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TüMAy KAdAKci KocA 1*

A ConCeptuAl SeCtor-SCAle numeriCAl modeling of A lAndSlide  
in An open pit mine

in this study, an old rotational landslide that has reactivated in the NW sector of an open-pit mine 
operated within the gneiss rock unit was evaluated for geological and hydrogeological properties. The pit 
slopes were susceptible to mass movement when there were variations in water inflows. considering this 
fact, a conceptual numerical model concerning geostructural features, rainfall infiltration, and varying 
hydrological conditions was constructed. initially, finite element (FE) groundwater seepage analyses were 
performed to evaluate the effect of water flow on stability in the dry and rainy seasons. The rainy season 
was simulated by vertical infiltration. Since the dewatering measures are of importance in open pit slope 
instability mitigation, pumping wells were designed to control water flow through the disturbed zone to 
improve the stability of the sector that can be triggered again with changing environmental conditions. 
The performance and organization of the pumping wells were also simulated in the FE model. This FE 
model was part of a dewatering plan. From this, the effect of the pumping rate from the wells on the 
stability of the sector was revealed. it was also found that there should be an increase in the pumping 
rate in the rainy season. 
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1. introduction

The geostructural features in an open-pit mine play a crucial role in the open pit slope de-
sign [1,2]. They control the water flow into the rock mass, whilst wide shear zones lead to the 
formation of concerning materials that have complex geological and hydrogeological properties. 
Hence, it is difficult to provide the stability of the overall slopes taking place in the fault zones. 
Long-term slope stability in open pits can only be achieved by providing full water drainage. 
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on the other hand, very weak rock layers are also assumed to be another controlling factor in 
pit slope design [3]. Hence, one can profit from the speed and ease of application of continuum 
methods. it is practical for most applications, and in the case of employing an accurate geological 
and hydrogeological model, many failure mechanisms can be captured by continuum modelling. 
Modern highly fractured rock slopes have been simulated in continuum modelling in slope stabil-
ity assessment studies [4-13]. in addition, geostructural features such as faults, joints, foliation, 
and bedding planes can also be simulated in continuum codes depending on the scale of the 
engineering problem. Previous studies have studied incorporating the joints into the continuum 
models [4,8,14,15]. in addition, the precise engineering geological model requires a conceptual 
hydrogeological model as well as geological and rock mass behaviour modelling. 

Except for the intrinsic hydrological conditions, rainfall infiltration and continuous rainfalls 
are the main triggers of landslides on both natural and engineered slopes [16-19]. Extreme rainfalls 
during	a	short	time	may	not	totally	infiltrate	and	cause	run-off.	run-off	affects	both	the	weather-
ing	process	and	the	stability	of	rock	masses.	rainfall	infiltration	leads	to	a	rise	in	groundwater	
level (GWL) and pore water pressure, thus reducing the effective stress and the shear strength of 
earth material that may result in rainfall-induced slope failures [20]. in the literature, soil slopes 
have been investigated, considering the effect of rainfall more than rock slopes [21-28]. on the 
other hand, a small number of studies have investigated the rainfall effect on rock slope stability 
from different aspects, such as water weakening in the rock mass [18-20]. 

The dewatering wells as a component of the dewatering plan are vital in permanent open 
pit design [29,30]. Nevertheless, numerical simulation of dewatering wells in open-pit mines as 
a drainage measure has not been studied yet. For this reason, this study aims to perform a FE 
modelling to simulate the effect of pumping rate in dewatering wells on the stability of the slope. 
The variations in pumping rate depending on the dry and rainy season were also investigated, 
assuming vertical rainfall infiltration. For this purpose, a reactivated landslide in a sector of 
an open-pit mine was evaluated by the deterministic approach with the aid of a geological and 
conceptual hydrogeological model. 

2. geological and hydrogeological properties of the landslide

in the open pit, exposed gneiss, albite ore and mica veins/mica schists are found. The main 
geostructural features of the mine are the two strike-slip faults trending in the N45W direction. 
The width of this zone is approximately 60 m (Fig. 1). A landslide affecting the five benches 
has occurred. The landslide morphology indicates multiple landslides [31], such as a repeated 
development of the same type of movement occurring within the main landslide body. Hence, 
the reactivated zone within the main landslide body was termed the secondary failure. The main 
scarp is under the haul road at an elevation of 531 m. The secondary scarp is indeed the reactiva-
tion of the main landslide body starting from the 490 m elevation. The heavily jointed, disturbed, 
and highly weathered rock mass located between the elevations of 490 m and 460 m moved 
downslope while this section has a 26° slope angle. Even though the current overall slope angle 
is about 16°-18° from 490 m to the toe of the landslide, some benches naturally formed after the 
main landslide having slope angles higher than 30°. 

Lateral and vertical displacements on the scarp of the secondary landslide were measured 
as	≥2.0	m	and	1.0-1.5	m,	respectively.	the	fundamental	factors	controlling	the	landslide	are	old	
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stream beds and the high permeability of disturbed material formed due to the tectonic deforma-
tion and the old landslide activity. 

Based upon the analysis and interpretation of the structural data, the most dominant of the 
two discontinuity sets were defined. The 70° dipping to the NW joint set works as a back scarp 
of the landslide, whereas the steeply dipping (82°) joint set strikes approximately NW-SE with 
spacing between 62 cm and 78 cm forming the lateral release surfaces. on the other hand, folia-
tion planes strike approximately NE-SW, dipping in the range between 34° to 36° to NW and 
have spacing between 5 cm and 25 cm. 

on the upper bench of the toe part of the landslide (460 m), damp areas and a pond were 
observed in the field. The presence of a pond indicated that the water is leaking from the stream 
beds at higher elevations and carried into the failure area by discontinuities. in other words, 
water follows the path along the joints and flows into the landslide area. The damp areas at the 
elevations of 460 m also indicated that the toe of the landslide is under a wet zone and that the 
drained shear strength conditions exist at the base of the landslide. in addition, surface waters 
have been carried out by the creeks with the following directions of NNW to the pit base, and 
they are recharging the groundwater (Fig. 1). in the above perspective, the toe of the landslide 
will stay very close to the GWL in rainy seasons. 

Fig. 1. Geological map of the landslide area and field-view of landslides

a	very	disturbed	zone	(rQD	=	0%)	was	intersected	at	2	to	5	m	depth	along	the	borehole	
drilled	at	the	toe	of	the	slope.	Following	this	zone,	a	relatively	harder	gneiss	unit	with	rQD	values	
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between	64%	and	84%	was	intersected.	this	finding	supported	the	idea	that	the	slip	circle	of	
the landslide could not pass through the hard gneiss unit located at the toe of the landslide, and 
hence the slip surface has daylighted at the toe (Fig. 1).

3. Climate

Heavy rainfall is frequently declared as the main trigger for slope instability [32-35]. The 
infiltration of rainfall water elevates the free surface of the groundwater in the slope and hence 
weakens the rock and soil at the potential slip surface, thus reducing the stability of the slope 
[35]. Since the upper disturbed and weathered (EWd) gneiss zone is highly permeable when 
compared to the underlying gneiss layers, the high-intensity rainfalls in a short time are of interest 
as a triggering factor rather than cumulative rainfall. on the other hand, a deep-seated landslide 
may be triggered by a cumulative rainfall effect. The maximum daily precipitation recorded 
between 2007 and 2020 is 93.8 mm; the monthly precipitation is above 110 mm in december 
and January [36]. 

4. rock mass behaviour and fe model

Heavily fractured and highly weathered rock slopes can be assumed to obey the equivalent 
continuum, which considers isotropic and homogeneous media [37]. in this study, the stability 
investigation of the landslide was performed by the 2d FE method in conjunction with the shear 
strength reduction technique along a cross-section (Fig. 1), cutting the main and secondary mass 
movements	to	obtain	a	factor	of	safety	value	(SrF).	an	elastic-perfectly	plastic	behaviour	can	
be readily used for faulted, densely fractured, and disturbed rock mass that reaches its residual 
strength values [38]. For this reason, elastic-perfectly plastic material behaviour for moderately 
to extremely weathered and disturbed gneiss units was used by considering the Generalized 
Hoek-Brown criterion [37]. on the other hand, the mechanical behaviours of mica schist and 
road fill material were represented by the Mohr-coulomb criterion. As the discontinuity sets 
play an essential role in forming the lateral release surfaces and back scarp of the landslide body, 
discontinuities were simulated as structural elements between continuum bodies and represented 
as Mohr-coulomb joints. The typical values of physical, mechanical, and deformation properties 
of the lithological units and joints used in the numerical analyses are given in Table 1. 

a	non-associated	flow	rule	(dilation	parameter	=	0,	no	volume	change)	was	considered.	
Boundary limit conditions were extended to the lateral and vertical sides until the numerical solu-
tions were not significantly affected by the limits of the model. The mesh configuration was set 
to six noded, graded triangular elements. For the verification of the mesh size, several trial-and-
error cycles for various mesh sizes were made until the results became insensitive to the number 
of elements used for the analysis [39-42]. The contiguity and quality of the mesh elements were 
checked based on the aspect ratio and orthogonality of the elements. A total of 8 bad elements 
out of 10679 were detected, and they were corrected by slightly modifying the boundaries and 
deleting the unnecessary vertices. After all, the simulated distance between consecutive nodes 
which affects the precision and duration of the calculations is changing between 0.5 m near the 
ground surface and 4.0 m at deeper elevations. 
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TABLE 1

Material and joint properties used in numerical analyses

properties
mW-

gneiss
eWd-
gneiss

ore 
(Albite) properties

mica 
Schist Road fill Joints

generalized Hoek-Brown Criterion mohr-Coulomb Criterion
© (kN/m3) 26 18 27 © (kN/m3) 22 18
σci (MPa) 27.34 1.50 72 σt (MPa) 5.86e–5 0 0
σt (MPa) 0.007 2.29e–4 0.027 c (MPa) 0.020 0.15 0.03

mb 0.826 0.256 1.923 Φ	(°) 26 35 21
s 0.0002 3.92e–5 7e-4 Em (MPa) 130 25
a 0.510 0.522 0.506 υ 0.30 0.25

Em (MPa) 2188.28 53.945 5364.09 kn (GPa/m) 100
υ 0.25 0.30 0.25 kn (GPa/m) 10

kn: normal stiffness, ks: shear stiffness; EWd: extremely weathered and disturbed, MW: Moderately weathered; 
σci: UcS value of intact rock, σt: tensile strength, ©: unit weight, mb, s, a: Hoek-Brown’s constants, c: cohesion, 
Φ:	internal	friction	angle,	Em: elastic modulus of rock mass, υ: Poisson’s ratio (adapted from [43-44]) 

5. fe groundwater seepage analyses for dry conditions

For many pit slopes, the general direction of groundwater flow is from the crest of the slope to 
the toe [30]. However, the geostructural features significantly affect the groundwater flow. For this 
reason, the joint system consisting of 70° dipping joints and the foliation planes dipping towards 
the slope face with an angle of 34° were modeled as forming a block. Since the foliation planes 
are aligned perpendicular to the joint and fault zones, this position creates hydraulic barriers to 
vertical drainage and flow towards the pit face. The geological and conceptual hydrogeological 
model used in FE simulation is given in Fig. 2.

Fig. 2. The geological and conceptual hydrogeological model 
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in order to evaluate the long-term effect of water flow on stability, initially, FE steady-state 
groundwater seepage analyses were performed. Effective stresses were assumed during the 
analysis. The FE groundwater analysis was also employed to estimate the piezometric line for 
the dry season. The total head was assumed to be 520 m at the back of the slope according to the 
water seepage points observed in the field (Fig. 2). 

it was thought that the weathered and disturbed rock material within the main landside 
gained an increased porosity and permeability, which hence led to reduced pore pressure. For 
a conservative design, the silty granular disturbed layer was modelled concerning the Fredlund-
Xing permeability function [45]. 
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Where A, B, and C are the model parameters; e is 2.7182818; ψ is matric suction; K is permeability 
(m/s), and Ks is saturated permeability (m/s). The permeability coefficients of the underlying geo-
logical units were introduced into the numerical model as 10–7 m/s without a directional variation. 

The simulation of the dry season was based on the total head (maximum GWL) of 520 m 
at the back of the slope. The discharge rates in the dry season are 2.537×10–8 m3/s on average. 
The water flow model confirmed that the water flows towards the toe of the landslide body. 
on the other hand, the pore pressure under dry conditions shows a negative pore pressure zone 
indicating a capillarity above the GWL.

5.1. Simulation of rainfall effect on discharge rates

rainfall	infiltration	is	defined	as	the	actual	water	amount	in	a	rainfall	process	through	the	
unit area of the surface per unit time [46]. The infiltration rate mainly depends on the soil type, 
soil structure, amount of aggregation, and soil water content [47]. if the rainfall infiltration rate 
of the weathered and disturbed layer is lower than the rainfall intensity, there will be a surface 
run-off, otherwise, the infiltrated rainfall water will recharge the groundwater. in this study, the 
evaluation of this relationship provided sight to how to simulate the GWL in deterministic analyses. 
it should be noted that the steady-state seepage conditions may turn into transient flow during 
the rainfall event. As the infiltration of rainfall in the heavily jointed and weathered rock mass, 
the transition from unsaturated to saturated conditions will simultaneously change the physical 
and mechanical properties of the rock mass. However, this study investigates the rainfall effect 
from a long-term stability point of view.

The effect of rainfall infiltration of the upper rock layer was simulated using the infiltration 
rate of 2.5×10–5 m/s. it means that a water layer of approximately 90 mm on the ground surface 
will be infiltrated in one hour. it corresponds to a moderately rapid infiltration according to Alvarez 
and Perelman [48]. This rate was applied to the disturbed and weathered section of the slope.

The results of the FE groundwater seepage analyses showed that after heavy rainfalls, the 
surface flow will occur. in addition, infiltration of rainwater along the pathways such as open 
joints, tension crack, and by the extremely weathered and disturbed material itself will contribute 
to instability due to the exerted discharge pressure in favour of driving forces. The mentioned 
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discharge rate along the main slip surface and joints in the rainy season was found to be changing 
between 0.571×10–5 and 1.008×10–5 m3/s which is far more than in the dry season. When the 
discharged and infiltrated water is compared, the percentage of infiltrated rainwater was esti-
mated	to	be	40%,	while	60%	of	the	rainwater	turns	into	a	surface	flow.	ıt	is	also	seen	from	Fig.	3	
that flow lines are strongly affected by the structural geometry and depend on the differential 
permeability of the ground (for example, follows the discontinuities or the contact between high 
and low permeable layers). The water mainly follows the joint and foliation planes and causes 
run-off for fully saturated conditions. Hence the preferential flow right after the rainfall does 
not allow infiltration to be very deep, subsequently, a portion of the infiltrated rainwater will be 
discharged at the lower part of the landslide area or the toe.

Fig. 3. The results of FE groundwater seepage analyses, distribution of pore pressure,  
and flow lines under rainfall infiltration

6. deterministic analyses 

As the capillarity between 460 m and 490 m, the disturbed material has a high degree of 
water saturation even during the dry season. The GWL obtained from FE groundwater seepage 
analysis was employed in the deterministic analyses of dry conditions. Except for the estimated 
static GWL, ponded water levels are expected during the rainy season. it means that the weathered 
and disturbed material is at a critical state in the dry period at an 18° of slope angle. However, it 
is noteworthy that rainfall events tend to bring the slope into failure. For this reason, the GWL 
was raised from 479 m to 491 m at the upper slope to represent the phreatic line in the rainy 
season, similarly applied by Kafle et al. [49]. it allowed us to investigate the worst conditions for 
rainfall infiltration and probable capillarity acting on the disturbed material lying over the GWL. 

the	dry	and	saturated	(rainy	season)	models	yielded	SrF	of	1.31	and	1.10,	respectively	
(Fig. 4a,b). The maximum shear strain contours were detected to be starting from the elevation 
of 525 m and following the main slip surface, whereas the secondary failure zone is likely to 
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be unaffected by the shear failures. This result supported the idea that the disturbed material is 
discharged more rapidly than the underlying less permeable MW gneiss unit, hence the main 
slip surface is under threat of reactivation in changing hydrological and environmental condi-
tions (Fig. 4). 

Fig. 4. Maximum shear strain contours of a) dry model b) saturated model  
(dashed lines are the estimated failure planes)

7. Simulation of drainage measures

As a consequence of the deterministic analyses, a concurrent dewatering plan is required 
for the NE sector of the open pit. The dewatering plan may involve pumping from vertical wells. 
The goal of the pumping well is to reduce the pore pressures right above and under the boundary 
of EWd and MW gneiss (main slip surface) and to reduce the inward hydraulic gradient into 
the pit. As a result, groundwater inflow to operating areas is permitted. The four vertical pump-
ing wells starting at the elevation of 500 m at the surface from north to south can be planned 
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at a 15 m distance from each other. The wells can be installed until the depth of 25 m from the 
ground surface which crosses the extremely disturbed zone. However, the structural orientation 
exerts anisotropy to the permeability as which the flow can be oblique to the hydraulic gradient 
by following the plane of the fault zone. The design of four wells in the north-south direction is 
given in Fig. 5. The pumping rate along the wells was simulated as negative vertical infiltration 
along the well as a discharge section. in this manner, the discharge sections as pumping wells 
were inserted into the model to observe the flow rates, and the boundary conditions were set as 
negative vertical infiltration at the top of the wells to represent the pumping effect. 

Fig. 5. design of discharge sections to pump water out of the slope 

The elevation of 500 m was chosen in particular for the well location since the deterministic 
FE models showed that maximum shear strain contours were concentrated under this elevation 
on the main slip surface. 

A trial set of hydrological models concerning different pumping rates was calculated until 
an appropriate pumping rate was reached. The appropriate pumping rate refers to the optimum 
rate at which the flow lines do not saturate the weathered and disturbed material and do not 
exaggerate the negative pore pressure within the disturbed material. in other words, if the pump-
ing rate is high, negative pore pressures develop. on the other hand, if the pumping rate is low, 
water still saturates the disturbed zone, flows towards the toe of the landslide and the GWL is not  
reduced. 

The results for the dry season indicated that the flow rate is approximately 1.51×10–7 m3/s 
across the discharge section to the base of the open pit. The total discharge velocity at the bottom 
of the wells is also showing deficient rates such as 5.84×10–10 m/s. These values indicate that 
pumping wells significantly decreased the flow rate and velocity towards the open pit base. For 
these reasons, an optimum pumping rate of 1.25×10–6 m/s can be chosen. if a higher pumping 
rate than the optimum pumping rate is used, the pore pressures will excessively increase. The 
SrF	increased	to	1.37	for	dry	conditions	when	the	pumping	well	is	operated	(Fig.	6a).	ın	addi-
tion	to	the	slightly	improved	SrF	value,	total	displacement	along	the	estimated	failure	surface	
decreased to 2.5 cm. it is also indicated from Fig. 6a that the groundwater level (pink line) was 
successfully lowered below the disturbed material with the water pumping, and fewer flow 
vectors are observed within the landslide area. 1.25×10–6 m/s pumping rate from the wells was 
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also tested for the rainy season. However, it was observed that the water still percolated into the 
landslide body and the flow continued towards the toe of the slope. Subsequently, a 1.25×10–2 m/s 
pumping	rate	was	employed	for	the	saturated	model,	and	the	SrF	increased	to	1.35	for	saturated	
(rainy)	conditions	(Fig.	6b).	not	only	did	SrF	increase,	but	also	the	detected	total	displacement	
along maximum shear strain zones decreased to 8 cm. it was also observed from Fig. 6a that, 
under heavy rainfall, the applied pumping rate prevented surface flow, and the groundwater 
level decreased within the landslide area. The pore pressures were found to be changing between 
–1.20 MPa above the GWL and 0.19 MPa in the extremely disturbed zone. This result showed 
that the pumping rate from the wells should be increased in the rainy season. However, the site 
response to the pumping needs to be observed and evaluated. otherwise, high pumping rates may 
cause enormous negative pore pressures. in this context, piezometers can be placed to monitor 
the changes in the pore pressure in the field. 

Fig. 6. Pore pressure distribution under an optimum pumping rate a) dry season b) rainy season
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8. Conclusions

in this study, a conceptual sector-scale numerical modelling of a reactivated landslide in 
an open-pit mine was performed considering the rainfall effect and hydrogeological conditions. 
Even though numerical modelling of fractured and weak rocks considering the joints, hydro-
geological conditions, and rainfall infiltration has been extensively worked on in the literature, 
the simulation of dewatering measures such as pumping wells in open-pit mines has not been 
studied yet. in the context of numerical modelling, initially, FE groundwater seepage analyses 
were performed. These analyses revealed the effect of rainfall infiltration on the discharge rates 
along joints as well as the approximate location of static GWL. The increase in water flow rate 
and velocity towards the toe of the landslide area was pronounced in the rainy season as expected. 
Subsequently, the calculated groundwater conditions were imported to the models for determin-
istic	slope	stability	assessment	to	derive	SrF	values.	the	effect	of	rainfall	was	also	simulated	
by increasing the GWL in saturated deterministic models. The maximum shear strain contours 
reaching the slope surface for the rainy condition highlighted a requirement for a dewatering 
plan on the slope. Hence, the reactivated secondary failure should be due to similar reasons that 
triggered the initial old landslide, such as the accumulation of water within the landslide body. 
The disturbed and weathered material is highly permeable, whereas the underlying MW gneiss 
is relatively less permeable. in addition, the perpendicularly aligned joints and foliation planes 
inclined towards the base of the pit may provide perched water levels. For these reasons, pore 
pressure and discharge pressure in the direction of failure may occur. Hence, pumping wells were 
designed at the elevations where the maximum shear strain contours were initiated. Trial sets of 
pumping rates were tested to keep the GWL below the extremely weathered and disturbed material 
zone	whilst	increasing	the	critical	SrF	value	and	decreasing	the	amount	of	total	displacement.	
The simulations of several pumping rates provided optimum pumping rates for dry and rainy 
seasons. 1.25×10–6 m/s and 1.25×10–2 m/s pumping rates were determined for the dry model 
and saturated model under a rainfall infiltration of 2.5×10–5 m/s, respectively. However, while 
the dewatering plan is operated in the pit, a further transient flow simulation is required with the 
simultaneously derived piezometric data. Hence, the pumping rate can be improved depending 
on the variability of the hydrogeological data over time. 
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