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Intact dry density (IDD) is a key parameter for characterising the rock mass behaviour of chalk 

and is often the main classification property reported for engineering design. The role of IDD in 

coastal chalk settings has been discussed in literature as an important rock control for coastal 

cliff recession behaviour. This study demonstrates a tool that can reliably estimate the IDD of 

chalk samples. Originally developed for testing sheet steel materials, the Equotip has been 

shown to be adaptable for geological applications and the results of this study show that the 

Equotip can be used to derive a surface hardness value of dry chalk samples that has a positive 

correlation with IDD. Furthermore, the results show that the device is sensitive to the anisotropy 

of chalk and that testing undertaken in the diametral orientation give more accurate 

correlations. The results of this study also show that the Equotip is sensitive to environmental 

setting and the effects of weathering, giving a separate correlation for samples collected along 

the Sussex coastline to those obtained inland. A statistical assessment of the results shows that a 

characteristic hardness within an acceptable margin of error can be achieved from an optimal 

number of single impacts. 

The Chalk of northern Europe is an important engineering geology interface with human 

development.  In the UK many significant infrastructure projects, such as the Thames Barrier, the 

Channel Tunnel, the Channel Tunnel Rail Link (CTRL), Dartford Tunnel and sections of the M25, have 

required foundations and earthworks in chalk (Lord et al, 2002; Mortimore, 2014); not to mention 

more recent and current projects such as the Thames Tideway Tunnel scheme, hs2 Phase One and 

the Lower Thames Crossing. Its particular engineering properties bring unique challenges that have 

had to be overcome and necessitated the development of the construction industry guidance 

document CIRIA C574 Engineering in Chalk (2002); a culmination of many years of research and 

experience.  

For the civil engineering industry, the property of intact dry density (IDD) may arguably be the most 

important index property used in the rock mass characterisation of chalk (Lamont-Black & 

Mortimore, 1996). IDD has been shown as reliable in understanding rock mass behaviour beneath 
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foundations and for earthworks (Clayton, 1990; Matthews, 1993; Greenwood, 1993; Lord et al, 

2002); and correlates well with point load index and unconfined compressive strength (Lord et al, 

2002). Furthermore, the susceptibility of chalk to frost is dependent on the IDD and porosity 

(Mortimore et al, 2004a). Low density high porosity chalk, such as that in southern England, is most 

susceptible and with a high degree of saturation may lead to the material becoming like a putty or 

slurry during engineering operations (Lord et al, 2002).  

The impact of chalk cliff instability on expanding coastal communities in northern Europe has driven 

a great deal of research in coastline recession. The chalk cliffs in England span a coastal strip of 

around 25km in Sussex and around 8km in Kent and vary in height from over 125m at Beachy Head 

to less than 15m at Birling Gap (Mortimore et al, 2004b). In Picardy and Normandy, France, the 

average cliff height is around 60m along a coastal strip of approximately 120km (Genter et al, 2004).  

Considerable work has been carried out to quantify rates of coastal retreat along the Sussex and 

French chalk coastlines (e.g., Costa et al, 2004; Dornbusch et al, 2005, 2006, 2008; Asoni et al, 2018; 

Letortu et al, 2015; Hurst et al 2016; Gilham 2017, Gilham et al, 2018). Dornbusch et al (2008) 

calculated long term retreat rates of between 0.28my-1 to 0.62my-1 for coastal chalk cliffs in the 

southeast of England. More recent work by Gilham (2017), using fully orthorectified aerial images, 

supported these earlier observations, providing rates for coastal retreat of 0.22my-1 ±0.18m for the 

section of coastline between Black Rock and Belle Tout. The shorter-term trend in coastal recession, 

however, appears to indicate this rate is decreasing in southern England, most probably due to a 

reduction in available abrasive beach material and widening of the intertidal platform along 

unprotected sections of cliff (Dornbusch et al 2008). 

Although most rock falls from the chalk cliffs tend to be relatively small, generating less than 

1,000m3 of material, larger rock falls exceeding 20,000m3 or more do occasionally occur (Williams et 

al, 2004). A well-documented rock fall occurred in January 1999 opposite the Beachy Head 

Lighthouse, claiming 10m of the cliff crest with a run out of at least 120m (Hutchinson, 2002; 

Mortimore et al, 2004a) Estimates of the volumes of debris generated are between 100,000m3 and 

around 150,000m3 (Hobbs et al, 1999; Mortimore et al, 2004a).  In June 2017, three major cliff 

collapses occurred along Seaford Head within 24 hours of each other. The initial cliff failure 

generated a reported 30,000m3 of rock material that surged down the cliff face and into the sea. 

The European Funded research programmes ROCC (Risk of Cliff Collapse) and PROTECT (Prediction 

Of The Erosion of Cliffed Terrains) were carried out by multinational research teams to better 

understand the geological controls, and marine factors on coastal chalk cliff instability (Mortimore & 

Duperret, 2004); and to establish new ways to achieve short and long term alerts of chalk cliff 

instability using micro-seismic and geophysical monitoring (Busby et al, 2004; Senfaute et al, 2009). 

This work was furthered by the INFORM (Information For cliff Recession Management) project which 

sought to develop and implement the recommendations outlined in the ROCC and PROTECT 

projects.  

The importance of rock control on understanding landform development is widely recognised, but 

has seldom been quantified (Goudie, 2016). Budetta et al (2000) showed that the erosive power of 

waves on coastal cliffs could be estimated through a correlation between rates of coastal erosion 

with the rock mass material properties. Whilst rates of cliff retreat along the East Sussex coastline 

show spatially stable patterns that may broadly be linked to geological conditions (Dornbusch et al, 
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2008), establishing a direct link between lithology and rates of erosion has proven difficult (Moses & 

Robinson, 2011). Notwithstanding these difficulties, the role of rock control on the instability and 

mode of failure of coastal chalk cliffs has been discussed in some detail in the literature (e.g., 

Mortimore, 1979; Middlemiss, 1983; Duperret et al, 2004; Genter et al, 2004; Mortimore et al, 

2004a, 2004b; Barlow et al, 2017). 

The importance of IDD and porosity with respect to cliff instability is highlighted by Mortimore et al 

(2004a); who explained that in chalks of low density and high porosity repeated cycles of wetting 

and drying through seasonality causes cyclic changes in bulk density, and therefore loading in the 

cliff, which when combined with expansion and contraction, loosen the rock mass. Lower density 

chalks below 1.70Mg/m3, therefore, can gain or lose moisture more readily than higher density chalk 

resulting in greater variability in physical properties depending on the saturation conditions, 

rendering IDD and porosity critical factors in understanding chalk cliff instability (Mortimore et al 

2004a). Furthermore, IDD, porosity and saturation can be used to determine the frost susceptibility, 

bulking/shrinkage potential and strength with respect to cliff instability (Mortimore, 2004a).  

Related to wetting cycles, density and porosity, salt weakening through haloclasty and chemical 

dissolution can result in significant reductions in rock mass strength (Goudie et al, 1970; Fookes & 

Hawkins, 1988; Lawrence et al, 2013; Trenhaile, 1987). Lawrence et al (2018) observed that chalk at 

the cliff face only retained 40%-50% of its typical intact rock strength, which increased rapidly over a 

7m to 8m depth into the cliff. The reductions in strength correlated with elevated concentrations of 

sea salt, with the greatest reduction in strength seen in cores from unprotected sections of cliff at 

Peacehaven. This effect was also noted by Duperret et al (2005) in chalks from coastal cliffs in 

northwest France, that when subjected to progressive wetting and salt crystallisation, the 

unconfined compressive strength and Youngs modulus decreased by up to 50%. 

Measuring the intact dry density of chalk 

Pinning down a characteristic IDD for different chalk formations has proven difficult, with each 

stratum comprising a wide range in density, that also varies laterally depending on tectonic position 

(Mortimore & Fielding, 1990), resulting in a wide regional distribution of chalk engineering 

properties of IDD and porosity (Bloomfield et al, 1995; Mortimore & Pomerol, 1998). Extrapolation 

of IDD geographically is therefore not possible without understanding the depositional setting 

(Mortimore et al, 2004a). Thus, accurate repeatable methods of determining IDD are important for 

the characterisation of chalk material properties within in-situ geological and environmental 

conditions, and that the natural variation in IDD is understood (Lamont-Black & Mortimore, 1996). 

Furthermore, density variations of 0.1Mg/m3 may occur over 0.1m depth, and so a characteristic 

value of density must be based on sufficient and representative samples (Lord et al, 2002).  

Laboratory methods for determining IDD of intact chalk material are well established, e.g., BS EN 

1377 Part 2 and BS EN ISO 17892-2:2014. The methods described include linear measurement of 

geometrically regular samples, such as rectangular prisms or cylinders, and the immersion in water, 

or water displacement methods of wax coated samples. Relying only on inexpensive apparatus, the 

test procedure is simple and relatively quick to perform, with the only limitation being the minimum 

specimen size required for testing that should ideally be at least 300cm3 (Lord et al, 2002). Lamont-

Black and Mortimore (1996), however, showed that it is possible to measure the IDD of small wax 
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coated irregular lumps between 35g and 75g to an accuracy of 0.025Mg/m3 using water 

displacement and a eureka pot.  

Field methods for estimating chalk density include measuring the penetration of a geological 

hammer pick swung from ear level, or 150mm long nail following three successive blows from a 

swing arc of 300mm; and the ease at which 30mm to 40mm thick fragments can be broken under 

applied finger pressure (Bowden et al, 2002; Lord et al, 2002). Applied with care, these methods 

provide a good guide to identifying chalk density classes, but do not replace the more accurate 

determinations of intact dry density through laboratory testing (Lord et al, 2002). 

The Equotip hardness testing device 

The Equotip tester was originally developed in 1975 to provide a non-destructive test to estimate 

the hardness of sheet steel materials and operates on the principle of the Leeb rebound hardness 

test established by Dietmar Leeb (Leeb, 1979; Komptscher, 2004). Since its development, however, 

research has been undertaken on rock materials to try and establish correlations between surface 

hardness and other rock mass material properties.  

Early studies by Verwaal & Mulder (1993) were able to show a good correlation between Leeb 

hardness and unconfined compressive strength (UCS) for a variety of rock types including granite, 

sandstone and limestone; and Hack et al (1993) used Equotip rebound measurements on the same 

rock types to calculate the UCS of asperities on discontinuity walls. Subsequent work by other 

authors has confirmed these studies and found that more accurate correlations between hardness 

and UCS may be derived if the porosity or density are known (Kawasaki, 2002; Aoki and Matsukuru, 

2008; Yilmaz, 2013). Equotip testing has also had some success evaluating the impact of coastal 

weathering. Impact studies with the Equotip were able to determine the degree of strength 

reduction in weathered stone (comprised of Aoshima Sandstone) on a coastal bridge at Aoshima in 

Japan (Aoki & Matsukura, 2007); and identify the variation in strength through granitic and quartz-

rich schist cliff profiles due to coastal abrasion processes (Feal-Pérez and Blanco-Chao, 2012).  

The Equotip operates on a similar principle to the more widely known Schmidt hammer. But unlike 

the Schmidt hammer, which delivers 735Nmm and 2200Nmm of energy using the L and N type 

probes respectively (Viles et al, 2011), the Equotip is much smaller and the standard probe (type-D) 

delivers just 11Nmm of energy to the impact surface, and so has a significantly reduced depth of 

penetration (Hack et al, 1993; Proceq SA, 2017), making it more suitable for studies on soft and 

weathered rock. Furthermore, the Equotip can be used at different angles to suit the testing 

conditions (Hack et al, 1993). 

Purpose of this Study 

The aim of this research is to establish whether a relationship exists between the intact dry density 

of chalk and the Leeb rebound hardness derived from Equotip testing. Samples of the Newhaven 

Chalk Formation, from both coastal and inland localities, have been used in this study.  Laboratory 

testing was carried out to determine the intact dry density of 109 samples, which were also tested 

using an Equotip to derive a surface hardness value. This paper presents the results of this study and 

examines the sensitivity of the Equotip device to the anisotropic properties of chalk. A statistical 
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assessment has been undertaken to determine if a characteristic value for hardness can be derived 

from an optimal number of single Equotip impacts. 

Materials and Methods 

Sample acquisition 

Samples of the Newhaven Chalk Formation were collected from coastal locations along the Sussex 

cliffs at Telscombe and Newhaven (Figure 1). The samples were collected from locations that could 

be reached safely from the beach; and as far as practicable, located above the zone of direct wave 

impact. Prior to extraction, each sample was marked with an orientation arrow to indicate the 

perpendicular relationship to bedding, and located with a hand-held GPS device with an uncorrected 

positioning accuracy of +/- 10m. The size and shape of the initial sample mass was dependant on 

minimising the amount of disturbance to the sample, so to not compromise its integrity. In general, 

each sample was irregular and blocky in nature with sides typically less than approximately 200mm 

in length. Each sample was placed into a plastic sealable sample bag and wrapped in bubble wrap for 

transport. This section of coastline is unprotected by physical barriers such as promenades or rock 

armour and so provides an opportunity to assess the properties of chalk subjected to unrestricted 

marine processes.  

A large block sample of the Newhaven Chalk Formation was also provided from inland excavations at 

the Sussex University Campus at Falmer. Having been collected from an inland locality, the sample 

block had not been subjected to the same weathering processes as the coastal samples and thus 

provided a useful correlation in a different environmental setting. The sample block was provided 

and transported to the research team by a third party, and as such the orientation of the block at 

excavation was unknown. 

Sub-sampling and preparation 

The samples were trimmed at the Sussex University laboratory to facilitate further sub-sampling by 

coring. Using magnetic clamps, the trimmed block samples were secured to a purposefully 

constructed steel bench attached to an electric drill assembly. Each sample was then cored using a 

50mm internal diameter drill bit whilst optimising the number of cores recovered. To assist the 

coring, potable water was used as a lubricant delivered to the drill through a hose attached to a 

mains water supply. Each core was then trimmed using a mechanical saw to 50mm in length (Figure 

2). This yielded a total of 61 samples from the Coastal localities (Telscombe and Newhaven) and 48 

samples from the inland sampling locality (Falmer), each with an individual sample volume of 

approximately 98cm3 per core. The Coastal samples were all cored perpendicular to bedding. The 

orientation of the Falmer sample block, however, was unknown, and so it was trimmed at the most 

advantageous orientation to maximise the number of subsamples that could be extracted.   

Each sample was numbered and weighed using a set of scales accurate to the nearest 0.01g. The 

samples were placed in an oven at a temperature of approximately 80°C until dry. The dry samples 

were left to cool to room temperature and then the surfaces were cleaned and smoothed using a 

clean metal spatula to remove any surface irregularities and salt crusts that developed during drying. 

For the Equotip reading to be valid, the manufacturer (Proceq SA) recommends minimum surface 

roughness grades following the guidance in ISO1302:2002. The roughness grade is based on the 
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depth of asperities on the sample surface and varies depending on the type of probe being used. For 

probe types D (used in this study) the maximum surface roughness is recommended not to exceed 

10µm, with an average roughness of 2µm (Proceq SA, 2017). Although this guidance was developed 

for testing on sheet steel products, past studies on rock material have noted the adverse impact 

surface roughness can have on the accuracy of hardness testing using the Equotip (e.g., Verwaal & 

Mulder, 1993; Aoki & Matsukura, 2008; Feal-Pérez & Blanco-Chao, 2012; Mol, 2014), and so it is 

important to reduce the surface roughness of a test specimen if possible. Chalk is a fine limestone 

and responded well to smoothing and so this was not found to be an issue during sample 

preparation.  

For this pilot study, testing was undertaken on dry chalk samples to avoid uncertainties associated 

with controlling the moisture content. The influence of moisture content on hardness is not 

considered in this work and represents an area for future research. 

Equotip Rebound hardness testing 

The Equotip (Figure 3) works by firing an impactor body at the material being tested and measuring 

its differing velocities before and after impact in a similar way to the Schmidt Hammer. The impactor 

body weighs 5.45g and comprises a 3mm diameter tungsten carbide ball indenter at its tip (Proceq, 

2017). The hardness value is known as the Leeb Hardness (HL) value or L-value and is dimensionless. 

It is equal to the ratio of the rebound velocity Vr and the impact velocity Vi of the impact body 

multiplied by 1000, as shown in equation (1) (Proceq, 2017): 

       
  

  
          (1) 

The velocity of the impactor body is measured as it passes forwards and backwards through an 

inductor coil mounted on the devices guide tube. The hard indenter on the impactor body is a 

magnet and generates an induction voltage each time it passes through the coil; this voltage is 

directly proportional to the velocity of the impactor body (Proceq, 2017). In this context, hardness 

may be described as a materials resistance to indentation from an impactor body (Kompatscher, 

2004). 

The single impacts method involves the firing of multiple randomly located single impacts across the 

sample surface (Verwaal & Mulder, 1993) and taking the calculated mean average of these individual 

impact values as the characteristic hardness. This method has been applied to a number of studies 

using the Equotip to evaluate rock properties (e.g., Verwaal & Mulder, 1993; Aoki & Matsukura, 

2007 and 2008; Feal-Pérez & Blanco-Chao, 2012; Coombes et al, 2013; Hujer et al, 2014; Asiri et al, 

2016). Although no standardised number of impacts has been established, the single impact method 

allows for the natural heterogeneity of the rock mass to be incorporated into the result.  

An alternative to single impacts is the repeated impacts methodology which was introduced by Aoki 

& Matsukura (2008) whereby 20 repeated impacts are fired at the test surface at the same location 

to obtain a convergent HL value, with the mean of the highest three taken as a characteristic value 

Lmax. This method has proved encouraging for studies relating to weathering of stone structures 

(Wilhelm et al, 2016) and correlation with unconfined compressive strength (Aoki & Matsukura, 

2008; Yilmaz, 2013). The repeated impacts method was initially trialled in this study, but after 

several impacts on the same location, the chalk floured creating a significant amount of dust that 
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travelled into the impactor body. This resulted in erratic results and it was concluded that this 

methodology was not suitable to dry chalk. A potential limitation with the repeated impacts method 

is it measures a single location on the sample surface and so may not reflect the heterogeneity of 

the material (Corkum et al, 2018). 

Therefore, the single impacts approach was adopted. On each of the core samples, 10 single impacts 

were undertaken at evenly distributed locations on the two axial surfaces (the top and bottom of the 

core sample). This gave a total of 20 single impacts (ni = 20) for the axial orientation with the mean 

average of these taken as the characteristic axial hardness, LD value. For this study, the suffix ‘D’ was 

chosen for the notation to represent the device used for the impact testing (D-probe). For the 

Coastal samples, two sets of 10 impacts were also undertaken in the diametral orientation at 

opposite sides of the sample to facilitate comparison of the axial (perpendicular to bedding) and 

diametral (parallel to bedding) orientations using the same sample impact density. The range in the 

single impact values (difference between minimum and maximum values) for each the axial and 

diametral orientations were also recorded and are reported as the RD value.  

The samples could readily be held stable on a hard work surface, particularly owing to their regular 

geometric shape. The impactor barrel was cleaned out with a dry air spray and specialised brush at 

regular intervals to ensure that any build-up of dust did not affect the results of the tests. 

Intact Dry Density Testing 

Intact dry density (IDD) was measured following the procedure discussed by Lamont-Black and 

Mortimore (1994) using wax coating and water displacement. Each sample was weighed before the 

waxing procedure. Wax was applied by dipping the samples into molten wax and allowing the wax to 

dry in air being careful not to allow surface bubbles to form. This was repeated until the entire 

sample was coated and no gaps were visible. The samples were set aside to air dry and cool to room 

temperature, then re-weighed with the wax coating. 

Water displacement was carried out using a 5-litre container with a siphon tube. The container was 

filled with water above the siphon outlet and allowed to drain to equilibrium. A glass beaker was 

weighed and placed under the siphon tube to collect the water displaced by the sample lowered into 

the water. Each sample was observed for air bubbles to ensure water was not being absorbed. Once 

the water had finished draining, the beaker with the displaced water was re-weighed. The samples 

were also re-weighed to ensure that they had remained dry. Because this study used dry chalk 

samples, the intact dry density (  ) is equal to the bulk density ( ), therefore. 

      
 

 
  Mg/m3       (2) 

Where m is the samples mass before coating with wax, and V is the volume of the sample, calculated 

as follows: 

  [
     

   
 

     

  
] cm3      (3) 

Where m1 is the mass of fluid container (g); m2 is the mass of fluid container and fluid siphoned into 

it; mc is the mass of specimen after coating with wax (g); mf is the mass of specimen before coating 
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with wax (g);     and    are the densities of the fluid and wax respectively (Mg/m2) (BSENISO17892-

2:2014). 

Rebound impact sample size and representative hardness 

A statistical assessment was undertaken to examine the effect of increasing the number of single 

impacts on the accuracy of the sample mean, and to determine whether an optimal number of 

single impacts could estimate a characteristic hardness within an acceptable margin of error. Similar 

research by previous authors into the application of the Equotip to quantify rock mass properties has 

sought to achieve this on a variety of rock types. Studies by Asiri et al (2016) and Corkum et al 

(2018), for instance, showed how the optimal number of single impacts may be estimated using 

statistical theory. In Central Limit Theorem, if a sufficiently large sample of the population is 

repeatedly taken, the mean of all samples will be approximately the same as the population; and the 

Law of Large Numbers states that as the sample size increases, the sample mean will gradually 

converge towards the mean of the population (Asiri et al, 2016).  

A cube sample of chalk measuring 10cm x 10cm x 10cm, was used in the experiment. On two faces 

of the sample (Face A and Face B), 100 single impacts were undertaken at approximately evenly 

distributed locations spread randomly over the surface. The margin of error (MOE) was calculated 

for the impact results with increasing sample size increments of    = 10 until the sample population 

(   =100) was achieved for each face. The margin of error (MOE) was derived from the relationship 

shown in Eq. 4. 

      (
 

√  
)      (4) 

Where σ is the standard deviation of the sample,    is the sample size (i.e., number of single 

impacts), and    is the z-score for a normally distributed data set. This study was carried out at the 

95% confidence interval (CI), which correlates to a    of 1.96. Additionally, the upper and lower 

bound ranges at the 95% confidence interval were calculated using the relationship in Eq. 5. 

                          ̅    (
 

√  
)     (5) 

A graphical representation of this relationship was created following a similar approach to Asiri et al 

(2016) and Corkum et al (2018), where the total population of single impact readings are 

randomised, and the cumulative sample means are calculated as subsets of the total population as 

the sample size is increased incrementally. As the sample size increases, the sample mean converges 

towards the population mean until convergence is achieved. This was done 10 times for each of the 

two sample faces tested to generate 10 possible random outcomes leading to the population mean. 

Four exemplar samples from the coastal cores were also chosen for this statistical assessment that 

reflect the range in LD values generally observed in the overall data set. 

Results 

Intact dry density and Equotip hardness 

The results of the testing carried out on the core samples are summarised in Table 1. The results 

show that the coastal and inland sample sets have similar ranges in intact dry density (IDD) that 
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would classify as low to high density chalk. Both sets of data also give similar average values of IDD 

that would classify as medium density chalk. The results from the Equotip testing show that the 

coastal data gave broadly similar average hardness values in both the axial and diametral 

orientations, although a slightly greater range in hardness can be seen in the diametral results 

between the observed minimum and maximum values. Generally, the inland samples show a similar 

range in hardness to those seen in the axial coastal data, but on average they appear to be harder. 

The results from the coastal core samples are shown in Figures 4 and 5, separated on the basis of 

axial and diametral Equotip results, respectively. By comparing the results from axial and diametral 

tests, it is possible to examine the effect of chalk anisotropy on the correlation with IDD. In both 

cases, the results from the Falmer core samples are also shown. 

The results from the axial measurements show a slightly wider scatter in the data to that seen in the 

diametral results, with the linear regression lines providing r2 values of 0.58 and 0.69 respectively. 

This is most likely due to the axial rebound impacts only being representative of individual horizons, 

whereas the diametral rebound impacts reflect a wider lithological area, potentially crossing thin 

laminations and other fabric structures, and so correspondingly may provide a more representative 

average hardness of the sample mass. The linear regression line for the inland core samples gives an 

r2 value of 0.57 and has a noticeably shallower gradient than that seen for the coastal samples in 

both axial and diametral orientations. This indicates that the inland samples are generally harder 

than the coastal samples of the same IDD. 

The results for the observed range in single impact values (RD Value) are shown as histograms in 

Figures 8 and 9 respectively and show the frequency distribution of ranges in single impact values 

observed for the coastal core samples in the axial and diametral orientations. The values for RD 

(axial) (Figure 6) give results between 10 and 153, but the frequency distribution shows a strong 

positive skew indicating the highest frequency of RD (axial) values observed is between 21 and 60. 

The frequency of results then gradually decreases for higher values of RD (axial). The results for RD 

(dia) gave values between 21 and 128 (Figure 7). The frequency distribution shows the results for RD 

(dia) are also positively skewed with a large frequency of results between 21 and 40, but with the 

highest frequency of values peaking between 41 and 80. The frequency of results then decreases for 

higher values of RD (dia). These results show that in general, the Equotip tests undertaken in the 

diametral orientation more frequently give a slightly wider range in single impact values per sample 

than those undertaken axially. 

Figure 8 shows the results of the axial and diametral Equotip data combined for the coastal core 

samples, which gives an improved r2 value of 0.73. The improvement in the correlation is attributed 

to the greater number of single impact test results, distributed over a greater area of the sample 

surface. 

The relationships between IDD and hardness from the regression lines (Figure 8) for the Coastal and 

Falmer samples are shown in equations 6 and 7, respectively. The calculated root mean square error 

(RMSE) equates to a theoretical accuracy of 0.07 Mg/m3 and 0.04 Mg/m3 respectively for the coastal 

and Falmer relationships. 

                        (6) 
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                        (7) 

Obtaining a representative number of Equotip single impacts 

The results from the statistical assessment undertaken on Face A and Face B are shown in Table 2, 

following a similar approach adopted by Asiri et al (2016) and Corkum et al (2018). The margin of 

error for each sample with an increasing number of single impacts (ni) is shown along with the 

characteristic statistical properties. Presented alongside these are the results for the four exemplar 

core samples. 

The harder chalks with the greatest LD values are represented by cube face B and core samples C and 

D, which have a correspondingly greater range in single impact values, RD value. The samples all 

show the same general trend with the MOE decreasing relatively sharply between 10 and 20 single 

impacts (Figure 9). Beyond 20 impacts, improvements in the MOE are significantly reduced in cube 

face A, and for core samples A and B. Cube face B, however, along with core samples C and D, still 

show some significant improvements after 20 impacts, but beyond around 30 impacts, these 

improvements diminish. 

The results of 10 possible random sampling outcomes for Face A and Face B, showing the change in 

the cumulative sample mean with an increasing number of single impacts, are presented in Figure 

10. The results show that for Face A, beyond approximately 20 single impacts the improvement in 

the convergence of the sample and population means is minimal. For Face B, however, the 

convergence of the sample and population mean is more gradual, but beyond around 30 single 

impacts the improvement in convergence is minimal. 

These results correlate favourably with the core samples. Core samples A and B are plotted 

collectively on Figure 11, and core samples C and D are plotted collectively on Figure 12. In this 

instance, however, the results of each random outcome were assessed by their deviation from their 

respective population mean. This approach is found to be suitable for instances where multiple 

samples are available, all with varying values of LD. Furthermore, it is possible to show results for 

multiple samples on a single plot for comparison, making interpretation a simple exercise. 

The results show that beyond approximately 10 and 20 single impacts the improvement in the 

convergence of the sample and population means for core samples A and B is minimal. For core 

samples C and D, which have a greater LD value and greater range in single impact values (RD value), 

a slightly larger sample size is necessary to see a similar improvement. Notwithstanding this, beyond 

approximately 25 to 30 single impacts the results show minimal improvement in the convergence of 

the sample and population means. 

Discussion 

The test results show a positive correlation between the Leeb rebound hardness measured using an 

Equotip testing device and the IDD of dry chalk. The relationships observed for both the coastal and 

the inland core samples are linear in nature and give r2 values of 0.73 and 0.57 respectively. The 

coastal samples show the best correlation, but these data were collected from a wider geographical 

area and represent a more even distribution of results between the observed minimum and 

maximum hardness values than seen in the inland samples from Falmer. Most notable from the 

results is that when compared at similar IDD values, the inland samples are generally harder than 
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the coastal samples. For instance, at an IDD of 1.65Mg/m3 the coastal and inland samples give LD 

values of 240 and 290 respectively (Figure 10). This difference is significant given the range of LD 

values seen throughout the data sets is between 213 and 310.  

The most probable explanation for the differences in hardness observed between the core samples 

from the coastal localities to those from inland, is that it is a consequence of the different 

environmental settings the samples were collected from. The coastal samples have been subjected 

to extreme marine conditions, whilst the inland samples have not, resulting in a more pronounced 

weakening of the chalk. During the sample preparation process in this study, the coastal samples 

began to form a thin crust of salt on the exposed surfaces indicating they had a porewater salinity 

that was not present in the inland samples from Falmer.  

The effect of seawater weakening through haloclasty and chemical dissolution has been present in 

literature for some time (e.g., Goudie et al, 1970; Trenhaile, 1987; Fookes & Hawkins, 1988), but 

more recent studies have examined this effect through triaxial testing of coastal chalk samples. A 

study by Duperret et al (2005) argued that halite crystallisation is the dominant weathering process 

in the coastal chalk environment, and that this process is at its greatest effect just above the zone of 

wave impact where the cliffs are subjected to sea spray. Lawrence et al (2013) showed through SEM 

analysis that sea salt crystallises in pore spaces and grows into the surrounding chalk matrix 

mechanically disaggregating the rocks mass. In the same study it was shown that this could lead to 

reductions in rock mass strength of up to 55% when compared to inland equivalents. Furthermore, 

in a study of triaxial testing of rock core collected from the chalk cliffs at Peacehaven, Lawrence et al 

(2018) observed that the chalk at the cliff face only retained 40% to 50% of its typical intact rock 

strength, which increased rapidly over a depth of 7m to 8m into the cliff. Over the range of IDD 

tested in this study, the linear regression lines show the coastal samples generally have a lower rate 

of improvement in hardness when compared to the inland samples that correlates favourably with 

observations in reduced rock mass integrity by salt weakening described in the literature.  

The results demonstrate that the Equotip is sensitive to the weakening effects of weathering 

processes and indicate it would be necessary to establish a baseline with laboratory testing to 

ensure that any relationship between the Equotip hardness and intact dry density is understood with 

respect to the environmental setting that it is sampled. The results from this study are a promising 

indictor that the Equotip may provide a useful tool in the acquisition of rock mass properties in 

quantifying rock control for coastal chalk studies.  

Comparison of LD values obtained from Equotip tests in the axial and diametral sample orientations 

has shown that tests undertaken in the diametral orientation provide a better overall correlation 

with IDD (Figure 4 and 5). Furthermore, the results for RD (axial) and RD (dia) (Figures 6 and 7) show 

that the diametral orientation, which is orientated parallel to bedding, generally has a greater 

frequency of higher RD values, indicating a greater range in single impact values. These results may 

demonstrate that the Equotip is sensitive to the fine-scale anisotropic properties of chalk, such as 

fine scale laminae and bedding structures that are not visible to the naked eye. This hypothesis 

seems reasonable given the improvement in the correlation with IDD seen in the diametral testing, 

suggesting that tests undertaken in the diametral orientation provide a more representative 

hardness value of the sample. The seemingly wide range in the single impact results generally, is 

indicative of the heterogeneity of chalk, which even at the hand specimen size can have a highly 
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variable texture, owing to changes in porosity and density (Mortimore and Fielding, 1990; 

Mortimore et al 2004a).  

The results support the hypothesis that the single impacts method of Equotip testing is suitable for 

studies in chalk. The heterogeneity of chalk needs to be captured even at hand specimen size to 

obtain a characteristic LD value, and the single impacts method allows these heterogeneities to be 

captured. The results from the statistical assessment show that as the number of single impacts 

undertaken evenly over the sample surface increases, the cumulative sample mean gradually 

converges towards the population mean. Samples with a greater range in single impact values 

require a larger number of single impacts to achieve a representative hardness. However, for the 

chalk samples used in this study, beyond approximately 20 to 30 single impacts, the improvements 

to the cumulative mean were minimal and may be outweighed by the effort and time required to 

carry out a greater number of impacts.  

Minimum sample specimen size for Equotip testing is an important consideration. Verwaal & Mulder 

(1993) found that when testing cores of sandstone with core diameters 30mm, 40mm and 50mm, 

the cores smaller than 50mm tended to yield lower values of hardness. This effect was also reported 

by Asiri et al (2016), and Corkum et al (2018) who described a non-linear relationship between 

sample size and average mean hardness. The evidence suggests that from samples sizes of 

approximately 100cm3 upwards this relationship plateaus with sample size having a negligible effect 

on the results (Asiri et al, 2016). Corkum et al (2018) recommends a minimum sample size of 90cm3, 

or a length to diameter ratio of 0.4 for core samples. The samples used in this research were cored 

from block samples to a comparable size used in these previous studies, which for this work was 

found to be a practical size when working with a large number of samples. 

Conclusions 

The Equotip hardness tester provides a rapid method for estimating IDD that could be of significant 

benefit for the characterisation of rock mass properties for both engineering and quantifying rock 

control in coastal chalk studies. This study found a good positive correlation between surface 

hardness and IDD in core samples of dry coastal chalk with an r2 value of 0.73. The results obtained 

from the inland samples gave a slightly lower r2 value of 0.57, but it is likely this could be improved 

with wider testing. 

At similar densities, the coastal samples showed markedly lower hardness values than those 

observed in the inland samples. This difference in hardness is most likely a consequence of the 

different environmental settings the samples were collected from, with the coastal samples being 

subjected to more extreme weathering conditions, such as salt weakening. This suggests that it is 

necessary to establish a baseline with laboratory testing to ensure that any relationship between the 

Equotip hardness and intact dry density is understood with respect to the environmental setting 

from which it is sampled.  

The Equotip is sensitive to the textural anisotropy of the chalk. Tests undertaken on samples in the 

diametral orientation generally show a wider range in single impact values, possibly because the 

Equotip tester in this orientation is able to test a wider lithological area of the sample. Consequently, 

carrying out rebound impacts in the diametral orientation may offer a more characteristic hardness 

value of the rock sample than the axial orientation. Notwithstanding this, however, the best 
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correlation observed was found by combining all the data from both the axial and diametral 

orientations. 

Statistical analysis has shown that a representative LD value can be achieved from an optimal 

number of single impacts distributed evenly across the sample surface. The number of single impacts 

required, however, is dependent on the RD value for the sample. Samples with a greater range in 

single impact values require a larger number of impacts to obtain a representative LD value. 

However, for all the samples tested in this study, beyond around 30 single Equotip impacts, the 

improvements in the accuracy of the LD value were minimal.   

The Equotip hardness tester has the potential to supplement laboratory and field-based 

measurements of IDD for engineering and scientific studies. The portability of the device coupled 

with the minimal preparation of test material, requiring only a smooth and clean surface, makes the 

Equotip suitable for field-based studies on in-situ chalk exposures or drill-core.  Further testing is 

necessary, however, to understand the effect of moisture content, and to determine relationships 

with other key chalk engineering properties, such as unconfined compressive strength (UCS).  
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Tables 

Tables are inserted below. 

Table 1. Summary of results from intact dry density and Equotip hardness testing on core samples  

    Coastal Data  Inland Data 

       
No. Core Samples 

 
61 

 
48 

       
IDD Mg/m3 min 

 
1.526 

 
1.523 

  
max 

 
1.851 

 
1.732 

  
Mean 

 
1.667 

 
1.643 

       
Axial  LD min 

 
216 

 
213 

(ni=20) 
 

max 
 

310 
 

310 

  
Mean 

 
250 

 
270 

       
Diametral LD min 

 
211 

 
- 

(ni=20) 
 

max 
 

335 
 

- 

  
Mean 

 
253 

 
- 

       
All Results LD min 

 
217 

 
- 

(ni=40) 
 

max 
 

301 
 

- 

  
Mean 

 
252 

 
- 

† The results for the inland data are presented as axial as they were carried out on the axial axis of the cores. The 
true orientation of the sample, however, was unknown. 
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Table 2. Results of statistical assessment 

  
Cube Sample 

 
Core Samples 

 
 Face 

A 
 

Face 
B 

 
Sample 

A 
 

Sample 
B 

 
Sample 

C 
 

Sample 
D 

             
LD value  243  256  219  243  261  285 

RD value  80  152  52  74  127  130 

Standard Deviation  17  29  15  21  23  31 

Margin of error 
            

ni = 10  11  22  9  13  20  22 
ni = 20  7  13  6  8  13  15 
ni = 30  6  10  5  8  9  11 
ni = 40  6  8  5  7  7  10 
ni = 50  5  8         
ni = 60  5  8         

ni = 70  4  7         
ni = 80  4  7         
ni = 90  4  6         

ni = 100  3  6         
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Figure captions 

Figure 1. Study area location also showing where sampling was undertaken. 

Figure 2. An example of a prepared chalk core sample. 

Figure 3. Equotip hardness tester and recording unit. 

Figure 4: IDD plotted against axial hardness for coastal samples. 

Figure 5: IDD plotted against diametral hardness for coastal samples. 

Figure 6: Frequency distribution histogram for RD (axial) results. 

Figure 7: Frequency distribution histogram for RD (dia) results. 

Figure 8: IDD plotted against hardness for the coastal and Falmer samples. 

Figure 9: Results for ni against margin of error. 

Figure 10: Plots showing the change in cumulative mean (LD) with increasing sample size. Top is Face 

A, Bottom is Face B. 

Figure 11: Deviation of sample mean from population mean against increasing sample size for 

samples A and B. 

Figure 12: Deviation of sample mean from population mean against increasing sample size for 

samples C and D. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

 

  

ACCEPTED M
ANUSCRIPT

 by John Barlow on October 25, 2021http://qjegh.lyellcollection.org/Downloaded from 

http://qjegh.lyellcollection.org/


Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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