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Problem definition

1.1 Introduction

Rock is an inhomogeneous material consisting of intact rock mass and a certain quantity of discontinuities, e.g.
fractures and strati ication. Depending on the amount and direction of the discontinuities the user can choose to
model the rock mass with different constitutive models. For instance, if there are few discontinuities and those
discontinuities are of high quality, meaning that the discontinuities have little effect on the strength and stiffness
of the entire rock mass, the Hoek‑Brown model is commonly used. On the other side of the rock mass spectrum, if
there aremany discontinuities and the direction of the discontinuities is randomly distributed, then again, typically
the Hoek‑Brownmodel is used to model the rock mass including discontinuities as if it is a homogeneous material.
But what if the direction of the discontinuities is well aligned in one or more directions, would it still be possible to
use the Hoek‑Brown model? In principle no, because the Hoek‑Brown model assumes isotropic behaviour of the
rock mass; an assumption that is no longer valid when discontinuities are aligned rather than scattered in random
directions in the rock mass. To overcome this problem PLAXIS has introduced the Jointed Rock model that has 2
important features in order to handle aligned discontinuities:

1. The model distinguishes an elastic stiffness parallel to the main discontinuity direction (𝐸𝑡) and a stiffness
perpendicular to the main discontinuity direction (𝐸𝑛). Hence, the model has anisotropic elasticity.

2. Themodel can handle up to 3 discontinuity directions, each of themwith its own speci ic strength parameters
in terms of cohesion and friction angle.

It should be noted, however, that the Jointed Rockmodel is still a continuummodel. Hence, the effect of the discon‑
tinuities is smeared out rather than modelling the individual discontinuities. This approach works very well if the
distance in between the discontinuities is not too large compared to the size of both the rock mass and the project
we are trying to model. The important question here would then be: what would be the point (with respect to the
ratio of inter‑discontinuity distance and project size)where it’s better tomodel discrete discontinuities rather than
using the Jointed Rock model?
In the example presented here, we will look at the difference in results using discrete discontinuities versus the
JointedRockmodel for a tunnel problem. Additionally, wewill have a look if the JointedRockmodel behaves similar
to discrete discontinuities in case the distance between the discontinuities is very small.

1.2 Geometry model

In this example, a circular deep tunnel within a 1‑layer homogeneous rock is modelled. The tunnel is located 650m
below ground surface, but in order to reduce the model and more importantly the mesh, we will not model the full
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rock layer from ground level down but use some equivalent method. In order to assure that the boundaries of the
model do not in luence the results there is a general recommendation that on either side of the tunnel the soil/rock
bodymust be modelled over a distance of at least 3 times the diameter of the tunnel (3 ⋅ 𝐷 where D is the diameter
of the tunnel), hence the size of the model should be at least (7 ⋅ 𝐷) 𝑥 (7 ⋅ 𝐷).
For the Jointed Rock model it’s recommended to make the model even larger. The boundary conditions ixate the
rock mass and thus sliding of the rock mass in the failure plane direction is not possible at the boundaries. The
effect of this limitation in terms of deformations and stresses extends a certain distance into the rock mass, but
shouldn’t be allowed to extend all the way until the project area. Hence, when using the Jointed Rock model, the
recommendation is to have a rockmass of at least 5 times the diameter of the tunnel at all sides of the tunnel, giving
a total model size of (11 ⋅𝐷) 𝑥 (11 ⋅𝐷). For this example for easymeasurements amodel of 50 x 50m is used, which,
with a tunnel diameter of 4m, means that the model is (12.5 ⋅ 𝐷) 𝑥 (12.5 ⋅ 𝐷) large.
Above the model there is still 625m of rock to be taken into account. Though this is not part of the mesh, the effect
on the stress in the rock mass modelled should be taken into account. To do so, there are several options with
different advantages and limitations:

1. Generate the initial stresses using the Field stresses option. This will generate an initial stress state with
constant principal stresses and is probably the easiest method to use. However, in this example the model
is 50 x 50m at an average depth of 650m, which means that due to the rock weight the change of effective
stresses is almost 8% of the average effective stress that would be assumed using the Field stress option.
This change is considered to be too large to use the Field stress option that assumes constant vertical and
horizontal stress.

2. As the rock is non‑porous, the weight of the rock above could be applied as a hydrostatic pressure using a
global waterlevel. However, the equivalent hydrostatic pressure of 625m rock with a weight of 24 𝑘𝑁/𝑚3

is 15,000 𝑘𝑁/𝑚2, which is the pressure of 1500m water. This is not so practical to model with the use of a
water level.

3. Model the rock above with a distributed load equal to 15,000 𝑘𝑁/𝑚2. This can be done, but then the initial
stresses should be calculated using Gravity loading and not with the K0‑procedure as the K0‑procedure does
not take into account external loads.

4. Apply the weight by means of a thin heavy soil layer. This thin layer will be taken into account by both K0‑
procedure and Gravity loadingwhile still having the increase of stresses with depth.

The latter method is applied in this exercise. A 1m thick layer is used with the same properties as the rock (that
is, a Jointed Rock material set) but with a high weight. Often just a simple Linear Elastic material with high weight
is chosen to model the overburden load, but if we would do so here it is necessary that the Linear Elastic material
would have a low stiffness so that it cannot act as a ixed boundary conditions preventing any sliding along the
joints up until the soil surface.
Figure 1.1 shows the inal model used in this example. The tunnel lining is modelled using a plate element. Please
note that especially for a shotcrete lining this is an oversimpli ication because the plate element cannot take into
account effects speci ic to shotcrete, like curing, shrinkage, creep and change of ductility. In order to model these
effects the lining would have to be modelled using a ring of volume elements (soil elements) that get assigned a
material set using the special Concrete constitutive model. However, this falls outside the scope of this example.
Apart from the tunnel, the model also shows another circle with a diameter of 10m and a square of 20 x 20m.
These are only applied to obtain a smooth distribution of the mesh elements. Close to the tunnel the generated
mesh should be ine to very ine, but this is not necessary further away from the tunnel. If only the mesh in the
tunnel would be re ined, then a rather rapid transition to larger elements outside the tunnel would occur. In order
tomake the transition smoother and still have smaller elements in the vicinity of the tunnel, a small local coarseness
factor is used inside the tunnel, a slightly larger local coarseness factor in the ring around the tunnel and an even
larger local coarseness factor inside the square (but outside the outer circle). Figure 1.2 shows the speci ied mesh
re inements in the Mesh mode as well as the resulting Finite Element mesh.
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Figure 1.1: Geometry of the tunnel

Figure 1.2: Mesh re inement zones and generated mesh

1.3 Tunnel lining

The shotcrete tunnel lining is modelled using an elasto‑plastic plate element with parameters given in table 1.1.
Please note that this is an oversimpli ication of the behaviour of shotcrete lining that is done for simplicity and
since we focus here on modelling the rock mass. For real tunnel projects it is recommended modelling shotcrete
lining as volume elements in combination with the Concrete constitutive model.
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Table 1.1: Tunnel lining properties
Parameter Symbol Lining Units
General

Material type ‑ Elastoplastic ‑
Weight 𝑤 2.4 𝑘𝑁/𝑚2

Prevent punching ‑ No
Mechanical

Isotropic ‑ Yes ‑
Axial stiffness 𝐸𝐴1 7.7⋅106 𝑘𝑁/𝑚
Bending stiffness 𝐸𝐼 25667 𝑘𝑁𝑚2/𝑚
Poisson’s ratio 𝜈 0.0 ‑
Full plastic bending moment 𝑀𝑝 350.0 𝑘𝑁𝑚/𝑚
Full plastic normal force 𝑁𝑝,1 10.0⋅103 𝑘𝑁/𝑚

Since the shotcrete lining is assumed to have a very good bonding with the surrounding rock, no interface is used
around the plate element representing the lining.
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Modelling the rock mass

2.1 Introduction

The rockmass consists of a jointed rockwith a predominant discontinuity direction of 450 and an average distance
between the discontinuities of approximately 1.4m. Due to the alignment of the discontinuities in a single direction
the Jointed Rock model has been chosen to model the rock mass. However, with a tunnel diameter of 4m and a
distance between discontinuities of 1.4m the question arises whether using a smeared discontinuity approach like
the Jointed Rock model is correct, or that using a discrete discontinuity model is better. In order to verify this both
methods will be used in this example.

2.2 Using the Jointed Rock model

From uniaxial compression tests on intact rock a Young’s modulus 𝐸𝑡 (t for transverse, in the direction of the dis‑
continuities ‑ which is the intact rock direction) of 1300 MPa has been determined. From tests on joints combined
with rules of thumb for rock joint stiffness estimation based on the joint quality, the stiffness of the rockwith joints
𝐸𝑛 (n for normal, perpendicular to the joint direction) is estimated to be 30% of the intact rock stiffness, hence
approximately 400MPa. The Poisson’s ratio for both intact rock (𝜈𝑛𝑡) and perpendicular to the joint direction (𝜈𝑡𝑠)
are taken as 0.25. The shear modulus of the rock perpendicular to the joint direction (𝐺𝑛𝑡) showed to be slightly
smaller than what could have been expected based on Hooke’s law.
Further testing revealed that the rock joint strength can, in terms of Mohr‑Coulomb strength, best be described
using a cohesion of 50 kPa combined with an angle of internal friction of 22𝑜. Because of the high con inement
pressure the dilatancy is taken as zero.
The weight of the rock is 24 𝑘𝑁/𝑚3 and since groundwater is not taken into account the saturated weight is given
the same value as the unsaturated weight of the rock. The Drainage type is left to Drained.
Finally, the 1m thick layer representing the overburden is given the same values for strength and stiffness as the
rock mass, with the only difference that the rock weight is set to (625𝑚 ⋅ 24𝑘𝑁/𝑚3)/(1𝑚) = 15, 000 𝑘𝑁/𝑚3. The
parameters for the rock mass as well as the overburden layer are summarized in table 2.1.

6



Modelling the rock mass
Using discrete discontinuities

Table 2.1: Rock properties
Parameter Symbol Rock Overburden Units
General

Material model ‑ Jointed Rock Jointed Rock ‑
Drainage type ‑ Drained Drained ‑
Weight 𝛾𝑠𝑎𝑡, 𝛾𝑢𝑛𝑠𝑎𝑡 24.0 15,000 𝑘𝑁/𝑚3

Parameters
Young’s modulus for intact rock 𝐸𝑡 1.3⋅106 1.3⋅106 𝑘𝑁/𝑚2

Poisson’s ratio for intact rock 𝜈𝑛𝑡 0.25 0.25 ‑
Young’s modulus for jointed rock 𝐸𝑛 400⋅103 400⋅103 𝑘𝑁/𝑚2

Poisson’s ratio for jointed rock 𝜈𝑡𝑠 0.25 0.25 ‑
Shear modulus for jointed rock 𝐺𝑛𝑡 133⋅103 133⋅103 𝑘𝑁/𝑚2

Number of planes ‑ 1 1 ‑
Cohesion of plane 1 𝑐1 50.0 50.0 𝑘𝑁/𝑚2

Friction angle of plane 1 𝜑1 22.0 22.0 0

Dilatancy angle of plane 1 𝜓1 0.0 0.0 0

Dip angle of plane 1 𝛼11 45.0 45.0 0

Initial
Coef icient for initial lateral stress 𝐾0 1.0 1.0 ‑

2.3 Using discrete discontinuities

PLAXIS has the possibility tomodel discontinuities with a special structural element called aDiscontinuity. Discon‑
tinuity elements require 2 stiffness parameters: a normal stiffness 𝑘𝑛 and a shear stiffness 𝑘𝑠 as well as strength
parameters according to the chosen constitutive model for the discontinuity, which at the moment of this writing
is by default the Mohr‑Coulomb model.
The strength parameters can be taken directly from the strength parameters as used in the Jointed Rock model.
However, the stiffness parameters for discontinuities are not a Young’s modulus and a shear modulus and thus
they need to be determined separately.

2.3.1 Determination of 𝑘𝑛 and 𝑘𝑠
In order tomake sure that the global rockmass behaviour is the samewhenusing the JointedRockmodel or discrete
discontinuities, the stiffnesses𝑘𝑛 and𝑘𝑠 of thediscontinuity elements need tobe calibrated against the JointedRock
model. This is done by using separate unit models using Jointed Rock or discrete elements that are subjected to a
compressive stress or shear stress to ind the values for 𝑘𝑛 and 𝑘𝑠 using the condition that the unit models using
Jointed Rock and discrete elements should give the same elastic deformation.
Figure 2.1 shows the calibration models for 𝑘𝑛 (top) and 𝑘𝑠 (bottom) where the left model uses discontinuities
and the right model the Jointed Rock model. The rock in between the discrete discontinuities is considered to
be intact rock and, so similar to how Jointed Rock considers intact rock, a Linear Elastic model is used with a
stiffness modulus 𝐸′

𝑟𝑒𝑓 equal to the intact rock stiffness modulus 𝐸𝑡 of the Jointed Rock model. Additionally, also
the Poisson’s ratio of the Linear Elastic rock was chosen the same as for the Jointed Rock model: 𝜈′=0.25.
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Figure 2.1: Calibration models for discontinuities under compression (top) and shear (bottom)

The calibration is done not just on a single discontinuity, but on 4 discontinuities for easier visual comparison. Note
that for the calibration of especially 𝑘𝑠the strength of the discontinuities as well as of the Jointed Rock model must
be set to a very high value to avoid plastic deformation since the goal is to calibrate the elastic stiffnesses of the
discontinuities to the elastic stiffness of the Jointed Rock model.
A irst estimate of the values of 𝑘𝑛 and 𝑘𝑠 is made and after calculation the displacements on the boundaries are
compared with the reference model using Jointed Rock. When necessary, the value of 𝑘𝑛 is adjusted in case of the
compression unit model and the value of 𝑘𝑠 is adjusted for the shear unit model. When the displacements from the
unit model using discontinuity elements differ less than 2% from the displacements of the model using the Jointed
Rock model, suf icient accuracy has been reached.
Figure 2.2 shows the displacement results of the calibratedmodels, where again the unitmodelwith discontinuities
is on the left and the unit model with Jointed Rock on the right. Table 2.2 shows the inal material parameters for
the discontinuities, the intact rock in between the discontinuities and the overburden material.

Figure 2.2: Calibration results for discontinuities under compression (top) and shear (bottom)
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Table 2.2: Intact rock, overburden and discontinuity parameters
Parameter Symbol Intact Rock Overburden Joints Units
General

Material model ‑ Linear
Elastic

Linear
Elastic

Mohr‑
Coulomb

‑

Drainage type ‑ Drained Drained Drained ‑
Weight 𝛾𝑠𝑎𝑡, 𝛾𝑢𝑛𝑠𝑎𝑡 24 15,000 ‑ 𝑘𝑁/𝑚3

Mechanical
Young’s modulus 𝐸1 1.3⋅106 1.3⋅106 ‑ 𝑘𝑁/𝑚2

Poisson’s ratio 𝜈1 0.25 0.25 ‑ ‑
Normal stiffness 𝑘𝑛 1.35⋅106 𝑘𝑁/𝑚3

Shear stiffness 𝑘𝑠 130⋅103 𝑘𝑁/𝑚3

Cohesion 𝑐𝑟𝑒𝑓 ‑ ‑ 50.0 𝑘𝑁/𝑚2

Friction angle 𝜑 ‑ ‑ 22.0 0

Dilatancy angle 𝜓 ‑ ‑ 0.0 0

Initial
Coef icient for initial
lateral stress

𝐾0 1.0 1.0 ‑ ‑

2.3.2 Modifying the geometry model for discontinuities

The inal step in using discontinuities rather than the Jointed Rock model is to modify the geometry model by in‑
troducing the discontinuities. Figure 2.3 shows themodi iedmodel; the easiest way to generate the discontinuities
is by irst drawing the largest diagonal discontinuity and then use the Array function to copy it as many times as
needed. The copies will now extend beyond the rock mass, which can be solved by selecting all the end points that
are outside the rock body and then use the command‑line function Snaplinear to snap all those points to the soil
polygon. Make sure to assign the discontinuity material set to all discontinuities.

Figure 2.3: Geometry model with rock mass and discrete discontinuities

PLAXIS 9 Modelling rock discontinuities



3
Calculation and results

3.1 Calculation

In reality, the tunnel is excavatedwhile at a certaindistancebehind the tunnel face the lining is applied. The tunnel is
supposed to be self supporting and so themain purpose of the lining is to protect the tunnel from rock fall. However,
the lining will deliver a limited support for the tunnel due to continuous stress redistribution and deformations
after the tunnel lining is installed. In our 2Dmodel this is taken into account by calculating 80% of the effect of the
excavation with an unsupported tunnel and 20% of the effect of the excavation with the lining installed. Hence, the
𝛽‑method is used with 𝛽 = 0.2.
In PLAXIS, at the beginning of the staged construction calculation phase, any changes made cause a certain un‑
balance between the externally applied forces on the mesh and the internal stresses in both soil and structural
elements. This unbalance physically cannot exist and has to be solved in the calculation phase. However, in this
example we only want to solve 80% of the unbalance of the excavated area in order to simulate the unsupported
excavation before applying the tunnel lining. This can be done with the Decon inement option with which we tell
the calculation to only solve part of the unbalance for certain parts of the geometry. Setting the Decon inement
parameter for an area to 80% tells the calculation to solve only 80% of the unbalance in that area.

Initial phase

It is assumed there are no pore pressures in the rock, therefore the phreatic level can remain below the geometry
and no pore pressures have to be generated.
Initial stresses are generated using the 𝐾0 procedure. Make sure all soil is activated and that the thin top layer has
the correct material set to represent the overburden.
For the model with the discrete discontinuities all discontinuities must be activated.

Phase 1 : unsupported excavation

In this calculation phase the tunnel is being excavated while the tunnel lining remains switched off. The rock mass
inside the tunnel is deactivated and for the model using discrete discontinuities, the discontinuities must also be
deactivated inside the tunnel area. Inside the tunnel area a Decon inement of 80% is applied ‑ note that for the
model with discrete discontinuities this decon inementmust be applied to all 4 areas that together form the tunnel
area.
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Phase 2 : applying the tunnel lining

In this calculation phase the tunnel lining is applied by simply activating it. The Decon inement should be set to
100% in order to calculate the remaining unbalance of the excavation as well as the unbalance caused by activating
the tunnel lining.

Calculate

The calculation should not take more than 1‑2 minutes on a modern computer.

3.2 Output Results

First, the rock mass behaviour is investigated for both the rock mass modelled as Jointed Rock and using discrete
discontinuities. Figure 3.1 shows the total displacement after tunnel construction for the Jointed Rockmodel (left)
and the rock mass with discrete discontinuities (right). The rock mass behaviour in terms of deformation pattern
is equal for both models, but clearly the displacements near the tunnel are larger using the Jointed Rock model
(about 12 cm) compared to using discrete discontinuities (about 8 cm).

Figure 3.1: Total displacements after tunnel construction using Jointed Rock (left) and discrete discontinuities
(right)

Examining the tunnelmore closely there aremore distinct differences. Figure 3.2 shows the bendingmoment in the
lining after construction when using the Jointed Rock model (left) or discrete discontinuities (right). The bending
moment distributions are quite different and in the model using discrete discontinuities the 4 locations where the
tunnel lining crosses a discontinuity can be clearly seen due to the local reverse of bending moment. The question
that arises here is whether the difference in bending moment distribution can be explained by the fact that the
lining crosses only 2 discontinuities in reality where the Jointed Rock model smears out that effect over the full
lining. This will be further investigated in the next chapter.
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Figure 3.2: Bending moments in the lining using Jointed Rock (left) and discrete discontinuities (right)
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4
Discrete vs Smeared discontinuities

4.1 Introduction

In the previous chapter results showed that for the models using either the smeared discontinuities through the
Jointed Rock model or discrete discontinuities, the global displacement behaviour is quite similar. However, on a
local scale themoment distribution in the tunnel lining is very different and the question is whether this difference
can be solely explained by the difference of discrete versus smeared discontinuities.
If the difference is purely caused by the discrete vs smeared approach this would imply that if in the discretemodel
the discontinuities would be put closer together, the results of the model with discrete discontinuities would ap‑
proach the results of the smeared approach using the Jointed Rockmodel. To investigate this, 3 moremodels using
discrete discontinuities have been made with a distance between the discontinuities of respectively 1/2, 1/4 and
1/8 of the original distance d . Figure 4.1 shows the area around the tunnel for these models.
In order to maintain the same elastic stiffness when increasing the amount of discrete discontinuities, the stiffness
parameters 𝑘𝑛 and 𝑘𝑠 must be modi ied for each model. As a irst estimate both stiffness values should be doubled
when using double the amount of discontinuities in order to obtain the same deformations as the original model.
With the calibration models this can be ine tuned a bit more, leading to the stiffnesses as given in table 4.1.

Table 4.1: Discontinuity stiffness parameters for models with reduced inter‑discontinuity distance D
Parameter Symbol d d/2 d/4 d/8 Unit
Normal stiffness 𝑘𝑛 1.35⋅106 2.77⋅106 5.65⋅106 11.5⋅106 [𝑘𝑁/𝑚3]
Shear stiffness 𝑘𝑠 130⋅103 255⋅103 502⋅103 990⋅103 [𝑘𝑁/𝑚3]

4.2 Calculation and results

For all models the same calculation steps are used. Since for the models with a high amount of discontinuities the
rock mass inside the tunnel is divided in many small areas, special attention should be given to

1. deactivating all discontinuities inside the tunnel
2. deactivating all rock mass areas inside the tunnel
3. assigning the decon inement to all rock mass areas inside the tunnel

Calculation time varies from 1‑2 minutes for the original model up to 20 minutes for the model with 8 times more
discrete discontinuities.
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(a) (b)

(c) (d)

Figure 4.1: Geometry models for varying inter‑discontinuity distance: the original model with distance d (a), dis‑
tance d/2(b), distance d/4 (c), distance d/8 (d)

Figure 4.2 shows again the total displacement for the 4 models with discontinuities for the area around the tunnel
compared to the model using the smeared approach with the Jointed Rock model.
Figure 4.3 shows the bending moment distribution in the lining for the 4 models with discontinuities, again com‑
pared to the model using Jointed Rock.
From the total displacement in the rockmass it can be seen that evenwith fewdiscrete discontinuities the deforma‑
tion pattern is already very similar to the deformations as determinedwith the smeared discontinuity approach as
used by the Jointed Rock constitutive model. With few discrete discontinuities the magnitude of the deformations
close to the tunnel is clearly lower than with the Jointed Rock model, but with decreasing distance between the
discontinuities the magnitude of the deformations near the tunnel does increase.
In thebendingmoment distributionwe shoulddistinguish2 zones in the lining: whenmeasuring from the topof the
lining clockwise, there is a irst zone where the orientation of the discontinuities is approximately perpendicular
to the lining direction (from here referred to as the "perpendicular zone") and there is a second zone where the
orientation of the discontinuities is approximately parallel to the lining direction (from here referred to as the
"parallel zone"). The perpendicular zone stretches from 00to 900 and is repeated between 1800and 2700, whereas
the parallel zone stretches from 900to 1800and repeats between 2700and 3600.
In theperpendicular zone it is clear that thebendingmomentdistributionusingdiscretediscontinuities approaches
the distribution as obtained using the smeared approach. In the parallel zone it is a bit different: the bending mo‑
ment distribution is quite sensitive for the position of the closest discontinuity to the lining. Looking at the closest
distance d* between the tunnel lining and the irst discrete discontinuity outside the tunnel then bendingmoments
seem to reverse when d* < < d (as in the model with distance d/2 between the discrete discontinuities), see igure
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(a) (b) (c)

(d) (e)

Figure 4.2: Displacement in the rock mass for different distances between discrete discontinuities. The original
model with distance D (a), distance D/2(b), distance D/4 (c), distance D/8 (d) and smeared with Jointed Rock (e)

4.4. Probably the discontinuity so close to the lining makes it easier for the lining to move inwards causing the re‑
verse of bendingmoments. Thiswould alsomatch the results of the smeared approachwhere due to the continuous
presence of discontinuities the lining would also move inward.
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(a) (b) (c)

(d) (e)

Figure 4.3: Bendingmoment distribution in the lining for different distances between discrete discontinuities. The
original model with distance D (a), distance D/2(b), distance D/4 (c), distance D/8 (d) and smeared with Jointed
Rock (e)

Figure 4.4: Distance of tunnel lining to the next discontinuity
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5
Summary and Conclusions

5.1 Summary

PLAXIS offers the possibility to model well‑aligned discontinuities in rock mass in two different ways: either by
using a smeared approach through the Jointed Rock constitutive model, or by modelling discrete discontinuities
using the Discontiniuty elements. Both approaches have been used and compared for a simpli ied model of a deep
tunnel in rock mass with a predominant discontinuity direction of 45 degrees.
In order tomake a good comparison between the Jointed Rockmodel and discrete discontinuities, the stiffnesses of
the discrete discontinuities need to be calibrated. This is done by creating twounitmodels: a referencemodel using
the Jointed Rock material model and a calibration model using discrete discontinuities. In the calibration model
the intact rock mass is considered to be Linear Elastic with a Young’s modulus equal to the intact rock modulus
(𝐸𝑡) of the Jointed Rock model after which the discontinuity stiffnesses 𝑘𝑛 and 𝑘𝑠 are determined by the condition
that both reference and calibrationmodels should give the same deformation under compressive loading and shear
loading.
The rock mass deformations show a very similar pattern when using discrete discontinuities or the smeared ap‑
proach. However, the bending moments in the tunnel lining show a quite different distribution and the question is
raised whether this is just the difference between discrete discontinuities and the smeared approach.
In order to investigate this, threemoremodel using discrete discontinuities have been created inwhich the distance
between the discrete discontinuities is halved for every model. If the difference in results are caused solely by
the discrete vs smeared approach, then decreasing the distance between discontinuities (and thus increasing the
amount of discontinuities) should lead to results more similar to the results of the smeared approach using Jointed
Rock.
From the results it can be seen that where the direction of the discrete discontinuities makes a rather large angle
with the tunnel lining this is indeed the case: more discrete discontinuities that are closer together give a bending
moment distribution that approaches the bending moment distribution resulting from the Jointed Rock model.
On the other hand when the discrete discontinuities make a very small angle with the tunnel lining, the resulting
bending moments still show quite some variation.

5.2 Conclusions

1. For the calculation of rock mass deformations the discrete and smeared approach give quite similar results
and there is no preferred method.

2. For the calculation of structural forces in the lining the results depend on both the distance between the
discontinuities with respect to the diameter of the tunnel and the angle between the discontinuities and the
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tunnel lining.

(a) If the angle between discontinuities and tunnel lining is large, a smaller ratio between the distance
between discontinuities and tunnel diameter gives results that more and more resemble the results
of the Jointed Rock model.

(b) If the angle between discontinuities and tunnel lining is small, the structural forces are sensitive to the
distance between the tunnel lining and the irst discontinuity outside the tunnel, more than for the
distance between the discontinuities themselves.
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