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Performance of expansive piles and anchors in weak rock 

Performance des pieux et ancrages expansifs fondés dans des roches à faible capacité

C. M. Haberfield -  Department ol Civil Engineering, Monash University, Melbourne, Vie., Australia
S. Baycan -  Maunsell PtyLtd, Melbourne, Vie., Australia

ABSTRACT: Anchors and piles in weak rock transfer structural loads to the ground through the frictional forces developed at the rough 

shaft/rock interface. As demonstrated through recent field and laboratory testing, one simple method of improving the load displacement 

characteristics of this interface (and therefore pile and anchor capacity) is by using expansive cements. This paper briefly describes the 

research that has been carried out, the reasons why expansive cements work, where and when they can be used, some of the problems 

associated with their use, the likely improvements in performance that can be achieved, and the methods used to predict the improved 

performance.

RESUME: Les ancrages et les pieux fondés dans des roches tendres ou à faible capacité transfert les charges structurelles au sol par le 

biais des forces de frottement induites à l’interface pieu/tendon-roche. Les récents essais de laboratoire et in-situ ont démontré qu’une 

methode assez simple utilisant des ciments gonflants peut améliorer les caractéristiques charge/deplacement de cette interface (par 

consequent la capacité des pieux ou des ancrages). Cette communication décrit brièvement, les rechérches qui ont été faites, les raisons 

qui font que les ciments gonflants sont performants, où et quand on peut les utilises, les problèmes associés à leurs utilisations, les 

ameliorations probable qu’on peut atteindre, et les méthodes utilisées pour prévoir ces ameliorations.

1. INTRODUCTION

Piles socketed into weak rock are used extensively to support 

large structures such as multi-storey buildings, elevated freeways 

and bridges, and plants for industrial production. Rock anchors 

are a smaller version of the tension pile and are used both in 

mining and civil applications to stabilise rock slopes and 

underground openings and to resist uplift and overturning forces 

in foundations and retaining structures. The annual world wide 

market for such piles and anchors reaches well beyond the billion 

dollar mark. Improved design and enhanced performance of 

these foundation systems has therefore the potential to save 

industry, governments and communities, millions of dollars 

annually.

Experience has shown that piles and anchors in rock derive 

their capacity largely through shaft resistance. While it can be 

argued that base resistance also makes an important contribution, 

in practice this contribution is small at working loads. One 

reason for this is that it is very difficult to clean the bottom of pile 

sockets, especially if drilling muds have been used. Without 

effective cleaning, a layer of highly compressible material will be 

left at the socket base, drastically affecting the ability of the base 

to resist the downward movement of the pile. However, even if 

effective cleaning is achieved, full shaft resistance is mobilised 

much more quickly than base resistance, and therefore tends to 

dominate.

Shaft resistance is developed through both cement bonding 

and frictional resistance at the shaft/rock interface. The strength 

of the cement bond depends on rock type, grain size and porosity, 

the cleanliness of the socket and the cement content in the 

grout'mix. Recent work (Cheng et al; 1996) has shown that if a 

smear layer is formed during drilling, or if drilling muds are used, 

very little if any cement bonding occurs across the interface. 

Other work (Baycan, 1996) has indicated that the strength of the 

bond increases as the cement content of the mix increases.

The frictional resistance depends upon a number of factors 

including the strength and stiffness of the rock, the socket diameter

' A wide range o f  concrete and grout m ixes are used in anchors and 

piles. They ranged from cem ent paste (cem ent + water) to 

concrete (aggregate, sand, cem ent + water). To avoid confusion, 

grout has been used throughout as a co llective  term to describe the 

mixes whether or not they include sand or aggregate.

and roughness and the pressures that develop across the interface. 

An increase in shaft resistance can be achieved if these pressures, 

or normal stresses, can be increased. One way of achieving this is 

by using expansive cement to force the grout to expand against the 

stiffness of the surrounding rock. This increase in normal stress (or 

prestress) should be accompanied by a proportional increase in 

interface shear resistance and a corresponding increase in shaft 

capacity.

After considering a number of different types of expansive 

cements, Denka CSA, was finally adopted to test this hypothesis. 

CSA invokes expansion via a chemical reaction known as sulphate 

attack. In unconfmed situations, sulphate attack is highly 

undesirable as it leads to the decay of the grout and loss of 

durability and strength. However, extensive laboratory tests 

(Chamberlain, 1993) have shown that under reasonable levels of 

confinement, commensurate with those associated with shafts in 

weak rock, the strength and durability of CSA grout are not 

affected.
This paper briefly describes the research that has been carried 

out, the reasons why expansive cements work, where and when 

they can be used, some of the problems associated with their use, 

the likely improvements in performance that can be achieved, and 

the methods used to predict the improved performance.

2. CSA EXPANSIVE CEMENT

CSA or calcium sulpho-aluminate, is a fine white powder, 

containing significantly more aluminates and sulphates than 

ordinary cement. CSA is added to the cement at the time of 

mixing. The main use of Denka CSA to date has been as a 

shrinkage compensating additive and recommended dosages have 

generally been less than 30 kg of CSA per mJ of grout. The 

effectiveness of the additive depends on the batching process, 

curing conditions and cement content. Doses substantially greater 

than 30 kg/m3, and up to 300 kg/m’, are required to increase the 

capacity of shafts in rock.
In its simplest form, the chemical reaction that describes the 

expansion process is given by :

(yCaO+ALft) +3SQ + 'i1H10 —>
3Ca0.Al10 y?iCaS0i 32H20  (l)
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Although this is not the only chemical reaction that occurs, it is 

the reaction that produces the expansive forces. The product of the 

reaction (right hand side of Equation 1) is known as ettringite and it 

occupies 227% more volume than the sum of its reactants.

3. EXPANSIVE POTENTIAL

The expansion and prestress generated in piles and anchors 

depends upon three main factors :

•  the proportion of CSA in the grout mix : the higher the CSA 

content, the greater potential for expansion.

•  the availability of free water : water is a vital component of both 

the cement hydration (to achieve strength) and ettringite 

formation (to achieve expansion) processes. For shafts below 

the water table, there is usually abundant free water available 

from the groundwater and full expansion potential is likely. 

However, for shafts above the water table, water may be 

deficient, and shafts are unlikely to achieve full expansion 

potential, resulting in reduced lateral stresses. *

• the radial stiffness of the weak rock surrounding the pile : as 

explained below, as stiffness increases, the restraint to expansion 

increases, resulting in greater prestress.

From thick-walled cylinder theory, it can be shown that the 

radial stiffness, Km, of rock surrounding a shaft can be 

approximated by Equation 2, where £ ra and vm are the mass Young's 

modulus and Poisson's ratio of the rock, r is the nominal socket 

radius, Act,, is the change in lateral stress (prestress) and Ar is the 

radial expansion of the socket wall due to the change in lateral 

stress.

A c t , 1

A r  ( l  + v m) r
(2)

Stiffness (MPa/mm)

Figure 1 : Variation of prestress with stiffness & CSA content

Table 1 : Ground conditions and corresponding stiffness

Stiffness (MPa/mm)

Rock

Strength

(MPa) 0.075

Shaft diai 

0.5

neter (m) 

1.0 2.0

1 4.5 0.7 0.3 0.2

5 22 3.3 1.7 0.8

10 44 6.7 3.3 1.7

20 110 17 8.3 4.2

Equation 2 predicts that a shaft containing CSA will expand 

more if the radial confining stiffness is lower. Less stiff soils may 

not be able to provide sufficient restraint to the expansion, 

resulting in very high expansions and low prestress generation, 

thereby endangering the strength and durability of the grout. 

However, the strength and modulus of weak rock may be sufficient 

to achieve the positive effects of using expansive cement.

Typical levels of prestress have been determined by Baycan 

(1996) and Chamberlain (1993) for a range of CSA contents and 

confining stiffness levels. Their results were obtained by 

measuring the expansion of cylindrical tubes filled with expansive 

grout. Tubes made from a range of materials and covering a range 

of diameters and wall thicknesses were used to simulate the range 

of stiffnesses likely to be encountered in field anchors and piles 

(see Table 1).
Haberfield (1997) modelled the expansion of the confined grout 

using a thermal expansion analogy and developed analytical 

solutions for a range of boundary conditions which are applicable 

to shafts in rock. These solutions compare reasonably well with the 

laboratory tests results obtained by Baycan (1996) and 

Chamberlain (1993). The analytical solutions can be easily 

implemented into a spreadsheet to give estimates of the likely 

prestress and expansions that can be expected under field 

conditions. Typical values are given in Figure 1.

4. PROPERTIES OF EXPANSIVE GROUT

Laboratory tests conducted by Baycan (1996) and Chamberlain 

(1993) have shown that:

• the strength and deformation properties of CSA grouts are 

inversely proportional to the amount of expansion. 

Expansions of less than 1% appear to have little effect on the 

properties of the grout. However, expansions in excess of 3% 

result in significant reductions in strength, modulus and 

integrity. Grouts containing more than 150 kg/m’ of CSA 

disintegrate if left unrestrained.

• the strength of CSA grout increases with the level of confining 

stiffness. A CSA grout subjected to a confining stiffness of

100 MPa/mm has a strength of 75 MPa, compared with an 

unconfined strength of 45 MPa for normal grout of the same 

mix design.

•  the permeability of expansive grouts decreases with CSA 

content if the confining stiffness is great enough to restrain 

expansion.

•  expansions continue to occur until the available water and 

CSA are exhausted or the prestress developed prevents any 

further expansion occurring. This usually occurs within 10 

days of mixing. However, in cases where the CSA has not 

been exhausted, expansions can recommence if changes in 

conditions occur, e.g. if free water becomes available or the 

confining stiffness reduces.

•  the workability of the grout mix decreases as CSA content 

increases especially at temperatures above 30°C. Unlike 

conventional grouts, however, extra water can be added to the 

mix to offset the loss in workability without affecting grout 

properties.

5. FIELD TESTING

Following detailed theoretical and laboratory investigations, 

extensive field testing was carried out to determine if the 

predicted benefits of using CSA could be realised in the field.

In total, 48 shafts were constructed in a relatively uniform 

deposit of Silurian siltstone with a uniaxial compressive strength 

of approximately 5 MPa. Shafts of 3 different diameters; 98, 300 

and 600 mm diameter; and of 4 different CSA contents; 0, 100, 

200 and 300 kg/mJ of CSA were constructed and tested. Several 

of the shafts were artificially roughened using a grooving tool. 

The roughness of all sockets was measured prior to concrete 

placement. The 300 and 600 mm sockets were found to be 

considerably rougher than the 98 mm sockets.

A total of 14 boreholes were also drilled at the site. High 

capacity pressuremeter tests were performed in four of the 

boreholes to determine appropriate values of elastic mass
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modulus. Rock cores were tested to determine moisture content 

and strength. Samples were also taken from the walls of the 600 

mm diameter sockets for water content determination. The 

saturated water content of the siltstone varies between 4.5 and 6.5 

% with occasional values as high as 10 %. Results from the 

laboratory testing showed significant scatter, but were found to 

agree with those obtained by Chiu (1981). As a result, Chiu’s 

water content correlations have been used to determine average 

properties.
Full details of the site, construction and testing techniques and 

results are contained in Baycan (1996).

51. Field test results

The field tests yielded peak unit shaft resistances ranging from 

1.7 MPa to 12.0 MPa. These values are significantly greater than 

the ultimate values of approximately 1.0 MPa quoted by Barley 

(1988) and Williams et al. (1980) for anchors and piles in 

siltstone. Current anchor design methods allow for ultimate 

values of up to 2.0 MPa in siltstone. The higher values obtained 

in these tests, have been biased by the addition of expansive 

cement. The range of test results can be attribute«? to variations in 

rock strength across the site, CSA content (ie the initial normal 

stress acting on the grout/rock interface), borehole diameter and 

roughness. Due to the complex interaction of the many 

parameters that affect shaft resistance, it is very difficult to isolate 

the effect of one parameter based only on the results of field tests. 

However, as shown below, clear trends can be identified. 

Analytical investigations into the effects of each parameter can be 

found in Haberfield and Seidel (1996).

5.2. Influence of CSA content

Figure 2, shows the influence of CSA content on the capacity 

of the grout/rock interface for the 98, 300 and 600 mm diameter 

shafts. Trend lines based on linear regression analyses have been 

superimposed on the measured data. A clear and significant 

increase in capacity with increasing CSA content can be observed 

for the 98 mm shafts; with the 300 kg/m5 CSA shafts on average 

yielding capacities at least twice those of anchors containing no 

expansive additive.
The increase in capacity with CSA content is more modest for 

the 300 mm diameter shafts and appears to be non-existent for the 

600 mm shafts. This may in part be due to the high level of

roughness of these shafts, which leads to the development of 

significant normal stresses across the grout/rock interface during 

loading, thus leading to higher shaft capacities. This will hide the 

positive effects of high initial normal stresses generated by 

expansive cements.

The enhanced performance obtained using CSA is also shown 

by the shear stress vs displacement curves included in Figure 3. 

This figure clearly shows the ductility of the anchor response 

despite the short socket lengths (500 mm for the 300 and 600 mm 

diameter sockets, 250 mm for the 98 mm diameter anchors) used 

in these tests. It is interesting to observe that for the 98 mm 

shafts containing the higher CSA contents there is some softening 

after peak which is not observed in the 300 and 600 mm shafts. 

The increased roughness of the 300 and 600 mm shafts is thought 

to be the reason for this.

5.3. Influence of diameter

The influence of shaft diameter on capacity has been illustrated 

in Figure 2. Despite the scatter, Figure 2 clearly shows that the 

unit shaft resistance decreases with an increase in diameter from 

the 98 mm to the 300 and 600 mm shafts.

The reduction in capacity with anchor diameter can be 

attributed to two factors :

•  differences in cement content of the grout used for the 300 

and 600 mm shafts (concrete containing cement, fine and 

coarse aggregate in the ratio of 1 : 2 : 4), and the 98 mm 

shafts (cement paste containing cement only).

• differences in confining stiffness between the 600, 300 mm 

and 98 mm diameter sockets.

The significantly greater cement content of the 98 mm anchors 

meant that a significant adhesive bond could form across the 

rock/anchor interface. For lower cement contents, this bond is 

much weaker, and frictional resistance dominates.

As described earlier, the frictional resistance depends upon the 

confinement placed on the shaft by the surrounding rock. This 

confinement is measured in terms of a normal stiffness, K, and 

can be estimated from Equation 2. However, during pile 

displacement, the dilation is not caused by the expansion of the 

shaft but by the rough shaft sliding over the rough socket. It 

follows that the roughness of the socket is a major factor 

controlling dilation and friction (and therefore shaft resistance).

Displacement (mm)

Figure 2 : Shaft capacity versus CSA content for 98, 300 and 

600 mm shafts

Figure 3 : Shear stress versus displacement responses for 98, 

300 and 600 mm shafts
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Figure 4 : Influence of grooving on resistance.

5.4. Influence of Roughness

A detailed discussion of the influence of roughness is beyond 

the scope of this paper. In essence however, the greater the 

roughness the greater the shaft resistance. As discussed by 

Haberfield et al. (1996), in these tests, artificial roughening of the 

300 and 600 mm diameter sockets only influenced the long 

wavelength roughness of the sockets, and had little if any 

influence on the shorter wavelengths of roughness that govern 

shaft performance. As a result, no significant increase in 

resistance was observed for the roughened shafts (Figure 4).

6. PREDICTION OF PERFORMANCE

Following an extensive laboratory based investigation into the 

shear performance of rough grout/rock interfaces, Seidel and 

Haberfield (1997) developed a purely theoretical model of 

behaviour. This model has been incorporated into a Windows 

based computer program called ROCKET (Seidel, 1995). 

ROCKET has been used to determine the performance of the 98, 

300 and 600 mm diameter shafts. The input parameters required 

for the analyses include intact rock strength, residual friction 

angle of the rock, rock mass modulus and Poisson’s ratio, initial 

normal stress, anchor diameter and mean roughness angle. Rock 

properties were estimated from Chiu’s (1981) moisture content 

correlations (rock moisture contents at each anchor location were 

measured during the field investigation). Estimates of initial 

normal stress were based on the theoretical model of expansive 

cement behaviour developed by Haberfield (1997). The mean 

roughness angle statistics were determined directly from the 

borehole roughness measurements.

Figure 5 compares predicted and measured anchor capacities. 

Given the inherent scatter in rock properties, the predictions for 

the 300 and 600 mm diameter shafts are very good, with 

predicted values generally lying within ±20% of the measured 

values. By varying rock properties within the scatter obtained by 

Chiu (1981), almost perfect predictions can be obtained.

The predictions for the 98mm diameter shafts are however 

quite poor, with measured values being approximately 2.5 MPa 

greater than those predicted. One possible explanation for these 

poor predictions is that ROCKET assumes no bonding across the 

grout/rock interface, which is unlikely to be true for these shafts. 

Given the very high cement content, a very strong cementitious 

bond is likely to have developed, thereby forcing failure to occur 

through the intact rock just outside the grout/rock interface. 

Figure 6 compares the measured anchor capacities with 

predictions obtained from a simple model of intact rock failure 

using the Mohr-Coulomb failure criterion. The initial normal

a,
2

a

3

V

o£

-a
a

a.

Measured Resistance (MPa) 

Figure 5 : Prediction of performance

ed
CLh

2

a

j=
C/5

Initial Normal Stress (MPa) 

Figure 6 : Prediction assuming intact failure

stress values adopted are the same as those used in the ROCKET 

analyses. Figure 6 shows that this simple analysis gives a 

reasonable lower bound prediction of 98mm shaft capacity. 

ROCKET is currently being amended to include bonding across 

the interface.

ROCKET also gives the full load vs displacement response for 

the shaft. A comparison between measured and predicted shear 

stress vs displacement responses for selected 300 and 600 mm 

diameter shafts is shown in Figure 7. Excellent agreement has 

been obtained. Similar predictions have also been obtained for 

the other 300 and 600 mm shafts.

7. EXTENSION TO OTHER ROCK STRENGTHS

Based on the demonstrated agreement obtained between 

ROCKET predictions and field test results, ROCKET was used to 

carry out a parametric study to determine the likely influence of 

CSA on piles of different diameter over a wide range of rock 

strengths. The results of these analyses are summarised in 

Figures 8 and 9 for 0.3 m and 1.2 m diameter piles respectively. 

The results have been presented as adhesion factor, a  (defined as 

the peak shaft resistance divided by the uniaxial compressive 

strength of the rock) against the uniaxial compressive strength of 

the rock. Typical strength and deformation properties and 

roughness profiles have been adopted (see Baycan (1996) for 

further details). Both figures indicate that substantial increases in
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Displacement (mm)

Figure 7 : Load versus displacement predictions

capacity can be obtained across the full range of rock strengths 

and pile diameters. (Note that although the percentage increase in 

a at high rock strengths is small, the increase in shaft resistance 

(i.e. a.q„) is considerable).

8. CONCLUSIONS

This paper has briefly described the extensive theoretical, 

laboratory and field studies which have been conducted at 

Monash University to determine whether expansive cements can 

be used as an viable means of improving the performance of piles 

and anchors in weak rock. These studies have shown that 

substantial increases in performance can be obtained, especially 

in relatively smooth shafts. However, the field tests also showed 

that under some circumstances (e.g. very rough sockets in soft 

rock) very little, if any, benefit was gained through using 

expansive cements. The program ROCKET has been shown to 

accurately predict performance of shafts containing expansive 

cement (for cases in which cement bonding is insignificant) and is 

therefore a useful tool for the design of these piles. The long term 

performance of expansive cement piles is currently being 

investigated.
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