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Despite significant advancements in in situ test techniques, construction practices, understanding of rock
joint and rock mass behaviours, and numerical analysis methods, the design of bored concrete cast-in-
situ piles in rock is still largely based on the assessment of bearing capacity. However, for many of the
rock conditions encountered, the bearing capacity of piles is a nebulous concept and a figment of the
designer’s imagination. Even if it can be reasonably quantified, it has little, if any, significance to the
performance of a pile in rock. The load carrying capacity of even low strength rock (in most situations) is
far in excess of the strength of the structure (for example, a building column) transmitting the load.
Unsatisfactory performance of a pile in rock is usually a displacement issue and is a function of rock mass
stiffness rather than rock mass strength. In addition, poor pile performance is much more likely to result
from poor construction practices than excessive displacement of the rock mass. Exceptions occur for
footings that are undermined, or where unfavourable structure in the rock allows movement towards a
free surface to occur. Standards, codes of practices, reference books and other sources of design infor-
mation should focus foundation design in rock on displacement rather than strength performance.
Ground investigations should measure rock mass stiffness and defect properties, as well as intact rock
strength. This paper summarises the fundamental concepts relating to performance of piles in rock and
provides a basis for displacement focused design of piles in rock. It also presents comments relating to
how piles are modelled in widely used commercial finite element software for soil-structure interaction
analysis, within the context of the back-analysis of a pile load test, and proposes recommendations for
pile analysis and design.
� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Bored concrete cast-in-situ piles can be constructed in very low
strength to very high strength rock and from relatively intact rock
to intensely fractured rock. All loads applied from the surface to the
pile must be transferred through the interface between the pile and
the ground (i.e. through shaft resistance and base resistance). The
performance of the pile is defined by the characteristics of these
interfaces, the integrity of the concrete pile and the characteristics
of the surrounding rock mass. The characteristics of the shaft and
base interfaces are highly dependent on the properties and char-
acteristics of the rock mass, pile diameter and length, and the
construction technique adopted.
ochaden).
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
However, these factors are not normally considered in the
design of piles in rock. Piles in rock are still predominantly designed
based on estimates of ultimate bearing capacity using empirical
generic (non-site specific) rules based largely on unconfined
compressive strength (qu) of the rock with little, if any, consider-
ation of other factors. Settlement is often calculated as an after-
thought and based onmodulus values correlated with qu. The order
of magnitude scatter in the empirical data (Haberfield, 2013) means
that the possible range of design values and possible design per-
formance is large requiring significant prudency in design,
although significantly more economical and sustainable footing
solutions are possible with a little more thought in analysis and
design and the adoption of good construction practices.

Pile designers should have an understanding of the basic
mechanisms that control pile performance in rock as well as un-
derstand how pile construction processes can affect this perfor-
mance and be changed to obtain better and more reliable
performance.
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:alochaden@golder.com.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrmge.2018.10.001&domain=pdf
www.sciencedirect.com/science/journal/16747755
http://www.rockgeotech.org
https://doi.org/10.1016/j.jrmge.2018.10.001
https://doi.org/10.1016/j.jrmge.2018.10.001
https://doi.org/10.1016/j.jrmge.2018.10.001
http://creativecommons.org/licenses/by-nc-nd/4.0/


C.M. Haberfield, A.L.E. Lochaden / Journal of Rock Mechanics and Geotechnical Engineering 11 (2019) 535e548536
In addition, there are many instances that piles cannot be
considered to be acting in isolation, but instead must be considered
as part of a group where interaction effects can become significant
or need to be considered together with the superstructure (for
example, piles supporting tall buildings or large bridge piers/
abutments). There are now a large number of commercially avail-
able two-dimensional (2D) and three-dimensional (3D) software
packages that allow these complex interactions to be effectively
modelled (for example, FLAC, PLAXIS). In these packages, piles are
modelled in a variety of ways, but in many of them, the user has
very little control over the modelled pile performance other than to
specify pile shaft and base resistances, and the axial and bending
stiffness of the pile. The user also has limited control over the rate of
mobilisation of the shaft and base resistances which are funda-
mental to the modelled performance of the piles and the super-
structures. In the authors’ experience, in most instances the user
rarely considers if the pile performance calculated from the analysis
is reasonable for the piles that the user is trying to model.

Users of these programs need to understand how the software
package is modelling the pile, and whether the modelled perfor-
mance is reasonable.
2. Basic mechanisms controlling pile performance

2.1. Shaft resistance considerations

Like the shear strength of a rock joint, the shaft resistance of a
pile in rock is a frictional response that depends on the roughness
of the interface between the concrete pile shaft and the rock, the
base (or residual) friction angle of the interface, and the normal
stresses applied to the interface. Much of our understanding of the
behaviour of these rough rock interfaces comes from work carried
out in the 1960se1990s. Since that time, the considerable research
effort that has been applied to this area does not appear to have
advanced our understanding significantly. This is particularly the
case with our understanding of the development of pile shaft
resistance. Recently, many researchers seem to be content on
measuring shaft resistance and using curve-fitting processes and
empirical correlations to simulate the measured behaviour, rather
than improving our understanding of the mechanisms and pro-
cesses involved. For this reason, it is of value to revisit the early
research work, as this work provides insights into pile behaviour
that can be exploited during construction to obtain improved,
reliable and predictable pile performance.
2.2. Development of shaft resistance

Building on the early work on rock joints by Patton (1966) and
Ladanyi and Archambault (1969), Johnston and Lam (1989)
Fig. 1. Idealisation of pile roughness using regular triangular asperities (adapted from Joh
inclination; l is the wavelength; x is the shear displacement; and j is the dilation height.
developed an early model of pile shaft friction based on a simple
triangular idealisation of the roughness of the pile shaft/rock
interface. This early model was based on the results of extensive
experimentation which led to the development and refinement of
specialised direct shear apparatus, specifically designed for simu-
lating the performance of a pile shaft in rock. The evolution of this
equipment can be observed from Williams (1980), Lam and
Johnston (1989) and Seidel (1993). Similar equipment has also
been developed and used by others (e.g. Ooi and Carter, 1987;
Indraratna et al., 1998).

The simple triangular representation of roughness model first
used by Patton (1966) is useful to understand the development of
pile shaft resistance. In this model, the rock joint or pile shaft/rock
interface is made up of identical regular triangular asperities as
shown in Fig. 1a. Such interfaces have been tested in direct shear by
many investigators (for example, Patton, 1966; Johnston and Lam,
1989; Seidel and Haberfield, 2002a; as well as many others) and
two basic and apparently independent mechanisms have been
identified: initial sliding along the surface of the asperities and then
shearing through the intact asperities.

Initial sliding on uncemented interfaces is found to occur ac-
cording to the following simple frictional relationship (Patton,
1966):

s ¼ s tanð4b þ qÞ (1)

where s is the sliding shear stress, s is the average normal stress
applied to the joint, 4b is the base or residual friction angle (4r) of
the joint and q is the asperity inclination.

Some important observations from this simplified sliding model
are:

(1) The higher the base friction angle of the interface, the higher
the sliding resistance of the interface;

(2) The steeper the asperity angle, the higher the sliding resis-
tance of the interface; and

(3) The higher the normal stress, the higher the sliding resis-
tance of the interface.

On commencement of sliding on the interface, the contact area
between the concrete and the rock is reduced to the leading face of
each asperity. The contact area then progressively reduces as shear
displacement of the interface increases (Fig. 1b). This results in an
increase in the local normal stress acting on the asperities due to
the reduced contact area. The interface behaviour at this time is
dilatant as shear displacement of the interface occurs by sliding up
the inclined asperity face. Eventually, a critical normal stress/shear
stress combination is reached that the asperities can no longer
sustain and individual asperity failure occurs, usually by shearing
nston and Lam, 1989). sn is the normal stress; s is the shear stress; q is the asperity



C.M. Haberfield, A.L.E. Lochaden / Journal of Rock Mechanics and Geotechnical Engineering 11 (2019) 535e548 537
through the asperity. This represents the peak strength of the
interface.

Some important observations from this simplified shearing
model are:

(1) The higher the strength of the asperity (intact rock strength
or concrete strength, whichever is lower), the higher the
shear stress (and as a result greater shear displacement) to
cause asperity failure;

(2) The wider the asperity base, the higher the shear stress (and
as a result greater shear displacement) to cause asperity
failure; and

(3) The higher the normal stress (provided it is well below the
unconfined compressive strength, qu, of the rock or concrete,
whichever is lower), the higher the shear stress required to
cause asperity failure.

Considering these two mechanisms together indicates the
following basic behavioural characteristics of this simplistic
interface:

(1) The strength of the interface increases with base friction
angle of the interface, the height and base length (or equiv-
alently the amplitude and wavelength) of the asperities, and
the normal stress on the interface; and

(2) The rate of mobilisation of the interface strength (or shear
stiffness) increases with increases in the base friction angle,
the asperity angle and the normal stress on the interface.

After asperity failure, the post-peak deformation continues by
sliding along a failure surface through the rock asperity which is
now at or close to the residual strength. As a result, the shear stress
mobilised on the interface reduces and the interface usually be-
comes contractant rather than dilatant. All of these characteristics
have been confirmed by the testing identified above.

In this simplified roughness profile, the mechanisms of sliding,
shearing and post-peak sliding occur sequentially on each asperity
but simultaneously on all asperities due to all asperities in the
interface being identical. This does not happen in the field, as
interface roughness is not uniform but highly irregular. As
described below, this has a significant influence on the develop-
ment of shear strength and the shear behaviour of real concrete/
rock interfaces.

Haberfield and Johnston (1994), Kodikara and Johnston (1994a),
and Seidel and Haberfield (2002b) progressively extended this
simplistic regular asperity model to incorporate triangular asper-
ities of a range of asperity angles and heights, which, although still
idealistic, provided a more realistic simulation of real roughness.
The incorporation of irregular triangular asperities complicated the
behaviour at the interface considerably, with asperity sliding,
shearing and post-peak sliding all occurring simultaneously. In
effect, the steepest asperity would initially carry the load, as sliding
on this asperity face meant that other less steep asperities were no
longer in contact. As sliding on the steepest asperity continued, the
combination of local normal and shear stresses exceeded the
strength of the asperity, causing the asperity to shear. The next
steepest asperity would then come back into contact, and the
normal load acting on the interface would now be shared between
the failed steepest asperity and the next steepest asperity. The
shear resistance resulted from the addition of shear resistance from
the post-peak sliding on the failed steepest asperity and the initial
sliding on the next steepest asperity. This process continued as
interface displacement increased, with less steep asperities grad-
ually becoming involved in providing resistance as the steeper as-
perities sheared.
The above process assumes that the asperities are essentially
rigid-plastic e i.e. the asperities do not deform under loading.
However, this is not the case and asperities will deform under both
the applied shear and normal stresses. Deformations are not
however restricted to the loaded asperity, but also for a finite area
around each asperity. As a result of these elastic deformation fields,
load sharing of the normal stress between asperities of different
inclinations occurs. In general, the steepest asperities will attract
the greatest load, and shallower asperities will be more lightly
loaded, or may even carry no load if they come out of contact. At a
finite displacement, themost highly stressed asperitywill fail, and a
proportion of its load will be gradually redistributed amongst other
asperities. At any stage during interface displacement, there will be
sliding, shearing and post-peak sliding occurring simultaneously.
All mechanisms contribute to both the shear strength and dilatancy
of the interface.

The boundary condition in the abovemodels is a normal load, or
an average normal stress applied to the interface. If this normal load
is constant, then the interface shearing occurs under a constant
normal load condition which is commonly used in direct shear
testing. However, as explained by Johnston (1977), the boundary
condition at a pile/rock interface in situ is very different due to the
confinement provided by the surrounding rock mass. During the
dilatant phase of shearing of the interface, the dilation of the
interface, j, is resisted by the stiffness of the surrounding rock
mass. This results in an increase in the normal stress acting on the
interface (above that initially applied), and as a result, for the rea-
sons set out above, an increase in the peak shear strength and rate
of mobilisation of shear strength on the interface.

By simulating the dilation of the pile/rock interface (and hence
the pile) as an expanding cylindrical cavity in an elastic half-space,
Johnston (1977) developed the following simple relationship to
estimate the relationship between the increases in normal stress,
Dsn, and the dilation, Dr, of the pile/rock interface:

Dsn ¼ Em
1þ mm

Dr
r

(2)

where r is the original pile radius; Em and mm are the rock mass
Young’s modulus and Poisson’s ratio, respectively. The stiffness, Km,
resisting the dilation is obtained by rearranging Eq. (2) to obtain

Km ¼ Dsn
Dr

¼ Em
rð1þ mmÞ (3)

As the dilation of the socket is relatively small compared to pile
diameter, the normal stiffness, Km, remains relatively constant. The
pile shaft response is thus governed by what has become known as
constant normal stiffness (CNS) condition. The specialised direct
shear apparatus identified above were developed and refined to
provide this CNS boundary condition.

It is well known (e.g. Williams et al., 1980) that shaft resistance
reduces with the extent of fracturing in a rock mass. This is
consistent with the CNS condition, as the normal stiffness provided
by a fractured rock mass (which has a significantly lower rock mass
modulus) is significantly less than that for a less fractured rock
mass, with all other factors being constant. As a result, the increase
in normal stress due to socket dilation is significantly less, and this
causes a reduced shaft resistance.

Another important outcome of the relationship between dila-
tion of the pile/rock interface, normal stiffness and pile shaft
resistance is that shaft resistance not only depends on the prop-
erties of the rock in which the pile is located, but also on the
diameter of the pile. On the basis of Eq. (3), theoretically at least, the
shaft resistance developed in a small diameter pile should be
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higher (and potentially significantly so) than the shaft resistance of
a larger pile in the same rock as the stiffness is greater for the small
diameter pile. Piles of significantly different diameters will also
affect different volumes of the rock mass (and hence potentially a
more extensive fracture network). The rock mass stiffness included
in Eq. (3) is therefore scale-dependent and this needs to be
considered in design. The impact of diameter is consistent with
experience, as well-constructed, small diameter rock anchors
(diameter of about 100 mm) have a significantly higher shaft
resistance (perhaps three times higher) thanwell-constructed piles
of larger diameter (say 1000 mm) in the same rock.

Nevertheless, the diameter of the pile is rarely considered by
designers when assessing design values of pile shaft resistance. This
is a significant oversight, especially when designing very large
diameter piles. The adoption of shaft resistance based on results of
load tests on smaller diameter piles is likely to be unconservative,
unless a correction is made for pile diameter.

Whilst there is an order of magnitude difference in stiffness
between the anchor and pile in the example above, this only results
in perhaps a three-fold increase in shaft resistance, due to another
important parameter e the roughness of the interface. Observa-
tions of anchor and pile holes in the same rock confirm that,
qualitatively, the roughness of the anchor hole is significantly less
than that of the pile hole. It is the ratio of roughness height to pile
diameter that is important. For example, a large diameter pile with
a relatively smooth socket (i.e. low roughness height) will have a
lower shaft resistance than a smaller diameter pile with the same
roughness.

Another factor which affects the shaft resistance is the initial
normal stress applied to the pile/rock interface. The process of
excavating the pile socket results in zero effective pressure acting
on the walls of the empty socket. The placement of concrete results
in a hydrostatic pressure in the socket due to the fluid weight of
concrete and this pressure is locked in as the concrete sets
(assuming that shrinkage of the concrete is minimal). In continuous
flight auger (CFA) piling, pressures greater than the hydrostatic
weight of concrete may become locked in. It follows that in deep
sockets, the initial normal stress acting at the pile rock interfacewill
likely be higher than that for shallow sockets. As a result, the
deeper socket may exhibit an initially stiffer response and a higher
shaft resistance, when all other factors are the same. The signifi-
cance of this impact will depend on the roughness and diameter of
the rock socket and the stiffness of the rock mass. For relatively
rough sockets in a relatively stiff rock mass, the increase in normal
stress due to socket dilation will quickly increase the normal stress
and the difference may be minimal. In a relatively smooth socket,
the difference can be significant.
Fig. 2. Approximation of roughness using the compass walking method (y
The mechanisms set out above are fundamental to the devel-
opment of shaft resistance in a pile in rock. Although these
mechanisms have been explained using a simple triangular
asperity model, these same mechanisms are observed in CNS direct
shear testing of irregular rough prismatic (2D interface, Seidel and
Haberfield, 2002a) and in interfaces containing random 3D
roughness similar to that measured in natural rock sockets (Pearce
and Haberfield, 2000; Pearce, 2001). It would therefore appear
reasonable that the same mechanisms occur in a pile in rock.

Many researchers have provided contributions in respect to
suitable methods for quantifying roughness of surfaces. These
methods recognise, in one way or another, that roughness is
random and scale-dependent. This important concept is illustrated
in Fig. 2 using the compass walkingmethod from the field of Fractal
Geometry (Seidel and Haberfield, 1995a). A compass is opened to a
set radius and then stepped across the upper (“actual”) profile in
Fig. 2. A chord is drawn from one intersection point to the next;
thereby forming a profile consisting of chords all of the same
length. The profiles that result from this process for chord lengths
of 2mm, 8mm, 24mmand 96mmare shown by successive profiles
also included in Fig. 2. The inclination of each chord can be
measured and these inclinations can be analysed to determine the
mean chord angle and standard deviation of chord angle for that
chord length. The distribution of chord angles appears to follow a
Gaussian distribution (Reeves, 1985; Baycan, 1997). Using trigo-
nometry, the standard deviation of chord angle at each chord
length can be converted into an effective roughness height. In
general, as the chord length increases, the standard deviation of
chord angle decreases and the effective roughness height increases.
Fig. 2 also indicates that the roughness can be visualised as a
combination of wavelengths, with shorter (small-scale) wave-
lengths being superimposed on longer (large-scale) wavelengths.
That is, in the context of the simple triangular model set out above,
socket roughness includes small steep asperities and long flat as-
perities, and a range of asperity shapes in between all super-
imposed on one another (in a similar manner to Fourier series
analysis). As noted above, the shape of an asperity has a significant
effect on the rate of mobilisation of shear resistance and the
magnitude of peak shear resistance.

This can be directly related to pile performance. Results of static
load tests and laboratory direct shear tests (Seidel, 1993) indicate
that while peak shaft resistance is dependent on the long wave-
length (or large-scale) roughness, it is the small wavelength
roughness that influences deformation behaviour of the pile at
working loads. That is, the greater the small-scale roughness, the
faster the rate of mobilisation of shaft resistance and the greater the
stiffness of the loadedisplacement response of the pile (Seidel,
axis to show relative scale of roughness only, note exaggerated scale).
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1993; Haberfield and Seidel, 2000). The larger the long-scale
roughness, the greater the shaft resistance. The implications for
pile performance are obvious and the practice of artificial rough-
ening of rock sockets is well established in industry.

The intent of artificial roughening of sockets should not be to
form grooves in the socket wall but to generally roughen the socket
wall. The formation of steep sided grooves in the socket wall may
actually be detrimental to pile performance as it enhances brittle
rather than ductile load displacement performance and may ach-
ieve a lower pile resistance due to loss of the strengthening effects
caused by dilation of the socket (whichmay not occur if grooves are
steep sided).

The above discussion assumes perfect contact between a pile
shaft and the rock. It is well known that rock smear or bentonite
filter cake can greatly reduce shaft resistance (for example, Pells
et al., 1980; Williams, 1980; Holden, 1984). As demonstrated by
Cheng (1997), this is entirely consistent with the mechanisms set
out above. The introduction of smear or a bentonite filter cake to
the pile/rock interface provides a lower friction “cushion” between
the concrete and the rock which reduces the impact of socket
roughness (and hence dilation and normal stress) and the base
friction angle, resulting in a lower shaft resistance and rate of
mobilisation of shaft resistance. The greater the thickness of the
smear or filter cake, the greater the influence on shaft resistance. A
pile constructed with thick smear or filter cake (of the order of the
roughness height) will only achieve a shaft resistance equal to the
strength of the smear or filter cake (for example, perhaps 20 kPa).

The use of polymer drilling fluid does not appear to have any
detrimental effect on the shaft resistance other than perhaps
reducing the effective bonding at the pile/rock interface. This is
because it does not affect the key characteristics of the pile/rock
interface set out above (Cheng,1997; Cheng et al., 1998;Majano and
O’Neill, 1993; O’Neill et al., 1995).
Fig. 3. Empirical correlations between ultimate shaft resistance and rock unconfined compre
Armitage, 1984).
On the basis of the above discussion, there are several key
characteristics that affect the development of shaft resistance of a
pile in rock. These include (Haberfield, 2013):

(1) Rock mass stiffness together with pile diameter and rough-
ness defines the increase in normal stress in a socket due to
dilation of the pile socket during shaft displacement;

(2) Intact rock strength together with large-scale roughness
impacts the degradation of the interface and ultimate shaft
resistance;

(3) Intact rock strength together with short scale roughness
impacts the rate of mobilisation of shaft resistance;

(4) Base friction angle of the interface together with roughness
governs the shaft resistance developed as a function of the
increasing normal stress;

(5) Pile length which impacts the initial normal stress on the
socket interface, and hence the initial stiffness of the pile
load settlement response and potentially the ultimate shaft
resistance; and

(6) Cleanliness of the pile/rock interface. The presence of rock
smear or bentonite filter cake can significantly reduce the
shaft resistance and rate of mobilisation of shaft resistance.

In the authors’ view, the above factors are the primary reasons
for the order or magnitude scatter in published empirical shaft
resistance data as shown in (for example) Rowe and Armitage
(1984) e see Fig. 3. The ultimate shaft resistance is obtained by
multiplying the adhesion factor assessed from Fig. 3 for the appli-
cable intact rock strength by the unconfined compressive strength
of the intact rock. The discussion above clearly identifies that the
intact rock strength is only one of many factors that impact shaft
resistance. However, it provides a convenient characteristic value
that is easily measured.
ssive strength (after Williams et al., 1980; Horvath, 1982; Horvath et al., 1983, Rowe and
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To the authors’ knowledge, there is only one theoretical method
available that allows all of the above factors to be considered in the
assessment of shaft resistance for piles in rock. This method is
described in Seidel (1993) and Haberfield and Seidel (2000) and
allows the full shaft resistance versus displacement response for a
pile to be calculated based on the input of the key parameters set
out above. Seidel (1993) developed a program called ROCKETwhich
incorporates the key features set out above. Unfortunately, this
program is not readily available to the wider engineering com-
munity, but the algorithms embedded in the program are provided
in Seidel (1993), Haberfield and Seidel (2000) and Seidel and
Haberfield (2002b) and can be implemented using a spreadsheet.

Collingwood (2000) provided a simplified (“back-of-the-enve-
lope”) approach which used ROCKET to develop easy-to-use charts
which provide an estimate of peak shaft resistance. However, no
information on the displacement required to mobilise peak shaft
resistance is provided.

Both of these methods require input of the key parameters set
out above (not only qu), most of which can be readily measured or
estimated. A key parameter which is not easily measured is
roughness, although with modern instrumentation, measurement
of roughness is becoming more practical and may soon become
relatively common practice for major projects involving bored
piling in rock. The roughness of the socket depends on the intact
rock properties, the structure in the rock and the characteristics of
the drilling equipment used. That is, socket roughness (and hence
shaft resistance) is project specific, with shaft resistance obtained
being highly dependent on the equipment and competency of the
piling contractor and on the characteristics of the rock at the project
site.

In the interim, the guidance provided by Seidel and Haberfield
(1995b) and later revised by Collingwood (2000) and Seidel and
Collingwood (2001) may be useful. The guidance provides upper
and lower values of roughness parameters for piles as a function of
rock strength. The Collingwood (2000) recommendation is shown
in Fig. 4, and indicates that using conventional piling equipment,
the maximum roughness is obtained in low strength rock with
Fig. 4. Effective roughness height versus rock strength (Williams and Ervin, 1980; S
unconfined compressive strength between about 2 MPa and 5 MPa.
The effective roughness heights in Fig. 4 correspond to a 50 mm
chord length, which, when used with the above approaches, has
been found to provide a reasonable estimate of ultimate shaft
resistance and a conservative estimate of pile initial stiffness and
displacement to the peak shaft resistance.

Whilst knowledge and understanding of the development of
shaft resistance are reasonably well developed, designers continue
to use non-site specific empirical correlations to estimate design
shaft resistance values based only on the strength of the intact rock.
In the absence of site-specific static load testing to failure, many
designers assess the ultimate shaft resistance based on a non-
project specific, empirical data set obtained from the results of
static load testing similar to that shown in Fig. 3. For a clean socket,
a conservative designer might adopt a shaft resistance using an
ultimate shaft resistance value estimated using a ¼ 0.2, whereas a
more optimistic designer might use a¼ 0.45 or even higher (noting
that a is dimensionless). For a rock with an unconfined compressive
strength of 4 MPa, this equates to design shaft resistance values of
400 kPa and 900 kPa, respectively. If the designer is able to influ-
ence the way in which the pile is installed (for example, by
providing a specification for roughening, cleaning and concreting
and ensuring that these activities are undertaken to his/her satis-
faction), then a value towards the upper end of the range might be
adopted.

Clearly, there is significant benefit to be had from an easy-to-use
but rigorous method of assessing design shaft resistance versus
displacement performance, based on the key characteristics set out
above and the implementation of more stringent controls during
pile construction.

The discussion above is primarily focussed on shaft resistance
for piles subjected to axial compression. It has however become
common to adopt an additional reduction factor on shaft resistance
for piles subjected to axial tension (for example, Eurocode 7 (BSI,
2004) recommends equivalent reduction values of 0.625e0.91).
Themechanisms set out above applywhether the pile shaft is being
pushed down or pulled up, so it is unclear as to why this additional
eidel et al., 1996) (after Collingwood, 2000). D is the diameter of the anchors.



Fig. 5. Schematic of development of base resistance for piles in jointed rock (after
Haberfield, 2013).
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reduction factor is applicable, except perhaps in very smooth rock
sockets where the roughness of the pile shaft is not sufficient to
counteract reduction in the diameter of the pile shaft due to the
Poisson’s ratio effects resulting from tension loads imposed on the
pile. Perhaps the additional reduction factor also provides an extra
level of comfort in respect to the absence of additional support
provided by base resistance when piles are loaded in tension.

2.3. Base resistance considerations

Due to the relatively higher strength of rock (compared to soil),
the ultimate base resistance of a pile in rock can be large andwell in
excess of the ultimate structural strength of the pile column. This
occurs even in piles which contain a significant thickness of debris
or softer material at the base of the pile which has been, for
example, left behind by ineffective base cleaning, or settled out of
the drilling fluid (or water) in the pile hole during placement of
reinforcement or due to delay in concreting. This is because under
loading, the pile will displace and will gradually compress the base
debris, resulting in a gradual increase in the base resistance until
the full ultimate base resistance is eventually mobilised.

The ultimate base resistance of a pile in rock is therefore not of
great significance to pile design and performance, as it is the rate of
mobilisation of the base resistance that controls the displacement
of the pile, and hence the performance of the pile under service-
ability (SLS) and ultimate limit state (ULS) conditions.

The measurement of ultimate base resistance for piles in rock is
often impractical due to the very high pile loads required to
displace the pile sufficient distance to mobilise ultimate base
resistance. Haberfield (2013) provided an analysis of the results of
pile load test results published in Zhang and Einstein (1998) and
Williams (1980). All the test results reported are for low-to-
medium strength rocks with unconfined compressive strengths
less than 10 MPa. On the basis of his analysis, Haberfield (2013)
concluded that:

(1) The only tests that achieved the ultimate base resistance
were those undertaken on piles with zero embedment (i.e.
circular footings at the surface), with an ultimate base
bearing resistance qb of greater than 5 times the unconfined
compressive strength of the intact rock (i.e. for footings at the
surface, qb > 5qu);

(2) All the tests on piles with embedment depths of greater than
two pile diameters into rock, did not reach failure and as a
result, the peak base resistances achieved in the test (which
varied generally from 2qu to 35qu) were an underestimate of
the ultimate base resistance;

(3) In general, the maximum base resistance measured in the
tests increased with pile displacement;

(4) Piles with embedment depths greater than five pile di-
ameters (and which were taken to relatively large displace-
ments) generally mobilised base resistances in excess of
10qu;

(5) A reasonable lower bound estimate of ultimate base resis-
tance at a displacement of 10% of pile diameter is 5qu irre-
spective of the embedment of the pile; and

(6) In extremely fractured rock, significantly lower bearing
pressures were measured at the same pile displacement.

The lower bound estimate of base resistance of 5qu is reasonably
consistent with the ultimate base resistance of piles in clay
embedded by at least 5 diameters (for example, Tomlinson and
Woodward, 1997), in which nine times the undrained shear
strength su (i.e. 9su) is approximately equivalent to 4.5qu. However,
in general, the ultimate base resistance of a pile in rock is usually
significantly higher than 5qu, due to the usually low porosity (and
compressibility) of the rock which constrains theway that failure of
the rock mass below the toe of the pile can occur.

Haberfield (2013) argued that for many piles in rock, there is no
practical limit to bearing pressure that can be applied at the base of
the pile (other than that defined by the structural strength of the
pile column) and for this reason, there is no sense in trying to assess
an ultimate base bearing pressure. Considering the schematic of a
pile within a rock mass as shown in Fig. 5, we assumed that the
jointed rock mass is a dense, dilatant material. As the pile load is
increased, a stress bulb develops and expands below the toe of the
pile. This increasing load will eventually result in yielded zones
developing beneath the pile. As the rock is dense with a low
porosity, the yielded zones must dilate, and this dilation occurs
against the stiffness of the surrounding rock, thereby increasing the
normal stress on the yielded material and hence increasing its
strength (in much the same way as was explained above for shaft
resistance). As the pile loading continues to increase, the extent of
the yielded zones grows until the surrounding rock fractures in
tension (Johnston and Choi, 1985). However, the propagation of the
tensile cracks also occurs against the stiffness of the rock, and as a
result the pile continues to take load.

The above mechanism is characteristic of dense dilatant rocks
and may be muted or absent in intensely fractured rock masses or
high void ratio rocks such as carbonate rocks. Haberfield (2013)
argued that the presence of defects in the rock mass does not
impact to any practical degree the maximum bearing pressure that
can be achieved, but does influence the rate at which the end
bearing resistance mobilises.

The conclusion from this is that the base response of the ma-
jority of piles in rock is a work-hardening response, with the pile
able to continue to bear additional load until the concrete column
of the pile fails. However, the displacements required to achieve
bearing pressures in excess of 2e3 times the intact unconfined
strength of the rock are relatively large and are usually well beyond
the serviceability considerations for the pile.

As noted above and demonstrated below, the structural strength
of the concrete pile column often provides an upper practical limit
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to the pile ultimate load. For example, most concrete standards
around the world limit the compressive strength in the concrete of
a bored cast-in-situ pile to about one third of the characteristic
compressive strength of the concrete (for example, Australian
Standard AS3600 (Standards Australia, 2009) recommends a
maximum allowable compressive stress in concrete ranging be-
tween 0:27f 0c and 0:45f 0c, where f 0c is the characteristic strength of
the concrete). Similarly, most piling codes recommend a reduction
factor of between 0.45 and 0.7 on the geotechnical strength of a
pile. Adopting typical strength reduction values of 0.33 for concrete
and 0.65 for rock and equating factored concrete strength to
factored geotechnical strength of the pile mean that the concrete
pile strength governs once the axial stress in the pile fa > 0.33f 0c to
0.65f 0c. For example, assuming a strength reduction factor of 0.5
(i.e. the average of the typical strength reduction values for con-
crete and rock presented above) and a pile concrete characteristic
strength of f 0c ¼ 60 MPa, the concrete strength of the pile governs
once the axial stress in the pile, fa exceeds 30 MPa (i.e. fa > 0.5f 0c).
Assuming the pile resists the applied load in end bearing only and
the maximum end bearing stress that can be applied to the rock is
10qu, then the required intact rock unconfined compressive
strength is qu ¼ 30/10 ¼ 3 MPa.

The inclusion of shaft resistance will reduce the required
strength of the rock further. For example, consider a 1 m diameter
pile embedded 5 m into rock. Assuming that the ultimate shaft
resistance for the pile is given by fsu ¼ 0:3

ffiffiffiffiffi
qu

p
, the axial

geotechnical strength of the pile is given by the sum of the shaft
and base resistances:

fa ¼ 0:3
ffiffiffiffiffi
qu

p
p� 1� 5þ 10qup

�
1
2

�2

¼ 4:7
ffiffiffiffiffi
qu

p þ 7:9qu (4)

Dividing by the cross-sectional area of the pile results in fa ¼
6

ffiffiffiffiffi
qu

p þ 10qu ¼ 30 MPa, which results in a required intact rock
strength of about 2 MPa. That is, if the rock has qu > 2 MPa
(approximately), the pile base bearing capacity should not be a
design issue, as concrete strength will control.

The above example calculation can be carried out for other
combinations of strength reduction factors, pile dimensions and
concrete and rock strengths. However, what is clear from this
simple calculation is that for most piles in low or better strength
rock, geotechnical ULS considerations are not critical. It is the
displacement of the pile and SLS considerations that are critical to
the design of a pile in rock.

There are multiple methods that allow the displacement of the
toe of a pile to be calculated, ranging from simple analytical elastic
solution calculations to advanced numerical methods using
nonlinear constitutive laws. As identified above, the base bearing
pressure of a pile in rock increases with pile load, and the ultimate
bearing capacity (if it could be mobilised) occurs at pile displace-
ments well in excess of 10% of pile diameter. For this reason, only a
very small portion of the available pile end bearing resistance is
mobilised at pile head displacements that meet usual serviceability
requirements for individual piles of about 20 mm. As a result, for
well-constructed piles free of base debris, elastic solutions provide
a reasonable basis for estimating the pile settlement due to the base
bearing pressure.

In order to calculate settlement due to base bearing pressure
using elastic solutions (for example, Poulos and Davis, 1974), the
Young’s modulus of the rock mass (Em) is required. Ideally this
needs to be measured during a geotechnical investigation (for
example, from pressuremeter tests (Benson and Haberfield, 2003))
or estimated from correlations with unconfined compressive
strength and knowledge of the discontinuities in the rock (for
example, Hoek and Diederichs, 2006). On the basis of this
information, typical ratios of Em/qu vary from about 400 in intact
rock with few fractures to about 50 in extremely fractured rock.

The above discussion has assumed that there is no debris at the
base of the pile. This requires appropriate construction procedures
to be implemented. The presence of base debris will not signifi-
cantly reduce the ultimate base resistance of the pile, but it will
significantly increase the displacement required to mobilise the
design base resistance. For this reason, it is imperative that piles are
constructed with clean bases, or alternatively, the piles should be
designed such that a majority (if not all) of the serviceability load
can be safely carried by (factored) shaft resistance only. The impact
of base debris on pile load settlement performance is considered in
detail by Xu et al. (2018).

Even if accepted base cleaning methods are adopted and carried
out competently, it is likely that some debris will remain at the base
of the pile. If concrete is placed with a tremie, some of this base
debris may be carried away on the top of the rising concrete col-
umn, whilst the remainder will tend to be pushed to the edge of the
pile base, potentially forming an annulus of debris material around
the outer edge of the pile. For this reason, it is prudent to reduce the
effective base area of a pile for serviceability calculations (unless a
clean base can be ensured and confirmed). A reasonable and pru-
dent assumption for design would be that 50% of the base area is
effective for serviceability calculations. The full base area may be
used for ULS calculations, but the designer should be aware that the
pile head settlement required to achieve this may be significant.

2.4. Overall pile performance

The above discussion considers pile shaft and pile base re-
sistances separately. However, these two components of resistance
are developed together in response to the load applied (and hence
displacement) of the pile. In combining the shaft and base resis-
tance into an overall assessment of pile load displacement
response, it is essential that the rates of mobilisation of each
component are considered.

A general rule based on experience of static load testing is that
shaft resistance is fully mobilised at a displacement of about 1% of
pile diameter (with a range typically between 0.5% and 2% of pile
diameter), whilst base resistance mobilises much more slowly and
is not fully mobilised until pile displacements in excess of 10% of
pile diameter are attained (Haberfield, 2013).

This highlights the inconsistency in the pile design approaches
and recommendations incorporated into most technical reference
books, standards and codes of practice around the world. The
approach generally adopted in these documents is to calculate the
ultimate geotechnical capacity of the pile based on estimates of
ultimate shaft and base resistances and then apply a suitable
strength reduction factor to the sum of these two components. As
pile shaft and base resistance mobilise at very different rates, this
approach is only correct at the ultimate geotechnical capacity of the
pile.

A more rational approach is to design piles in rock using tech-
niques which account for the different mobilisation rates of shaft
and base resistance. Such approaches need to be based on
serviceability rather than working or ultimate load considerations.
There are a number of pile programs that are commercially avail-
able (for example, RATZ (Randolph, 2003)) as well as othermethods
that have been developed for piles in soil (for example, Coyle and
Reese, 1966; Ni et al., 2017; Zhang et al., 2010; Zhang and Zhang,
2012) that allow shaft and base resistances to be combined in a
rational manner. Whilst these programs have been developed for
piles in soil, they can also be applied to piles in rock, provided the
correct inputs are used. Alternatively, approaches developed spe-
cifically for piles in rock (for example, Kodikara and Johnston,
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1994b; Seol and Jeong, 2009; Seol et al., 2009) can be easily
implemented into a spreadsheet. In using any of these methods,
designers need to confirm that the rates of mobilisation of shaft and
base resistances assumed in the analyses are reasonable (and
consistent with the above observations or with observations from
site-specific pile load test results).

Due to the different mobilisation rates of shaft and base resis-
tance, the performance of piles in very low to low strength rock at
SLS loads is dependent predominantly on the shear resistance
developed at the interface between the concrete shaft and the
surrounding rock, i.e. shaft resistance. The base resistance also
provides some resistance to the serviceability load, but in general
its contribution is much less than shaft resistance (particularly for
relatively long piles in weak rock). For this reason, it is common for
piles in relatively weak rock to be designed such that serviceability
loads are carried predominantly by shaft resistance, and that the
available base resistance is only relied on for the ultimate loads (i.e.
ULS).

For piles with short sockets (usually in more competent rock),
base resistance is the primary component of pile resistance. As with
long sockets, serviceability considerations also dictate the design of
piles with short sockets.
2.5. Optimising pile performance

As discussed above, there are many factors that affect the load
displacement performance of piles in rock. Some of these factors,
such as rock properties, are fixed and cannot be changed; whilst a
number of others (pile diameter, roughness, use of drilling fluids,
removal of smear and base debris) can be influenced by the
designer and implemented during construction. An understanding
of these factors provides the pile designer with opportunities that
can be exploited during pile design and construction to obtain
improved, reliable and predictable pile performance. Such exploi-
tation could potentially include:

(1) Artificial roughening (not grooving) of sockets to improve
both long wavelength roughness (to increase shaft resis-
tance) and short wavelength roughness (to increase the
initial stiffness of the pile load displacement response) and to
remove rock smear accumulated during drilling of the
socket. Artificial rougheningmay be difficult or impractical in
rocks with qu values greater than about 10 MPa;

(2) Using water during socket cleaning of dry sockets to wash
smear from the side of sockets;

(3) When pile hole support is required during pile hole excava-
tion, polymer can be used in preference to bentonite to
produce a clean pile rock interface free of filter cake. If con-
ditions are such that bentonite must be used, then good
bentonite management is essential;

(4) In smooth sockets, use no-shrink concrete, or potentially
concrete that expands during setting to increase initial
normal stress on the pile/rock interface and improve shaft
resistance and initial pile stiffness; and

(5) Adopt the minimum pile diameter such that the pile meets
structural requirements and adjust socket length to achieve
required geotechnical performance.

However, ultimately, the load deformation performance of a pile
is entirely dependent on how well that pile is constructed. Suffi-
cient quality control and quality assurance measures must be in
place to ensure that the pile construction process is managed
appropriately so that the design intent is achieved. If suchmeasures
are not implemented, then the design of the piles must be based on
lower bound estimates of performance, at least in those aspects
that are not appropriately managed during construction.

Such quality control measures must also be practical and safe to
undertake. For example:

(1) It is often imprudent to dewater pile holes so that concrete
can be placed in the dry condition (rather than by tremie).
This is because dewatering of rock sockets, especially inweak
rocks, can lead to collapse of the socket, and poor concrete
can result from water seeping into the socket during
concreting;

(2) Manned entry into pile holes to confirm lithology and to
inspect the base of the pile hole is not required and is difficult
and costly to perform safely. The lithology can be reasonably
confirmed by inspection of drill cuttings and there are a
number of devices available suitable for inspecting the base
of sockets; and

(3) If there is a high reliance on base resistance and remote
socket inspection is not practical (for example, due to drilling
under polymer or bentonite), then other measures for
ensuring clean bases are available (for example, Ervin and
Finlayson, 2006), or if such methods are not practical, the
reliance on base resistance should be reduced.
3. Designing for serviceability

In order to design piles in rock based on serviceability, there are
a number of key parameters that need to be determined from the
geotechnical investigation. These include:

(1) Lithology e layers of different rock mass strengths and
stiffness values need to be identified, usually through a
suitable borehole investigation. This may be undertaken
based on different intensities of weathering or fracturing
within the rock mass;

(2) Rock mass Young’s modulus e can be assessed through
pressuremeter testing, seismic testing (appropriately cor-
rected for strain level), back analysis of pile load tests and
assessment based on empirical correlations with rock
structure (for example, geological strength index (GSI));

(3) Intact rock strength e usually assessed from qu tests, or in
stronger rocks, correlations with point load tests can be used
as the rock strength is not critical;

(4) Base friction angle of the rock e can be directly measured
from testing of smooth planar (cut) surfaces in direct shear or
assessed from mineralogy and grain size or previous
experience;

(5) Fracturing within the rock mass e provides an indication of
the levels of roughness that is likely to be achieved during
pile hole excavation and can indicate areas where the pile
hole may become unstable and require fluid support; and

(6) Groundwater level e to assist with pile construction meth-
odology assessment.

In addition, consideration needs to be given to variability and
some form of safety factor needs to be applied to the assessment of
pile displacement at serviceability loads. This is particularly the
case if there is high reliance on end bearing. Due to the interaction
between the various parameters affecting pile response and the
different rates of mobilisation of shaft and base resistances, such
safety (or reduction) factors should only be applied to the estimated
settlement performance of the pile and should not be applied to
individual input parameters. Standards should be revised to offer
guidance on safety factors for serviceability based design.
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4. Analysis of pile behaviour

4.1. Approaches

The approaches available for the design and analysis of piles
range from simple hand calculations to sophisticated 3D numerical
analysis based on partial differential equations (i.e. the finite dif-
ference and finite element methods). Although the former may be
acceptable for the design and analysis of single piles, the latter may
be required where complex soil-structure (or in the current context
rock-structure) interaction must be considered.

It is the experience of the authors that the adoption of the finite
element method in design, and in particular the PLAXIS suite of
software, has grown significantly in the past ten to fifteen years, to
the extent that it is now routinely used in design houses globally to
model the load deformation performance of piles. This growth can
be attributed to a number of factors, including the developments
and reduction in the cost of computational power, the ease with
which some software packages can be operated by those with little
understanding of the principles of the analysis method, and the
mistaken belief by some (clients and geotechnical engineers alike)
that the adoption of more complex analysis methods in itself leads
to more accurate results.

The way in which the rockestructure interaction is modelled in
two methods commonly adopted in PLAXIS analyses (i.e. the
embedded beam and volume pile) is presented below, followed by
a discussion of their relevant merits. The results of a back-analysis
of a pile load test using these methods and PLAXIS 3D are also
presented.

4.2. Background to two-dimensional pile analysis

4.2.1. Volume pile
An individual pile may be analysed in a 2D axisymmetric model

by considering the pile as a volume element at the centreline of the
model. An interface is typically adopted to consider the shear zone
between the structural element and the adjacent rock which has a
lower strength and stiffness to that of the adjacent rock. The
behaviour of the interface is typically described by linear elastic-
perfectly plastic behaviour. In the drained condition, the interface
will behave elastically if the following equation is satisfied (i.e. the
Coulomb criterion), otherwise plastic behaviour occurs:

jsj < �s0N tan4i þ ci (5)

where s is the shear stress mobilised at the interface between the
pile and the adjacent rock; s0N is the effective normal stress acting
on the interface; and 4i and ci are the friction angle and cohesion of
the interface, respectively.

The strength of the interface is defined by the strength prop-
erties of a rock layer and a strength reduction factor, Rinter, as
follows:

ci ¼ Rintercrock
tan4i ¼ Rinter tan4rock � tan4rock

�
(6)

where 4rock and crock are the friction angle and cohesion of the rock,
respectively.

The shear stiffness of the interface (Ks) is related to the shear
modulus of the interface (Gi) and the virtual thickness of the
interface (ti) as follows:

Ks ¼ Gi
ti

(7)

The shear modulus of the interface (Gi) is calculated from the
strength reduction factor (Rinter) and the shear modulus of the
adjacent rock (Grock) as follows:

Gi ¼ R2interGsoil � Gsoil (8)

The virtual thickness of the interface (ti) is calculated by PLAXIS
2D as the product of the virtual thickness factor and the global
element size. The interface can either be assigned the stiffness and
strength properties of the rock mass within which it lies (with an
appropriate Rinter value selected), or distinct stiffness and strength
properties. The latter is particularly useful in the back-analysis of a
pile load test, as discussed in Section 4.5.
4.2.2. Embedded beam rows
Embedded beam rows have been introduced by PLAXIS as a

means of modelling rows of piles (and other structures such as the
bonded length of a ground anchor) in the longitudinal direction (i.e.
plane-strain models only) that cause limited disturbance of the
surrounding rock during installation, and hence are a useful tool in
the analysis of piles in rock. The embedded beam interacts with the
elements representing the rock through interface elements, whilst
the mesh of the rock is continuous.

The interaction of the pile shaft and base with the adjacent rock
is described by linear elastic behaviour with a finite strength and
linear elastic-perfectly plastic behaviour, respectively. The
maximum allowable shaft (Tshaft,max) and base (Tbase,max) re-
sistances which the embedded beam can mobilise are provided as
inputs by the user. Alternatively, the shaft resistance can be related
to the strength properties of the rock in a similar way to that pre-
viously described in Section 4.2.1.

The axial, lateral and pile base interface stiffness values (RS, RN
and KF, respectively) are a function of the shaft stiffness factors, the
shear modulus of the rock (Grock), and the spacing between piles in
the longitudinal direction (Lspacing) as follows:

RS ¼ ISFRS
Grock
Lspacing

(9)

RN ¼ ISFRN
Grock
Lspacing

(10)

KF ¼ ISFKF
GrockReq
Lspacing

(11)

where ISFRS, ISFRN, and ISFKF are the interface stiffness factors; and
Req is the radius of a zone at the bottom of the pile in which rock
plasticity is not allowed.

The default interface stiffness factors may be defined as

ISFRS ¼ ISFRN ¼ ISFKF ¼ 2:5
�
Lspacing

D

��0:75

(12)

where D is the diameter or width of a pile of circular or square
cross-section.
4.3. Background to three-dimensional pile analysis

Piles may be analysed in a 3D analysis by considering the pile as
either a volume pile or as an embedded beam. The analysis of a pile
as the former is similar to that described above for a 2D analysis.
The discussion in this section is therefore limited to the embedded
beam only. The behaviour of the 2D embedded beam is similar to
that of the 3D embedded beam in the following ways:
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(1) The interaction of the pile shaft and base with the adjacent
rock is described by linear elastic behaviour with a finite
strength and linear elastic-perfectly plastic behaviour,
respectively; and

(2) The maximum allowable shaft (Tshaft,max) and base (Tbase,max)
resistances which the embedded beam can mobilise are provided
as inputs by the user. Alternatively, the shaft resistance can be
related to the strength properties of the rock (Eq. (13)).

For a circular pile of diameter D, the shear force (ts) along the
shaft will remain elastic if the following equations (assuming a
value of Tshaft,max being inputted by the user) are satisfied, other-
wise plastic behaviour occurs.

jtsj <
�
savgn tan4i þ ci

�
pD (13)

jtsj < Tskin;max (14)

where savgn is the average lateral stress of the rock around the pile.
The axial stiffness (Ks) and stiffness values in the other two di-

rections (Kn and Kt) are defined as follows:

Ks >> Grock (15)

Kn ¼ Kt ¼ 2ð1� mÞ
1� 2m

Ks (16)

where m is the Poisson’s ratio of the rock.
4.4. Discussion of modelling approaches

It is noted that the derivation of the default interface stiffness
factors for the 2D embedded beam is presented in Sluis (2012).
Based on Sluis et al. (2014) and PLAXIS (2018), this derivation ap-
pears to compare the rock displacements calculated from PLAXIS
2D analyseswith those from PLAXIS 3D analyses for a pile subjected
to different loading conditions (axial compression, axial tension,
and lateral, etc.), in which the behaviour of the surrounding rock is
modelled using a hardening plasticity constitutive model and the
groundwater table is assumed at the surface. Although PLAXIS
(2018) recommends that the interface stiffness factors should be
modified if the user’s conditions differ from the above, no further
guidance appears to be provided in this regard. Modification of the
interface stiffness factors would likely require the user to undertake
a similar derivation process to that undertaken by Sluis (2012),
using PLAXIS 3D on a case-by-case basis. The authors consider that
this is rarely undertaken by the typical designer, as it is both
impractical and defeats the purpose of the primary intention of the
implementation of the embedded beam, that is, to capture the 3D
nature of the pile row behaviour without the requirement to resort
to 3D analysis.

In the case of a 3D embedded beam, it appears that the stiffness
response of the pile to loading can only be modified by changing
the shear modulus of the adjacent rock material. This may be
acceptable when consideration is given only to the back-analysis of
a single vertical pile subjected to an axial load, but is unlikely to be
acceptable when the designer wishes to undertake the analysis of
more complex rockestructure interaction. For example, the artifi-
cial hardening of the rock adjacent to the pile shafts by the user
would significantly alter the response of a piled raft footing to
loading.

Modelling of the pile as a volume element allows the stiffness of
the interface itself to be altered without altering that of the adja-
cent rock mass. This means that, combined with the ease with
which the strength properties of the interface can be modified, the
designer has significantly more flexibility in back-analysing the
results of a pile load test by modelling the pile as a volume element
rather than an embedded beam. However, the adoption of the
embedded pile is simpler in terms of the modelling process (i.e.
geometry, and meshing, etc.) than the adoption of the volume pile.

4.5. Back-analysis of pile test

The back-analysis of load tests on single piles is commonly un-
dertaken to develop an understanding of the behaviour of the pile,
and to allow calibration of the adopted design methodology to the
measured data.

Williams et al. (1980) andWilliams (1980) presented the results
of pile load tests which were undertaken in a weak weathered
siltstone. These pile load tests are particularly useful because they
were undertaken in part to assess in isolation both the shaft and
base resistances of the pile. A detailed description of the pile testing
is not presented herein, but general details are provided below.

One of the piles tested by Williams (1980), referred to as pile
numberM1, has a diameter of 1.22m, an embedment (i.e. the depth
to the top of the pile from the adjacent ground surface) of 11.5 m,
and a length of 2 m. Flat jacks acted upwards on the base of the pile
to mobilise the shaft resistance and simultaneously downwards on
an end-bearing pile, the toe of which was at 15.5 m below ground
level. The pile was drilled through generally moderately weathered
siltstone (qu ¼ 2.5 MPa) and cast under bentonite. The pile test
setup is shown in Fig. 6.

Seidel (1993) and Seidel and Haberfield (1995b) modelled the
load displacement performance of the pile load tests conducted by
Williams (1980) with a reasonable degree of success using ROCKET.
The intact rock strength and rock mass stiffness parameters used in
these analyses were based on correlations with moisture content
(Johnston and Chiu,1984) and pressuremeter test results (Williams,
1980), respectively, and are summarised in Table 1.

A back-analysis of the M1 pile test was undertaken using PLAXIS
3D. The pile was modelled as both an embedded beam and a vol-
ume element. The Mohr-Coulomb constitutive model was adopted
for the moderately weathered siltstone, and the shear strength and
stiffness parameters listed in Table 1 were adopted. Although
unload-reload stages were undertaken in the pile test, these have
been excluded from the back-analysis for simplicity. The shaft and
base resistances of the embedded beam were set to zero for the
cases in which the base and shaft resistances of the pile, respec-
tively, were back-analysed.

The results of the back-analysis of the loading of the pile base are
presented in Fig. 7. Although the response of the volume pile lies
closer to the pile test data, neither the embedded beam nor the
volume pile provides what the authors consider to be a reasonable
approximation of the pile response. Although not presented herein,
a match to the pile test data can be achieved by artificially
increasing the stiffness of the rock material at the pile toe. This may
or may not be an acceptable measure for the designer to adopt and
its use will depend on how it impacts on the overall response of the
system in the analysis of more complex rockestructure interaction
(in contrast to artificially increasing the stiffness of the rock adja-
cent to the pile shaft, as described above).

The results of the back-analysis of the loading of the shaft are
presented in Fig. 8. The results of the ROCKET analyses from Seidel
(1993) in which the lower bound roughness assumption is adopted
are also included in Fig. 8.

The designer is typically concerned primarily with the stiffness
response of the pile up to settlements of approximately 1%e2% of
the pile diameter, above which settlements usually become unac-
ceptable due to serviceability considerations. Fig. 8 indicates that



Fig. 6. Schematic (left) of setup and photograph (right) of test setup prior to being lowered into the pile hole (after Williams, 1980).

Table 1
Parameters used in back-analysis of pile behaviour.

Geological unit Unit
weight
(kN/m3)

Effective
cohesion, c0

(kPa)

Effective
friction angle,
40 (�)

Effective rock mass
stiffness, E0 (MPa)

Moderately
weathered
siltstone

23 765 38.5 420
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Fig. 7. Back-analysis of base resistance from pile load test.
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modelling the pile as a volume element allows in general a more
accurate description of the behaviour of the pile under loading in
comparison to the embedded beam, but in particular in the range
primarily of concern to the designer. This is largely due to the
increased flexibility afforded to the user when adopting the volume
pile to define the strength of the interface and the stiffness
response of the pile. Furthermore, due to the way that the inter-
action of the embedded beam and the adjacent rock is considered,
the behaviour of the embedded beam after the yield point has been
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reached (i.e. increasing axial load on the pile) is not consistent with
that typically observed for a yielding pile. The shape of the response
of the volume pile, however, is consistent with the pile test data.
The results from the ROCKET analysis are reasonably similar to that
from the PLAXIS 3D analysis in which the volume pile is adopted. A
sensitivity analysis undertaken indicated that the effect of dilation
on the responses of both the embedded beam and volume pile was
insignificant.
5. Conclusions

This paper summarises the fundamental concepts relating to the
performances of piles in rock. Of importance are that the shaft and
base resistances of a pile in rock are highly dependent on a number
of factors other than the unconfined compressive strength of the
rock. The most influential factors include rock properties (rock
mass modulus, intact rock strength, and base (residual) friction
angle), pile geometry (pile diameter and length), and construction
processes (socket roughness, base debris, and socket smear). An
understanding of these mechanisms provides significant potential
for obtaining improved load displacement performance and
improved reliability of performance.

For piles in rock with an unconfined compressive strength
greater than about 2 MPa, pile bearing capacity is greater than the
structural strength of the pile. In addition, in most situations, it is
the displacement of the pile that is critical to design performance.
The displacement of a pile is largely a function of the rates of
mobilisation of shaft and base resistances (which are significantly
different). As a result, it is not particularly meaningful to undertake
pile design based on estimates of shaft and base resistances
factored in accordance with relevant standards. Instead, pile design
should be based on an assessment of settlement at serviceability
loads, with appropriate levels of safety provided. Standards should
be revised to provide guidance on appropriate safety factors for
settlement-based design.

The way that the pile/rock interaction is modelled in two
methods commonly adopted in PLAXIS analyses and a discussion of
their merits have been presented. These methods have been
assessed by back-analysing the results of a pile load test in which
the contributions of the shaft and base components to the total
resistance of the pile were separately quantified. Although the
adoption of an embedded pile is simpler than the volume pile in
terms of the modelling process for the user, the results of the back-
analysis indicate that modelling the pile as a volume provided a
closer match to the general shape of the load versus settlement
profile of the pile, in particular when yielding occurred. Further-
more, the volume pile allows the user to define the strength of the
interface and the stiffness response of the pile, and in turn to more
closely match the measured pile test data.
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