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1 Introduction

Quantifying the strength of volcanic rocks in remote areas of difficult access is a

challenging task. Volcanic areas generally present an outstanding variety of rock

types, in a relatively random pattern, ranging from very strong, coherent, welded rocks

to weak, interlocked vesicular pyroclastic units. The strength of volcanic rock masses

can be approached, in a way similar to other materials, as a combination of the study of

the strength of the rock matrix and the structure and quality of the rock mass.

The difficulty in assessing volcanic rocks in remote areas lies in the relative

inaccessibility of many outcrops, which prevents traditional geotechnical sampling

and testing campaigns being used, or borehole investigations being carried out.

Also, due to their genesis, many volcanic rocks contain rock type-unit-specific

fractures and rock mass structures which differ from most other rock types. This can

make it difficult to decide on the criteria which ensure that the samples tested are

representative of the intact rock. To overcome this problem, the intact rock or rock

matrix is defined here following Hoek and Brown’s (1997) observation that there is

a ‘‘critical sample size’’ below which the strength is constant. To avoid biasses in

problematic volcanic rocks, only samples below the critical sample size, but large

enough to be tested, have been considered to be representative of the rock matrix.
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The small number of published intact rock strength measurements of volcanic

rocks are generally from strong, coherent materials and, therefore, only give an

upper limit for rock strength (e.g. Schultz 1995). Altered or vesicular rocks, or rock

units comprising aggregates of small fragments, which compose a significant

volume of most volcanic edifices, have rarely been tested, as there is a lack of

guidance on the procedures to be followed.

The general objective of this technical note is to compare and assess different

viable direct and indirect methods for obtaining intact rock strength parameters in

remote volcanic areas. In particular we compare the efficiency of different Schmidt

hammers, and the trends of unit weight with strength values from Schmidt hammers,

point load tests and uniaxial compression tests.

All samples and tests have been carried out on the sub-aerial post-shield volcanic

materials of the central area of the island of Tenerife, in the North Atlantic Ocean.

Volcanic activity in this area has been characterised by the cyclic building of silica-

under-saturated, evolved edifices, all of which ended in caldera-forming eruptions.

2 Methods for Quantifying Intact Rock Strength Parameters

Ideally, the matrix of volcanic rocks should be tested in uniaxial compression under

laboratory conditions in which the axial strain, strain rate and load can be controlled

and measured, and uniaxial compressive strength (rci), Young’s modulus and

Poisson’s ratio can be calculated directly. However, several cores are needed to

carry out this test and extracting and carrying such samples from remote areas

across volcanic terrain can be very difficult. In addition, the fragmented nature of

some volcanic rocks does not allow this. For these reasons, only a small number of

uniaxial compression tests were performed and alternative indirect testing methods

had to adopted; the Schmidt hammer and the point load test.

2.1 The Schmidt Hammer

The Schmidt hammer is a light hand-held device which consists of a spring-loaded

mass inside a piston that is released when the hammer is pressed orthogonally onto a

surface. The rebound height of the mass (R) is recorded on a linear scale and gives an

indication of the strength of the material being tested. There are two types of Schmidt

hammers (L- and N-type), with different impact energies (0.735 and 2.207 Nm,

respectively). The results of the tests are given as the rebound height RL and RN for

the L- and N-type Schmidt hammers, respectively. There are no clear guidelines on

the choice of hammer type. The International Society for Rock Mechanics (ISRM;

1987) only endorses the L-type Schmidt hammer, while the American Society for

Testing and Materials (ASTM; 2001) does not specify the type used. Aydin and Basu

(2005) suggest that both hammers should give the same values and that the N-type

should give less scattered results. Although the Schmidt hammer was initially

designed to test concrete (Schmidt 1951), it is widely used on natural rock.

The aim of the present work with the Schmidt hammer is to determine whether it

is valid to use the results from Schmidt hammer tests to estimate the uniaxial
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compressive strength of volcanic rocks and to determine whether either, or possibly

both, hammers can be used for such materials. Thirty-four locations were visited

and the rock matrices of fresh and altered lavas, welded pyroclastics and autoclastic

breccias were tested with both Schmidt hammers, with 20 readings recorded for

each material at each location. Testing was performed in situ following the ISRM

(1987) and ASTM (2001). Care was taken to ensure that the material tested was

well-cemented and ‘‘elastic’’ and that its surfaces were relatively smooth in relation

to the size of the impact plunger (*20-mm diameter). Tests were performed away

from discontinuities following guidance from Day and Goudie (1997) to avoid the

dissipation of energy, and values obtained from tests carried out at oblique angles to

the horizontal were corrected following the findings of Basu and Aydin (2004).

Previous workers report that Schmidt hammer rebound values can be correlated

with uniaxial compressive strength and Young’s modulus following an extensive

number of published empirical correlations which range from simple linear (e.g.

Dinçer et al. 2004) to complex non-linear relationships (e.g. Kahraman 2001). Some

of these studies consider unit weight in the calculation (e.g. Deere and Miller 1966)

and some do not (e.g. Xu et al. 1990). Dinçer et al. (2004), Kahraman (2001) and

Fener et al. (2005) provide comprehensive lists of those correlations.

2.2 The Point Load Test

The point load test provides strength measurements of irregular fragments of rocks

or of rock cores, with all rock dimensions being greater than 50 mm. This test is

performed on samples extracted from their natural emplacement, and can be either

carried out in the laboratory or in the field. For the test, the sample is placed between

two conical platens which move towards each other on application of a hydraulic

pressure. A steadily increasing load is applied to the sample, which fails by the

development of tensile cracks parallel to the axis of loading. Pressure values at

failure are then normalised to a standard 50 mm core size and, from this, strength

values are given in terms of the point load index (Is(50)).

One hundred and fifteen samples of scoria and 37 of autoclastic breccia clasts

(taken to be representative of the rock matrix) were tested in point load tests following

the ISRM (1981) and ASTM (2000). As with the Schmidt hammer, there are a number

of published empirical correlations between point load index and both uniaxial

compressive strength and tensile strength of the material. These correlations are

mostly linear and range from a factor of 16 to a factor of 24 for uniaxial compressive

strength (e.g. D’Andrea et al. 1964; Broch and Franklin 1972; Read et al. 1980; ISRM

1985) and 1.25 and 3.43 for tensile strength (e.g. ISRM 1985; Mesquita Soares et al.

2002). Kahraman (2001) gives a comprehensive list of the correlations.

3 Evaluation of the Methodology

Schmidt hammer rebound values from 34 different locations and from five different

geotechnical units (fresh lavas, altered lavas, fresh welded pyroclastics, autoclastic

breccias and calibration anvil) have been collected. An error analysis for both
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Schmidt hammer tests shows they both have very similar coefficient of variation

distributions (Fig. 1a) and that, in both cases, the errors decrease linearly for

increasingly stronger rocks (Fig. 1b).

Only 20 measurements were recorded per sample, and, statistically, this is not

very significant. However, further analysis shows that the difference between the

arithmetic and geometric means at each location (0.45 and 0.4 for RN and RL,

respectively) are more than an order of magnitude smaller than the mean standard

deviations (5.8 and 5.2, respectively). In other words, the uncertainty associated

with Schmidt hammer values, and the relatively small number of measurements

carried out, could mask possible skewness in the distribution of the results.

Standard normality tests (Kolmogorov–Smirnov) show that the measured values

for each locality are normally distributed. Both Schmidt hammers give less scattered

results for stronger materials, with RL giving slightly better results for materials with

high uniaxial compressive strength (rci [ 90 MPa) (Fig. 1b). It has been noted that

the N-type Schmidt hammer underestimated the uniaxial compressive strength of

weak rocks (rci \ 20 MPa), as it crushed discrete grains and caused cracking of the

sample. A similar outcome was reached by Sheorey et al. (1984).

The rebound values given by both Schmidt hammers for the same material at 34

locations give the following correlation:

RN ¼ 1:0642RL þ 2:5687 R2 ¼ 0:85

which agrees with that proposed by Aydin and Basu (2005) (Fig. 2). The higher

correlation of 0.99 achieved by Aydin and Basu (2005) is attributed to the reduction

in surface roughness by mechanically polishing their samples prior to testing.

The RN values provide a good linear correlation between unit weight of the

material (c, in kN/m3) and rebound value (Fig. 3a), given by:

RN ¼ 2:64c� 16:33 R2 ¼ 0:98

The RL values, on the other hand, are less sensitive to variations in unit weight

(R2 = 0.85) (Fig. 3a).
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Fig. 1 Comparison of the standard error from both Schmidt hammers’ rebound values from Tenerife. a
Very similar distribution of the normalised error for both hammers. b The error in both cases decreases
for increasing strength values and more precise results are given by the L-type Schmidt hammer (RL) for
the stronger materials in the range tested than the N-type Schmidt hammer (RN). Uniaxial compressive
strength values (rci) calculated following Dinçer et al. (2004)
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Point load tests give a very broad scatter of results which, surprisingly, show no

meaningful relation to unit weight (Fig. 3b). Even when the results are presented for

discrete units (Fig. 4), the scatter and poor relation with unit weight are clear. Unit

weight values are normally distributed for clasts of the same unit (Fig. 4a, b), but

point load index values result in a highly skewed distribution, which suggests that

most clasts are equally weak, with only a few samples, from a range of unit weights,

showing significant strength.

Uniaxial compression test results show less scatter in the results and a clear

logarithmic increase of uniaxial compressive strength with increasing unit weight

(Fig. 3c), given by:

rci ¼ 0:626e0:178c R2 ¼ 0:93

A final comparison of the three different methodologies (Table 1) suggests that,

if only a few samples are used in uniaxial compression tests, Schmidt hammer

measurements can give results which are twice as precise. It also shows that point

load tests give the broadest scatter in values.

4 Conclusions

When used to test the intact rock strength of a wide range of volcanic rocks in situ,

rebound values from the two Schmidt hammers (L- and N-type) show a good linear

correlation between them. Error analyses show that, for both hammers, the errors

are higher for weaker materials and that the RL values tend to be slightly more

precise than the RN values for very weak (rci \ 20 MPa) and for relatively strong to

very strong rocks (rci [ 90 MPa). Strength values from point load tests on vesicular
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A Comparison of Different Indirect Techniques to Evaluate Volcanic Intact Rock Strength 935

123



volcanic rocks show great scatter and fail to give a relation with unit weight.

Uniaxial compression test results show little scatter and a good logarithmic relation

with unit weight.

Results from this study show that, if only few samples can be tested, Schmidt

hammers can give results similar in quality to uniaxial compression tests. However,

care must be taken when comparing uniaxial compression strength values obtained

from different indirect techniques, as these values are heavily dependent upon the

correlation factors chosen.

Schmidt hammers are light to carry and multiple tests can be quickly performed

on the same material. This, coupled with the acceptable precision ranges achieved,

makes them a very useful tool for obtaining estimates of uniaxial compressive

strength of rocks in remote areas. However, the good quality of the results obtained
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suggests that they could also be used for preliminary assessment in other, more

accessible environments.
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