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Abstract 

Ground anchorages are the main means of support used for safety aspects in 

mining and tunnelling industry. Poor installation of ground anchorages can result in 

partial debonding between the tendon and the grout.  The effects of debonding on 

the load carrying capacity of a model anchorage are examined by pull out tests. 

The load carrying capacity is found to decrease with increasing length of pre-

existing debonding at the tendon-grout interface.  The fracture toughness of the 

tendon-grout and of the ground-grout interfaces is measured over a wide range of 

mixed-mode loading and the results are used to assess the likelihood of debonding 

at the interfaces in a ground anchorage system.  

 

Keywords: Anchorages; Pull-out tests; Debonding; Interface fracture; Fracture 

toughness.  

 

 

1. Introduction 

 

Ground anchorages are safety critical elements for supporting structures like 

tunnels, mines and retaining walls.  There are numerous ways of classifying 

anchorages: active or passive, depending on whether they are pre-stressed or 

used as reinforcement; and single or multi-strand, depending on whether the 

tendon is a bolt or a cluster of strands.  This paper considers a single, active rock 

anchor system.  
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The main components of an anchorage system are the tendon, an anchor head 

assembly (bearing plate and a nut), and the grout [1] (see Fig. 1).  The grout is 

made of resin (usually polyester based) or a cement mixture, while for a rock bolt, 

the tendon is usually made of steel. 

 

Rock bolts are bonded to the surrounding rock mass along the fixed length (Fig 1) 

and, if active, are tensioned. The role of the bond is to transfer the load from the 

tendon (e.g. steel bar or bolt) to the surrounding rock mass or ground.  Thereafter, 

the terms rock and ground are used interchangeably to denote the surrounding 

material that is bonded to the tendon through the grout. The unbounded length the 

tendon is classified as free length (if within the ground) and protruding length 

(outside the ground), see Fig. 1. A pre-tensioned tendon induces a compressive 

stress in the surrounding rock mass which consequently inhibits cracking of the 

rock and thus enhances the stability [2]. Differential movement of the rock mass 

can also induce compressive stress in the surrounding rock. 

 

During installation of an anchorage or in service, cracks may initiate and grow 

within the anchorage system leading to loss of load carrying capacity [2].  The 

cracks may initiate within the grout, at the tendon/grout interface or rock/grout 

interface, while the tendon may fail during installation especially in passive 

anchorages.  Further, ingress of ground water may lead to corrosion of the tendon 

resulting in the development of tendon/grout interface crack [2]. The actual location 

of failure in a particular application depends on the mechanical and fracture 

properties of the materials, the characteristics of the interfaces, and the 

compatibility of the grout with the bolt and surrounding rock.  For a steel tendon, 

the strength and toughness of the steel are much greater than the corresponding 

parameters for the grout, surrounding rock and the interfaces. It is not surprising 

therefore that most observed failures of anchorages in practice occur at one of the 

two interfaces: rock/grout and tendon/grout interfaces [3, 4, 5]. Thus, the strength 

and toughness of these interfaces play a major role in determining whether an 

anchorage can withstand the load they are designed to hold. It is therefore 

important to understand the role and characteristics of the interfaces since they 

influence significantly the overall performance of the anchor system. Surprisingly, 
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the quantification of the interface toughness and the relationship of the toughness 

to failure mode and location has received little attention in the literature on ground 

anchorages. 

 

Currently, the assessment of the load carrying capacity of ground anchorages is 

based on analysis of the induced stresses in a “perfect” anchorage (i.e. no 

defects).   Consider an anchorage consisting of a tendon (e.g. steel bolt) and grout 

with Young’s modulus Es and Ec, respectively, and bolt and borehole diameter ds 

and dh, respectively.  Let the Young’s modulus of the surrounding rock mass or 

ground be Eg. When the tendon, which is assumed to be perfectly bonded to the 

grout along the fixed anchor length, is subject to a uniaxial tensile stress P, the 

induced interfacial stresses along the fixed anchor length are function of Ec/Eg and 

the relative diameter of the tendon to that of the borehole, ds/dh.   

 

Linear elastic finite element analysis of a cylindrical anchorage with ‘perfect’ 

bonding shows that the shear stress at the ground/grout interface decreases in 

magnitude from the proximal end to the distal end of the anchor, while the 

magnitude of the maximum shear stress increases with decreasing value of Ec/Eg 

[6],  see  Figure 2.    For ground anchorages installed in hard rocks, Ec/Eg ranges 

between 0.1 and 1, which according to Figure 2, produce a power-law distribution 

of shear stress along the fixed length. (Recall that Ec is the Young’s modulus of the 

grout while Eg is the Young’s modulus of the ground or rock mass.)  However, 

design standard for ground anchorages, e.g. BS8081 [2], is based on a uniform 

shear stress distribution.  For soft rocks (Ec/Eg ≥ 10), the load distribution is more 

uniform.   As the maximum shear stress occurs at the proximal end where the 

ground/grout interface intersects the free length section, interfacial debonding or 

crack is therefore more likely to initiate from that end. 

 

The interfacial stresses in addition to being governed by elastic properties of the 

materials, are also influenced by the geometry of the borehole and tendon. For a 

given size of the tendon, the shear stress at the ground/grout interface becomes 

more uniform along the interface and the magnitude of the stress decreases with 

decreasing diameter of the borehole resulting in increased load capacity of the 

anchor system as the borehole diameter is reduced [7-9].  Thus, for a given bolt 
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size and grout type, the load capacity of the anchorage increases with decreasing 

borehole diameter (or decreasing radial thickness of the grout). This is consistent 

with the fracture response of adhesively bonded sandwiched joints where it has 

been shown for plane strain geometry subject to remote tension that the fracture 

stress increases with decreasing thickness of the adhesive layer [10, 11].   Thus, a 

higher bond strength and anchorage load capacity can be achieved with a reduced 

annulus of a perfectly bonded anchor system. However, this has implications for 

the installation of anchorages as it limits the volume of grout available for bonding 

which could lead to the development of unbounded patches during installation. 

Consequently, there have been few experimental studies to examine the effects of 

dimensions and material properties on the load capacity of anchorages. 

 

For example, Ivanovic and Neilson [12] carried out experiments using scaled 

laboratory model of anchor systems consisting of a concrete to simulate the 

ground, an epoxy resin grout and steel rebar; Ec/Eg = 0.3 and Ec/Es = 0.06.   The 

rebar had a diameter of ds = 22 mm and the borehole had a diameter of dh = 30 

mm. The applied axial load for perfectly bonded rebar increases almost linearly 

with increasing axial displacement until failure occurred at the concrete/grout 

interface; the failure load increases with increasing fixed anchor length. There was 

a drop in load following the initiation of the debonding, and subsequently the sliding 

of the rebar occurred at almost a constant load.  However, in a separate study by 

Benmokrane et al. [5] where cement grout was used (Ec/Eg = 1 and Ec/Es = 0.2), 

and the diameter of the steel bar and borehole was 15.8 mm and 38 mm 

respectively, failure occurred at the tendon/grout interface. The difference in the 

location of the interface failure was believed to be due to the difference in the 

thickness of the annulus used in the two studies as well as the difference in 

materials used for grouting; but this was not verified.   

 

The initiation and growth of debonding at the tendon/grout and ground/grout 

interface involves frictional sliding.  Hence the load capacity of ground anchorages 

is influenced by the level of normal pressure on the interface. The effect of normal 

pressure on load capacity of anchorages is usually assessed either by applying a 

uniform constant confining pressure to a model anchorage or by using an outer 

shell with a relatively high stiffness to represent the surrounding rock mass [13-16].  
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In the latter, which  is closer to what happens in the field, the magnitude of the 

radial confining pressure increases as the applied load increases due to the 

resistance to lateral deformation provided by the stiffness of the surrounding rock 

mass. The load capacity of an anchorage increases with applied normal interface 

pressure up to a certain magnitude of pressure above which there is no significant 

enhancement to the load capacity [14-16].  Soft rocks with low radial stiffness will 

not generate a high enough radial pressure and this can lead to the development 

of radial cracks, while hard rocks can generate relatively high radial pressure which 

supresses the development of radial cracks and thus significantly enhances the 

load capacity of the anchorage [17]. 

 

Majority of the earlier work on the stress distribution and load capacity of 

anchorages focused on ‘perfect’ bonds.  A good quality bond along the fixed 

anchor length is essential for effective performance of any anchorage system. 

Although, field data and laboratory experiments suggest majority of anchorages fail 

by debonding at one of the interfaces [3, 5], it is not clear whether this is due to a 

debond created during installation or initiated post installation. It is generally 

believed that microcracks are initiated at the proximal end during pre-tensioning of 

anchorages; this is recognised in the design standard [2] through a recommended 

increase in the design free anchor length by an estimated length of the debonding.  

However, there is no experimental validation of the relationship between the level 

of the pre-tension and the length of induced microcracks, or of the role of 

debonding in the load capacity of anchorages.   

 

The load-displacement response and the failure characteristics of a rock anchor 

system may, to some extent, be likened to those for fibre pull out in fibre-reinforced 

composites.  Fibre pull out from the matrix of fibre-reinforced composites has been 

studied extensively in the literature using shear lag method, energy based method, 

fracture mechanics approach, and the cohesive zone model, see for example Refs. 

[18-23]. The fracture mechanics approach views the pull out as a mode II interface 

crack (i.e. sliding mode).  Friction effects associated with sliding are important in 

systems with a residual compressive stress across the fibre/matrix interface [19, 

20], in the same way as the confining pressure affects the load capacity of 

anchorages. However, unlike the pull out of a fibre from the matrix of fibre-
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reinforced composites where there is only one controlling interface (i.e. fibre/matrix 

interface), rock anchor systems have an interlayer between the bolt and the 

surrounding rock and therefore there are two interfaces, either of which could be a 

site for initiation of debonding.   In addition, the steel bars in rock anchors are 

larger in size (order of tens of millimetres compared with micrometres for fibres) 

and usually rebar with profiled surface which introduces additional complexity of 

mechanical interlock.  Furthermore, the initial growth of the debonding from the 

proximal end of a rock anchor can be dominated by mode I deformation (i.e 

opening mode) [21]. 

 

The effect of the interaction between an electrical field and mechanical loading on 

debonding during fibre pull-out or push-out using the energy based method is 

considered by Wang and Qin [24].  The current paper focuses only on mechanical 

loading and uses fracture mechanics concepts to examine the effects of the 

fracture toughness of the rock/grout and tendon/grout interface on the location and 

mechanism of failure.  Experiments on laboratory-scale model of a steel bar-grout-

concrete anchorage system, with and without pre-existing debonding, are used to 

assess the effect of pre-existing debonding on the load capacity of the anchor.  

The effects of the surface characteristics of the bolt are examined by considering a 

smooth surfaced bar and a rebar. Further fracture experiments are carried out to 

quantify the fracture toughness of the concrete/grout and steel/grout interfaces 

over a wide range of loading. The fracture toughness results are used to assess 

the likelihood of crack initiation and growth at one of the interfaces in a ground 

anchorage rather than the other.   

 
2. Tendon  pull out in an anchorage system 

 

2.1 Materials and experimental methods  

 

Experimental study was undertaken to investigate the role of pre-existing 

debonding on the load capacity of an anchorage. The experimental set-up and 

concepts are similar to those adopted in [12].  Concrete is used to model the 

surrounding rock or ground while a polyester two-part slow-setting epoxy resin2 
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was used as the grout. Two types of tendon were considered: a steel bar with a 

smooth surface and a rebar; the latter is commonly used in practice.   

 

As mentioned above, the response of an anchorage system depends on the 

relative stiffness of the constituent materials.  The Young’s modulus of each of the 

materials was determined. Tensile test was carried out on the steel material using 

a solid circular cylinder with a 5 mm diameter and 25 mm gauge length in 

accordance with ASTM E8M [25];  the axial and transverse strains were measured 

using strain gauges.  Similar tensile test was carried out on the epoxy resin. In this 

case, dumbbell shaped specimens were prepared to ASTM D638 [26] using a 

specially made mould to cast the specimens. The specimens were left to cure at 

room temperature for 24 hours before testing at a nominal strain rate of 2.5 ×10-4
 

s-1
.  The properties of the concrete were determined using a 100 mm cube 

subjected to uniaxial compression; the concrete was cured for 28 days before 

testing.  In all cases, three nominally identical specimens were tested; the stress-

strain responses were identical to within a few percent.  The average measured 

properties are summarised in Table 1.  Using the measured properties, the ratio of 

the Young’s modulus of the resin grout to that of the concrete, Ec/Eg = 0.23. 

 

A schematic diagram of the model anchorage system is shown in Figure 3a.   

Concrete cylinders of 200 mm in diameter and 400 mm in length containing a 

30 mm diameter borehole were used.  A PVC mould with 5 mm wall thickness and 

200 mm internal diameter was used to cast the concrete.  In order to prevent the 

formation of surface cracks, the borehole was not created by drilling the concrete. 

Instead, the borehole was cast in-situ using a plastic tube which has an outer 

diameter equal to the borehole diameter (dh = 30 mm), and with one of the two 

ends sealed. The surface of the tube was lubricated with a mould release agent. 

The tube was then suspended at the centre of the PVC mould with the aid of a 

jubilee clip and a wooden plank ensuring the sealed end was inside the mould (see 

Figure 4). The plank, with the tube attached, rested on top of the PVC mould while 

the concrete was poured into the mould to the required height of 400 mm. The tube 

was gently given a few complete rotations every hour as the concrete sets, and 

was subsequently slowly pulled out by hand after about 7 hours while the concrete 

was left for 28 days to fully cure. Although the borehole is normally drilled in 
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practice resulting in a non-smooth borehole surface, the process of casting the 

borehole in-situ leaves a relatively smooth borehole surface and eliminates the 

development of surface cracks associated with drilling. This allows an assessment 

of the failure mechanism in relation to the measured fracture toughness.    

 

The ratio of the Young’s modulus of the resin grout to that of the concrete used in 

this study, Ec/Eg = 0.23 which is well within the range 1/1.0  gc EE  for hard rocks.  

We note that the test set-up is consistent with a constant stiffness test as no 

external confining pressure was applied. However, the combined effect of using a 

relatively large external diameter of the concrete dg (= 6.7dh) where dh is the 

borehole diameter and low ratio of Ec/Eg (= 0.23 ) and leaving the PVC cylindrical 

mould in place while testing provide a high constant radial stiffness leading to in-

situ development of high confining pressure during testing.  This we believe will 

limit or eliminate the development of radial cracks.     

 

The diameter of the steel bar used was ds = 20 mm and the bonded length of the 

bar was 210 mm.  The borehole was cleaned using compressed air to remove any 

debris after which a predetermined volume of the two-part resin was put inside the 

borehole and thoroughly mixed.  

 

The surface of the steel bar was cleaned using acetone and inserted in the 

borehole containing the resin using a specially made guard, similar to that used for 

the in-situ casting of the borehole, to ensure the bar was centrally positioned in 

borehole. Two cases were considered: (i) no initial debonding at any of the 

interfaces and (ii) a pre-existing debonding at the steel/grout interface.  In order to 

simulate the debonding, the surface of the steel bar was covered with an electrical 

tape from the free end up to the desired length and the surface of the tape was 

sprayed with a mould release agent prior to inserting the bar in the borehole 

containing the resin.  The tape prevented the bonding of the steel bar to the resin 

in the region where the tape was placed at the proximal end.  The debond length, 

a, considered were: a = 0, a = ds and a = 2.5ds where ds (= 2 cm) is the diameter of 

the steel bar. The model anchorage was left to cure at ambient temperature for 24 

hours before testing.  As the specimen preparation and testing were carried out at 

ambient temperature, there was no misfit strain due to thermal expansion 
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mismatch and thus residual stresses across the steel/grout and concrete/grout 

interfaces would be minimal. 

 

In order to ensure the concrete was axially constrained during the pull out test, a 

specially constructed steel frame was used, see Fig. 3, while the PVC mould 

provided radial constraint to the deformation. The frame consisted of a steel plate 

at the base and another plate at the top of the model anchorage.  The plates were 

connected by bolts and nuts as shown in Figure 3. The assembled anchorage is 

mounted on a servo-hydraulic testing machine, see Figure 3b. Pull out tests were 

performed in displacement control at crosshead speed of 5 mm/min. The applied 

load and the displacement, which was measured using a LVDT (Linear Variable 

Differential Transformer), were continuously recorded using a computerised data 

logger.    

 

For the model anchorage with smooth steel bar, two nominally identical 

anchorages were tested for each of debond length a = ds and a = 2.5ds where ds (= 

2 cm) is the diameter of the steel bar, while one model anchorage was tested for 

each of the other cases considered. The results of the replicated tests were used 

to confirm the consistency of the test method and data.  

   

 

2.2 Pull out test results and discussion 

 

Typical load versus displacement response of the model anchorage is shown in 

Figure 5. The presence of an initial debonding at the grout/steel bar interface has a 

significant effect on the load-displacement response.  With no initial debond, the 

load for the smooth steel bar increases, almost in a linear manner, with increasing 

displacement until the maximum load at which failure occurred. The failure, by 

debonding at the concrete/grout interface, is accompanied by a sudden drop in the 

load; this is an indication of an unstable crack growth. Subsequently, sliding 

occurred at almost a constant load of about 22 kN (Fig. 5a).  For smooth bars with 

pre-existing debonding, there was no noticeable drop in load following the initiation 

of crack growth; the initiation of debonding and subsequent sliding of the bar 

occurred in a stable manner and at a constant load.   The load for stable sliding 
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was found to slightly increase with decreasing size of the initial debonding.  The 

results for the smooth bar without initial debonding are consistent with other 

published results for similar anchorages [12].     

 

We observed a similar trend in the load-displacement response for the tests 

undertaken on a rebar (Fig. 5b). However, the maximum load for the case without 

initial debonding and the constant load for stable sliding for a rebar are greater 

than the corresponding value for a smooth bar due to shear mechanical interlock 

associated with the rebar [2].  For the model anchorage without pre-existing 

debonding, we note that the peak load of 84 kN for the rebar and 52 kN for the 

smooth bar are lower than the typical failure load in practice.  It is well known that 

the peak load increases linearly with the fixed anchor length [2].  In the current 

study the fixed anchor length was 0.21 m while in practice the fixed anchor length 

ranges between 2 m and 10 m depending on the type of rock formation. Thus, the 

results obtained in the present study are therefore consistent with the fixed anchor 

length used in the model anchorage.  Furthermore, the measured failure load for 

the model anchorage without pre-existing debonding and with a rebar is consistent 

with the reported value of 70 kN by Bermokrane et al. [5] for a model anchorage 

with a cement grout and similar relative geometric parameters as considered in the 

current study. For a drilled borehole where the concrete/grout interface has a 

higher shear strength than for the steel/grout interface, failure is more likely to 

occur at the steel/grout interface and at a much higher load than obtained in the 

present study [14-16]. 

 

It is obvious from Fig. 5 that the existence of initial debonding results in reduction 

of the load capacity of the anchorage; the maximum load decreases with 

increasing debond length, see Fig. 6.   The maximum load capacity for debond 

length of 2.5ds, where ds (= 2 cm) is the steel bar diameter, is almost half that 

without any debonding (Figure 6).  Here the load capacity is defined as the load 

required for the initiation of interface crack growth.  It could be argued that the 

reduced load capacity for cases with pre-existing debonding at the proximal end is 

associated primarily with the reduction in the fixed anchor length. This would be the 

case if failure occurred at the grout/steel interface which is not the case in the 

current study (see Figure 7). The failure load is directly proportional to the fixed 
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anchor length [2]. For the rebar without pre-existing debonding, the bonded length 

of the steel bar was 0.21 m and the failure load was 84 kN.  With pre-existing 

debond length of 2.5ds (= 0.05 m), the bonded length of the steel bar reduced by 

23% while the failure load was reduced by almost 50% relative to that without pre-

existing debonding. The presence of the pre-existing debonding is therefore a 

major factor in the measured reduction in load capacity of the model anchorage.  

The present results reinforce the need to consider the presence of debonding in 

determining the load capacity of an anchorage.   It is important to note that once 

debonding initiates at the maximum load, the debonding occurs along the whole of 

the fixed anchor length leading to large scale sliding of the bar from the anchorage. 

 

Despite the pre-existing debonding at the steel/grout interface, we note, 

surprisingly, that failure occurred at the concrete/grout interface in all the cases 

considered; the grout remained bonded to the bar while it slid out of the concrete, 

see Fig 7.  Visual examination of the tested model anchorage revealed no radial 

cracks (Figure 7).  This suggests the diameter of the concrete relative to the 

diameter of the borehole is sufficiently large and the stiffness of the PVC mould is 

sufficiently high to provide the radial confinement necessary to prevent the initiation 

of radial cracks.    

 

We expected failure to initiate from the pre-existing debond crack as the singularity 

at the tip of the steel/grout debond crack is stronger than that at the interface 

corner between the concrete and grout.  There is a competing mechanism of crack 

initiation and growth at the two interfaces, with the chosen location of crack growth 

being the interface with the lower fracture toughness (or resistance) at the applied 

load.  The pull-out test results suggest the steel/grout interface is much tougher 

than the concrete/grout interface considered in this study.   We postulate that in 

addition to the interface crack that was intentionally introduced at the steel/grout 

interface, the mould release agent used for the in-situ casting of the borehole may 

have reduced the concrete/grout interface toughness and small microcracks may 

have been developed at the proximal end of the concrete/grout interface during the 

construction/curing of concrete and assembly of the small scale anchorage model. 

In order to assess whether a pre-existing crack or defect at the concrete/grout 

interface will propagate in preference to a crack at the steel/grout bar interface a 
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more detailed analysis of the crack driving force and the fracture toughness of the 

interfaces is needed.  In the following, interface fracture mechanics concepts and 

further experimental results on the fracture toughness of the two interfaces are 

used to justify the choice of fracture location observed in the model anchorage.  

 

 
3 Application of fracture mechanics to debonding in ground anchorage 

 

The experimental results of the pull-out test presented above showed the 

detrimental effect of pre-existing interface cracks on the load capacity of an 

anchorage.  Interface fracture mechanics concepts, which have been successfully 

applied to the prediction of failure in layered solids and adhesive joints [27 - 29], 

are used here to explain the observed debonding at the concrete/grout interface 

rather than at the steel/grout interface in the pull-out test described above.   For 

completeness, a summary of the relevant interface fracture mechanics concepts 

are presented; and this is followed by measurement of the fracture toughness of 

the two interfaces. 

 

3.1 Overview of interface fracture mechanics 

 

Consider a sandwiched joint containing a thin linear elastic interlayer of thickness h 

(referred to as material 2) sandwiched between two identical linear elastic solids 

(referred to as material 1).  Both materials are isotropic and homogeneous, with 

Young’s modulus Ej and Poisson’s ratio j, where j (= 1, 2) denotes the material 

number. We assume a crack exists at one of the interfaces between the interlayer 

and the adhrend material 1, and the joint is subject to a remote stress   normal 

to the crack surface and a remote in-plane shear stress  .   

 

In the absence of an interlayer or with an interlayer whose elastic properties are 

identical to those of the adherends, the crack tip stress field is characterised by the 

Mode I (opening) and Mode II (sliding) stress intensity factors. The relative mode I 

to mode II is quantified by the phase angle of the remote loading, given by   
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 = 0 implies pure mode I (opening) and  = 90o implies pure mode II (sliding).  

Ground anchorages are loaded remotely in pure mode II.   Without the interlayer, 

the mode-mixity associated with the remotely applied load is identical to the mode-

mixity of the stress state near the crack tip characterised by the stress intensity 

factors, IK  and IIK , see eqn. (1).   

 

For an interlayer whose elastic properties are different from those of the 

adherends, the mode mix ahead of the interface crack in a sandwiched joint is 

different from that of the remotely applied loads.  When a sandwiched joint 

containing an interface crack is subject to a combination of remote tensile stress 

  and shear stress  ,  the singular stresses directly ahead of the crack are 

given by [30]  
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where 1i , (x, y) and (r, ) are respectively the Rectangular Cartesian and 

cylindrical polar coordinates centred at the crack tip, 21 iKKK  is the complex 

stress intensity factor for the interface crack, and  is a constant function of the 

elastic properties of the materials [27-29]. For the materials properties of the model 

anchorage system given in Table 1,  = -0.08 and -0.09 for steel/grout/steel and 

concrete/grout/concrete sandwiched joint respectively. 

 

If the material constant  ≠ 0, the interfacial stresses given in eqn. (2) are oscillatory 

as the crack tip is approached.  This complicates the definition of the local 

interfacial mode mix (i.e. ratio of shear stress to normal stress) near the crack tip. 

The generally adopted approach, suggested by Rice [30] is to define the mode-

mixity at a given distance from the crack tip. The distance is normally taken as the 

characteristic length scale of the geometry, which in this case is the thickness h of 

the interlayer.  Thus the interface mode-mixity is measured by the phase angle 
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The phase angle for the interface crack is related to the phase angle of the 

remote loading according to [27] 

  

         (4) 

 

where  measures the effect of the mismatch in the elastic properties of the 

bonded materials on the interface phase angle. The values of are tabulated in 

[27]; -13o and -10o for the steel/grout/steel and concrete/grout/concrete joint 

respectively.  The stress intensity factor for the interface crack, 21 iKKK  , scales 

linearly with the magnitude of the remotely applied loads and depends on the 

details of the joint geometry and crack length.   

 

The crack driving force for the interface crack is the interface strain energy release 

rate, Gi, given for plane strain deformation by [27] 
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K is the complex conjugate of the interface stress intensity factor. Thus iG  is a 

function of the applied load and the geometry. As the magnitude of remotely 

applied load on the sandwiched joint increases, the magnitude of both the interface 

stress intensity factors and the interface strain energy release rate Gi increases. 

Crack growth starts when the magnitude of iG  equals the interface fracture 

toughness IΓ .   

 

Unlike the toughness for monolithic brittle solids which is just a function of the 

material, the interface fracture toughness IΓ  is a function of the quality of the bond 

between the materials and also of the imposed loading measured by the phase 

angle  The resistance to crack growth along an interface increases as the 

magnitude of the shear stress at the interface increases, i.e. )(IΓ  increases as 

o90  [28, 29]. Thus, the interface between two materials does not have just 

one value of fracture toughness; the toughness depends on the mode mixity of the 
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interface stress state. The maximum load carrying capacity for bonded joints would 

be obtained when the geometry is loaded predominantly in shear as it is the case 

in ground anchorages.   

 

The onset of interface crack growth for a given mode mixity  is thus determined 

by the criterion 

 

 
 

1




I

i

Γ

G
         (6) 

 

where the interface fracture toughness IΓ  must be determined experimentally 

while the interface crack driving force iG  is normally determined numerically or 

analytically for the loading phase angle relevant to the application under 

consideration.  For the ground anchorage, the phase angle depends on the relative 

elastic properties of the material, the relative geometric dimensions of the 

configuration, and crack length. For a given anchorage system,  aF  ,   where 

F  is the applied pull-out force and a  is the size of the pre-existing debond. Thus, 

for a given debond length a , eqn. (6) can be used to determine the failure load 

provided the solution to the crack driving force iG  and interface fracture toughness 

IΓ  are known.  Note that iG  scales linearly with the magnitude of the remotely 

applied loads. 

 

For a given rock bolt where a short crack exists at each of the two interfaces, 

failure would occur at the interface where relation (6) is first satisfied as the remote 

load is monotonically increased.   Therefore, the assessment of the likely location 

of failure in a ground anchorage requires knowledge of the dependence of iG  and 

IΓ  on the phase angle  In the following, we present the experimentally 

determined interface fracture toughness IΓ  for the steel/grout and concrete/grout 

interfaces and show why failure at the concrete/grout would preferentially occur for 

these material combinations.  

 

 
3.2 Experimental method for determination of interface fracture resistance 
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Although ground anchorages are remotely loaded in pure shear (), we have 

measured the interface fracture resistance over a loading phase angle in the range 

o900   for the steel/grout and concrete/grout. 

 

Different specimen configurations can be used to measure interface fracture 

resistance, for example double cantilever beam, four-point bend, Brazil disc, etc.  

Many of the specimen geometries are only suitable for a narrow band of loading 

phase angle.  We have chosen the Brazil disc specimen geometry for the current 

study as it is suitable for the application of loading over the range o900  . The 

use of this specimen geometry for measuring interface fracture resistance is well 

documented; see for example [28, 29]. 

 

Brazil disc specimens, with a configuration similar to that shown in Figure 8, were 

manufactured from semi-circular discs of steel and concrete. The radius R = 90 

mm for the steel/grout and R = 50 mm for the concrete/grout; the out-of-plane 

thickness was t = 10 mm and the relative size of the starter crack was a /R = 0.2 in 

all cases. The grout used was from the same batch as that used for the pull out 

tests described earlier.  

 

The bonding surfaces were thoroughly cleaned prior to bonding; compressed air 

was used for the cleaning of the concrete and an abrasive paper and acetone were 

used for the steel.   A 0.02 mm thick aluminium foil coated with a silicone-based 

mould release agent was used to simulate the crack. The grout was placed 

between the two halves of the steel or concrete, and a slight pressure was applied 

to ensure bonding and control the grout thickness; the measured average 

thickness of the grout was 1.5 mm.  The specimens were allowed to cure at 

ambient temperature for 24 hours before testing. 

 

Diametrical compression tests were carried out in displacement control at a 

crosshead speed of 0.5 mm/min. A diametrical load P per unit out-of-plane 

thickness was applied at an orientation from the crack plane; controls the mode 

mix of the remote loading. A pure mode I remote loading (= 0) is obtained when 

= 0, and = 29 for pure mode II remote loading (= 90o) when a/R = 0.2.  The 
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stress intensity factor solution for a Brazil disc fracture specimen is available in 

[31].   For a given failure load P = Pf, the stress intensity factors were determined 

as detailed in [31]; these were then used in eqn. (5) to calculate the interface 

fracture toughness I corresponding to the particular phase angle , as detailed in 

[28, 29].   

 

3.3 Fracture toughness of steel/grout and concrete/grout interfaces 

 

The interface fracture toughness is shown in Figure 9 as a function of both the 

remote loading phase angle  and the interface phase angle    As expected, the 

interface fracture resistance increases with increasing magnitude of the interface 

phase angle, with the maximum toughness occurring for pure remote shear ( = 

77o for steel/grout and  = 80o for concrete/grout).  We note that the fracture 

toughness for the steel/grout interface when o77  is about three times greater 

than for when o13 , while for the concrete/grout interface the fracture 

toughness at o80 is almost ten times greater than when o10 .  Numerical 

studies of fibre pull-out in composite materials show that crack growth for shorter 

initial interface debonding (less than the fibre diameter) is dominated by the mode I 

while growth of longer initial interface debonding is dominated by the mode II.  For 

the material combination and anchorage system considered in the current 

investigation, o80 as the mode II component of the interface stress field near 

the crack tip increases. 

 

More importantly is the significant difference in the magnitude of the fracture 

toughness for the steel/grout and concrete/grout interface; the former is 

significantly greater at the same loading phase angle.  For pure mode II remote 

loading, which is most relevant to ground anchorages, the toughness of the 

steel/grout interface is nearly 2.5 times greater than that for the concrete/grout 

interface.  This explains why failure occurred at the concrete/grout interface in the 

present study rather than at the steel/grout interface in the pull-out tests described 

earlier; concrete has been used in this study as a model material for rock or soil 

formation where anchorages are usually deployed. Although a drilled borehole will 

have a rougher surface and higher concrete/grout toughness than for the smooth 
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borehole surface was used in the model anchorage, the quantitative concrete/grout 

and steel/grout interface toughness presented in this paper will be useful in 

assessing the likelihood of failure at the two interfaces in a ground achorage.     

 

4  Conclusions 

 

The effect of debonding which may develop in ground anchorages during 

installation or in service on the load carrying capacity was studied by pull out 

experiments.  The rock or ground was modelled using concrete and the grout was 

an epoxy resin.  Both smooth bar and rebar were considered.  The load carrying 

capacity was shown to decrease with increasing length of pre-existing debond 

length at the steel/grout interface, and the failure load for the rebar was greater 

than for the smooth bar due to mechanical interlock.  Despite the presence of initial 

debond length at the steel/grout interface, crack growth and sliding occurred at the 

concrete/grout interface.  To the authors knowledge, there is no reported work in 

the literature providing a quantitative assessment of the effect of pre-existing 

debonding on the load capacity of ground anchorages. The results presented in 

this paper when used in conjunction with conditioning monitoring of ground 

anchorages can provide useful insight into the integrity of ground anchors. 

 

The fracture toughness of the concrete/grout and steel/grout interfaces was 

measured using the Brazil disc specimen over a wide range of loading phase 

angle.  The concrete/grout interface was quantitatively shown to have significantly 

lower fracture resistance than the steel/grout interface leading to the occurrence of 

failure at the concrete/grout by debonding in the model ground anchorage system.  

The results presented in this paper show that it is possible in a ground anchorage 

system with a relatively smooth borehole surface to have pull out from the 

ground/grout interface even when a crack exists at the bolt/grout interface.  

Therefore, this study shows how the interaction between the toughness of the 

tendon/grout and rock-mass/grout interface influences crack development and 

consequent reduction in load capacity which is vital when monitoring the integrity of 

rock bolts.   
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List of Tables 

 

Table 1:     Measured material parameters. The manufacturer’s quoted values,  
where available, are given in bracket. 

 

 

 

 

Figure Captions 

 

Figure 1  A schematic diagram of a ground anchorage system 
 
 
Figure 2     A schematic of the normalised shear stress along the anchor length 

at the grout/ground interface as function of moduli ratio, Ec / Eg.  Here 
Ec and Eg are the Young’s modulus of the grout and the ground 
respectively, ds  is the bolt diameter, and other parameters are as 
defined in the insert. Adapted from Coates and Yu [2] 

 
Figure 3 (a) A schematic diagram of the model anchorage system.  

(b) The model anchorage mounted on the testing machine. 
 
Figure 4 The mould used for casting the concrete and the borehole. 
 
Figure 5    Load - displacement curves with and without pre-existing debonding 
   for (a) smooth bar and (b) rebar. 
 
Figure 6  Influence of pre-existing debonding at the grout/bar interface on the 
   load capacity of anchorage. The debond length is a, and the diameter 
   of the bar is ds.   
 
Figure 7      Failure mechanism for (a) smooth bar and (b) rebar. 
 
Figure 8 A schematic of a sandwiched Brazilian disc specimen 
 
Figure 9   Interface fracture toughness as a function of the loading phase angle.  

(a) Concrete/grout interface and (b) steel/grout interface.  The data 
were obtained using Brazil disc specimen. 
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Table 1:      
Measured material parameters.  

The manufacturer’s quoted values, where available, are given in bracket. 
 

 Steel bar Concrete Resin grout 

Young’s modulus [GPa] 203 31.0 7 (6.5) 

Compressive strength [MPa] - 64.3 (60) 

Yield Strength [MPa] 600 - - 

Tensile Strength [MPa] 648 - 12 

Poisson’s ratio 0.30 0.20 0.32 

Linear coefficient of thermal 
expansion K

-1  5102.1   -  5108.5  
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Figure 3a 
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Figure 4  
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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