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Evaluation of different surface characteristics 
and mineral grain size in the estimation of 
rock strength using the Schmidt hammer 
by K. Karaman1

Abstract
This study investigated the effect of surface roughness on Schmidt rebound hardness (RL). Four 
different test surfaces of rock samples were studied: natural, ground, cut surfaces, and core 
samples. There was significant variability of standard deviation based on the RL on the natural 
surface, which indicated high roughness of the rock surface, whereas surface polishing caused a 
significant decrease in standard deviation. ISRM and ASTM methods were compared to estimate 
unconfined compressive strength (UCS) for different testing surfaces. RL obtained from the cut 
surface was found to be more reliable than those obtained from other testing surfaces for the 
prediction of UCS; however, regression and ANOVA analyses revealed that the ISRM method 
gave a more accurate UCS estimation of rocks with highly rough surfaces. It was also shown that 
RL values obtained from a cut surface were significantly higher than those obtained from core 
samples. Therefore, a comparison between RL values obtained from core samples and cut surfaces 
was made based on previous studies. This study statistically showed that estimated UCS values 
are not statistically significant if Schmidt rebound tests are not performed on similar surfaces. 
In addition, the mineral grain sizes of the studied rocks, different testing surfaces compared with 
those in literature, and standard deviation from RL are evaluated and discussed. The Schmidt 
hammer technique is a rapid, inexpensive, and straightforward method for estimating UCS for 
preliminary assessment; however, roughness of the surface should be eliminated if variations are 
shown in the surface rebound hardness.
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Introduction
The Schmidt hammer technique was initially developed in the late 1940s for testing the hardness of concrete 
(Schmidt, 1951) and, since the early 1960s, it has been used in rock mechanics practice (Deere and Miller, 
1966). It has also been used for an increasing range of purposes, including the study of various weathering 
phenomena (Gokceoglu and Aksoy, 2000; Karpuz and Pasamehmetoglu, 1977), strength of joint walls 
(ISRM, 1978), rock discontinuity assessment (Young and Fowell, 1978), control of mine roof (Kidybinski, 
1968), rock mass excavatability classification (Karpuz, 1990), performance of tunnel boring machine and 
roadheader (Bilgin et al., 1990; Poole and Farmer, 1978), penetration rate of drilling machines (Kahraman et 
al., 2003), determination of stabilization of glacially transported boulders (Wilson and Matthews, 2016), and 
saturation effect on strength and hardness (Karakul, 2017).

The use of the Schmidt hammer technique has been standardized by both the International Society for 
Rock Mechanics (ISRM, 2007) and the American Society for Testing and Materials (ASTM, 2013). Schmidt 
hammer models, such as L and N types, are designed with different impact energy levels. Orientation of the 
hammer, spacing between the impacts, surface roughness, weathering of the rock, size of the test sample, 
and the adopted test procedure are among significant parameters that influence the rebound values of rocks 
(Aydin, 2009; Goudie, 2006; ISRM, 1978; Karaman, 2020; Katz et al., 2000).  

Hucka (1965) and Poole and Farmer (1980) indicated that the peak rebound values of repeated 
impacts at individual points are more reliable than first- or single-impact values; however, Shorey et 
al. (1984) used lower rebound values because they were more reliable for the estimation of unconfined 
compressive strength (UCS). Aydin (2009) stated that the density, distribution, and connectivity of its weak 
microstructural elements strongly affect the UCS values of a material; thus, high and low rebound values are 
equally necessary to reflect the nature of heterogeneity. Although different test procedures might be suitable 
for different applications, various researchers and institutions have suggested testing procedures that exhibit 
a wide variation in rebound values (Goktan and Gunes, 2005). 
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Some authors mention surface roughness properties for the 
Schmidt rebound test. Williams and Robinson (1983) stated that 
rough surfaces yield lower hardness values than smooth surfaces 
for fresh gritstone blocks. Katz et al. (2000) carried out field 
measurements on three different surfaces: naturally weathered rock 
surfaces, surfaces manually polished with a grinding stone, and 
surfaces polished with an electrical grinder. They only published 
the standard deviation value changes from 1.93–5.57 (1.93 for 
surfaces polished with an electrical grinder, 3.80 for manually 
polished surfaces, and 5.57 for naturally weathered surfaces). They 
stated that high-quality polishing profoundly improved the quality 
of field measurements. Dabski (2009) studied limestone boulders 
that had early stages of weathering of glacially abraded surfaces 
and generally found higher rebound hardness values on polished 
surfaces than those obtained from non-polished surfaces. Cerna and 
Engel (2011) investigated variations of Schmidt hammer rebound 
value on the surface and sub-surface for a granite outcrop. They 
compared rebound hardness values obtained from natural and 
prepared surfaces, revealing that grinding before measurement 
provided more accurate data. Matthews et al. (2016) indicated 
that the first impact on surfaces tends to yield a relatively low RL 
value due to higher surface roughness, and such roughness effects 
were only removed after further impacts (usually less than five). 
Kogure (2019) proposed equations that distinguished two types of 
weathered surfaces, with higher rebound values at the surface of the 
indents than those at the surface of cliffs without indents. Karaman 

(2020) investigated the effect of rock surface roughness on Schmidt 
hammer rebound number and confirmed that rebound values 
increased as the surface roughness decreased. 

Many studies on the Schmidt hammer technique have been 
conducted on different surfaces (Table I). Some researchers 
performed the Schmidt hammer technique on surfaces without 
any polishing processes, while some used grinding stones before 
measurements. Surfaces were also prepared by researchers using 
an electric grinder and saw machine. Natural surfaces were widely 
used to determine weathering state and stabilization of glacially 
transported boulders. According to Table I, different researchers 
used various polishing methods before the Schmidt rebound 
measurements. Therefore, even if the rock types were the same, 
different rebound values were obtained because of variations in 
surface roughness properties.

According to the literature review, no study focused 
experimentally on the UCS estimation of rocks with different 
surface roughness properties. The main objective of this study was 
to investigate the effect of surface roughness on the relationship 
between UCS and RL. For this purpose, the UCS results for nine 
different rock types were correlated with the corresponding RL 
results. Many researchers compared their equations with previous 
studies, regardless of whether the test surface was the same. 
Therefore, this study aimed to investigate the usability of relevant 
test surfaces for comparison and how grain size and standard 
deviation affect RL measurements.

  Table I
  Summary of testing surface properties and conditions from the literature

  Researchers Subject Rock/s Type Test surface processes

  Kogure (2019) Mechanical characteristics of  Pyroclastic N The test was performed without 
 weathered pyroclastic rock rocks  any polishing of the surfaces 
 surfaces   before the impact.
  Wilson et al. (2019) Age determination of Granite N Boulder surfaces were not prepared 
 glacially transported boulders boulders  before measurement.
  Yilmaz and Goktan  Comparison of Schmidt hammer Masonry and L No treatment was necessary for 
  (2019) technique and Equotip hardness  building stones  surface smoothening for the 
 tester for rock strength evaluation   core samples.
  Han et al. (2019) A deep learning-based method  Not given N Before measuring, the weathered  
 for rock strength   layers of the rocks were removed.
  Goktan and Gunes  Prediction of rock-cutting machine Mudstone, shale,  N The rock surfaces were ground by 
  (2005) performance sandstone  hand with a carborundum wheel.
  Ozkan and Bilim  Application of the Schmidt hammer Coal L The surfaces were manually polished 
  (2008) technique in-situ on a coal face   with a grinding stone.
  Cerna and Engel  Rebound value variation for strongly Granitic N The surfaces were prepared 
  (2011) weathered and weakly outcrops  using an electric grinder. 
 weathered granite outcrops
  Buyuksagis and  Effect of Schmidt hammer technique Different rock L/N The specimen surfaces were  
  Goktan (2007) and test methods on UCS prediction types   precision cut by diamond- 
    segmented circular sawblades 
    in the processing plant.
  Vasconcelos Prediction of mechanical Granitic N The specimens were cut utilizing a  
  et al. (2007) properties of granites rocks  saw machine. 
  Katz et al. Evaluation of mechanical Fine-grained quartz- N Naturally weathered rock surfaces. 
  (2000) rock properties syenite  The surfaces were manually polished  
    with a grinding stone. 
    The surfaces were polished with an  
    electrical grinder.
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Materials and methods

Sampling and characterization of rocks
Rock samples were taken from the Black Sea region of Turkey 
(Trabzon and the surrounding area) (Figure 1). Their mineralogical 
and textural properties were determined using a trinocular 
polarizing research microscope. For the geological nomenclature 
of the claystone and quartzite samples, X-ray diffraction (Rietveld) 
analysis was performed (Karaman and Bakhytzhan, 2020). 
Petrographic thin-section analyses of the other samples are shown 
in Figure 2.

Each block sample was inspected for visible defects to provide 
standard testing samples free from cracks and fractures. Anisotropy 
is a significant parameter affecting the strength of the rocks. The 
studied rocks with no anisotropy (schistosity and foliation) showed 
no bedding planes, prismatic, pillow lava, or flow structure. The 
vicinity of the sampling locations was also checked to ensure that 
there were no faults or shear cracks.

Schmidt hammer measurements
Points were selected that avoided edge effects, cracks, and other 
visible structural weaknesses in the rock surface. Special attention 
was paid to ensuring that single impacts separated by at least the 
plunger diameter were made precisely on the rock surface. The 
hammer was periodically checked using the manufacturer’s test 
anvil. All RL tests were performed with the hammer held vertically 
downward. RL tests were performed using the L-type hammer in 
the laboratory on NX-size (54.7 mm diameter) core samples of five 
rock types belonging to different lithology definitions (granodiorite, 
basalt, diabase-1, diabase-2, and andesite). Hack et al. (1993) stated 
that no treatment is necessary for surface smoothening when the 
test specimens are obtained by coring. Test samples were rigidly 
supported using a core holder with a steel base during the testing. 
Aydin (2009) recommended sample sizes for the rebound hardness 

test: NX size (54.7 mm) for core samples and at least 100 mm 
thickness for block samples. 

RL measurements were also made on block samples with 
different surface properties, such as natural surface (without any 
polishing process), ground surface (using an electric grinder), and 
cut surface (using a saw machine). ISRM and ASTM methods that 
are widely used for rebound hardness determination (Buyuksagis 
and Goktan, 2007; Jamshidi et al., 2018; Karaman and Kesimal, 
2015a) were used. These methods are described below.

Test Procedure 1 (ISRM, 2007): It is recommended to record 
twenty rebound values from single impacts separated by at least a 
plunger diameter and average the upper ten values.

Test Procedure 2 (ASTM, 2001): It is recommended to record 
ten rebound values from single impacts separated by at least the 
diameter of the piston, discarding readings that differ from the 
average of ten readings by more than seven units and determining 
the average of the remaining readings.

Roughness measurements
Barton and Choubey (1977) proposed ten standard joint roughness 
coefficient (JRC) profiles ranging from 0 to 20. The JRC value is the 
most commonly used measure for representing surface roughness 
(Hsiung et al., 1995). Each profile covers a range of two scales of 
JRC (i.e., 0–2). In the current study, a unique value (middle value 
of a range) was practically assigned to each profile, as in the study 
of Hsiung et al. (1995). The surface roughness was measured using 
a comb profilometer. The rock-surface roughness was quantified 
to assess its influence on rebound values and UCS estimation. 
The effects of weathering, instrument errors, and sample design 
were minimized to determine the surface roughness. The electric 
grinding tool was used stepwise to minimize dust formation and 
heating. Six roughness measurements, including impact points, 
were performed for each rock surface, and representative surface 
roughness was determined (Figure 3).

Figure 1—Major geological features of the study area (modified from Okay and Sahinturk, 1997)
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Density, porosity, and unconfined compressive strength tests
Core samples were prepared using a laboratory core drill and 
saw machines. For coring the rock blocks, a 54.7 mm diameter 
diamond coring bit was used. Trimmed core samples were used in 
the determination of density. The values of apparent porosity were 
obtained using saturation and caliper techniques. The UCS tests 
for fresh rocks were performed with a length-to-diameter ratio of 
2.5, following the recommendations of ISRM (2007). All tests were 
carried out on intact rock samples. A machine with a 200 t capacity 
servo-control system was used for the UCS tests. The loading 
speed was applied within the limits of 0.5–1.0 MPa/s. The test 
was repeated five times for each rock type, and the average values 
are recorded as the UCS (Figure 4). The mechanical and physical 
properties of the samples are given in Tables II and III, respectively. 

Results

Evaluation of standard deviation and roughness
The standard deviation of the Schmidt hammer rebound 
measurements was obtained in the range of 5.1–11.6 for the raw 
data. The average standard deviation of all rocks was 7.8 ± 2.4 
for raw data, 4.3 ± 1.6 for natural surfaces (ASTM), 2.9 ± 0.8 for 
surfaces polished with an electrical grinder (ASTM), and 1.8 ± 0.5 
for cut surfaces (ASTM). The average standard deviation of all rocks 
was 3.8 ± 1.3 for natural surfaces (ISRM), 2.0 ± 0.6 for surfaces 
polished with an electrical grinder (ISRM), and 1.1 ± 0.5 for cut 
surfaces (ISRM) (Table II). It was shown that the roughness of the 
test surface considerably affected the standard deviation. Figure 
5 demonstrates a positive correlation between surface roughness 

Figure 2—Microscopic images of the rock samples studied: (a) granodiorite, (b) diabase-1, (c) diabase-2, (d) andesite, (e) basalt, (f) lapilli tuff, and (g) limestone.  
Bt: biotite, Hbl: hornblende, Op: opaque mineral, Olv: olivine, Qtz: quartz, Pl: plagioclase, Prx: pyroxene

Figure 3—(a) Grinding process, (b) ground surface, test on (c) natural and (d) cut surfaces, (e) roughness measurements, and (f) evaluation
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According to Figure 5, a high coefficient of determination (R2 = 
0.82) was obtained between the standard deviation and roughness 
values of the test surfaces of all rocks except for Lapilli tuff. Large 
grains of various types and sizes were observed in a macroscopic 
view of the Lapilli tuff. Scattered data can be obtained from 
pyroclastic and breccia rocks. 

Rock samples with rough surfaces were selected for this study 
to evaluate roughness effects, so natural roughness values of lapilli 
tuff, andesite, and granodiorite were found to be similar (Table IV). 

and standard deviation, indicating that as the surface roughness 
increased, the standard deviation also increased. A decrease in the 
standard deviation was shown for the natural surfaces compared 
with the raw data due to the rule of seven units (ASTM) and 
discarding the lowest 50% values (ISRM). According to the ISRM 
method, the standard deviation values were lower for all surfaces 
because the lowest ten of the twenty readings were not included in 
the calculations. 

Figure 4—(a–d) Some core samples, (e) Schmidt calibration anvil, (f) Schmidt hammer test, (g) before and (h) after the unconfined compressive strength test

  Table II
  Results of Schmidt rebound values for different surfaces

  Rock type Natural Natural Ground  Ground Cut Cut  Core Core  
  surface surface surface surface surface surface samples sample 
 (ISRM) (ASTM) (ISRM) (ASTM) (ISRM) (ASTM) (ISRM) (ASTM)

  Granodiorite 51.2 ± 3.0 46.3 ± 4.0 62.0 ± 1.2 60.4 ± 2.3 66.0 ± 1.0 64.6 ± 1.8 47.8 ± 1.3 46.8 ± 1.4
  Diabase-1 44.0 ± 2.7 40.8 ± 2.4 55.2 ± 1.5 53.6 ± 2.0 60.4 ± 0.5 59.3 ± 1.5 42.4 ± 2.2 40.6 ± 2.5
  Diabase-2 53.6 ± 2.5 51.1 ± 2.3 59.6 ± 1.4 57.3 ± 1.9 64.5 ± 0.6 63.9 ± 0.8 48.5 ± 1.8 47.3 ± 2.5
  Andesite 45.4 ± 5.3 37.0 ± 6.9 50.6 ± 3.0 47.7 ± 3.7 57.0 ± 1.9 55.4 ± 2.2 38.2 ± 1.8 36.5 ± 2.3
  Basalt 48.7 ± 4.2 44.1 ± 3.8 55.8 ± 2.3 53.4 ± 3.4 62.4 ± 1.2 60.8 ± 2.2 44.1 ± 2.2 42.3 ± 2.7
  Lapilli tuff 18.7 ± 5.4 15.8 ± 5.8 21.4 ± 2.5 19.3 ± 2.8 23.7 ± 0.9 22.5 ± 1.6 - -
  Clay stone 21.8 ± 4.9 16.1 ± 5.6 26.7 ± 1.9 23.0 ± 3.4 30.2 ± 1.3 28.2 ± 2.1 - -
  Limestone 47.8 ± 4.3 41.3 ± 3.5 55.0 ± 2.1 52.9± 2.8 57.2 ± 0.8 56.0 ± 1.5 -  -
  Quartzite 43.4 ± 1.7 40.8 ± 4.0 49.4 ± 1.7 47.8 ± 4.1 51.0 ± 1.6 48.0 ± 2.2 - -

  Table III
   Average test results and standard deviation values of 
samples

  Rock type Density Apparent  UCS 
 (g/cm3)  porosity (%) (MPa)

  Granodiorite 2.65 ± 0.1 1.3 ± 0.3 170 ± 20
  Diabase-1 2.79 ± 0.1 4.6 ± 0.3 116 ± 17
  Diabase-2 2.83 ± 0.3 2.3 ± 0.5 183 ± 4
  Andesite 2.55 ± 0.1 5.0 ± 0.3 86 ± 23
  Basalt 2.56 ± 0.4 4.5 ± 0.9 163 ± 20
  Lapilli tuff 1.86 ± 0.6 27.2 ± 1.2 12 ± 2
  Clay stone 2.40 ± 0.5 8.0 ± 1.0 25 ± 10
  Limestone 2.67 ± 0.1 0.7 ± 0.5 81 ± 12
  Quartzite 2.39 ± 0.2 6.9 ± 0.6 60 ± 8 Figure 5—Relationship between roughness and standard deviation
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the rebound readings also decreased, so the difference between the 
ISRM and ASTM methods became smaller (Figure 6).

The rebound values obtained from the cut surface were only 
close to those measured from the ground surface in the estimation 
of the UCS. It was observed that quite different UCS values could 
be predicted for the same rock type due to the effect of JRC (natural 
and cut surfaces). Increased JRC value leads to deviations not 
only in the standard deviation, but also in the empirical equations 
derived. A higher coefficient of determination was obtained as the 
JRC value decreased. 

Comparison of RL values obtained from different rough 
surfaces
As seen in Table V, strong coefficients of determination were 
obtained between the UCS and RL data pairs of different rough 
surfaces within a 95% confidence level (R2 ≥ 0.90). The variations 
of RL values obtained from different rough surfaces were also tested 
using the one-way ANOVA for both methods (ISRM and ASTM). 
The Dunnett two-sided T-test was used to compare the RL values 
obtained in multiple tests to investigate the relationships between 
different surfaces: the RL values obtained from the cut surfaces 
were considered the control group. A significance level (SL) close to 
1.00 indicates perfection of variance homogeneity (SL > 0.05). The 
variances of RL values were homogeneous (Levene statistic values 
= 1.397 and 1.416, and SL = 0.264 and 0.259 for ISRM and ASTM, 
respectively). When SL > 0.05, there was no difference between the 
mean values of the groups. According to the ANOVA results, no 
difference was obtained among the mean values of the groups  
(F = 1.163 and 1.717 and SL = 0.341 and 0.186 for ISRM and  
ASTM, respectively). The mean RL values from the ground surfaces 
were very close to the RL values obtained from the cut surfaces, with 
the lowest variation (Table VI and Figure 7). 

However, granodiorite contains quartz, which is harder than other 
minerals, and lapilli tuff contains rock fragments with different 
hardness. Therefore, the grinding process is affected by different 
hardness of particles (rock fragments, minerals, etc.) on the 
surfaces. Accordingly, the ground surfaces of granodiorite and lapilli 
tuff were rougher than those obtained from other rocks.

Relationship between rebound value and unconfined 
compressive strength
Predictive Analytics Software (PASW Statistics 18) confirmed 
the statistically derived equations. All variables (i.e., UCS and RL 
for all surfaces) were found to be normally distributed according 
to the Kolmogorov–Smirnov Z test and were then subjected to 
parametric statistical tests. Linear, power, exponential, logarithmic, 
and quadratic relationships between the variables were examined to 
obtain the most reliable equations. Analysis of variance (ANOVA) 
tables were also checked to determine whether regression models 
were significant. Similarly, the significance of coefficients in 
equations was examined.

Figure 6 shows the relationship between the UCS and rebound 
values obtained from different surfaces. Strong relationships (R2 
≥ 0.90) were obtained between the data pairs. As expected, the 
UCS values increased with increasing rebound values for all test 
surfaces. Statistically significant relations (exponential and power) 
within a 95% confidence level were obtained between UCS and RL 
for all test surfaces (Table IV). However, the natural surface and 
core samples had slightly lower coefficients of determination than 
those of the ground and cut surfaces. The study showed that the 
lapilli tuff and clay stone samples, which are weak rocks, affected the 
relationship type due to their low values of UCS and RL. Therefore, 
the relationship type for core samples is different (linear). A scatter 
plot of the Schmidt rebound hardness derived from the cut surfaces 
(JRC = 1) against the UCS values had the highest R2 value. The 
highest coefficient of determination could be related to the similar 
surfaces (cut and smooth) that were used in the UCS tests. 

According to Figure 6 and Table V, the ISRM procedure gives a 
better prediction of UCS, for which the determination coefficients 
are within the range of 0.91–0.97. In contrast, the determination 
coefficients vary between 0.90 and 0.97 for the ASTM test 
procedure. These results agree with those of Buyuksagis and Goktan 
(2007) and Jamshidi et al. (2018), who obtained slightly higher 
coefficient of determination values with ISRM than ASTM. This 
study also revealed that the ISRM method provided a more accurate 
estimation of UCS for the natural test surfaces (JRC between 5 and 
11); however, as the JRC decreased, the standard deviation values of 

  Table IV
  Average roughness values of the testing surfaces

  Rock Natural Ground Cut  
  types surface surface surface 
 (JRC) (JRC) (JRC)

  Granodiorite 11 5 1
  Diabase-1 9 3 1
  Diabase-2 7 3 1
  Andesite 11 3 1
  Basalt 7 3 1
  Lapilli tuff 11 5 1
  Clay stone 9 3 1
  Limestone 5 1.6 1
  Quartzite 7 2 1

Figure 6—Relationship between UCS and RL for different testing surfaces:  
(a) ISRM and (b) ASTM 
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were also examined by comparing surfaces (core and block samples) 
used in previous studies (Table VII) and extracting 125 RL–UCS 
values. The highest UCS–RL values are given in Figure 8. According 
to literature, the rebound values obtained from a cut surface 
are significantly higher than those obtained from core samples, 
although similar rock types were studied. This study confirmed that 
the differences between the rebound values obtained on smooth 
surfaces (core and block samples) were in close agreement with 
those obtained from previous studies. However, different Schmidt 
rebound values can also be obtained depending on the rock 
characteristics, test method, and application of the test parallel or 
perpendicular to the weakness planes (i.e., anisotropy and bedding 
planes, etc.).  

Using the RL and UCS values from this study, the estimated 
UCS values were calculated and compared with the values from 
empirical equations proposed by different researchers (Buyuksagis 
and Goktan, 2007; Nazir et al., 2013) (Figure 9). The equation 
proposed by Nazir et al. (2013) for core samples was also used to 
estimate the UCS from RL of the block samples to compare the 
sample types (core and block). Similarly, the equation proposed by 
Buyuksagis and Goktan (2007) for block samples was also used in 

The value of significance (SL > 0.05) for all groups revealed 
that there was no difference between the mean values of the groups 
(Table VI); however, SL (0.091) between the natural and cut surfaces 
was very close to the threshold value (0.05) for the ASTM method 
due to the high JRC values of the natural surface. In contrast, the 
study showed that RL values derived from the natural surface using 
the ISRM gave more similarity than ASTM, according to the SL 
value. It can be inferred from these findings that the ISRM method 
gives more accurate RL values for natural surfaces with high JRC 
values. Statistically, the ISRM method also provides better UCS 
prediction, especially on rough surfaces, because it excludes low 
values caused by surface roughness. Consequently, in terms of 
surfaces, using a ground or cut surface to find an RL value gives a 
more accurate prediction of UCS and lower JRC value than other 
surfaces.   

Comparison of RL and estimated unconfined compressive 
strength values obtained from smooth surfaces
The rebound values obtained from core samples were lower than 
those obtained from cut surfaces, although both were smooth. For 
this reason, to verify the results obtained in this study, RL differences 

  Table V

  Results of the statistical evaluations

  Surfaces  Relation R2 R2                      ANOVA (ISRM)                  ANOVA (ASTM) Coefficients 
 type (ISRM) (ASTM) F SL F SL  SL

  Natural  Exponential  0.92  0.90  77.03  0.000  61.4  0.000  < 0.05
  Ground  Exponential  0.94  0.93  108.5  0.000  87.0  0.000  < 0.05
  Cut  Exponential  0.97  0.97  256.7  0.000  225.5  0.000  < 0.05
  Core  Linear/Power  0.91 0.90 31.4  0.011 26.9 0.014  < 0.05

S. Le : Significance level

  Table VI
  Multiple comparisons of the RL

  (I) C (J) C ISRM ISRM ASTM ASTM                                ISRM 95% CI                        ASTM 95% CI

  SL MD (I-J) SL MD (I-J)
 Lower Upper Lower Upper 

      Bound Bound Bound Bound

  N-S C-S 0.209 −10.98 0.091 −13.93 −26.3825 4.4270 −29.6306 1.7640
  C-S C-S 0.541 −8.40 0.567 −8.27 −26.6272 9.8272 −26.8400 10.3066
  G-S C-S 0.845 −4.19 0.795 −4.81 −19.5937 11.2159 −20.5084 10.8862

Figure 7—Comparison of mean values of RL obtained for different surfaces: (a) ISRM and (b) ASTM
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study (SL = 0.039). The disparity could be related to the equation 
of Nazir et al. (2013) being developed using core samples (Figure 
10(a)). Based on the ANOVA results, no difference was found 
between the mean values of this study and the study of Nazir et al. 
(2013) (SL = 0.184) for the core samples (Figure 10(b)); however, 
estimated UCS values derived from the equation of Buyuksagis and 
Goktan (2007) differed significantly from those of the current study 
(SL = 0.001) because their original equation was developed for block 
samples.

Effect of grain size on Schmidt rebound number
A trinocular research microscope was utilized to analyse the grain 
sizes of the samples. Although a grain exists in three-dimensional 
form in a sample, the grain size was expressed by area in this study. 
Three-dimensional grains were minimized by scanning the entire 
section with the help of a motorized table. Thin-section images 
related to grain sizes were examined using Clemex Image Analysis 
System software.

 The largest and approximate average grain areas were calculated 
based on the grain sizes (Figure 11). While the average grain areas 
of the samples ranged from 0.23 to 4.8 mm2, the largest grain areas 
varied between 1.64 mm2 (andesite) and 58.33 mm2 (lapilli tuff). 
Furthermore, the plunger area of the Schmidt hammer (176.7 mm2) 
was about three times larger than the largest grain areas of lapilli 
tuff. However, larger grains (550–600 mm2) could be individually 
observed in macroscopic samples of the lapilli tuff (Figure 12).

This study confirmed that larger grains affected the rebound 
values, even if the surface of the lapilli tuff was smoothed. Aydin 
(2009) stated that when a surface contains grains with sizes 
comparable to the plunger tip diameter, the readings from these 
grains might significantly deviate from the average, depending on 
their strength relative to the matrix or dominant grain size. Findings 
that agreed with this suggestion of Aydin (2009) were obtained for 
the lapilli tuff samples (Figure 13(a)). In contrast, similar to the 
other rock samples, diabase-2 yielded consistent results regarding 
the effect of surface roughness and grain areas on Schmidt rebound 
values (Figure 13(b)). Scatter of the data increased as the JRC of the 
test surface of diabase-2 increased.

In such cases, impact points should be selected to obtain 
separate rebound readings from individual coarse grains and 
matrices (Aydin, 2009). On smooth surfaces where there were no 
large rock fragments, the readings were quite close to each other 
and showed a smooth line for cut surfaces (Figure 13(a)). However, 
the coarse grains of lapilli tuff had different rock fragments, which 
reflected different rebound values. Although all surfaces were 

the estimation of UCS from RL of the core samples. As shown in 
Figure 9, the relationship between the UCS and RL derived from this 
study was very similar to that of Buyuksagis and Goktan (2007) at 
lower rock strength for the block samples.

According to the ANOVA results, no differences were detected 
between the mean values of this study and those reported by 
Buyuksagis and Goktan (2007) (SL = 0.248) for the block samples; 
however, estimated UCS values derived from the equation of Nazir 
et al. (2013) were significantly different from those of the current 

Figure 8—Effect of testing surfaces on peak rebound values

Figure 9—Comparison of estimated unconfined compressive strength values 
with previous studies

Figure 10—Comparison of estimated unconfined compressive strength values with those of previous studies: (a) core samples and (b) block samples
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Discussion 
Aydin and Basu (2005) and Buyuksagis and Goktan (2007) studied 
the effect of hammer type on UCS estimation. It was reported that 
the percentage difference (ISRM method) between L- and N-type 

evaluated together in this study, the findings derived from this rock 
were not utilized in some graphs (Figure 5) to avoid affecting the 
results. In such rocks, the average hardness value is not affected and 
only the standard deviation values are variable.

According to the literature review, the effect of grain size on 
Schmidt rebound number has been addressed by a few researchers. 
Guney et al. (2005) stated that the estimation of engineering 
properties of rock materials (e.g., UCS via Schmidt rebound 
hardness) needs to be improved to account for more qualitative 
values that better represent the rock material, such as its origin, 
porosity, and grain shape. Atapour and Mortazavi (2018) produced 
artificial sandstones with different textural characteristics (median 
grain size: 0.31–1.63 mm and cement content: 15%–25%). They 
observed that the point load strength index and Schmidt rebound 
hardness of the samples increased as grain size increased.

Figure 11—Grain sizes of samples

Figure 12—Views of lapilli tuff samples

Figure 13—Effect of testing surface on variation of RL: (a) lapilli tuff and (b) 
diabase-2
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that these should be used cautiously and only for the specified rock 
types. The current study also proposes that test surfaces, hammer 
types, and sample types (core and block) should be similar if the 
results are to be compared with previous research.

Conclusions and recommendations 
The Schmidt hammer rebound test was conducted on different 
surfaces (natural, ground, cut surfaces, and core samples) to 
estimate the UCS of rock materials and to experimentally 
understand the roughness mechanism. Rebound values increased 
as the surface roughness decreased, and standard deviation values 
decreased. The highest rebound values and lowest standard 
deviations were obtained from cut surfaces, while the lowest 
rebound values and highest standard deviations were taken from 
natural surfaces. Furthermore, lapilli tuff, which had different rock 
fragments, led to variations in the rebound values due to coarse 
grains, even if the sample surface was smooth. 

Statistical test results showed strong relationships (R2 ≥ 0.90) 
between RL and the UCS of the rocks for all test surfaces; however, 
according to the coefficient of determination, RL from the cut 
surface outperformed the other surfaces in the UCS estimation. This 
study also revealed that the ISRM method provides a more accurate 
estimation of UCS for rough test surfaces. The study recommends 
that RL measurements be conducted on smooth surfaces; at least, an 
electric grinder is highly suggested for block samples.  

According to this study, the standard deviation from the impact 
readings is an indirect parameter that presents knowledge about a 
test surface. Therefore, the test surface should be re-evaluated if the 
standard deviation is high. This study also suggests that Schmidt 
hammer rebound values can be compared with those previous 
studies if similar surfaces (ground or cut) and test conditions 
(hammer type and test procedure) are evaluated. 
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