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Abstract

 In this study, marble samples were collected from a quarry near the Karakoram Highway, and core 
samples were prepared for direct compressive strength, indirect strength, pulse velocity, and Schmidt 
hammer value testing. The study revealed a strong linear relationship between the point load index (PLI) and 
uniaxial compressive strength (UCS) for both dry and saturated samples, demonstrating the predictive value 
of PLI, especially in dry conditions. However, it is important to note the reduced reliability of this relationship 
in saturated samples, which is likely due to factors such as pore water pressure. An exponential relationship 
was also observed between ultrasonic pulse velocity (Vp) and UCS, with most samples exhibiting lower Vp 
values than the typical marble average. This suggests variations in the subsurface structure of the marble and 
warrants further investigation to understand its mechanical implications. The linear correlation between the 
degree of weathering and Schmidt hammer readings offers a practical method for assessing weathering 
conditions. Grade I marble exhibited Schmidt hammer rebound values greater than 45, while values ranged 
between 35 and 45 for Grade II and were less than 35 for Grade III. The stress-strain curve revealed a decrease 
in peak stress (from 60 MPa to 32 MPa) with saturation. These results enhance the understanding of Ghulmet 
marble's mechanical behavior and its suitability for diverse applications, emphasizing the importance of 
considering varying conditions and characteristics in geotechnical assessments.
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1.  Introduction       
    
 Uniaxial compressive strength (UCS) is 
an essential  parameter for rock mass 
classification and geotechnical projects. 
Determining UCS is time-consuming and 
expensive due to sample preparation and the 
high cost of universal testing machines (Shah et 
al., 2021, Khan et al., 2022, Shah et al., 2022). 
The Schmidt hammer rebound value (N), 
ultrasonic pulse velocity (Vp), and point load 
index (PLI) have been used to predict uniaxial 
compressive strength (UCS). The Schmidt 
hammer, initially developed to assess concrete 
hardness, is now widely used as an indicator of 
rock hardness  . The Schmidt hammer is a 
simple, portable, quick, and affordable method 
for predicting rock hardness  . Numerous 
correlations between Schmidt hammer rebound 
number and UCS have been developed, 
revealing that UCS is highly dependent on rock 

type. Several studies have also explored the 
specific applications of the Schmidt hammer. 
These include mine roof control   road header 
and tunnel boring machine performance  , 
determination of rock weathering  , assessing 
rock discontinuities  , predicting the uniaxial 
compressive strength of rock  , joint wall 
strength  , drilling machine penetration rate   
and rock mass excavatability classification  . 
Other indirect techniques, such as the point load 
index and ultrasonic pulse velocity, have also 
been correlated with UCS, showing either 
linear or nonlinear relationships.   determined 
that the size correction factor for granite has a 
power of 0.44. In a study of 48 different rock 
types, the author found a strong correlation 
between PLI and UCS for rocks of the same 
type, but a weaker correlation for rocks of 
different types.

 Water saturation significantly affects the
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relationship between indirect and direct 
strength determination methods. Therefore, it is 
necessary to investigate how saturation and 
porosity affect this correlation. Moisture 
content decreases the elastic limit and increases 
the propagation of microcracks, which implies 
that saturation has a relatively minimal effect 
after the elastic limit is reached. Beyond the 
lowered elastic limit due to saturation, plastic 
strain has a more pronounced impact on 
saturated rock samples compared to dry rock 
samples  .

 Several correlations between compressive 
strength and various indirect techniques have 
been established in the literature for a wide 
range of rock types. However, due to the 
dependence of compressive strength on the 
specific rock type, separate empirical models 
must be developed for each distinct rock type. 
This study aims to develop empirical UCS 
models for marble using Schmidt hammer 
rebound value, ultrasonic pulse velocity, and 
point load index. Additionally, the effects of 
saturation on the material's elastic limit have 
been explored by analyzing the stress-strain 
curve. Understanding the implications of 
saturation is of paramount importance given the 
extensive use of marble in both indoor and 
outdoor tile applications. This research also 
examines the effects of saturated samples on the 
correlation of UCS with other parameters.

2.  Regional Geology

 Hunza and Gilgit, situated in the northern 
part of Pakistan within the western Himalayas, 
are defined by their intricate regional geology 
formed by ongoing tectonic activity. The 
collision of the Indian Plate with the Eurasian 
Plate has led to the uplift of the Himalayan and 
Karakoram Mountain ranges, resulting in a 
diverse range of rock types, including 
sedimentary, metamorphic, and igneous rocks, 
as well as complex folding, faulting, and the 
formation of striking anticlines and synclines. 
Glac ia l  processes  have  s igni f icant ly 
contributed to the rocky terrain and the creation 
of deep valleys. The region is renowned for its 
mineral resources, including precious 
gemstones like rubies and sapphires. This 
tectonic activity, while contributing to the area's 
geological significance, also makes it 

seismically active.

3.  Experimental setup and the methodology

 Marble boulders from a quarry near 
Karakoram Highway in Ghulmet Nagar, 
Pakistan (Fig. 2), were collected for direct and 
indirect UCS testing. Schmidt hammer (N-
Type) readings were taken at various locations, 
considering different weathering conditions. A 
detailed geological field survey of the study 
area was conducted. Schmidt hammer rebound 
number tests were performed in the field and 
laboratory following standard guidelines 
(Aydin, 2008). The methodology flowchart is 
provided in Fig. 3. To conduct the rebound 
number test, a smooth rock surface was 
prepared, and ten values were recorded at each 
point. The lowest and highest values were 
excluded, and the average of the remaining 
values was recorded as the N value for that 
specific point. 

 The ISRM suggested method was 
followed to determine UCS of core samples in 
the laboratory (Hatheway, 2009). For the direct 
determination of uniaxial compressive 
strength, the length-to-diameter ratio of the 
specimens was 2.5. The tests were conducted 
on both dry and fully saturated specimens using 
an Eagle Scientific Universal Testing Machine 
model No. TEST-1000E (Fig. 4a). To study the 
saturation effect, specimens were immersed in 
water for 2 hours, following the guidelines 
outlined in the revised ISRM method (Ulusay, 
2015). The variation of rebound value with the 
degree of saturation was also calculated. Some 
core samples broke during the hammer test, 
primarily due to the presence of microcracks.

 The ISRM suggested method (Eberhardt, 
2009) is used to determine porosity, density, 
water content, and degree of saturation. 
According to the ISRM, the degree of 
saturation is determined using Equation 1.

 Where S  is degree of saturation, V  is r w

volume of pore water and V  is the volume of v

pore. 
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Fig. 1. Geological Map showing different geological features.

Fig. 2. The Location map of study area



Fig. 3. Schematic of experimental setup
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Fig. 4. Experimental setup (a) Universal testing machine (b) Ultrasonic pulse velocity tester 
(c) Marble sample (d) Point load index



4.   Results and discussions

 Core samples with a length-to-diameter 
ratio of 2.5 were carefully prepared for direct 
uniaxial compressive strength testing. A 
constant loading rate of 5 kN/s was applied to 
the samples until failure. Notably, a significant 
proportion of the samples exhibited tensile 
f a i lu re  dur ing  t e s t ing .  The  un iax ia l 
compressive strength and Schmidt hammer 
results for both saturated and dry marble 
samples are presented in Figure 5. A decreasing 
trend in UCS was observed in saturated 
specimens. The UCS of dry samples ranged 
from 20 to 59 MPa, while the UCS of saturated 
samples ranged from 9 to 42 MPa. Table 1 
summarizes the maximum and minimum 
values of the tested parameters for marble.

4.1 The effect of saturation on uniaxial 
compressive strength

 The results indicate that uniaxial 
compressive strength (UCS) decreases with the 
degree of saturation. Karakul and Ulusay 
(2013) investigated this decreasing trend and 
suggested that it may be attributed to the 
mineralogical composition and porosity of the 
rock. The decrease in UCS with saturation is 
more pronounced in clay-rich rocks than in 
other rock types  . In the case of Ghulmet 
marble, the majority of the samples broke 
during the laboratory Schmidt hammer test, 
indicating the presence of microcracks within 
the deposit. These cracks may also contribute to 
increased saturation, which could explain the 
decrease in UCS (Abbas, 2022).   also found 
that porosity and clay content have a combined 
effect on UCS. 

 Porosity is another factor that contributes 
to the decrease in rock mass strength due to the 
saturation effect, in addition to clay content, as 
shown in equation 2 (Shah et al., 2021). 

 Whereas, ECC is effective clay content, n 
is porosity, and cl is clay content. 

 The experimental results of this study also 
revealed that the saturation effect is more 
significant in highly porous samples than in low 

porous samples, and the decreasing trend in 
UCS is more pronounced in highly porous 
samples (Shah et al., 2023). Similar results 
were also predicted by Abbas et al. (2023), who 
found that samples with low porosity exhibit 
higher UCS values. Some of the highly porous 
samples in this study exhibited low values of 
saturat ion,  which may be due to the 
disconnection of pores. Figure 6 shows the 
stress-strain curve for both dry and saturated 
marble. The curve's nonlinearity increases with 
saturation, and the peak stress value of 
saturated samples is significantly lower than 
that of the dry samples. The peak strain of 

-3
saturated samples (5.5 x 10 ) is greater than dry 

-3samples (2.9 x 10 ). 

4.2 Correlation of N value and UCS for dry 
and saturated marble

 Figure 7 shows the correlations between 
UCS and porosity (N) for both dry and saturated 
marble samples. Linear, quadratic, and 
exponential models were fitted to the data, and 
the exponential model showed the highest 
correlation coefficients, 0.86 for dry samples 
and 0.79 for saturated samples. Equations 3 and 
4 show the empirical correlations for dry and 
saturated marble, respectively. It is important to 
note that these equations may only be valid for 
the marble deposit studied, as UCS is rock-
dependent.

4.3 Correlation of UCS an PLI

 The linear correlation between the point 
load index (PLI) and uniaxial compressive 
strength (UCS) of marble, shown in Figure 8, is 
a significant finding. Equations 5 and 6 provide 
empirical correlations for dry and saturated 
samples, respectively. These equations provide 
a practical and reliable method for estimating 
UCS from PLI measurements. The high 
correlation coefficient of 0.9 for dry samples 
highlights the strength and predictive power of 
this linear relationship, making it a valuable 
parameter for geotechnical applications. 
However, the reduced correlation coefficient of 
0.6 for saturated samples suggests that the 
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relationship is weaker under saturated 
conditions, likely due to the influence of factors 
such as pore water pressure and microcracks 
(Shah et al., 2023; Hashim et al., 2022). This 
result highlights the need to consider variable 
conditions when applying the PLI-UCS 
correlation, emphasizing its significance in dry 
conditions while acknowledging its limitations 
in saturated settings. While multiple linear 
correlations have been reported in the literature 
(Kahraman et al., 2003; Abbas et al., 2022), the 
UCS is rock-dependent, meaning that a single 
relationship may not be suitable for all rock 
types. 

4.4 Correlation of pulse velocity with marble 
strength

 The exponential relationship between 
uniaxial compressive strength (UCS) and 
ultrasonic pulse velocity (Vp) for marble 
samples, as shown in Equation 7, is similar to 
the equation suggested by Kahraman et al. 
(2003). This relationship indicates that changes 
in Vp have an exponential impact on UCS, 
reflecting the material's mechanical properties. 
Notably, most of the samples exhibit Vp values 
ranging from 2.5 km/s to 3 km/s, significantly 
lower than the typical average Vp value for 
marble (approximately 5 km/s) .  This 
observat ion has  impl icat ions  for  the 
mechanical behavior and applications of 
marble. The lower Vp values suggest variations 
in the marble's structure, possibly linked to 
factors such as porosity, microcracks, or 
mineralogical composition. These deviations in 
Vp values may signify reduced sound wave 
velocity due to an altered subsurface structure, 
potentially affecting the marble's strength and 
stability.

 Upon a comprehensive examination of the 
strength parameters discussed above for 
marble, it is evident that all derived values are 
consistently lower than the standard values 
proposed for marble in the existing literature 
(Han et al., 2017). This discrepancy can be 

attributed to the geological characteristics of 
the study region, situated over the Main 
Karakorum Thrust (MKT). The prevailing 
tectonic activities in this area serve as the 
primary drivers behind the formation of 
microcracks. Consequently, the strength 
parameters may not align with the established 
standards for marble (Yilmaz, 2006; Shah et al., 
2023). The statistical analysis results conducted 
through SPSS software are presented in Tables 
2 and 3 for dry and saturated marble samples, 
respectively. 

 A multivariate linear regression analysis 
was used to assess the impact of saturation on 
the relationship between UCS and N. In this 
analysis, UCS was the dependent variable, and 
N and Sr (saturation ratio) were the independent 
variables. The results of this analysis are shown 
in Equation 8, which has a correlation 
coefficient of 0.9, indicating a strong 
correlation.  

4.5 The weathering and Schmidt hammer 
rebound number

 The determination of weathering grade 
employed the ISRM suggested method 
(Pasamehmetoglu, 1981). Laboratory and in-
situ tests were conducted across various 
locations within the marble quarry using the N-
type Schmidt hammer. Prior to the Schmidt 
hammer test, meticulous preparation of rock 
surfaces ensured smoothness, with ten readings 
taken on a single plane and the average value 
considered as the N value. The relationship 
between weathering grade and Schmidt 
hammer readings is visually represented in 
Figure 10. Fresh marble rocks exhibited N 
values exceeding 45, whereas slightly 
weathered rocks fell within the range of 35 to 
45. Moderately weathered rocks displayed N 
values less than 33, showcasing a linear 
correlation between the degree of weathering 
and N values. This correlation serves as an 
indirect method for assessing the weathering 
condition of marble. Such an assessment holds 
implications for the material's suitability across 
various applications and its mechanical 
behavior under diverse weathering conditions.
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Fig. 5. The UCS and Schmidt hammer: (a) UCS of dry samples; (b) UCS of saturated samples; 
(c) Schmidt hammer reading of dry samples; (d) Schmidt hammer readings of saturated samples
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Fig. 6. Stress-strain behavior of dry and saturated marble

Fig. 7. Correlation of UCS and Schmidt hammer rebound (a) dry samples (b) Saturated samples
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Fig. 9. Correlation of Vp and UCS for marble samples

Fig. 8. The correlation of UCS and PLI (a) dry samples and (b) saturated samples
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Fig. 10. Weathering grade and Schmidt hammer reading



5.   Conclusions

 Marble samples were collected from a 
quarry near the Karakoram Highway, and core 
samples were prepared for direct compressive 
strength, indirect strength, pulse velocity, and 
Schmidt hammer value testing. The study 
revealed a strong linear relationship between 
the point load index (PLI) and uniaxial 
compressive strength (UCS) for both dry and 
saturated samples,  demonstrat ing the 
predictive value of PLI, especially in dry 
conditions. However, it is important to note the 
reduced reliability of this relationship in 
saturated samples, which is likely due to factors 
such as pore water pressure.

 An exponential relationship was also 
observed between ultrasonic pulse velocity 
(Vp) and UCS, with most samples exhibiting 
lower Vp values than the typical marble 

average. This suggests variations in the 
subsurface structure of the marble and warrants 
further investigation to understand its 
mechanical implications. The linear correlation 
between the degree of weathering and Schmidt 
hammer readings offers a practical method for 
assessing weathering conditions. Grade I 
marble exhibited Schmidt hammer rebound 
values greater than 45, while values ranged 
between 35 and 45 for Grade II and were less 
than 35 for Grade III. The stress-strain curve 
revealed a decrease in peak stress (from 60 MPa 
to 32 MPa) with saturation. The recommended 
correlations of UCS with other marble 
properties are presented below. These results 
enhance the understanding of Ghulmet marble's 
mechanical behavior and its suitability for 
diverse applications. The importance of 
cons ide r ing  va ry ing  cond i t i ons  and 
characteristics in geotechnical assessments is 
emphasized.
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