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Abstract: Tunnelling often destroys and changes the hydro-geological environment abruptly, usually in a
specific section of the works. When tunnelling under an urban site, various hydro-geohazards such as drying up
and subsidence can be initiated. This paper concerns the construction of a section of about 6km of the Korea
Train Express at an average depth of 50m and located 1km from the coast at Busan, Korea. The site is an area
of foreshore reclamation that has been developed periodically since the late 1800s; two underground lines have
been constructed between 1981~1994 and 1994~2001 respectively. This paper concerns an evaluation into the
change of groundwater flow and seawater intrusion, as it was highly possible that the tunnelling would cause
drawdown of the water table and salt damage in the project site. Various field tests have been executed to
determine the hydro-geological properties of the aquifers including four representative parameters, i.e.,
transmissivity, storativity, longitudinal dispersivity, and effective porosity. The likely change of groundwater
flow by the effect of tunnelling was analysed initially. The simulated numerical results predicted a maximum
drawdown of 17.2m with total inflow into the tunnel in the range from 0.33 to 2.52ton/min/km. Based on the
above results, the seawater intrusion by tunnelling was simulated using a three dimensional numerical model
which considered density dependant fluid flow. The results indicated that seawater might intrude toward the
tunnelling region in the range of 200~220m from the initial interface between seawater and groundwater.

Résumé: Percage d'un tunnel fait souvent des destructions et des changements abrupts, habituellement dans un
secteur spécifique des travaux. En pergant un tunnel sous l'emplacement urbain, il pourrait se produire des
divers risques hydrogéologiques, tel que épuisement de I’eau, l'affaissement, etc. Dans ce projet de la
construction du Korea Train Express qui est environ 6km a la longueur, 50m a la profondeur moyenne sous la
terre, et 1km localisé de la c6te du Busan, Corée du Sud. En ce qui concerne 1’emplacement, on a recouvert des
lais périodiquement a partir de la fin des années 1800, et ou I’on a déja construit deux lignes de métro, I’un en
1981~1994 et I’autre en 1994~2001. On a exécuté des évaluations sur les changements des courants d’eaux
souterraines et l'intrusion d'eau salée, car il est bien possible que pergage d’un tunnel causerait 1'abaissement
des couches d’eau souterraine ou des dommages par 1’eau salée. De divers études sur le terrain ont été exécutés
sur les propriétés hydrogéologiques de ces couches aquiferes incluant quatre paramétres représentatifs, c.-a-d.,
transmissivité spécifique, contenance, longitudial dispersivity, et porosité. D’abord, Nous avons analysé la
simulation numérique sur le changement de 1'écoulement d'eaux souterraines par 1'effet du percage d'un tunnel.
Les résultats numériques ont montré que 'abaissement maximum du niveau était 17.2m et 1’apport total de
I’eau dans le tunnel avait la gamme de 0,33 a 2.52ton/min/km. Basé sur les résultats ci-dessus, l'intrusion de
I'eau salée par le pergage d'un tunnel a été simulée avec le modéle numérique tridimensionnel qui a considéré le
flux fluide dépendant de la densité. Les résultats ont montré que l'eau salée s’avangait vers la région de pergage
d'un tunnel dans les gammes de 200~220m de l'interface initiale de 1'eau salée et les eaux souterraines.
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INTRODUCTION

Accurate evaluation and prediction of the impact of tunnelling on hydrogeologic environments is one of the most
important assessments in planning the construction of tunnels in urban areas in order to minimise impact on the
existing facilities. In this case, close to the coast, it was necessary to predict seawater intrusion as well as the change
of groundwater flow system.

The Kumjung tunnel is to be the longest tunnel constructed along the Seoul-Busan high speed railway of Korea.
The tunnel consists of two lots, 14-2 and 14-3, which form a part of the railway between 393km and 409km away
from the starting point in Seoul. The total length of the Kumjung tunnel is 18.6km, 12.9km of which is to be
constructed through the Kumjung Mountain and 5.7km through the central urban area of Busan. The estimated
construction period of the Kumjung tunnel is approximately 54 months. Standard support patterns were envisaged for
two partial sections of the tunnel, one through hard rock with enlargement after TBM excavation and the other,
intersecting the Dongrae fault, using mechanical excavation. This paper concerns the latter. In detail, our study site,
the construction on the line of Korea Train Express, is about 5.7km in length, 50m in average depth under the ground,
and located on a site separated about 1km from the coast in Busan, Korea as shown in Figure 1. The purpose of this
paper is to evaluate and predict impact of the seawater intrusion by the investigation, tests, and numerical models
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systematically based on groundwater flow and density dependant transport. As the result, we were able to propose
prevention and control of seawater on this construction works.

FIELD STUDY

Geologic condition

The geology of the Kumjung tunnel consists of Cretaceous volcanic rock intruded by gabbro, granodiorite and
biotite granite. A partial section of lot 14-3 near the endpoint is dominated by alluvium which is mainly composed of
silty sand or clay. The geological map of lot 14-3 is shown in Figure 1. The Dongrae fault is a large scale strike-slip
fault which runs N20-30E and is tens of kilometres in length. Major design consideration needed to be given to the
fault because it intersects the tunnel route near the endpoint, forming a weak zone of weathered and fractured rock.
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Figure 1. Engineering geotechnical map on the study area

Hydrogeologic condition
Various groundwater field tests were carried out to evaluate the hydraulic properties of this study area as shown in
Table 1.

Table 1. The purpose and number of groundwater field tests

Packer | Slug test Pumping test Flowing fluid Tracer Water quality
test logging test test analyses
Transmissivity o (0] (0]
Storativity (0] (0]
Longitudinal o
dispersivity
Effective porosity 0
Number of test 125 10 5 5 2 1296

One hundred and twenty five packer tests in forty four boreholes were conducted in the fractured zone of rock. Ten
slug tests in several boreholes which had very well weathered fractured zones were performed instead of standard
packer tests. For reliability and calibration of packer and slug test results, five 24-hour pumping tests and flowing
fluid logging tests were added. The tested volume of aquifer for pumping test are greater that that for other tests.
Packer and slug test results required up scaling by factors of 1.4 ~ 3.2 to match pumping test results. Similar scale
effects were reported in numerous other study sites (Nastev et al. 2004). The flowing fluid logging tests can be
analyzed to identify depth locations of inflow and evaluate the transmissivity and salinity of the fluid at each inflow
point. This test is similar to packer test in point view of obtaining the hydraulic conductivity in each test interval but
able to measure in-flow as well as out-flow through discontinuities in the rock in detail. The hydraulic conductivity
resulted from various tests ranges from 9.58x10-5~7.55x10°m/s. We have performed the tracer test and water quality
(EC, salinity, pH, Temperature, TDS) analyses related with solute transport for evaluation on seawater intrusion as
shown in Table 1. Two natural gradient tracer tests were performed and we had the values of longitudinal dispersivity
having ranges from 0.5 to 5.5 and effective porosity having those from 0.05 to 0.21 as shown in Table 2. One
thousand two hundred and ninety six water quality analyses were measured for the degree of seawater intrusion and
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the boundary between groundwater and seawater under this study area. Figure 2 shows the distribution of
concentration of chloride ion and may be able to assume the interface between seawater and groundwater in this study
area. This result was used to identify the initial boundary condition of the interface between groundwater and
seawater. These results were divided into four engineering formations .i.e., weathered soil, weathered rock, fractured
rock, and hard rock as shown in Table 2.

Table 2. Representative hydraulic properties of each material type from groundwater field tests

groundwater flow contaminant transport
Type K(cm/sec) S0 ) ) S, n, a,(m)
weathered soil 9.58x10” 3.4x10° 0.20 0.21 5.5
weathered rock 1.74x10° 2.3x10° 0.12 0.15 4.2
fractured rock 9.73x10° 1.3x10" 0.09 0.08 3.3
hard rock 7.55%10° 6.9x10° 0.05 0.05 0.5
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Figure 2. The distribution of concentration of chloride ion in the study area

NUMERICAL SIMULATION

Mathematical method

Numerical simulation of seawater involves the solution of two partial differential equations and a constitutive
equation relating fluid density to concentration. The first is the flow equation that describes the head distribution in the
aquifer of interest. If the head distribution is known, then the flow can be calculated via Darcy’s law. The governing
flow equation is basically a modified Richards equation as follows (1) (Cheng et al., 1998).

0 do \oh
P apog—+,8p0g9+ne% afzv. kAvine Lov: b+ 2y 0

Po e 4 Po Po

where, 4 is the pressure head, ¢ is time, K is the hydraulic conductivity tensor, z is the potential head, q is the source
and sink, pis the water density at chemical concentration C, p, is the referenced water density at zero concentration, &
is the compressibility of the media and £ is the compressibility of the water, and € is the moisture content. The other
differential equation is the transport equation which is used to describe the chemical concentration. In the specific case
of seawater intrusion, a constitutive equation that relates fluid density to concentration is also needed (Galeati et al.,
1992). Governing equations for transport considered processes that included are advection, dispersion, diffusion,
decay, adsorption, biodegradation through both liquid and solid phases, the compressibility of media, and source/sink
can be expressed as follows (2) (Yeh., 1999).
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where, p, is the bulk density of the medium, C is the material concentration in aqueous phase, S is the material
concentration in adsorbed phase, C, is the concentration of the injection fluid, ¢ is the time, D is the dispersion
coefficient tensor, A is the decay constant, m is the external source/sink, K, is the first-order biodegradation rate
constant through dissolved phase, and K| is the first order biodegradation rate constant through adsorbed phase.

Groundwater flow

Model description and result

The distribution of groundwater under urban sites can be complex and quite different to that under undeveloped
mountainous terrain. This distribution may results from disturbance by previous subway lines, buildings, apartments,
factories and so on. Figure 3 shows the distribution of water table as measured in 54 boreholes in the study area and
indicates the common properties of urban sites. The commercial program, Visual MODFLOW v3.0, was used to
simulate the changes of hydrogeologic condition induced by tunnelling. This programme is a three dimensional finite
difference modeling using variable boundary condition for saturated porous media (McDorald & Harbuagh, 1988). A
finite element mesh used in simulations was composed of a total of 688,080 nodes (188x305x12). The size of the
whole domain is 7240m, 4020m, and 400m in x (north - south), y (east - west ), and z direction, respectively. The
advance rate of excavation was assumed to be 4m/day for the transient state condition.
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Figure 3. Distribution of water table as measured by 54 boreholes in the study area

Maximum drawdown was predicted to be 17.2m and the radius of influence about 120m in the study area. Total
inflows into the tunnel were simulated in the range from 0.33 to 2.52ton/min/km. The simulated numerical results
showed that groundwater flowed toward the drain boundary condition which described the excavation by tunnelling in
the spatial distribution of total head and Darcy velocity field as shown in Figure 4 before tunnelling and Figure 5 after
tunnelling.

Figure 4. The spatial distribution of total head and Darcy velocity field before tunnelling
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Figure 5. The spatial distribution of total head and Darcy velocity field after tunnelling

Seawater intrusion

Model description

This study area is about 1km from the coast in Busan, Korea. The site has been periodically reclaimed since the late
1800s. It is very important to determine the initial interface between seawater and groundwater for prediction by
numerical simulation of seawater intrusion. As stated above, we have assumed the interface from the results of the
water quality analyses and put this into the numerical simulation as a boundary condition between seawater and
groundwater. Also, the above numerical simulation results on groundwater flow were used as the initial condition. The
density dependent flow must be considered as well as solute transport on evaluation of seawater intrusion and we have
used the FEFLOW v5.1, the commercial program which is a three dimensional finite element groundwater flow and
transport model for variable saturated porous media (Diersch, 2004). The node points and elements used in this model
were 17,402 and 29,256 respectively. This model size is similar to with the earlier model on groundwater flow. We
divided the model into five layers with hydraulic properties of flow and transport data as shown in Table 3.

Table 3. The hydraulic properties of flow and transport data

layer Hydraulic conductivity Storativity Infiltration Density rate
no.| Dep.(m) (K, cm/sec) (S, m’) (mm/year) 10
1 1.08x10" 4.8x10° 83 250
g::; 2| -10 174x10° 2.3x10° - 250
3 -20 9.73x10° 1.3x10° - 250
4 -30 7.55%10° 6.9x10° - 250
5 -50 7.55%10° 6.9x10° 250
layer . . Diffusion coefficient Longitudinal Transverse
no. sz.(m) Effective porosity(n,) 10°m’s™) dispelg'sivity (m) dispersivity ()
1 0.21 3.565%10° 20 2
“a(;‘stp"” 2| -10 0.15 3.565%10° 55 23
M3 20 0.11 3.565x10° 42 0.9
4 -30 0.09 3.565%x10° 33 0.8
5 -50 0.05 3.565%x10° 0.5 0.05

Firstly, we attempted to simulate seawater intrusion due to the previously excavated subway lines. Two possible
interfaces between seawater and groundwater were used as initial boundary conditions. Firstly, we used the present
coast line as a boundary condition (a minimal assumption). Secondly, we used the measured field data for maximum
impact. The two simulation results showed no difference for the interfaces between seawater and groundwater because
of the small radius of influence of the subway lines. Based on the above simulated results, the seawater intrusion by
tunnelling was simulated as transient state condition for the effect of tunnel advance rate. The simulations indicated a
longitudinal seawater intrusion of the order of 200 to 220m toward the tunnelling region from the interface as shown
in Figure 6 and 7. The seawater intrusion occurred mainly in the period up to 400 days after tunnelling after which
there was an additional 10~20m for 1500 days. So we estimated re-balance of the interface between seawater and
groundwater after 1500 days by the simulated result.



IAEG2006 Paper number 467

I
S

S
e

M

xz

- e

m ]

Figure 6. The spatial distribution of seawater intrusion before tunnelling
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Figure 7. The spatial distribution of seawater intrusion by impact of tunnelling

CONCLUSIONS

This study initially involved simulating changes in groundwater flow induced by tunnelling. The simulated
numerical results showed a maximum drawdown was 17.2m and a total inflow into the tunnel of between 0.33 and
2.52ton/min/km. This simulated result may overestimate the impact of tunnelling rather than real conditions because
of assuming the worst case. However, it is very necessary to evaluate urban groundwater environmental systems for
minimizing potential geo-hazards especially as the study site had very complex groundwater environmental system as
indicated by the field investigation. Following the above results, the seawater intrusion by tunnelling was simulated
using a three dimensional numerical model which allowed for density dependant fluid flow. The results showed the
seawater intruded toward the tunnelling region in the range of 200~220m from the initial interface between seawater
and groundwater. The amount of seawater intrusion is limited for much of the tunnelling because the general (normal)
groundwater flow is towards the sea. In some areas systems for preventing seawater intrusion might be needed at an
early stage of the construction because of the high possibility of seawater intrusion. In addition to prediction by
numerical simulation, four wells were installed at sites with a relatively high possibility of seawater-intrusion for close
monitoring of water table levels and water qualities (EC, TDS, salinity, pH) and temperature.
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