are shown 21 

below: 22 
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where mcaT and mcaf refer to the mass of calcium carbonate (CaCO3) in the total soils and fine 3 

fractions, respectively; msT is the total soil mass. It can be observed from Fig. 4 that RcaT is close to 4 

Rcaf, suggesting that the calcium carbonate is mostly distributed in the fine fractions of surrounding 5 

soils. 6 

According to LL and PI, the classification of soils is obtained and shown in Fig. 5. Meanwhile, 7 

through the visual observation of soil color, the soil layer distribution at this site (from 0-20 m) was 8 

determined and is shown in Fig. 4. It reveals that the normal surface soils (0-5 m) are mainly gravel, 9 

high-plasticity clay (M-CH) and low-plasticity clay (M-CL). For the soil layers below 5 m, they 10 

mainly consisted of Millsand, Millclays. 11 

3.2 Void ratio and hydraulic conductivity 12 

To measure the void ratio (e) and hydraulic conductivity (k) of natural soils at different depths, a 13 

steel sampler with dimensions of 18 mm in height and 70 mm in diameter was used for the 14 

preparation of specimens. Thereafter, these soil specimens in the steel sampler were carefully 15 

introduced into an oedometer cell. Note that the inner wall of the cell was lubricated in advance with 16 

grease to avoid water infiltration between soil samples and the cell. Prior to hydraulic conductivity 17 

measurement, the in-situ effective stress σv’ calculated by equation (4) was applied on the soil 18 

specimens with recording of the vertical displacement, as shown in Fig. 6. 19 

              ∑
=
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γ             (4) 20 

In equation (4), σv’ is the effective in-situ stress, (kPa); n stands for the number of soil layers; h 21 
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refers to the depth of soil (m). When h is less than 7.50 m (corresponding to the groundwater level at 1 

sampling time of 01/08/2017), the γi’ was taken equal to the bulk unit weight γi (kN/m3). If h exceeds 2 

7.50 m, the γi’ is the buoyant unit weight (kN/m3). 3 

Note that in the loading process, the equilibrium state was regarded as reached when the vertical 4 

displacement rate was lower than 0.01 mm every 8 h [18-20]. After loading, a constant water 5 

pressure of 20 kPa was applied from the lower base of cell for the sample saturation. The vertical 6 

displacement was monitored in this process (shown in Fig. 6). When the deformation stabilized, the 7 

hydraulic conductivity (k) was measured using the constant water head method [21]. Based on the 8 

experimental data, the final void ratio (e) and hydraulic conductivity (k) were calculated by: 9 
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where e0 and e refer to the initial and final void ratios of soil specimens; GsT is the specific gravity of 13 

soils; wn stands for natural water content, (%); ρw and ρn are the unit masses of water and natural soil, 14 

respectively, (Mg/m3). Δh is the total displacement of samples in the loading and saturation process, 15 

(m); H0 and Hf are the initial and final heights of samples respectively, (m). Q is water volume 16 

injected, (m3); A refers to the of samples’ section, (m2); Hw stands for the water head applied, (m); t is 17 

the elapsed time, (s). 18 

3.3 Void ratio 19 

Normally, with the calcium carbonate dissolution, the total void ratio e of soils increases. To 20 

investigate this point, the relationship between total void ratio (e) and calcium carbonate content 21 
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(wcaT) in total soils is established and shown in Fig. 7 (a). As the soils located above 5 m do not 1 

contain any calcium carbonate (shown in Fig. 4), the data of these soils is excluded in further 2 

analysis. 3 

Fig. 7 (a) reveals that the total void ratio e increases gradually with the decrease of wcaT due to 4 

the calcium carbonate dissolution. It is worth noting that due to the data scatter the fitting line shown 5 

in Fig. 7 (a) has a low regression coefficient R2 (equal to 0.35). Considering that the calcium 6 

carbonate mostly exist in the fine fractions (d < 0.08mm; shown in Fig. 4), the calcium carbonate 7 

dissolution must mainly affect the change of void ratio of fine fractions (ef). To determine ef, a 8 

four-phase model [22-28] shown in Fig. 8 is adopted, where the void ratio of fine fractions (ef) is 9 

defined as the ratio of void volume (Vv) to the fine fraction volume (Vf), calculated by the following 10 

equations: 11 
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where ρdf is the dry unit mass of fine fractions, (Mg/m3); wf stands for the fine fraction (in dry 14 

mass, %); ρ is the unit mass of soil samples after saturation, (Mg/m3); ρw denotes the unit mass of 15 

water, (Mg/m3); w is the water content of samples after saturation, (%); Gsf is the specific gravity of 16 

fine fractions; Gss refers to the specific gravity of sand, which is calculated by the weighted average 17 

method. Note that in case of pure fine soils, the fine fraction (wf) is equal to 100; the ρdf and ef shown 18 

in Eq. (1) and Eq. (2) become total dry densityρd and total void ratio e of pure fine soils, respectively. 19 

If the fine fraction (wf) is equal to 0, the soil is pure sand and the ρdf and ef are equal to 0.  20 

Fig. 7 (b) shows the change of ef with the calcium carbonate content in the fine fraction wcaf. It 21 

is observed that there is a satisfactory correlation between ef and wcaf, and the regression coefficient 22 

(R2) is as high as 0.81. Fig. 7 (b) also reveals that ef increases progressively with the decrease of wcaf, 23 
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indicating the effect of calcium carbonate dissolution in the fine fractions. 1 

3.4 Hydraulic conductivity 2 

Fig. 9 (a) shows the change of hydraulic conductivity k with calcium carbonate content wcaT in the 3 

semi-logarithm plane. It is observed that the hydraulic conductivity k increases with the decrease of 4 

wcaT. This is consistent with the increase of total void ratio e by the calcium carbonate dissolution. It 5 

is worth noting that due to the data scatter the regression coefficient R2 of fitting line is as low as 6 

0.54.  7 

Indeed, the calcium carbonate (CaCO3) mostly exists in the fine fractions of surrounding soils, 8 

and the calcium carbonate dissolution mainly increases the void ratio of fine fractions (ef) (shown in 9 

Fig. 7 b), which finally leads to the increase of hydraulic conductivity k. This can be obviously 10 

proven from Fig. 9 (b). Note that the fitting line shown in Fig. 9 (b) has a regression coefficient R2 as 11 

high as 0.88, suggesting that calcium carbonate dissolution mainly occurred in the fine fractions. 12 

3.5 Water pH value 13 

Fig. 10 shows the changes of pH values (pH=-logH+) and water level with the sampling date. It is 14 

observed that the measured pH values of groundwater range from 6.6 to 7.6, which is higher than 15 

that of rainwater (5.6), suggesting that calcium carbonate dissolution occurred in soil pore water, 16 

because in this process the H+ in water is consumed and the pH value increases accordingly (see Eq. 17 

1). This is confirmed by the comparison between the change of pH and the change of water table 18 

(Fig. 10). Indeed, in general the pH values of groundwater decrease over the sampling time, but this 19 

change is not totally compatible with the change of groundwater level: with rainfalls that recharge 20 

the groundwater, the concentration of H+ in the groundwater increases because of the higher H+ 21 

concentration (1×10-5.6) and lower pH value (5.6) of the rainwater, leading to the decrease of pH 22 
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values. However, punctually, increase of pH occurred with the increase of groundwater level. This 1 

suggests that the pH values are not only affected by the increase of H+ concentration through the 2 

recharge of groundwater, but also by the calcium carbonate dissolution. 3 

To further investigate the change of pH values, a characteristic pH values (pHc) is defined that 4 

excludes the calcium carbonate dissolution, using the model shown in Fig. 11. It is worth noting that 5 

in the calculation process, the H+ concentration (pH=-logH+) and water volume 6 

( )53.720(2

w −××= rV π ) at point A (shown in Fig. 10) are considered. When the groundwater level 7 

increases from D to E, the added H+ and rainwater volume can be determined, and then the 8 

characteristic pH value (pHc) at point B can be calculated by superposition. When the groundwater 9 

level decreases from E to F or remains unchanged, the pHc values at point C is kept the same as that 10 

at point B, although the water volume at the borehole decreases. Adopting the above method, the pHc 11 

values were calculated for the whole monitoring period. Note that the calcium carbonate content in 12 

the soils located above 5m is zero (Fig. 4). Meanwhile, the hydraulic conductivity of soils between 5 13 

m to 7.2 m (the average groundwater level) is as high as 10-3 m/s (Fig. 9). Therefore, the calcium 14 

carbonate dissolution between rainwater and surrounding soils in the water infiltration process is 15 

neglected. 16 

Fig. 10 shows the comparison between the measured and the characteristic pH values. It is 17 

observed that the pHc values are lower than the measured ones (pHm), suggesting that a higher H+ 18 

concentration is obtained by excluding the calcium carbonate dissolution process, indirectly 19 

confirming the occurring of calcium carbonate dissolution. Fig. 10 also reveals that the difference 20 

between these two values is quite small at high pH values (corresponding to high pHc value/low H+ 21 

concentration) and quite large at low pH values (corresponding to low pHc value/high H+ 22 
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concentration). This difference corresponds to the degree of calcium carbonate dissolution, defined 1 

as follows: 2 

             
c

cm
Dp

pH

pHpH
D

−=                             (10) 3 

Fig. 12 shows the change of calcium carbonate dissolution degree (DDp) with pH values. It is 4 

observed that the dissolution degree DDp is strongly correlated to pH. The higher the pH in 5 

groundwater, the lower the DDp in surrounding soils. 6 

3.6 Water electrical conductivity 7 

Fig. 13 shows the change of electrical conductivity (EC) and groundwater level over the sampling 8 

time. It is observed that the EC of groundwater ranges from 4.6 us/m to 6.6 us/m, higher than that of 9 

rainwater (0.45 us/m). This difference is also caused by the calcium carbonate dissolutions. Due to 10 

this reaction, the calcium bicarbonate (Ca2+ and HCO3
-) are generated and entered in groundwater, 11 

resulting in the increase of EC. Fig. 13 also reveals that the EC of groundwater has an increase trend 12 

over the sampling time. But the change pattern of EC is different from that of groundwater level, 13 

suggesting that EC was affected by both the change of groundwater level and the calcium carbonate 14 

dissolution. With rainfalls, groundwater was recharged; the concentrations of Ca2+ and HCO3
- were 15 

expected to decrease by dilution, leading to a decrease of EC. On the other hand, through the calcium 16 

carbonate dissolution process, the concentrations of Ca2+ and HCO3
- in water were expected to 17 

increase, leading to the increase of EC. The general increase observed from Fig. 13 shows that in the 18 

monitoring period, the dissolution process prevailed over the dilution process. 19 

Adopting the similar model shown in Fig. 11, the characteristic electrical conductivity (ECc) can 20 

be also calculated that excludes the calcium carbonate dissolution. The results are shown in Fig. 13. 21 

It is observed that most of the ECc values are lower than the measured ones (ECm), except some 22 
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points in the beginning of the monitoring period, probably due to the hydrogeological environment. 1 

This confirms that calcium carbonate dissolution was the prevailing mechanism over the monitoring 2 

period. In general, the difference between the calculated and the measured EC is larger at higher EC 3 

values (corresponding to lower ECc/more rainfall/high H+ concentration). This difference can be also 4 

defined as the dissolution degree of calcium carbonate (DDE), as follows: 5 

                   
c

cm
DE

EC

ECEC
D

−=                              (11) 6 

Fig. 14 shows the change of calcium carbonate dissolution degree (DDE) with the electrical 7 

conductivity (EC). A general increase trend of DDE with the increase of EC can be observed. Fig. 15 8 

shows the comparison between DDp and DDE. Interestingly, a very close relationship is observed 9 

between the two parameters, suggesting that both EC and pH can be used as indicator of the calcium 10 

carbonate dissolution occurred in surrounding soils/pore water. 11 

4. Conclusions 12 

A case study of Meyssiez Tunnel was conducted. After identification of the calcium carbonate 13 

precipitation in this tunnel, surrounding soil samples were taken from the site for laboratory 14 

characterization. The groundwater table was also monitored in the field and both pore-water and rain 15 

water were taken for laboratory analyses in terms of pH and electrical conductivity. Results obtained 16 

allow the following conclusions to be drawn. 17 

(1) The calcium carbonate precipitation in tunnel drainage system was mainly induced by the 18 

dissolution of calcium carbonate in the fine fractions (d < 0.08 mm) of surrounding soils. Due to this 19 

dissolution, both the void ratio of fine fractions (ef) and the hydraulic conductivity (k) of soils 20 

increased. 21 

(2) Calcium carbonate dissolution increased the pH values of groundwater. However, any 22 
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recharge of water table decreased pH values through increasing the H+ concentration in water. A 1 

model was proposed for calculating the characteristic pH value (pHc), excluding the effect of calcium 2 

carbonate dissolution. Results show a significant difference between the measured and characteristic 3 

pH values, indirectly confirming the occurring of calcium carbonate dissolution. A calcium carbonate 4 

dissolution degree was defined, showing that the higher the pH value (corresponding to a high pHc 5 

value/low H+ concentration), the lower the calcium carbonate dissolution in the surrounding soils. 6 

(3) Calcium carbonate dissolution increases the electrical conductivity (EC) of groundwater. 7 

However, the recharge of groundwater table decreases EC through the dilution of ions in water. It is 8 

found that the difference between measured EC value and the characteristic one (ECc) determined 9 

using a proposed model is significant, suggesting the occurring of calcium carbonate dissolution. The 10 

calcium carbonate dissolution degree defined based on the measured and calculated EC values 11 

showed that the higher the EC value (corresponding to a lower ECc/more rainfall/high H+ 12 

concentration), the higher the calcium carbonate dissolution in the soils. Interestingly, this calcium 13 

carbonate dissolution degree is found to be well correlated with the one defined with pH values, 14 

indicating that both EC and pH can be used as indicator of the calcium carbonate dissolution 15 

occurred in surrounding soils/pore water. 16 

Note that the calcium carbonate dissolution degree is an important index in practice because it 17 

can be used to approximately estimate the dissolution amount every year. Subsequently, the amount 18 

of CaCO3 precipitated in the tunnel gutters can be estimated. 19 
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Fig. 2 Tunnel structure and drainage system 2 
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3 



23 
 

30 60 90

20

18

16

14

12

10

8

6

4

2

0

0 20 40 1.6 2.0 2.4 0 40 802.7 2.8 2.940 80 0 50 100

 

 
R

caT
/R

caf LL/PL (%)

(g)(f)

Soil layer

Unit: m

20.0

12.5
11.8

10.8

8.8

8.00.5 
7.5 

6.0 

3.4 

1.0 

0.0 

CH

CL

CH

7.5 

0.7 

Sand

Sand

CL

CH

Gravel 

Sand

1.0 

2.0 

0.8 

1.5 

2.6 

2.4 

1.0 (e)(d)(c)(b)(a)

w
caT

/w
caf 

(%)w
s
 (%)G

sT
/G

sf
ρ

n
 (Mg/m

3
)w

n
 (%)

 

D
ep

th
 (

m
) 

  

 w
caT

 w
caf

 

 G
sT

 G
sf

 

LL

PL

 

 

 R
caT

 R
caf

 1 
Fig. 4 Soil layers description and the profiles of basic parameters 2 

3 



24 
 

0 10 20 30 40 50 60 70 80 90 100
0

5

10

15

20

25

30

35

40

45

50

55

60

Line B: LL=50%
 PI=7

CL

CH

Line C: PI=0.9*(LL-8)

 

Line A: PI=0.73*(LL-20)
P

la
st

ic
it

y
 i

n
d
ex

  
P

I

1.2 m

1.4 m

2.9 m

4.0 m

4.55 m

5.4 m

7.7 m

8.4 m

9.1 m

10 m

Liquid limit LL (%)  1 

Fig. 5 Plasticity Chart 2 

3 



25 
 

0.01 0.1 1 10 100 1000 10000
0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

-0.05

-0.10

-0.15

-0.20

-0.25

-0.30

-0.35

-0.40

4000 8000 12000
0.4

0.3

0.2

0.1

0.0

-0.1

(3)(2)(1)

(3) Measurement process

(2) Saturation process

(1) Loading process

V
er

ti
ca

l 
d
e
fo

rm
a
ti

o
n
 (

m
m

)

Elapsed time (min)

(3) Measurement process

V
er

ti
ca

l 
d
ef

o
rm

at
io

n
 (

m
m

)

Elapsed time (min)

 1 

Fig. 6 Change of vertical displacement with elapsed time 2 
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Fig. 7 Void ratio vs calcium carbonate content: (a) e vs wcaT; (b) ef vs wcaf 2 
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Fig. 8 Four-phase analysis model 2 
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Fig. 9 Hydraulic conductivity k vs CaCO3 content: (a) k vs wcaT; (b) k vs wcaf 2 
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Fig. 10 Groundwater level and pH values vs sampling date 2 
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Fig. 11 Calculation model for the pH value 2 
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Fig. 12 Dissolution degree of calcium carbonate vs pH values 2 
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Fig. 13 Groundwater level and EC vs sampling date 2 
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Fig. 14 Dissolution degree of calcium carbonate vs EC 2 
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Fig. 15 Comparison of CaCO3 dissolution degree 2 




