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Kurzfassung 

Gebirgsanker werden hauptsächlich zur Gebirgsvergütung im Berg- und 

Tunnelbau eingesetzt. Diverse numerische Methoden, wie z.B. die FEM 

(Goodman et al., 1968), die BEM (Crotty & Wardle, 1985) bzw. die Blockmethode 

(Cundall, 1971) haben Modelle für Felsbolzen implementiert. Die Finite Elemente 

Software PLAXIS 2D ermöglicht durch sog. embedded beam rows Pfahl- oder 

Ankerreihen in 2D zu modellieren. In der gegenständlichen Masterarbeit wird die 

Anwendung dieses Elementtyps im Tunnelbau untersucht. Die Validierung erfolgt 

dabei mit Hilfe des numerischen Programms Phase2. Letztere Software ermöglicht 

die Modellierung von Ankern basierend auf diversen Modellen. Ein einfaches 

Tunnelbeispiel ist Gegenstand umfangreicher Parameterstudien. Die 

resultierenden Ankerkräfte für Ankersysteme in Phase2 werden dabei mit den 

Ergebnissen aus PLAXIS 2D (embedded beam row) verglichen. Die Ergebnisse 

zeigen, dass embedded beam row eine effiziente Alternative zur Modellierung von 

fully bonded, swellex und tieback ist, aber nur bedingt Übereinstimmung mit den 

Ergebnissen des plain strand cable bolt zeigt.  



  



Abstract 

Rockbolts are widely used in engineering practice for supporting excavations in 

rock. Bolt models have been implemented in various numerical methods already, 

such as FEM (Goodman et al., 1968), BEM (Crotty & Wardle, 1985) and block 

methods (Cundall, 1971). PLAXIS has implemented the embedded beam row 

feature to primarily model pile rows in 2D. The aim of this thesis is to analyse the 

possibility of using embedded beam row for applications in tunneling. For the 

validation, the 2D finite element program Phase2 by Rocscience was selected, due 

to its capability of modelling different types of rockbolts. A simplified tunnelling 

problem was modelled in both codes and the results regarding the axial force 

distribution along the anchors for different types of anchors were compared. The 

influence of various factors affecting the performance of cable bolts has been 

evaluated as well. It was concluded that embedded beam row can be an efficient 

tool for modelling fully bonded, swellex and tieback bolts, but it shows limitations 

in simulating the cable bolt behaviour.  

 





Table of contents 

1 Introduction  1 

2 Technological background 2 

 Rockbolting 2 

2.1.1 Discretely mechanically or frictionally coupled systems (DMFC) 2 

2.1.2 Continuously frictionally coupled systems (CFC) 3 

2.1.3 Continuously mechanically coupled systems (CMC) 4 

 Cablebolting 5 

3 Scientific background 6 

 Bolt support models in Phase2 6 

3.1.1 End Anchored Bolt 6 

3.1.2 Fully Bonded Bolt 7 

3.1.3 Swellex / Split Sets 8 

3.1.4 Tiebacks 9 

3.1.5 Plain Strand Cable 10 

 Embedded beam row in PLAXIS 2D 11 

3.2.1 Beam properties 12 

3.2.2 Interaction properties 12 

4 Numerical Model 15 

 Model geometry 15 

 Material parameters 16 

4.2.1 Parameters for Fully Bonded bolts 16 

4.2.2 Parameters for Swellex bolts 17 

4.2.3 Parameters for Tieback bolts 17 

4.2.4 Parameters for Plain Strand Cable bolts 18 

 Calculation phases 23 

 Influence of the lining discretization 25 

 Influence of element type and mesh coarseness 26 

5 Validation of the PLAXIS EBR by comparison with Phase2 30 

 Fully Bonded bolts 30 



 Swellex 34 

 Tiebacks 36 

 Plain Strand Cable bolts 38 

5.4.1 Evaluation of the influence of rock mass properties 41 

5.4.2 Evaluation of the influence of stress level 44 

5.4.3 Evaluation of the influence of cable bolt geometry 45 

6 Conclusion 49 

7 Bibliography  50 

Appendix A 52 

Development of the Plain Strand Cable model 52 

Appendix B 57 

Input parameters for the different bolt types in Phase2 57 

Appendix C 59 

Input parameters for the calculation PLAXIS EBR vs. Phase2 59 

Appendix D 64 

Modelling of End Anchored bolts 64 

 65 

 

 

  



List of figures 

Figure 1: Main components of DMFC rockbolts (adapted from Stillborg 1986) .. 2 

Figure 2: Split-set rockbolt (adopted from Stillborg 1986) ................................... 3 

Figure 3: Swellex rockbolt (after Hoek 2007) ....................................................... 4 

Figure 4: Main components of CMC rockbolts (adopted from Hoek 2007) ......... 5 

Figure 5: End Anchored bolt model (Rocscience, 2018) ....................................... 6 

Figure 6: Fully Bonded bolt model (Rocscience, 2018) ........................................ 7 

Figure 7: Failure criteria for fully bonded bolts (Rocscience, 2018) ..................... 8 

Figure 8: Swellex / Spilt Sets model (Rocscience, 2018) ....................................... 8 

Figure 9: Schematisation of the principle of EBR (Brinkgreve et al., 2018a) ..... 11 

Figure 10: Soil structure interaction for EBR (Brinkgreve et al., 2018b) ............ 14 

Figure 11: Model geometry in PLAXIS (left) and Phase2 (right) ........................ 15 

Figure 12: Axial force on anchor 1 in Phase2 for varying w:c ratios .................. 19 

Figure 13: Axial force in anchor 1 for different definitions of skin resistance.... 21 

Figure 14: Maximum force in anchor 1 for layer dependent skin resistance ....... 21 

Figure 15: Calculation phases in PLAXIS ........................................................... 23 

Figure 16: Calculation phases in Phase2 .............................................................. 24 

Figure 17: Normal force in the tunnel lining (linear-elastic rock, no anchors) ... 25 

Figure 18: Normal force in the tunnel lining (linear-elastic rock, no anchors) ... 26 

Figure 19: Different mesh discretizations in PLAXIS (very coarse, medium, very 

fine) ...................................................................................................................... 26 

Figure 20: Normal force in the tunnel lining (rock MC, no anchors) .................. 27 

Figure 21: Plastic point history in PLAXIS (left) and Phase2 (right) .................. 27 

Figure 22: Plastic points after excavation of top heading, coarse and very fine mesh

 .............................................................................................................................. 28 

Figure 23: Axial force on anchor 1 for 6-noded vs. 15-noded elements (rock MC)

 .............................................................................................................................. 28 

Figure 24: Axial force on anchor 4 for 6-noded vs. 15-noded elements (rock MC)

 .............................................................................................................................. 29 

Figure 25: Comparison of axial force distribution for anchor 1 (linear-elastic rock)

 .............................................................................................................................. 30 

Figure 26: Comparison of axial force distribution for anchor 4 (linear-elastic rock)

 .............................................................................................................................. 31 

Figure 27: Comparison of axial force distribution for anchor 1 (MC rock) ........ 32 

Figure 28: Comparison of axial force distribution for anchor 4 (MC rock) ........ 32 

Figure 29: Plastic point history in PLAXIS (left) and Phase2 (right) .................. 33 

Figure 30: Normal force on anchor 1- Swellex bolts (rock MC) ......................... 34 

Figure 31: Normal force on anchor 4- Swellex bolts (rock MC) ......................... 35 

Figure 32: Axial force on anchor 1 ï Tiebacks (rock MC) .................................. 36 

Figure 33: Axial force on anchor 1 ï Tiebacks (rock MC) .................................. 37 

Figure 34: Plastic points in PLAXIS (left) vs. Phase2 (right) at the end stage.... 38 

Figure 35: Anchor force 1 for varying interface shear stiffnesses ....................... 39 

file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208394
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208395
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208396
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208397
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208398
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208399
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208400
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208401
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208402
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208403
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208404
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208405
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208406
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208407
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208408
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208409
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208411
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208412
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208412
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208413
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208414
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208415
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208415
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208416
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208416
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208417
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208417
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208418
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208418
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208419
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208419
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208420
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208421
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208422
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208423
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208424
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208427
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208428


Figure 36: Anchor force 1 for varying interface shear stiffnesses ....................... 40 

Figure 37: Anchor force 1 for varying rock mass stiffnesses (interface shear 

stiffness 5 MN/m/m) ............................................................................................ 41 

Figure 38: Anchor force 4 for varying rock mass stiffnesses (interface shear 

stiffness 5 MN/m/m) ............................................................................................ 42 

Figure 39: Anchor force 1 for varying rock mass strength (interface shear stiffness 

10 MN/m/m) ........................................................................................................ 43 

Figure 40: Anchor force 4 for varying rock mass strength (interface shear stiffness 

10 MN/m/m) ........................................................................................................ 43 

Figure 41: Anchor force 1 for varying stress levels (interface shear stiffness 10 

MN/m/m) ............................................................................................................. 44 

Figure 42: Anchor force 4 for varying stress levels (interface shear stiffness 10 

MN/m/m) ............................................................................................................. 45 

Figure 43: Anchor force 1 for 15mm cable diameter and varying borehole diameter 

(interface shear stiffness 5 MN/m/m) .................................................................. 46 

Figure 44: Anchor force 1 for 15mm cable diameter and varying borehole diameter 

(interface shear stiffness 5 MN/m/m) .................................................................. 46 

Figure 45: Anchor force 1 for varying cable diameter - borehole diameter 38mm 

(interface shear stiffness 10 MN/m/m) ................................................................ 47 

Figure 46: Anchor force 4 for varying cable diameter - borehole diameter 38mm 

(interface shear stiffness 10 MN/m/m) ................................................................ 48 

Figure 47: Axial force vs. axial displacement for 0.3 w:c ratio (Hyett et al, 1995)

 .............................................................................................................................. 53 

Figure 48: Cable bolt bond failure response for a 0.3 w:c, opposite the MHC results 

(Hyett et al, 1995) ................................................................................................ 54 

Figure 49: Axial force in anchor 1 for MC rock and node-to-node anchor 

(PLAXIS) vs. end anchored bolts (Phase2) ......................................................... 65 

Figure 50: Axial force in anchor 1 for MC rock and node-to-node anchor 

(PLAXIS) vs. end anchored bolts (Phase2) ......................................................... 65 

 

file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208429
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208430
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208430
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208431
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208431
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208432
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208432
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208433
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208433
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208434
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208434
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208435
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208435
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208436
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208436
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208437
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208437
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208438
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208438
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208440
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208440
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208441
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208441
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208442
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208442
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208443
file:///C:/Users/albana1/Desktop/MA_mitKurzf.docx%23_Toc529208443


List of tables 

Table 1: Material parameters for the rock mass ................................................... 16 

Table 2: Material parameters for the anchors ...................................................... 16 

Table 4: Comparison of input parameters for the different bolt types in Phase2 57 

Table 5: Input parameters for EBR (PLAXIS 2D) acc. to chapter 4.2.1 .............. 59 

Table 6: Input parameters for fully bonded bolts (Phase2) acc. to chapter 4.2.1 . 59 

Table 7: Input parameters for EBR (PLAXIS 2D) acc. to chapter 4.2.2 .............. 60 

Table 8: Input parameters for Swellex bolts (Phase2) acc. to chapter 4.2.2 ......... 61 

Table 9: Input parameters for EBR (PLAXIS 2D) acc. to chapter 4.2.3 .............. 61 

Table 10: Input parameters for node-to-node anchor (PLAXIS 2D) acc. to chapter 

4.2.3 ...................................................................................................................... 62 

Table 11: Input parameters for Tiebacks (Phase2) acc. to chapter 4.2.3 ............. 62 

Table 12: Input parameters for EBR (PLAXIS 2D) ............................................. 63 

Table 13: Input parameters for Plain Strand Cable Bolts (Phase2) ..................... 63 

Table 14: Input parameters for node-to-node anchor (PLAXIS 2D) .................. 64 

Table 15: Input parameters for End Anchored bolts (Phase2) ............................. 64 

 



List of symbols and abbreviations 

Small letters 

c  ́ [kN/m²] cohesion  

ci [kN/m²] cohesion of the interface 

p1 [m] Radial pressure at r = r1 

ua [mm] axial displacement at end point 

ur [mm] radial displacement 

ur1 [mm] radial displacement at r = r1 

ux [mm] axial displacement 

æu [mm] relative displacement 

æue [mm] elongation of the bolt element 

Capital letters 

 

A [m²] cross-sectionl area 

A1 [m²] apparent cable-grout interface contact area 

D [m] diameter 

E [kN/m²] Youngôs modulus 

EA [kN] axial stiffness 

Eb [kN/m²] Youngôs modulus bolt material 

F [kN] axial force 

Fa [kN] axial load on cable 

 

Fbot,max [kN] maximum base resistance 

Fe [kN] axial force 

Fmax [kN] base resistance 

Fyield [kN/m²] yield force 

Gsoil [-] shear modulus soil 

IS [kN/m²] interface stiffness for EBR 

 

  

 



ISFRS [-] axial stiffness factor 

ISFRN [-] lateral stiffness factor 

ISFKF [-] base stiffness factor 

Kb [kN/m²] bolt stiffness 

kj
i [-] coefficients for cable bolt model 

KF [kN/m²] stiffness base 

Krc [kN/m²] radial stiffnes of the cable 

K0 [-] initial stress ratio 

Le [m] bolt length 

Lpile [m] pile length 

Lrock bolt [m] rock bolt length 

Lspacing [m] out-of-plane spacing 

Npile [kN] bearing capacity for piles 

Nrock bolt [kN] bearing capacity for rock bolts 

Req [m] equivalent radius 

Rinter [-] interface factor  

RN [kN/m²] stiffness axial direction 

RS [kN/m²] stiffness lateral direction 

TS,max [-] maximum force axial direction 

Tskin [kN/m] skin resistance  

Tskin,start,max [kN/m] skin resistance at the pile top /first point 

Tskin,end,max [kN/m] skin resistance at the pile bottom /second point 

 

 

Greek letters 

b [%] deconfinement value  

g [kN/m³] unit weight  

k [kN] shear stiffness for the bolt - grout interface 

n [-] Poissonós ratio 

n0 [-] dilation due to splitting 



ti [kN/m²] shear stress of the interface  

f [°]  friction angle  

f́ [°]  average coefficient of friction 

fi [°]  friction angle of the interface 

yó [°] dilatancy angle  

 



1 Introduction  

 

 

1 

1 Introduction  

The embedded beam row feature in PLAXIS has been developed to model piles in 

2D considering a soil-structure interaction. It has been validated as part of a master 

thesis (Sluis, 2012) in various loading conditions. However, the loads were 

assumed to be static and the lateral skin resistance was unlimited, so the application 

of embedded beam row was restricted to a certain pile spacing-diameter ratio. In 

the PLAXIS version of 2015, a limiting lateral skin resistance has been 

implemented to deal with laterally loaded piles and piles with larger spacing. 

Algulin and Pedersen (2014) have applied the embedded beam row feature for 

modelling a piled raft foundation. Van der Kwaak (2015) used embedded beam 

row to simulate the dynamic pile behaviour during earthquake. 

The main objective of this thesis is validating the PLAXIS 2D embedded beam 

row for applications in tunneling. The validation is performed by comparison with 

the finite element program Phase2. Five different bolt models have been 

implemented in Phase2: end anchored, fully bonded, plain strand cable, 

swellex/split set and grouted tiebacks. For the validation, a simplified tunneling 

problem was modelled in PLAXIS and Phase2. The comparison is done by 

investigating the axial force distribution along the bolts in both FE-codes.  

This short introduction is followed by a chapter focusing on some technological 

aspects of bolting. The most common bolt types are presented concisely. 

The background theory of the bolt models used in Phase2 is explained in chapter 

3. Furthermore, the embedded beam row concept is described in detail. Information 

about the development of the theory used for Plain Strand Cable model is given 

in Appendix A. 

Chapter 4 presents the numerical model used in PLAXIS and Phase2. 6-noded 

finite elements are used in both codes, since Phase2 only provides 6-noded 

triangular elements. The sensitivity of the results to the mesh coarseness and the 

element type is afterwards studied in PLAXIS. Two different material models, 

namely linear-elastic and Mohr-Coulomb are used for modelling the rock. 

Moreover, the modelling procedure for the different bolt types is described.  

In chapter 5, the results from PLAXIS using embedded beam row are compared 

with the results for fully bonded bolts, swellex, grouted tiebacks and cable bolts 

from Phase2. Parametric studies were performed to evaluate the influence of 

various factors affecting the mechanical behaviour of cable bolts, as rock 

properties, stress level and cable geometry. For modelling of end anchored bolts, 

node-to-node anchors are used in PLAXIS. The results are shown in Appendix D.  

Chapter 5 is followed by a summary of the conclusions and recommendations for 

modelling of bolts by means of embedded beam row. 
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2 Technological background 

Rockbolts and cablebolts are designed to help the rock mass support itself 

(Rabcewicz, 1964). This is practically achieved by a load transfer mechanism 

between the ground and the reinforcement through the bonding. All reinforcements 

consist of four principal components (Windsor, 1996): 

¶ Rock 

¶ Element: the main function of the reinforcing bar is to restrain the 

deformations of the surrounding ground. 

¶ Internal fixture: the way the reinforcing bar is coupled to the rock. 

¶ External fixture: a plate and a nut. 

The mechanical behaviour of the support system is dictated by the interaction of 

all components. The main difference between rockbolts and cablebolts is the use 

of a bar or a several-wire strands as a reinforcing element.  

 Rockbolting 

Based on the anchoring of the rod to the rock or soil, the bolting systems can be 

classified as follows (Windsor, 1993): 

¶ discretely mechanically or frictionally coupled systems (DMFC); 

¶ continuously frictionally coupled systems (CFC), and 

¶ continuously mechanically coupled systems (CMC). 

 

2.1.1 Discretely mechanically or frictionally coupled 

systems (DMFC) 

DMFC rockbolts are anchored to the rock at the borehole far end, just over a small 

length, while the rest of the bar is free. They are the earliest and also the simpliest 

system to come into widest use (Martin, 2012).  

 

 

 

 

 

 

Figure 1: Main components of DMFC rockbolts (adapted from Stillborg 1986) 
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Anchoring can be achieved using:  

¶ A fast-set resin grout 

¶ Altenatively a slot-and-wedge mechanism  

¶ Or an expansion shell 

They are active rockbolts - they can provide immediate support action, what is the 

principal advantage of them. Besides, the time of installation is quite short.  When 

it comes to the loads, they are not able to deal with shear loads unless the shear 

displacement exceeds the thickness of the borehole annulus. On the other side, 

DMFC systems can handle tensile, compressive and bending loads.  

Regarding their disadvantages, perhaps the most important is the need to regularly 

check the proper tensioning of the bar: creep behaviour, vibrations induced by 

blasting or losening of the face plate can drastically reduce the load on the bar. 

Furthermore, DMFC systems cannot be used in neither very hard nor very soft 

rock conditions. Moreover, DMFC systems are more efficient when they are as 

perpendicular to the strata as possible. 

2.1.2 Continuously frictionally coupled systems (CFC) 

CFC rockbolts rely on full-length contact to provide the reinforcing frictional 

action between the bar and the borehole wall. They are very easy to install and can 

hold a combination of tensile, compressive and bending loads. In addition, they 

can acommodate large rock deformations, which make them suitable for deep 

excavation applications (Martin, 2012). Since they mainly provide support action 

if the surrounding ground tries to deform, they are passive  rockbolts. 

The most popular friction bolts are Swellex and Split-set, where the bar is metallic. 

Split Set rockbolts: 

Split-setôs main adavantage is the speed and the ease of installation. On the other 

hand, the risk of corrosion remains one of its main problems, and the borehole 

requires very specific dimensions and regularity. 

 

 

 

 

 

 

Figure 2: Split-set rockbolt (adopted from Stillborg 1986) 
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Swellex rockbolts: 

The main advantage of the Swellex rockbolt is that it embraces the shape of the 

borehole, assuring a good contact along its length. The speed of installation is 

another important asset. In situ, the Swellex bolt is inserted into the borehole with 

the closed extremity facing the borehole end. High-pressure water (approximately 

30 MPa) is then injected inside the folded tube, which thereby inflates and deforms 

plastically, coming into contact with the borehole walls. 

 

 

 

 

 

 

 

 

 

 

 

2.1.3 Continuously mechanically coupled systems (CMC) 

CMC are refered to as fully grouted rockbolts. They are anchored to the rock or 

soil along their entire length. Since the entire length of the bar is embedded in the 

grouting material, the risk of corrosion is reduced. CMC rockbolts can be used 

either as a temporary or a permanent reinforcement. They are able to hold a 

combination of tensile, compressive, shear and bending loads. Other advantages 

of those rockbolts are: high flexibility and resistance to corrosion and chemical 

attacks, high strength-to-weight ratio, electromagnetic neutrality and ease of 

handling (Martin, 2012). 

Fully grouted rockbolts can only provide support action if the surrounding soil or 

rock mass tries to deform: they are passive anchorage systems. 

 

 

Figure 3: Swellex rockbolt (after Hoek 2007) 
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 Cablebolting 

Cablebolts are based on the same principles as rockbolts. They are normally fully 

grouted and can sustain tensile, compressive, shear and bending loads. In contrast 

to rockbolts, cablebolts are made from steel ropes, instead of plain bars. The 

standard configuration consist of several wires wound around a central wire (plain 

strand cable bolt). In order to increase the load transfer mechanism , the wires may 

be rewound to particular structures (e.g. birdcage, nutcage, mini-cage etc). Due to 

their helical structure, cablebolts are able to hold torsional loads. Furthermore, 

cablebolts have a higher capacity, compared to the traditional rockbolts. 

Another advantage of cablebolts is their flexibility, thus they can be packaged as 

coils and be easily transported.  

Finally, the most important characteristic of cablebolts with respect to rockbolts is 

the need to use face plates. Cables may rotate under tensile loads, if one of the 

extremities is left free. As a consequence, the wires tend to untwist themselves and 

form an dissociated structure (Martin, 2012).  

 

 

 

 

 

 

 

 

Figure 4: Main components of CMC rockbolts (adopted from Hoek 2007) 
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3 Scientific background 

 Bolt support models in Phase2 

Five bolt support models are available in Phase2: E nd Anchored, Fully Bonded, 

Plain Strand Cable, Swellex/Split Set and Tiebacks. The bolts are represented by 

one or a series of 1D elements, which interact with the finite element mesh as 

individual "bolt elements". Depending on the bolt type, bolt elements may fail in 

tension (tensile failure), shear (bond failure) or both modes may occur. Failure of 

a single bolt element does not necessarily cause failure of the entire bolt, except 

for end-anchored bolts. The theory of the bolt support models implemented in 

Phase2 is outlined in this chapter. (Rocscience, 2018)  

3.1.1 End Anchored Bolt 

For the end-anchored bolt model, the whole bolt length is considered as a single 

bolt element (Figure 5). The bolt interacts with the FE-mesh through the endpoints 

only. 

 

 

 

 

 

 

 

The axial force is calculated from the axial displacement as follows: 

                          Ὂ ὑЎ                                                         ρ 

where Kb is the bolt stiffness (equal to Ὁὃὒ ϳ ) and Ўό is the relative displacement 

between the endpoints. 

Failure of end-anchored bolts is controlled by the yield strength of the bolt 

material. Since the end-anchored bolt consists of a single element, failure of the 

entire bolt occurs if the bolt material has exceeded his tensile capacity. A residual 

capacity after failure may also be assigned, but in most cases the residual capacity 

would be equal to zero. 

 

Figure 5: End Anchored bolt model (Rocscience, 2018) 
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Input parameters for end-anchored bolts 

The behaviour of end-anchored bolts in Phase2 is defined by the geometry (Bolt 

Diameter) and material properties (Bolt Modulus E, Tensile Capacity, Residual 

Tensile Capacity). Additionally, a Pre-Tensioning Force can be specified.  

3.1.2 Fully Bonded Bolt 

Fully bonded bolts are divided into bolt elements, determined by the intersection 

of the bolt with the FE-mesh. The bolt elements act independently and influence 

each other only through their effect on rock mass. Thus, individual bolt elements 

can fail, independently of neighbouring bolt elements within the same bolt- failure 

of a bolt element does not lead to the failure of the entire bolt. 

 

The axial force is determined from the axial displacement of the bolt element: 

                Ὂ  
Ὁὃ

ὒὩ
Ўό                                                        ς 

where Le is the length of the bolt element and Ўό the elongation of the element. 

Fully bonded bolts can fail in tension only, if the axial force exceeds the tensile 

capacity of the bolt material. In Phase2  it is also possible to define a residual tensile 

capacity. In this case, the bolt can still carry load (equal to the residual capacity) 

after exceeding the yield strength (Fyield). 

Input parameters for fully bonded bolts 

The information required for modelling of fully bonded bolts includes the 

geometry (Bolt Diameter) and the material properties (Bolt Modulus E, Tensile 

Capacity, Residual Tensile Capacity). Same as for end-anchored bolts, a Pre-

Tensioning Force can be specified. 

 

Figure 6: Fully Bonded bolt model (Rocscience, 2018) 

Figure 6: Fully Bonded bolt model (Rocscience, 2018) 
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3.1.3 Swellex / Split Sets 

Swellex / Spilt Sets (also called shear bolts or frictional bolts) consider the shear 

force due to the relative displacement between the bolts and rock mass, so the shear 

stiffness of the bolt/rock interface is taken into account. The bolt behaves as a 

single element. Even though the bolt is divided into elements according to the 

intersections with the FE-mesh, each element influences the adjacent elements. 

 

The equilibrium equation may be written as follows (Farmer, 1975, Hyett et al., 

1996): 

                  ὃὉ
Ὠό

Ὠὼό
Ὂ π                                                 σ 

where A is bolt cross-sectional area, Eb is the Young´s modulus for the bolt and Fs  

represents the shear force (per unit length). The shear force is defined as a linear 

function of the relative displacement between the rock mass and the bolt:  

                      Ὂ Ὧό ό                                                  τ 

where k represents the shear stiffness for the bolt-grout interface, usually 

determined from laboratory pull-out tests. 

Figure 8: Swellex / 

Spilt Sets 

model 

(Rocscie

nce, 

2018) 

Figure 7: Failure criteria for fully bonded bolts (Rocscience, 2018) 

 

Figure 8: Swellex / Spilt Sets model (Rocscience, 2018) 
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Swellex/Split Set bolts may fail in two modes: in tension- if the tensile capacity is 

exceeded, or in shear- if the bond strength is exceeded. By defining a residual 

tensile capacity, the axial capacity after the axial load in the load has reached the 

tensile capacity, will be controlled by the residual tensile capacity.  

Input parameters for Swellex / Split Set bolts 

The input parameters required for modelling of frictional bolts include: 

¶ Tensile Capacity (only if Plastic Bolt Model is selected for the bolt material 

behaviour) and Residual Tensile Capacity 

¶ Bolt Modulus  

¶ Tributary area (cross sectional area without the hollow area of the bolt, 

together with Bolt Modulus, it determines the Axial Stiffness of the bolt) 

¶ Bond strength (the maximum shear force of the bolt / rock interface ï can 

be determined from pull-out tests) 

¶ Bond shear stiffness (the shear stiffness of the bolt / rock interface ï it 

represents the slope of the elastic part of the graph on a shear force vs. 

displacements graph from pull-out tests) 

¶ Elastic or Plastic material behaviour for the Bolt Model (if Elastic Bolt 

Model is selected, the forces in the bolt are determined by the Axial and 

Shear Stiffness of the bolt; if Plastic behaviour is selected, the Bond 

Strength, the Tensile Capacity and the Residual Tensile Capacity are taken 

into account) 

Additionally, the user can simulate Face Plates on bolts, add a Pull Out Force, 

add a Pre-Tensioning Force and account for the effects of Rock Joints on the bolt. 

3.1.4 Tiebacks 

Tiebacks consist of a free (unbonded) length  and a bonded length. The free length 

behaves as a single element, so the interaction with the FE-mesh is through the 

endpoints only. If failure of the free length occurs, the entire free length is 

considered failed. The bonded length is modelled in the same way as Swellex/Split 

Set bolt, as a series of bolt elements, determined by the intersections with the FE-

mesh. Same as for Swellex, the shear resistance for the bonded length is taken into 

account.  

Input parameters for Tieback bolts 

The necessary input data for Tiebacks includes: 

¶ Borehole and Cable Diameter 

¶ Cable Modulus (Young´s modulus of bolt material) 

¶ Cable Peak (tensile strength of the cable) 

¶ Bond length and eventually secondary bond length  
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¶ Bond strength (the maximum shear force along the bond length) 

¶ Bond shear stiffness (the shear stiffness of the bolt / rock interface) 

¶ Elastic or Plastic material behaviour for the Bolt Model (same as for 

Swellex) 

Furthermore, the user can add a Pre-Tensioning Force and also account for the 

effects of Rock Joints on the bolt. 

3.1.5 Plain Strand Cable 

Due to the intersections of the cable bolt model with the FE- mesh, a number of 

bolt segment are created. Nevertheless, each bolt segment influences the adjacent 

elements and the entire bolt behaves as an individual element.  

The plain strand cable model considers the stiffness of the grout, as well as the 

stiffness and strength of bolt/grout interface.The shear stress generated at the cable 

is defined by the amount of relative slip at the cable/grout interface and the 

stiffness of this interface.  

The only failure mechanism at present is tensile failure of the cable. Failure of the 

cable/grout may also occurs, but is not considered as a failure mechanism, because 

as the rock moves, this interface is assumed to be in a plastic state. Failure of 

grout/rock interface is not considered at present.  

Input parameter for Plain Strand Cable bolts 

The parameters needed for plain strand cable bolts are: 

¶ Borehole and Cable Diameter 

¶ Cable Modulus (Young´s modulus of bolt material) 

¶ Cable Peak (tensile strength of the cable) 

¶ Water Cement Ratio 

The shear stiffness in Phase2 is defined as the slope of the curve in the shear stress 

vs. shear displacement graph for the bolt and it is in general non-linear. As a result, 

the shear stiffness changes depending on the shear stress on the bolt. Alternatively, 

a constant shear stiffness can be defined as an input parameter. In this case, the 

shear stiffness will not depend on the shear stress on the bolt.  

Additionally, the user can simulate Face Plates on bolts, add a Pull Out Force, 

add Bulges and account for the effects of Rock Joints on the bolt. 
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 Embedded beam row in PLAXIS 2D 

The pile (rock bolt /grouted anchor) ï soil/rock interaction is a fully three 

dimensional phenomenon, impossible to model realistically in a 2D model. The 

embedded beam row feature represents a possibility to deal with a row of rock 

bolts, ground anchors or piles in a 2D plane strain model.  

The pile is represented by a Mindlin beam element and is superimposed Ăonñ the 

mesh. As a result, the mesh is continuous. The soil interacts with the pile by a 

special interface, represented by springs in axial and lateral directions along the 

pile, and a point-to-point interface at the base (Figure 9). The spring forces are 

limited by the pile capacity, which is an input parameter, consisting of the shaft 

capacity and base capacity. The principle is illustrated in the figure below.  

 

 

 

 

 

 

 

 

 

 

 

When creating embedded beam elements, the special interface elements are 

created automatically. 

PLAXIS offers the possibility to choose between the behaviour of piles, rock bolts 

and grout body. The three behaviour types differ only with respect to the selection 

of the connection point.  

Regarding the connection of the EBR with the solid finite elements, three options 

are available: free, rigid and hinged. In the first option, the connection point of the 

EBR can move relatively to the soil finite element. If the connection is rigid, the 

relative movement is not allowed. The hinged connection allows relative rotation, 

but no relative displacements. When using grout body behaviour, the connection 

type is automatically set to free. 

Figure 9: Schematisation of the principle of EBR (Brinkgreve et al., 2018a) 
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The information required for modelling of rock bolts by means of EBR includes 

the properties of the rock bolt itself, the interaction with the surrounding rock and 

the out-of-plane spacing. 

3.2.1 Beam properties 

The material properties for embedded beams are defined by Young´s modulus E 

and the unit weight of the material ɔ. 

The geometrical properties required for embedded beams include: 

¶ Beam type (predefined/ user defined) 

¶ Predefined beam type (Massive circular beam/Circular tube/Massive square 

beam) 

¶ Diameter (for Massive circular beam and Circular tube) 

¶ Width (for Massive square beam) 

¶ Thickness (for Circular tube) 

3.2.2 Interaction properties  

A special interface element is used to model the interaction between the pile/rock 

bolt and the surrounding soil/rock. The interface behaviour is described by an 

elastoplastic model. The bearing capacity consists of Skin resistance (Tmax) and 

Base resistance (Fmax), which are both input parameters. The interface remains 

elastic, when the shear force does not exceed the skin resistance (|ts| < Tmax). The 

elastic behaviour accounts for the displacement differences between the pile/rock 

bolt and surrounding soil/rock. For plastic behaviour, when the shear force reaches 

the skin resistance (|ts| = Tmax), permanent slip may occur.  

Since it is a plane strain analysis, the values for skin resistance are automatically 

divided by the out-of-plane spacing. 

Due to lateral displacements, the beam can undergo transverse forces as well. The 

Lateral skin resistance, which is also an input parameter, limits the transverse 

forces.  

The skin resistance 

The axial skin resistance and the lateral skin resistance can be defined as Linear, 

Multi-linear, or Layer dependent functions.  

¶ Linear is mostly applicable in homogeneous soil layers. The pile bearing 

capacity is then given by:  

             ὔ Ὂ
ρ

ς
 ὒ Ὕ ȟ ȟ Ὕ ȟ ȟ                     υ 
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where Fmax is the base resistance, Lpile the pile length, Tskin,start,max the skin resistance 

at the pile top, and Tskin,end,max the skin resistance at the pile bottom.  

Rock bolts do not have an end bearing, so the bearing capacity is defined as 

follows: 

           ὔ  

ρ

ς
ὒ  Ὕ ȟ ȟ Ὕ ȟ ȟ                      φ 

where Lrock bolt is the length of the rock bolt, Tskin,start,max the skin resistance at the 

first point of the line, and Tskin,end,max the skin resistance at the second point of the 

line. 

¶ The Multi-linear option takes into account different properties of multiple 

soil layers, resulting in different resistances.  

¶ When using the Layer dependent option, the local skin resistance is given as 

a function of the strength properties (friction angle ű and cohesion c) and the 

interface factor, Rinter, of the surrounding soil/rock.  

 

                            ὸὥὲ•Ὑ ὸὥὲ•                                                       χ 

where Űi  is the local shear stress resistance of the interface, iʟ and ci are the friction 

angle and the cohesion of the interface, sʟoil and csoil are the friction angle and the 

cohesion of the soil/rock, Rinter is the strength reduction factor related to the soil 

layer and p  ́is the normal stress. In this case the bearing capacity depends on the 

stress state in the soil/rock.  

The skin resistance, Tskin, is defined as: 

                                                      Ὕ ς“Ὑ †                                                              ψ 

To avoid undesired high values for the skin resistance, a maximum resistance Tmax 

can be defined, which acts as a cut-off value. 

This option is available only for the Axial skin resistance. 

Interface stiffness factor 

The interface stiffness factors should account for the difference in the 

displacements between the pile (or rock bolt, or ground anchors) and the soil /rock 

surrounding the pile. 

The interface stiffnesses are defined as follows: 

                        Ὑ ὍὛὊ
Ὃ

ὒ
                                                          ω 
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                        Ὑ  ὍὛὊ
Ὃ

ὒ
                                                       ρπ 

                         ὑ  ὍὛὊ 
Ὃ Ὑ

ὒ
                                                      ρρ 

 

 

RN       = stiffness lateral direction 

RS       = stiffness axial direction 

KF       = stiffness base 

Ts;max    = maximum force axial direction  

Fbot;max = maximum base resistance 

 

 

 

where ISFRS is the axial skin stiffness factor, ISFRN is the lateral skin stiffness factor 

and ISFKF is the pile base stiffness factor. 

The default values of interface stiffness factors are related to the out-of-plane 

spacing and pile diameter, according to: 

                              ὍὛὊ ςȢυ 
ὒ

Ὀ

Ȣ

                                           ρς 

                              ὍὛὊ ςȢυ 
ὒ

Ὀ

Ȣ

                                           ρσ 

                              ὍὛὊ ςυ 
ὒ

Ὀ

Ȣ

                                            ρτ 

The default values are derived as part of a master thesis study (Sluis, 2012) for 

bored piles, statically loaded in axial direction. The validation has been performed 

by fitting with the load-diplacement curves of the Dutch annex of Eurocode for 

bored piles (for axial loading) and 3D calculations (for lateral loading). Since the 

derived formulas are not based on physical principles, the default values can be 

overruled. 

Figure 10: Soil structure interaction for EBR (Brinkgreve et al., 2018b) 
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4 Numerical Model 

For the validation of embedded beam row, a simplified tunneling problem was 

modelled in PLAXIS 2D and Phase2. Tunnel geometry and material properties 

were taken from Schädlich (Schädlich, 2013). For the calculation, plain strain 

conditions are assumed. The calculations were performed using 6-noded triangular 

elements in both codes, since Phase2 only provides 3 or 6-noded triangular 

elements. The sensibility of the numerical model to the element type and mesh 

coarsness was subsequently studied in PLAXIS 2D.  

 Model geometry 

The same tunnel geometry is used in PLAXIS and Phase2. The finite element 

model has a height and a width of 100m. The circular tunnel, located at the center 

of the model, has a diameter of 9.4m. The support consists of five anchors of 6m 

length and a tunnel lining of 20cm thickness. The boundary at the bottom of the 

model is fixed in all directions, vertical model boundaries are fixed in horizontal 

direction and the top boundary of the model is free in all directions. The 

groundwater table is located at the bottom of the model and drained conditions are 

assumed. Figure 11 shows the model as implemented in PLAXIS and Phase2. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 11: Model geometry in PLAXIS (left) and Phase2 (right) 
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 Material parameters 

The rock mass properties are summarized in Table 1. The anchor parameters are 

listed in Table 2. The self-weight of anchors is neglected and the yield strength is 

considered as the maximum capacity of the anchors. It should be noted that the 

material parameters for the anchors may differ depending on the anchor type. A 

detailed outline of the input parameters required for modelling of the different 

anchors in PLAXIS and Phase2 is provided in Appendix C. 

Table 1: Material parameters for the rock mass 

Unit weight ɔ 25 kN/m3 
Young´s modulus E 850 MPa 
Poisson´s ratio ɜ 0.2 
Initial stress ratio K

0
 0.4 

Cohesion c´ 300 kPa 
Friction angle ᶫË 28° 
Dilatancy angle ɣ 0 

 

Table 2: Material parameters for the anchors 

Diameter Ø 0.032 
Unit weight ɔ 0 
Young´s modulus E 210 GPa 
Length L 6.0 m 
Tensile capacity   230 kN 
Spacing   1.0 m 

The tunnel lining consists of linear elastic plate elements. The Young´s modulus 

for the shotcrete directly after excavation is assumed as 5 GPa and for the cured 

shotcrete 15 GPa.  

4.2.1 Parameters for Fully Bonded bolts 

Fully bonded anchor elements can fail only in tension if the tensile capacity of the 

bolt material is exceeded. Since skin failure is not possible, the skin resistance of 

the EBR is set to a high value (Tskin,start,max = Tskin,end,max = 500 MN/m). The base 

resistance is set to zero for all calculations in PLAXIS 2D.  

The interface stiffness factors in PLAXIS are left to their default values.  

The other geometrical and material properties required are as given in Table 2. In 

2D plane strain analysis, the out-of-plane spacing is also required. The FE-

programs will divide internally the stiffness of the anchor by the out-of-plane 

spacing to calculate the stiffness per meter width. 
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4.2.2 Parameters for Swellex bolts 

Swellex bolts can fail in tension, as well as in shear if the ultimate skin friction is 

exceeded. For the EBR in PLAXIS, the ultimate skin friction has been defined by 

a constant distribution of skin friction (Tskin,start,max = Tskin,end,max = 5 kN/m). In 

Phase2, the bond strength of the Swellex bolts is set to 5 kN/m. This unrealistically 

low value has been chosen in order to trigger skin friction failure for the given rock 

properties. Usually, pull-out test are performed to define the input value for this 

parameter. Since the limiting skin friction is an input parameter, it should be noted 

that the external bearing capacity cannot be determined from this calculation.  

For the shear stiffness, the default values of the interface stiffness factors are used 

in PLAXIS, whereas in Phase2 the bond shear stiffness is set to 100 MN/m/m, as 

suggested from Rocscience, based on lab and field tests done worldwide. 

The other input parameters are calculated according to the parameters given in 

Table 2. 

4.2.3 Parameters for Tieback bolts 

Tieback bolts consist of a free anchor length and a grout body. The free length of 

tiebacks in both models is defined as 6m and the grouted part 4m. The material 

properties are as given in Table 2. The free length of tiebacks, which represents 

the connection between the tunnel lining and the grout body, is modeled by means 

of node-to-node anchor in PLAXIS 2D. As the name implies, the anchor is 

connected only through the ends to the other elements and in between there is no 

interaction with the surrounding ground. The grouted part of tiebacks is modelled 

by means of embedded beam element. For the behaviour of EBR the option grout 

body is selected. The endpoint of node-to-node anchor is then automatically 

connected to the EBR, and not to the surrounding rock (connection type free). The 

interaction with the surrounding rock is provided by the interface elements of the 

EBR. 

In practice, the bond length is usually pressure grouted to ensure a rigid contact 

between the grouted body and the surrounding soil/rock. In PLAXIS the skin 

resistance of the embedded beam row is set to a high value (500 kN/m) in order to 

avoid relative movement along the bond length. In Phase2 the same value is used 

for the bond strength.  

For the shear stiffness of the grouted part of the anchor, the default values of the 

interface stiffness factors are used in PLAXIS, and the bond shear stiffness is set 

to 100 MN/m/m in Phase2. 
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4.2.4 Parameters for Plain Strand Cable bolts 

The Plain Strand Cable model implemented in Phase2 is based on the model 

proposed by Hyett (Hyett et al., 1995). In contrast to the other bolt models in 

Phase2, the bolt-grout interface is considered more precisely, taking into account 

the grout stiffness as well as the strength and stiffness of this interface. 

Due to the fact that the Plain Strand Cable is based on a rather complex model, it 

is necessary to examine the differences between PLAXIS and Phase2, in order to 

form a judgement about the possibility of modelling cable bolts by means of EBR. 

In Phase2, the shear stress generated at the cable is defined by the amount of 

relative slip at the cable/grout interface and the stiffness of this interface. The only 

failure mechanism at present is tensile failure of the cable. Failure of the 

cable/grout may also occur, but is not considered as a failure mechanism, because 

as the rock moves, this interface is assumed to be in a plastic state. Failure of 

grout/rock interface is not considered at present.  

PLAXIS on the other hand, defines the behaviour of EBR by the amount of relative 

displacements at the interface and the interface stiffness. In this case, the relative 

slip at the interface cannot be taken into account. The relative displacements are 

refered to the difference in the displacements between the bolt and the surrounding 

rock. When reaching the ultimate skin resistance (interface elements are modelled 

as elastoplastic material), permanent slip occurs, indicating failure.  

Phase2 considers the progressive failure mechanism of the cable bolts. The axial 

force at the cable is determined according to the stress decrement during the 

debonding process. The EBR cannot take this effect into account, since the 

interface stiffness is only related to the shear modulus of the surrounding rock.  

Furthermore, the grout annulus cannot be modelled when using EBR, since the 

geometry is defined by a single diameter. The influence of the grouting material 

can therefore not be captured appropriately. From Hyett (Hyett et al., 1995) it is 

known that the grout effects the load transfer mechanism of cable bolts, not only 

through the stiffness properties (low w:c ratio increases the cable bolt capacity), 

but also through the effect of dilatancy/volumetric strains (after cracking of the 

grout occurs, the individual grout wedges can be radially displaced along the 

fractures, increasing the pressure at the borehole wall, which in turn generates an 

additional pressure at the cable/bolt interface, resulting in higher bond strength). 

Therefore, it is questionable whether the embedded beam row feature is able to 

show a good performance when modelling plain strand cable bolts. Despite the 

differences in the model formulation, an attempt was made to model cable bolts as 

implemented in Phase2 using EBR. 
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Since the formulation of EBR in PLAXIS does not allow modelling of the grout 

annulus, first the influence of the grout on the anchor force distribution was 

evaluated in Phase2.  Phase2 accounts for the grout quality through the w:c ratio, 

which is an input parameter. It is well known that stiffer grouts can increase the 

cable bolt capacity. This statement was verified by varying the w:c ratio of cable 

bolts in Phase2 and analyzing the effect on anchor forces. The calculation was 

performed according to the calculation phases described in the following chapter 

(chapter 4.3) and using MC plasticity for the rock mass. The geometry of cable 

bolts in Phase2 is defined by the borehole diameter and the cable diameter. The 

standard cable bolt was selected for modelling. The cable diameter is 15.2mm and 

the borehole diameter is assumed equal to 38mm. The other input parameters are 

as given in Table 2. The results (Figure 12) confirm that the grout quality affects 

the cable bolt behaviour.  

 

 

 

 

 

 

 

 

 

 

 

 

As expected, stiffer grouts yield higher anchor forces. However, for applications 

in tunneling, w:c ratios between 0.3 and 0.4 are suggested and the influence in this 

range is minimal, so it can be neglected for this specific problem.  

The properties of EBR in PLAXIS 2D include the stiffness properties of the cable 

and the interaction properties with the rock.  

 

 

Figure 12: Axial force on anchor 1 in Phase2 for varying w:c ratios Figure 12: Axial force on anchor 1 in Phase2 for varying w:c ratios 
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Stiffness properties of EBR for Cable Bolts 

For the stiffness of EBR, two input parameters should be specified: the Young´s 

Modulus, E, and the cross section geometry. The stiffness of cable bolts is 

dominated by the axial stiffness of the cable EA, since after cracking of the grout 

body, it will no longer contribute to the axial stiffness of the cable bolt. On the 

other hand, the geometry is dominated by the grout body, so when specifying the 

geometry, the diameter of the grout body should be selected. Now, in order to get 

the actual stiffness of the cable EA, a fictious value of E was determined, so that 

the product of the fictious E with the cross section area of the grout body, is equal 

to the stiffness EA of the cable. The cable diameter is 15.2mm and the borehole 

diameter was assumed as 38mm, leading to a fictious E of 34 GPa. 

Interaction properties of EBR for Cable Bolts 

The interaction properties with the rock involve the skin friction and the interface 

stiffness factors.  

Skin friction  

The skin friction can be defined as linear, multi-linear or layer dependent. For 

homogeneous soil layers, linear skin friction function can be assumed. 

Nevertheless, the layer dependent option was also considered for this calculation, 

since it relates the skin resistance to the strength properties and the stress level in 

the surrounding rock. To investigate the influence of the skin resistance on the 

behaviour of EBR, the calculation was performed with high and low values for the 

constant skin resistance, as well as with layer dependent skin resistance. The 

interface stiffness factors are left to their default values. Mohr-Coulomb plasticity 

is assumed for the material behaviour of the rock. The other material parameters 

are given in Table 2. The calculation was performed according to the calculation 

phases as listed in chapter 4.3. As it can be seen from Figure 13 , the results for 

linear and layer dependent skin resistance are identical when the interface strength 

is set to rigid.  
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The only parameter that influences the behaviour of EBR when using layer 

dependent skin resistance is the strength reduction factor Rinter. To study this 

influence, Rinter has been varied from 0 to 1 and the results for the maximum force 

in anchor 1 are shown in Figure 14. 

 

 

 

 

 

 

 

 

 

Figure 14: Maximum force in anchor 1 for layer dependent skin resistance  

Figure 13: Axial force in anchor 1 for different definitions of skin resistance  
Figure 13: Axial force in anchor 1 for different definitions of skin resistance 

Figure 14: Maximum force in anchor 1 for layer dependent skin resistance 
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To simulate the interaction anchor/rock, the strength reduction factor Rinter can be 

assumed between 0.7 and 0.8. The influence of Rinter in this range is minimal, thus 

linear skin resistance was selected for the further calculations. Since failure of the 

interface is not considered a failure mechanism in Phase2, the skin resistance for 

EBR in PLAXIS was set to a high value (Tskin,start,max = Tskin,end,max = 500 kN/m). 

Interface stiffness 

The default values for the interface stiffness factors (ISF) have been derived as 

part of a master thesis (Sluis, 2012) and are not based on physical principles, but 

on fitt ing the load-displacement curve from pile tests with the deformation curve 

from the Dutch annex of EC7. Therefore, the ISF can be overruled to manipulate 

the relative displacements between EBR and surrounding ground. The 

determination of reasonable values for the interface stiffness factors (ISF) is 

essential in order to obtain a realistic representation of the behaviour of cable bolts, 

since they control the relative displacements between the EBR and the rock and 

consequently the shear stress generated at the cable. In Phase2, the amount of shear 

stress generated at the cable is controlled by the shear stiffness of the cable/grout 

interface. Therefore, for modelling of cable bolts in PLAXIS, the assumption was 

made that the interface stiffness of the embedded beam elements should be equal 

to the shear stiffness in Phase2. The shear stiffness in Phase2 is defined as the slope 

of the curve in the shear stress vs. shear displacement graph for the bolt and in 

general it is non-linear. As a result, the shear stiffness will change depending on 

the shear stress. In this case (variable shear stiffness), the interface shear stiffness 

is internally calculated and is a function of the grout quality, the surrounding rock 

properties and the stress level. It also considers if the grout is cracking as well as 

if the fractures are open, closed, or partially open. Alternatively, a constant shear 

stiffness can be defined as an input parameter. Consequently, the shear stiffness 

will not depend on the shear stress. Of course, the calculation with variable shear 

stiffness reflects the real behaviour of cable bolts more accurately, but in this case 

no correlation to the interface stiffness in PLAXIS is possible. Therefore, the basic 

idea for the modelling was to perform the calculation in Phase2 using variable 

shear stiffness, in order to get the relatively realistic axial force distribution and 

then determine the constant shear stiffness to fit the former. The value of the 

constant shear stiffness is afterwards used in PLAXIS to define the interface 

stiffness factors for the EBR according to equations (9) and (10). The calculated 

ISF are the input parameters for EBR. The assumption is subsequently verified 

with parametric studies, to evaluate the influence of the factors that affect the 

interface shear stiffness. 
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 Calculation phases 

In order to simulate the tunnel construction process according to the New Austrian 

Tunnel Method (NATM), the construction process is divided into two stages. In 

the first stage, the top heading is excavated, followed by the installation of the 

tunnel lining and anchors. In the second stage, the invert is excavated and 

subsequently the tunnel lining is installed. To simulate the construction process in 

PLAXIS, the ß- method is used. Figure 15 and Figure 16 illustrate the calculation 

phases performed in PLAXIS and Phase2, respectively. Five calculation phases are 

performed in both codes: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Calculation phases in PLAXIS 

Phase 1 Phase 2 Phase 3 

Phase 4 Phase 5 

Phase 1 Phase 2 Phase 3 

Figure 15: Calculation phases in PLAXIS 
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1.Initial phase 

The initial stress field is generated using the K0 procedure, with the K0 - value of 

0.4. 

2.Pre-relaxation of top heading 

The value of deconfinement (ɓ-value) for the top heading is assumed as 0.3. The 

initial stress acting around the tunnel is divided in two parts. 70% of the load acts 

on the unsupported tunnel, while the other part (30%) should be carried by the 

support in the next calculation phase. 

3.Excavation of top heading  

The top heading is de-activated and the support consisting of the tunnel lining 

(Ăyoungñ) and anchors is activated. 

4.Pre-relaxation of invert (top heading lining Ăoldñ) 

For the invert, ß-value is assumed as 0.65. 35% of the stresses acts on the 

unsupported invert, while 65% should be carried by the support in the last 

calculation phase. Moreover, the material properties of the tunnel lining are 

modified ï top heading lining is set to Ăoldñ. 

5.Excavation of the invert  

In the last calculation phase, the invert is de-activated and additionally the invert 

lining (Ăyoungñ) is activated. 

  

Figure 16: Calculation phases in Phase2  

Phase 4 Phase 5 

Figure 16: Calculation phases in Phase2  

 




















































































