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Abstract. With growth of population in the cities and lack of suitable land for construction and
development in urban areas, buildings are now reaching heights and depths (basements)
demanding larger and deeper foundations. Open-cut excavations are amongst the main concerns
for projects such as airports in mountainous regions, the Panama Canal, mines, dams,
motorways and railways [2]. These excavations inevitably create unloading conditions in the
ground in various directions which can lead to creep or sudden failures of vertical faces. In this
research, unloading conditions as a result of excavations are observed for rock masses. A
realistic stratified rock mass configuration including layers with various mechanical properties
such as disturbance factor (D), uniaxial compressive strength (UCS), geological strength index
(GSI), Poisson’s ratio (nu’) and the intact rock parameter (m;) is modelled. The Finite Element
package PLAXIS 2D is used to assess the response of the rock mass to the excavation, looking
at displacements (overall and localised) to understand and predict possible failures in rock
masses with the ultimate aim of making the excavation process in rocks safer and more
economically feasible for the industry. Two cases are presented using the same rock mass
arrangement without and with a crack induced on one side of the excavation to target the impact
of the crack and weaker rock layers on the overall stability.

1 INTRODUCTION

Buildings tend to be high-rise in the cities with quite large basements (used as carparks etc.).
Therefore, deep vertical excavations are required to be created at construction stage to allow
for safe battered slopes [10]. There are also demands for larger motorways which means larger
cuts must be done through hills and mountains [5] leading to open-cut excavations which are
also a main concern in projects like Airports, Building sites, Canals, Dams, Motorways/Rails
and Quarries/Pits [2].

The most common techniques for rock excavations are to break down the rock mass into
fragments, then it is heaved and made loose to enable excavators and wheel loaders to transport
off-site [5]. Techniques used include blasting, drilling, tunnel boring machine (TBM) [11].
Various techniques may be more reliable and efficient in different conditions. A TBM is more
efficient with very hard rock [9], blasting is mostly used when a TBM cannot be acquired or if
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the shape/size of the tunnel is not doable by TBM (circular only). Blasting is also used when
very large volumes of rock need to be disintegrated (quarries) [18].

With time, rock masses accumulate energy through self-compaction and the increasing loads
at the surface with the deposition of sediments or man-made structures resting on the earth’s
surface. Undertaking vertical excavations in these rock masses can lead to the release of the
energy which is known as strain energy [15]. Then, displacements through dilation will occur
in which foliated rocks would display a higher dilation compared to crystalline rocks [12].

According to Jaeger [7], one of the main aspects of rocks which affect the stability of a rock
mass is the level at which they are disturbed i.e. existence of many interfaces within the body
of rock masses. To measure how disturbed a rock mass or strata is, the valuable variable of the
Hoek-Brown criterion which is the disturbance factor, D, is used.

Rock can fail mainly in two possible ways. The first is by having a sample reaching its
ultimate strength leading to crushing (crystalline bond broken) and the other, which a lot more
common, is due to the failure (more commonly sliding) in the interfaces between intact rock
blocks creating the rock mass [19].

Natural rock slopes are stratified, and the consequence of stratification is the presence of
many interfaces. Depending on the arrangement of these layers, the three-dimensional geometry
of the interface will vary and induce distinct failure forms [3, 14]: Plane failure, Wedge failure,
Circular failure, Block toppling, Flexural toppling and Rockfalls.

Hoek Brown (HB) is a non-linear criterion to analyse stress conditions and subsequently the
stability conditions in rocks and is formulated as [4]:
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Where: ¢'; is the major principal stress; ¢'; the minor principal stress; Co(= UCS =
sigma ci) the uniaxial compressive strength; m; the Hoek-Brown material constant for rock
masses (a measure of integrity of the rock); s and a material constants respectively showing
blockiness and surface condition of the rock [4]. Some parameters in this equation also depend
on other parameters such as:
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m,, is a reduced value for m; (the Hoek-Brown material constant for intact rock, obtained
from regression analysis based on triaxial tests [17] for broken rock which is modified by the
GSI (Geological Strength Index) and D, the Disturbance factor. Equations 3 and 4 also show
the relationship between the GSI and D with other material constants s and a
(e=exp=exponential):

m, = m;exp (

GSI — 100
= bt 3)
§=exp ( 9-3D )
1 1 GSI 20
=—4+(e 5 +e 3 4)
a > + 6 (e +e )

In this research, the Finite Element [13] software PLAXIS 2D is used. PLAXIS 2D is based
on continuum mechanics and uses the deformation theory to analyse the soils/rocks models [1,
8]. Input data for each rock material includes mechanical material properties i.e. unit weight,
the stiffness parameters (Young’s modulus of elasticity (GPa) and Poisson’s ratio) as well as
constitutive model (Hoek-Brown) parameters (uniaxial compressive strength (MPa), Hoek-
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Brown intact material constant (m;), geological strength index (GSI), and disturbance factor
(D)- [16]).

Each element used in the mesh is composed of a set number of nodes and stress points.
PLAXIS 2D has two options for the mesh, 6-noded or 15-noded elements. According to
Vermeer [16], 15-noded elements are made of 12 stress points which increases the accuracy of
the results as opposed to the 6-noded elements with only 3 stress points (6 nodes). In the
research presented, deformations are expected to be very small since the material is rock (stiff
and almost rigid) and therefore, 15-noded elements are used for improved accuracy.

2 MODEL DEVELOPMENT

Based on a case study from the literature [6], the PLAXIS 2D model was created using the
latest version of the software (v. 2016.1). A layered rock mass was simulated with all layers
laid mainly horizontally. Orientations and depths of the rock layers as well as variations in
inclinations in interface levels were obtained from the case study to ensure a closest possible
simulation to the reality.

It was assumed that for all excavation stages, the excavation technique will be non-disruptive
and will not cause any damages to the rock mass (no impact, vibrations, etc.) which could
induce failures or any other movements in the rock mass.

Based on the geometry of the case study, a series of rock types were used to create a common
rock mass used in the following two model cases created:

1) Case 1: Rock mass model without cracks near the vertical face

In this case, the rock mass presented in Figure 1 was modelled to inspect the behaviour of
the slope face when unloading (removing lateral support provided by the rock being excavated
to the rock face in the excavation) through excavation.

Using PLAXIS 2D, a ‘very fine’ mesh (0.03 fineness factor) was generated which led to a
model with 4,820 elements and 39,976 nodes.

Figure 1: Case 1 model on PLAXIS 2D - layers numbering linked to Table 2 to present rock material

properties
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2) Case 2: Rock mass with cracks available near excavated face

A crack was simulated on the left side of the excavation slope to observe the change in
behaviour of the rock mass when excavating and to observe the crack presence effect on
deformations, displacements and stress conditions (Figure 2).

Similar to Case 1, a ‘very fine’ mesh (0.03 fineness factor) was generated which led to a
greater number of elements and nodes in the model: 5,293 elements and 43,818 nodes. A local
mesh refinement was created around the crack zone to locally increase the accuracy of the
analysis.

Figure 2: Case 2 model on PLAXIS 2D — crack presence is simulated

In both cases, points were selected to obtain accurate displacement data at different depths
on both sides of the excavation. Points A and F (Table 1) are located at the top of the excavation
edge, B and C at mid-height on the excavation faces of the Sandstone layer respectively on both
sides of the excavation (Table 1 and Figure 1), D and E at mid-height on the excavation faces
of the Diabase layer respectively on both sides of the excavation (Table 1 and Figure 1) and G
is only applicable to Case 2 and is located at the top of the crack (left edge) — Figure 3. In case
2, the horizontal at points A and G is expected to be similar due to their proximity and that they
are located on the rock mass’ surface. All points coordinates are presented in Figure 3 and Table
1.

Figure 3: Location of the points on the model, see Table 1 for coordinates
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Table 1: Point coordinates for displacement results - Points A-F and H have the same coordinates in both

cases and point G only exists in Case 2 (Figure 3)

Point X (m) y (m)
A 110 0.00
B 110 -27.94
C 90 -26.77
D 110 -37.48
E 90 -36.16
F 90 0.00
G (Case 2 only, crack) 120 0.00
H (Middle ofb(?ttom of the 100.9 -45.00
excavation)

Table 2: Rock mass material properties for the Hoek-Brown criterion used in PLAXIS 2D*

Materials [ 1D | Material Model | Drainage type | Colour |Unit Weight| E' (Gpa) | nu' | sigmaci(Mpa)| mi [(GSI| D Type
Limestone | 1 27 40| 0.15 62| 8.4| 60| 0.6[Sedimetary
Sandstone | 2 | EER 28] 0.1 240 18.8] 65| 0.6Sedimetary
Marble 3 27 60 0.3 70( 9.3| 93 0|Metamorphic
; 27 . hi
G-nE|ss 4 Hoek-Brown Drained 80| 0.12 140 30| 90 0|Metamorphic
Diabase 5 29 78| 0.18 250( 15.2| 85| 0.15]|Igneous
Granite 6 29 55| 0.18 120| 32.7| 91| 0.15]Igneous
Basalt 7 29 30| 0.17 50 17| 89| 0.15|Igneous
Quartzite 8 27 100| 0.23 310 23.7( 99 0 [Metamorphic

* 1D corresponds to the numbering on the layers on Figure 1. Unit Weight is in kN/m?, E is the Young’s
Modulus of Elasticity (GPa), “nu” is the Poisson’s ratio, “sigma c¢” the Uniaxial Compressive Strength (MPa),
“mi” the intact Hoek-Brown material constant, GSI the Geological Strength Index and D the disturbance factor.

The Quartzite layer positioned at the bottom of the rock mass modelled is there to provide a
sufficient rock thickness as a rigid boundary condition. Additionally, the model rock mass is
200 meters long with a 20m wide excavation created in the middle. Large dimensions are used
to provide a sufficiently large model to ensure boundary condition effects do not occur near the
zone of study.

In this research water presence is not considered in the analysis, so the water table was placed
at the depth of 70.0m in both case models (Figure 1 and Figure 2).

The loading type used in PLAXIS 2D in this research was ‘staged construction” which
enables the user to observe the behaviour of the rock mass faces at different stages of the
excavation and is the closest possible case to how the excavations are created in reality. A 9-
phase system was created including PLAXIS standard ‘Initial Phase’ as well as phases 1 to 8.
‘Initial Phase’ and ‘Phase 1’ calculate the initial stress conditions before any excavation takes
place. In ‘Phase 2’ followed by other phases till ‘Phase 8, a layer of rock is taken out as part
of the excavation process (i.e. in Phase 2 taking layer 1 out,...in Phase 5 taking layer 6 out...to
Phase 8 where taking part of layer 7 out - Figure 1).

The model assumes rigid rock bodies and ‘Rigid’ interfaces are defined. The excavation is
20 metres wide (both cases) and the crack, located 10 metres to the right of the right edge
(Figure 2), has a varying width starting from 1m at the top and narrowing down in depth (Case
2 only).
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3 ANALYSIS AND RESULTS

3.1 Casel

After the analysis being completed in Case 1 using the Finite Element PLAXIS 2D model
(as detailed above), the following deformed mesh was obtained (Figure 4):
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Figure 4: Case 1, deformed mesh (deformations visible on the output are not to scale)

It can be observed that the Sandstone layer (4) bulges out more compared to other layers
meaning the horizontal displacement at the half-depth of the Sandstone layer is greater than of
the other layers. To check that this behaviour is a result of the non-homogeneity and
stratification of the rock mass, the same excavation was analysed on a homogeneous Sandstone
rock mass. Analysis results presenting displacements pattern are shown in Figure 5.

Figure 5: Sandstone only - deformed mesh showing displacements in the rock face after excavation

In Figure 4, from the top of the rock face to the top of the sandstone layer, the rock face
linearly and progressively moves outwards and suddenly bulges out as the face reaches the
sandstone. A greater bulge occurs in the sandstone layer but then the trend goes back to what it
was above the sandstone layer as the excavation continues afterwards until reaching the bottom
of the excavation. However, in Figure 5, Sandstone rock mass (except for the Quartzite base),
a smooth curved mesh deformation is observed without any localised bulging. In the layered
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analysis case the horizontal displacements of the rock mass on both sides of the excavation are
similar and maximum displacement regions are located in the Sandstone layer (Figure 6).
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Figure 6: Horizontal displacements - Case 1

3.2 Case?2

In Case 2 the analysis was repeated considering presence of a crack. The deformed mesh
after completion of the analysis is shown in Figure 7.
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Figure 7: Case 2, deformed mesh (deformations visible on the output are not to scale)

On the left excavated rock face in Case 2 (Figure 7), the behaviour is similar to Case 1
(Figure 4) with a linear deformation with depth and the Sandstone layer bulging outwards.
However, on the right side, the crack creates major differences in the behaviour of the rock
face. It can be observed that the top part of the block (rock mass section between crack and
excavation wall) moves toward right closing the crack. At the level of the Sandstone, a right-
to-left movement is observed with some bulging as opposed to the left-to-right movement of
the top of the rock excavation face. Figure 8 shows the horizontal displacement contour plot for
Case 2 after analysis being completed.
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Figure 8: Horizontal displacement - Case 2.

3.3 Common observations in both cases

As expected the behaviour of the rock excavation face in the left side during excavation is
similar in both cases. Also heaving happens at the base of the excavation in both cases due to
unloading induced by the excavation at every stage (Figure 4 and Figure 7 — after final stages
of excavation in both cases). Maximum heaving was observed in phase 5 when the Gneiss (layer
4 in Figure 1 and Figure 2) was removed allowing the Sandstone to dilate and expand in the
only possible direction - upwards (movement restrained in any other direction). The heaving in
both cases after completion of the final stages of analyses were similar magnitudes
(measurements were taken at point H— Table 1). Figure 8 shows a schematic representation of
the deformations occur in the excavation faces with (left face) and without (right face) crack
presence.
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Figure 9: Schematic representation of excavation face deformations with and without crack presence
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4 DISCUSSIONS AND CONCLUSIONS

Effect of unloading due to excavation in rock masses on the deformations occurring on the
faces of an excavation with and without presence of a crack has been investigated in the study
using finite element model analysis. Larger lateral deformations occur at greater depth generally
as the excavation progresses and these deformations are particularly larger where the materials
are weaker under large stresses.

As a general observation and based on the horizontal displacement values obtained in Case
1 and Case 2 at several points, the crack has a significant impact on the behaviour of the rock
face on which it is positioned. In Case 1, point A indicates a right-to left movement
(39 X 1077m) whereas in Case 2, the overall movement is left-to-right (horizontal
displacement of 18 X 10~7m at point A).

At points C and E (Table 1), no significant differences were observed between both cases
(same ground conditions and geometry were considered) however, at point B (Table 1), the
right-to-left deformation is greater in Case 2 compared to Case 1 which can be explained by the
impact that the crack has on the behaviour of the excavated rock face. When deformations occur
i.e. —top of the rock mass moving from left-to-right (Figure 7 and Figure 8), the centre of mass
is shifted to the right creating an eccentricity as shown in Figure 9 which produces a moment
favourable to additional local bulging.

In Case 2, the left-to-right movement of the rock body induced by the crack is affected by
the inclination of the crack which starts 10 metres away from the excavation edge at the top but
gets closer to the excavation (as close as 6.5m to the rock excavation face at the depth of 27.5m).
Due to the crack’s inclination, the centroid of mass of the rock between the excavation and the
crack is shifted to the right which leads to the closure of the crack. This can be easily observed
from the horizontal displacement of points A and G (Figure 3 and Figure 7). It can be concluded
increases inclination will strengthen this effect.

In both model Cases 1 and 2, the maximum amount of bulging observed was in the Sandstone
rock layer which seems to be the least strong rock layer according to Table 2. Since sandstone
layer is also subjected to a high level of vertical stresses (weight from all rock layers above -
Figure 1 and Figure 2) relative lateral deformation occurring in the layer are greater.

Heaving at the bottom of the excavation also occurred at every stage in both model cases of
excavation with the maximum value relating to the sandstone layer when the layer on top of it
(layer 4, Gneiss, in Figure 1 and Figure 2) was removed. In the rock mass arrangement used in
this study, heaving at point H in both cases (Figure 3, Figure 4 and Figure 7) was of similar
magnitude signifying the fact that crack condition (location, size and shape) does not have a
significant impact of the heaving of the excavation base. In other cases, this may become untrue
and cracks closer to the bottom of the excavation will impact on the behaviour.
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