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Abstract 
The process of evaluating rock mass strength requires that major structural 
features such as joints that influence rock strength are considered. In carbo-
nate rock masses, however, the strength of the rock mass is largely dependent 
on intact rock strength and structural features play a secondary role. Labora-
tory experiments on porous rock have shown that intact rock strength reduc-
es with increasing porosity, which has a direct effect on the rock mass 
strength. Rock porosity has however not been well accounted for in rock mass 
characterization methods currently in use. This research applies the modified 
GSI method for carbonate rock masses which is based on a combination of 
GSI and total porosity. The main aim is to quantify the GSI with respect to 
rock porosity which is a direct indicator of the state of karstification, as an 
inherent feature that affects rock mass strength. An empirical equation is 
proposed whereby the GSI as observed in the field is modified by a natural 
log of the value of porosity, giving rise to a modified GSI (GSIm). The GSIm 
together with laboratory properties of rock is used to determine the proper-
ties of Vipingo coral limestone from RocLab software. A deterministic para-
metric slope stability analysis is done using the finite element software Phase 
2 with the rock mass properties as input parameters. The analysis results 
point to a direct dependence of the slope stability on slope angle, slope height 
and rock mass strength of the lithological unit. The graphs make a useful de-
sign guide for slopes engineered in this type of rock mass. 
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1. Introduction 

Determination of rock mass mechanical properties is crucial for geoengineering 
works in civil applications such as tunnels, slopes, foundations and mining op-
erations, both surface and underground. The originally developed rock mass 
classification systems of RMR and Q-system served the purpose quite well in 
conjunction with the Hoek-Brown failure criterion. However, it, later on, be-
came obvious that the systems were not adequately applicable to weak rocks as a 
result of a breakdown in the relationship between RMR and Hoek-Brown con-
stants for severely fractured and weak rocks. Besides, the RMR system and 
Q-system relied on RQD which is difficult to obtain for weak rock masses due to 
very poor core recovery. The Geological strength index (GSI) developed by Evert 
Hoek [1] became a suitable alternative classification system based on geological 
observation of rock mass properties. After its development, a lot more research 
studies and modifications have been conducted by different researchers on var-
ious aspects of the GSI system to take care of weak, jointed, and heterogenous 
rock masses [2]. 

In order to achieve the basic objective of the GSI system which is to aid in es-
timating rock mass properties, Hoek [3] linked the constants of the Hoek-Brown 
failure criterion with rock mass quality from the basic GSI chart. There arose a 
need to accommodate the weak schist rock masses of Athens which happens to 
be foliated/laminated/sheared into the GSI system. Hoek, Marinos and Benissi 
[4] therefore extended the GSI chart by adding a category that represents thinly 
laminated, foliated and structurally sheared weak rocks. All through its incep-
tion up until 1998, the GSI was estimated qualitatively based on geological visual 
observations hence there would be a wide variation in GSI values for a particular 
rock mass depending on the professional expertise of the data collector. Sonmez 
and Ulusay [5] tried to transcend these challenges by developing a quantitative 
numerical basis for estimating the GSI values and well quantities for rock mass 
properties. Another category named intact/massive rock was added to the GSI 
chart by Marinos and Hoek [6] when they worked on jointed rock masses sur-
rounding tunnels in Greece. In this case, joint characteristics were added to the 
GSI chart to complement lithology, structure and surface conditions of rock 
mass discontinuities. Further quantification of the GSI was done through the in-
troduction of block volume (Vb) and joint condition (Jc) factor in the structure 
domain of the GSI by Cai, Kaiser, Uno and Tasaka [7]. The introduction of these 
parameters improved the simplicity of the GSI chart as well as reduced depen-
dency on professional expertise in collecting field GSI data. Further develop-
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ments were done by Hoek and Marinos including incorporating weak, hetero-
genous rock masses and lithological variability of the rock mass [8]. Further im-
provements involved calibration of the GSI chart such that the X-axis represented 
the surface quality while the Y-axis represented block interlocking and structure 
domains of the rock mass [9]. 

Despite the developments made in GSI to accommodate weak rock masses, 
some other classes of weak rocks are still not well represented in the current GSI 
charts. Discontinuities in rock masses have been well researched as a major fac-
tor affecting rock mass strength. The other factor that influences rock mass 
strength is the rock fabric. Laboratory experiments on porous carbonate and 
evaporite rocks have proven that rock porosity has a direct bearing on rock 
strength. This factor has not been considered in GSI classification of rocks. In a 
bid to factor in the mechanical and hydraulic characteristics of carbonate rock 
mass and especially karstic rocks, Špago and Jovanovski [10] proposed a combi-
nation of GSI value with the state of karstification while working on the carbo-
nate complexes at “Salakovac”, “Grabovica” and “Sveta Petka” dam sites. The 
classification system separated carbonate rock complexes into two groups; 1) 
those without beddings or foliations and 2) those with distinct bedding planes. 
According to the proposed method, the GSI value obtained from the modified 
GSI chart is combined with the rock porosity to classify the rock mass based on 
the degree of karstification. Hu, Wen, Zheng and Wang [11] tried to factor in 
the effects of rock porosity to the Hoek-Brown criterion for determining rock 
mass properties by using the relationship between intact rock and porosity to re-
place the value of GSI in the empirical equations. 

In this study, the method proposed by Špago and Jovanovski [10] is employed 
to characterize a coralline rock mass by taking into consideration the state of 
karstification. The classification method however doesn’t assign a specific value 
to the GSI class where a rock mass has been placed with respect to the total po-
rosity. The aim of this work is therefore to quantify this classification scheme 
whereby the GSI as observed in the field is modified with respect to the rock po-
rosity which is a direct indicator of the state of karstification in the rock mass. 
The relationship is expected to take care of the strength reduction characteristic 
of porosity on the rock mass strength as well as the weathering effects arising 
from the porous nature of the rocks. The modified GSI in conjunction with in-
tact rock properties is used to obtain rock mass parameters from the already ex-
isting Hoek-Brown criterion, after which a parametric slope stability analysis is 
done. 

2. Theoretical Background of the Hoek-Brown Criterion 

Hoek-Brown criterion was introduced to help in providing input parameters for 
the design of underground excavations, starting from intact rock properties then 
introducing factors that affect these properties on the basis of joint characteris-
tics in the rock mass [12]. The criterion was first linked to Rock Mass Rating 
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(RMR) but was not adequately relating the failure criterion to field observations 
for weak rocks so the GSI was proposed in 1994 by Hoek and Karzulovic [13]. 
The original Hoek-Brown criterion was defined by Equation (1) as follows; 

0.5
3

1 3 ci i
ci

m s
σ

σ σ σ
σ
′ 

′ ′= + + 
 

                    (1) 

where 1σ ′  and 3σ ′  are the major and minor effective principal stresses at fail-
ure, σci is the uniaxial compressive strength of the intact rock material, m and s 
are material constants, where s = 1 for intact rock. 

The generalized Hoek-Brown criterion was later introduced, replacing the 
square root by a variable a so as to better account for extremely poor quality 
rock masses such that even under very low normal stresses, the curvature of the 
failure envelope can be adjusted [1]. It is expressed as shown in Equation (2); 

3
1 3

a

ci b
ci

m s
σ

σ σ σ
σ
′ 

′ ′= + + 
 

                    (2) 

where mb is a reduced value of the material constant mi and is given by Equation 
(3); 

GSI 100exp
28 14b im m

D
− =  − 

                    (3) 

mi is intact rock material constant obtained from the estimates tabled in Hoek 
& Brown [14] when experimental values are not achievable. In the 2002-edition 
of the Hoek-Brown criterion, the disturbance factor D was introduced and in-
corporated into the formulas for the constants a and s [12] as illustrated by Equ-
ation (4) and Equation (5). 

( )GSI 15 20 31 1 e e
2 6

a − −= + −                     (4) 

GSI 100exp
9 3

s
D

− =  − 
                      (5) 

The uniaxial compressive strength is obtained by setting 3 0σ ′ =  in Equation 
(2) thus giving rise to Equation (6): 

a
cm ci sσ σ ⋅=                          (6) 

The tensile strength is given by Evert Hoek [15] as shown in Equation (7) be-
low: 

ci
tm

b

s
m
σ

σ = −                          (7) 

Other empirical equations were developed by Aydan, Akagi and Kawamoto 
[16] [17] to express shear strength parameters of the rock mass in terms of the 
rock mass compressive strength. The cohesion mc , friction angle mφ  and the 
Poissons’s ratio mν  for the rock mass are obtained by the following Equations 
(8)-(10). 
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Hoek and Diederichs [18] then proposed Equation (11) for estimating rock 
mass modulus from the intact rock modulus; 

( )
( )

1 2GPa 0.02
1 exp 60 15 GSI 11m i

DE E
D

 − = + 
+ + −    

        (11) 

where iE  is the intact rock deformation modulus and D is the disturbance fac-
tor. 

3. Modified GSI System for Carbonate Rocks 
The GSI Charts for Carbonates 

The modified GSI method classifies carbonate rock complexes into two classes 
depending on presence or absence of beddings/foliations. In the case of rock 
mass with no beddings/foliations, the GSI values are determined based on two 
fundamental geological parameters i.e. the structure (blockiness) of the rock 
mass and the surface condition of the discontinuities indicated by joint rough-
ness and alteration. The resulting GSI chart is in Figure 1. For rock mass with 
distinct bedding planes, the GSI value is based on the thickness of the strata and 
surface condition of the discontinuities, as illustrated in Figure 2. Besides the 
description of the rock mass structure, the classification system is complemented 
by the uniaxial compressive strength or point load index values of the intact rock 
and discontinuity spacing. 

Five classes of rock mass structure presented in the charts are as outlined be-
low: 
• Very good—Very rough, fresh unweathered surfaces. 
• Good—Rough, slightly weathered surfaces. 
• Fair—Smooth, moderately weathered and altered surfaces. 
• Poor—Very smooth or highly weathered surfaces, occasionally slickensided 

with compact coatings or fillings with angular fragments. 
• Very poor—Very smooth slickensided or highly weathered surfaces with soft 

clay coatings or filings. 
• N/A—refers to cases which are not possible in practice. 

The GSI values were then combined with state of karstification which is de-
termined by the level of surface decomposition or solubleness as illustrated by 
Bell [19] giving rise to the following five classes: 
• Class V—not typical for soluble rocks and in carbonate rocks, the “terra ro-

sa” (red soil made by decomposition of carbonate rocks) corresponds. 
• Class IV—very soluble rock, more than 50% of rock can be soluble and taken 

from massive and in the discontinuities can be found small amount of residuum. 
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Figure 1. Possible physical models for carbonate rock masses without beddings/foliations defined by the modified GSI clas-
sification [10]. 

 
• Class III—medium decomposed rock, near 50% of rock can be soluble, but 

rock’s structure stays untouched. 
• Class II—poorly decomposed rock, with opened discontinuities, and rock 

mass itself is poorly soluble under discontinuities. 
• Class I—fresh indissoluble rock with compressed discontinuities. 

The five classes of carbonate rock mass combined with rock porosity results in 
classification of carbonated rock formation are shown in Figure 3. There is a to-
tal of 25 combinations but some are not feasible (denoted by N/A) while others 
are rarely possible (R/A) hence 13 main possible classifications are tenable for  
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Figure 2. Possible physical models for carbonate rock masses defined by modified GSI classification for rock mass with 
distinct bedding [10]. 

 
porous carbonate rock. 

The classification system shows a decrease of GSI with increasing rock poros-
ity, a phenomenon that is congruent with laboratory experiments which have 
shown a direct relationship of decreasing intact rock strength with increasing 
porosity. In this work, the relationship between GSI and porosity is quantified 
such that the GSI for porous rock mass is modified with respect to percent po-
rosity. The Hoek-Brown parameters, which are the basis for empirical equations 
for determining rock mass properties, are usually calculated using GSI and so a 
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modification of the GSI in relation to porosity will definitely account for rock 
mass strength degradation due to karstification. 

To obtain a quantitative relationship between GSI and rock porosity, the 
range of practically possible values in Figure 3 were plotted to obtain the graph 
in Figure 4. The graph has a characteristic logarithmic relationship expressed as 

( )lny b a x= − . The correlation coefficient is quite low meaning that the equa-
tion can only be realistically applicable within specific ranges of porosity. The  

 

 
Figure 3. Proposed system of combination of rock’s quality and state of karstification 
[10]. 

 

 
Figure 4. Relationship between GSI and rock porosity (n). 
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GSI decreases sharply with increasing porosity as can be seen in the steep slope 
of the graph for porosity ranges 0% - 10%, after which the slope becomes gentle 
with further increase in porosity. The reason for this is similar to the explanation 
given by Hu, Wen, Zheng and Wang [11] on why rock strength decreases with 
increasing porosity, being a result of changes in binding forces between rock 
grains. As the porosity increases, the rock strength reduces due to increasing 
pore spaces which likely join up with discontinuities in the rock mass and reduce 
the blockiness of the rock mass hence the steep slope of the first part of the 
graph. With further increase in porosity, the pores end up interconnecting lead-
ing to a disintegrated rock mass. 

4. The Case of Vipingo Coral Limestone Quarry 
4.1. Geology of Vipingo Area 

Vipingo area is situated in Kilifi area along the Coastal Plain of Kenya which lies 
along the Indian Ocean sea shore and reaches 3 - 8 km inland, with elevations 
mostly less than 33 m above sea level and up to 100 m thick. It is part of the 
larger coralline limestone deposit of Pleistocene age that spans the Indian Ocean 
coastal line from Tanzania in the south to Malindi (Kenya) in the North. 

The total carbonates content is about 95%, the limestone being characterized 
by high textural porosities manifesting in density values as low as 0.5 g/cm3 for 
in situ average of around 1.5 g/cm3 which also allows high free silica content. 
Apart from structurally entrapped moderate to high silica values being present 
due to normal reef building mechanisms, aeolian free sand exacerbates the 
problem and generally tends to increase the variability in grade of the limestone. 
In well-defined areas the coralline body has been subjected to intensive karstifi-
cations and resultant distinct voiding or caving. It also makes for a free silica 
source with two free silica sources identified: 1) free silica entrapped inside the 
pores and voids of the coral reefs and 2) the red ferruginous sandy sediment 
which is located mainly on the most upper 2 meters of the deposits. No distinct 
bedding or foliation is visible in this rock formation. 

The quarry mines coral limestone for cement production but is in the process 
of implementing a rehabilitation plan for the mined-out sections of the quarry. 
An understanding of the properties of the geotechnical properties of the rock 
mass is important for guiding decisions on design of the final pit slopes to guar-
antee long-term safety as well as safety of the adjacent infrastructure. Physi-
cal-mechanical properties of coral limestone rock obtained from laboratory ex-
periments by the author are given in Table 1. 

ISRM’s classification of rocks based on rocks based on intact rock strengths as 
shown in Figure 5 categorizes the rock as weak since the average UCS value is 
16.41 MPa. 

According to Martin and Stacey [21], from cases histories, the operational 
strength of rock masses in this category is always less than the laboratory 
strength, even below 50% for mudrocks, the cause notwithstanding. It is therefore  
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Table 1. Intact rock properties. 

Property Units Value Mean 

Dry density (kg/m3) 1893 - 2514 2199 

Saturated density (kg/m3) 1906 - 2493 2255 

Porosity % 1.56 - 17.20 8.97 

UCS (dry) MPa 5.24 - 36.06 16.41 

Tensile strength MPa 1.06 - 2.24 1.61 

P-Wave velocity (km/s) 4.23 - 5.50 4.86 

S-Wave velocity (km/s) 2.00 - 2.74 2.29 

Elastic Modulus GPa 21.08 - 45.73 31.62 

Shear Modulus GPa 7.56 - 17.13 11.68 

Bulk Modulus GPa 1.48 - 5.04 3.09 

P-Wave Modulus GPa 36.18 - 75.79 52.32 

 

 
Figure 5. ISRM classification of rocks based on uniaxial compressive strength [20]. 
 

recommended that mechanical analyses involving rock masses in weak rocks 
should make use of rock mass mechanical properties instead of intact properties. 

4.2. GSI Classification of Various Lithological Units 

The carbonate coral limestone rock formation has the following geological cha-
racteristics: 
• Regions of low strength and porous intact rock, overlain with top soil or in 

some cases weathered rock (rock whose pores and fissures are filled with 
soil). This top soil/weathered rock varies in thickness from <0.5 - 3 m deep. 

• The rock grade increases with depth i.e. less soil infilling though porosity and 
occurrence of karst features is random. 

• Coral sands also exist in the southern region of the quarry, up to about 4 m 
thick layer. 

• Karstification is evident in distinctly developed karst features such as voids, 
and cavities, and dissolution fissures. 
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Eight geological units were studied and classified as illustrated in Figures 
6-13. The rock mass classification is summarized in Table 2. 

A graph plotted of GSI against porosity based on Table 2 is given in Figure 14 
below. 

The equation of the graph of GSI against porosity (Equation (12a) has a loga-
rithmic relation of the form ( )lny a x b= +  with a correlation coefficient of 0.92. 

( )GSI 14.19ln 52.817n= − + ,                    (12a) 

where n is the rock porosity. 
Taking whole number values, the equation relating GSI and porosity for the  

 

 
Figure 6. Litho1: Rock mass is poorly interlocked, pores and fissures filled with soil. UCS 
= 17.43 MPa, n = 11.82%, GSI = 19. 

 

 
Figure 7. Litho2: Rock mass is blocky. UCS = 17.64 MPa, n = 1.56%, GSI = 2. 

 

 
Figure 8. Litho3: Disintegrated high-grade rock is overlain with a layer of weathered 
rock/top soil. UCS = 5.24 MPa, n = 10.7%, GSI = 17. 
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Figure 9. Litho4: Heavily broken rock, lack of blockiness, clayey. UCS = 5.7 MPa, 
n = 13.15%, GSI = 14. 

 

 
Figure 10. Litho5: Rock mass is blocky. UCS = 36.06 MPa, n = 5.4%, GSI = 30. 

 

 
Figure 11. Litho6: Brocken rock, clayey, UCS = 12.59 MPa, GSI = 18, n = 15.25%. 

 

 
Figure 12. Litho7: Blocky rock structure, evident karstification with traces of soil 
in the rock mass. UCS = 19.47 MPa, n = 8.43%, GSI = 24. 

https://doi.org/10.4236/ojg.2022.121003


J. A. Onyango et al. 
 

 

DOI: 10.4236/ojg.2022.121003 69 Open Journal of Geology 
 

 
Figure 13. Litho8: Rock mass is blocky. UCS = 23.49, n = 5.31%, GSI = 28. 

 
Table 2. Rock mass classification of Vipingo limestone. 

Litho unit CLASS GSI UCS (MPa) Porosity (n)% 

1 D-V 19 17.43 11.82 

2 N/A 23 17.64 1.56 

3 D-V 17 5.24 10.70 

4 D-V 14 5.70 13.15 

5 C-IV 30 36.06 5.40 

6 D-V 18 12.59 15.25 

7 C-IV 24 19.47 8.43 

8 C-IV 28 23.49 5.31 

Description of the rock mass classes (from Figure 3). C-IV: GSI = 21 - 40, porosity = 5% - 
10%. Very soluble rock, more than 50% of rock can be soluble and taken from massive 
and in the discontinuities can be found small amount of residuum. D-V: GSI = 10 - 20, 
porosity = 10% - 20%. Not typical for soluble rocks and in carbonate rocks, the “terra ro-
sa” (red soil made by decomposition of carbonate rocks) corresponds. 

 

 
Figure 14. GSI vs Porosity plot for coral limestone from Vipingo quarry. 
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coral limestone is given by Equation (12b); 

( )GSI 53 14ln n= − , 5% 15%n≤ ≤               (12b) 

where 53 is given a physical meaning of the GSI when n = 1% and 14 being a fit-
ting value. 

Equation (12) is valid for a porosity range of 5% ~ 15%. In a bid to express it 
in terms of GSI only and make it applicable to all states of karstification, it is 
further simplified based on the sequence of values yielded by the equation. The 
value 53 is therefore replaced by GSI value recorded from the field and the final 
equation for GSI of porous rock mass is given by Equation (13) as; 

( )mGSI GSI 0.6 ln n= − ,                   (13) 

where GSIm is the modified GSI and n is porosity (%) 
As recommended by Vassilis and Carter [22], geological processes of tecton-

ism, weathering and/or alteration which bring about changes that significantly 
affect the GSI can be analyzed and key parameter characteristics modified ac-
cordingly. On this basis, Equation (13) gives a more logical way of incorporating 
the strength reduction effect of rock porosity on the rock mass, thus taking care 
of karstification and weathering effects in rock mass classification for carbonate 
rock masses. 

The classification system that combines GSI and state of karstification (herein 
represented by the value of porosity) in Figure 3 is thus quantified using Equation 
(13). Consequently, the GSI values in Table 2 are modified with respect to rock 
porosity to generate the modified GSI (GSIm) values as given in Table 3. 

4.2.1. The Rock Mass Properties 
The rock mass properties were determined from RocLab software based on 
Hoek-Brown criterion, with GSIm and intact rock properties as input parame-
ters. The intact properties were obtained from a series of laboratory tests that are 
based on ASTM standards. The value of mi could not be obtained experimental-
ly and so was obtained from the table presented in Hoek and Brown [14]. The 
rock mass properties are presented in Table 4. 

 
Table 3. Modified GSI values. 

Litho unit CLASS GSI Porosity (n)% GSIm 

1 D-V 19 11.82 18 

2 N/A 23 1.56 23 

3 D-V 17 10.70 16 

4 D-V 14 13.15 12 

5 C-IV 30 5.40 29 

6 D-V 18 15.25 17 

7 C-IV 24 8.43 22 

8 C-IV 28 5.31 27 
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Comparing intact rock and rock mass properties in Table 4, the rock mass 
strength is way lower than intact rock strength by orders of magnitude. The UCS 
for the rock mass for instance, is about 0.2% of the intact rock strength. Martin 
and Stacey [21] have recorded the observation of operational slope strength in 
weak rock masses being way lower than laboratory rock strength. In the case of 
carbonate rock, it is attributed to the presence of dissolution karst features 
formed by water seeping through the porous rock mass and also macromechan-
ical processes of grain crushing and pore collapse. The laboratory specimen has 
pores and small cavities developed from interconnected pores while the rock 
mass is further complicated by reduced blockiness, dissolution fissures and gen-
eral weathering. A host of factors contribute to severe reduction of the rock mass 
strength. 

4.2.2. Failure Envelope 
The failure envelopes give a visual impression of the strength limits of the rock 
mass. Mohr-Coulomb and Generalized Hoek-Brown failure envelopes were 
plotted for this rock mass using a GSIm of 20. Figure 15 shows the principal 
stress envelope while Figure 16 is the shear strength envelope. The uniaxial 
compressive strength of the rock mass σcm is given by Equation (6). Failure in-
itiates at the boundary of an excavation when σcm is exceeded by the stress in-
duced on that boundary. The failure propagates from this initiation point into a  

 
Table 4. Rock mass properties. 

Parameters  Units 1 2 3 4 5 6 7 8 Mean 

Hoek-Brown 
classification 

and intact 
rock 

properties 

σci MPa 17.43 17.64 5.24 5.7 36.06 12.59 19.47 23.49 17.2 

Ei GPa 24.45 44.53 22.31 21.08 45.73 41.54 26.2 35.91 32.72 

GSI  19 23 17 14 30 18 24 28 21 

GSIm  18 23 16 12 29 17 22 27 20 

mi  9 9 9 9 9 9 9 9 9 

D  0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

n % 11.82 1.56 10.7 13.15 5.4 5.31 15.25 8.43 8.95 

νi  0.34 0.36 0.35 0.39 0.33 0.35 0.35 0.4 0.36 

γ MN/m3 0.0207 0.0251 0.0195 0.0189 0.0228 0.0214 0.0233 0.024 0.022 

Hoek-Brown 
criterion 

a  0.55 0.536 0.557 0.575 0.524 0.553 0.538 0.527 0.544 

s  6.90E−06 1.42E−05 5.16E−06 2.89E−06 3.40E−05 5.97E−06 1.23E−05 2.54E−05 9.22E−06 

mb  0.099 0.131 0.089 0.072 0.182 0.094 0.124 0.163 0.111 

Mohr-Coulo
mb criterion 

φ' deg 24.83 27 17.06 15.22 36.48 21.95 27.52 31.79 25.75 

c' MPa 0.039 0.056 0.021 0.017 0.09 0.033 0.053 0.072 0.048 

Rock Mass σcm MPa 0.025 0.045 0.006 0.004 0.164 0.016 0.044 0.089 0.049 

Parameters σtm MPa 0.001 0.002 0.000304 0.000231 0.007 0.001 0.002 0.004 0.001 

 Em MPa 622.28 1271.19 547.74 488.43 1582.59 1037.71 728.7 1157.18 867.97 
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Figure 15. Relationship between major and minor principal stresses for Hoek-Brown and 
Mohr-Coulomb equivalent. 

 

 
Figure 16. Relationship between normal and shear stresses for Hoek-Brown and Mohr- 
Coulomb equivalent. 

 

biaxial stress field and it eventually stabilizes when the local strength, defined by 
Equation (2), is higher than the induced stresses. The shear strength envelope 
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gives the rock mass’ values of friction angle and cohesion. 

5. Slope Stability Considerations 

The rock mass properties have been obtained based on the state of karstification 
by employing the modified GSI. It is necessary to do an analysis of the stability 
condition of slopes constructed in this rock mass with a view of obtaining design 
guidelines based on the prevailing rock mass strength condition. In this regard, a 
deterministic parametric slope stability analysis was done for four lithological 
units by shear strength reduction based on Generalized Hoek-Brown Criterion. 
The finite element software Phase 2 was used in the analysis. GSI values of 12, 
17, 22 & 27 were selected to represent the rock mass. The slope height was varied 
from 5 m to 35 m while slope angle was varied from 300 to 900. This was guided 
by the generally low altitude of the area under study (0 - 33 m above sea level) 
and the slope angles in the quarry. For the quarry environment, slope heights of 
up to 20 m are achieved since mining cannot be done below sea level. 

Following the slope stability analysis, the graphs of Strength Reduction Factor 
against Slope Angle in Figures 17-20 were obtained. At the GSI value of 12 
(Figure 17), slopes in this rock mass are stable at angles below 450 for 5 m height 
and below 350 for 10 m. At GSI of 17 (Figure 18), the rock mass can accommodate  

 

 
Figure 17. Plot of Strength reduction Factor vs Slope Angle for GSI = 12. 
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Figure 18. Plot of Strength reduction Factor vs Slope Angle for GSI = 17. 

 

 
Figure 19. Plot of Strength reduction Factor vs Slope Angle for GSI = 22. 
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Figure 20. Plot of Strength reduction Factor vs Slope Angle for GSI = 27. 

 
higher slope heights and steeper angles, 650 for 5 m and 350 for 35 m height. 
When the GSI is at 22 (Figure 19), steep slopes of 800 and 700 are sustainable 
for 5 m and 10 m respectively. At 35 m, below 450 is safe. At GSI of 27, 5 m is 
stable all through and up to 550 overall slope angle is sustainable for 35 m slope 
height. These graphs make a useful design guide especially for the overall slope 
angles of slopes engineered in this type of rock mass. 

6. Discussion 

The rock mass is made up of high carbonate rock of reef origin. The rock mass is 
porous with karst formations well developed. Structural features are not well 
developed so the main defects are dissolution fissures. Thin laminations are also 
observed in some locations. Empirical analysis based on Hoek-Brown criterion 
in conjunction with GSI is one of the most commonly used methods in deter-
mining rock mass properties. The GSI depends on the degree of development of 
the rock mass structure and features such as joints and rock fracture. The car-
bonate rock mass structure of reef origin under consideration in this study is not 
well developed and so the conventional GSI does not represent the rock mass 
well. 

A modified GSI classification system that considers the rock porosity is em-
ployed in characterizing the rock mass. The rock mass is therefore characterized 
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based on blockiness and the Uniaxial Compressive Strength of intact rock. The 
classification system would place a rock mass in a class and a subclass depending 
on the value of porosity. The aim of this work, however, was to have a GSI value 
that incorporates the rock porosity thus quantifying the relationship between 
decreasing GSI with increasing porosity. GSI value reduces with increasing po-
rosity because regions of high porosity experience more weathering especially by 
water seepage and the fissures left are sometimes filled with soil especially near 
the surface thus weakening the rock mass even further. Rock slope design there-
fore needs to give serious consideration to the impacts of weathering as a result 
of rock porosity which has a degrading effect on the intact rock and conse-
quently the rock mass [22]. 

From the characterization of eight lithological units, a logarithmic relation-
ship was developed from the graph of GSI versus rock porosity such that the 
field GSI value is modified by a natural log of the value of porosity in order to 
incorporate the strength reduction effects. The obtained GSI value and labora-
tory rock properties were used to calculate the rock mass properties from Roc-
Lab software. Rock mass strength is way lower than intact rock strength and is 
attributed to the presence of solution fissures and thin laminations which greatly 
reduce the blockiness of the rock mass structure. This is consistent with results 
presented by Hoek and Brown [14] where for weak rocks of GSI values below 30, 
the strength ratio between intact rock and rock mass is much bigger than the 
case of medium strength and high strength rock masses. Using the mean of the 
rock mass property values, the failure criterion is evaluated. The principal 
stresses plot (σ1 vs σ3) shows that the rock mass is only stable under very low in-
duced stresses, below 1 MPa. The shear strength plot (τ vs σn) which gives the 
cohesion of the rock mass as about 0.045 MPa also shows a failure envelope en-
compassing very low stress values. 

Slope stability analysis done for the rock mass at different GSI values indicate 
that slope design in this rock mass should take into consideration the rock mass 
strength as a design parameter besides the slope height and slope angles. Based 
on allowable SRF of 1.2 for open pit slopes, the plots of SRF against Slope Angle 
for various slope heights and various GSI values serve as a good guide for slope 
design in this type of rock mass. 

7. Conclusions 

Rock porosity is an important intrinsic structural feature that has an influence 
on rock mass strength as it directly points to the state of karstification in the 
rock mass. The modified GSI method which considers the state of karstification 
besides the intact rock strength and blockiness offers a solution to characterizing 
weak porous carbonate rock masses where structural features such as disconti-
nuities are not the main controlling factors of rock mass strength. 

The GSI of the rock mass reduces with increasing porosity, with a characteris-
tic natural logarithmic relationship. This strength reduction effect of rock mass 
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porosity is accounted for by the proposed empirical equation which yields the 
modified GSI. The equation eliminates the mental hassle of judging by how 
much to modify the GSI in order to take care of the strength reduction effects of 
rock porosity. The equation is applicable to both foliated/bedded and non-foliated 
carbonate rock masses. 

The modified GSI (GSIm) has been used in determining the strength proper-
ties of the rock mass in Vipingo coral limestone quarry. The rock mass is catego-
rized as weak, the strength being much lower than intact rock strength. A de-
terministic parametric slope stability analysis has been conducted for Vipingo 
quarry based on Generalized Hoek-Brown criterion. The graphs plotted of safety 
factor against slope angle for various rock mass strength conditions and slope 
angles make a good design guide for slopes engineered on such weak carbonate 
rock masses. Stability of slopes in this rock mass is sensitive to the slope angle, 
slope height and rock mass strength. 

This work focused on rock porosity as a parameter of classifying the rock 
mass based on state of karstification. The carbonate rock mass however has vo-
ids that further compromise the integrity of the rock mass. Further research 
work on characterization of this type of rock mass needs to look into considering 
the presence and development of voids in the rock mass structure. A probable 
addition to the GSI charts could be in relation to the dimensions of the voids as 
well as interactions with larger caverns. 
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Nomenclature 

1σ ′    major effective principal stress at failure 

3σ ′    minor effective principal stress at failure 

σci   intact rock uniaxial compressive strength 

a, s, mi, mb  Hoek-Brown material constants 

σcm   rock mass uniaxial compressive strength 

σtm   rock mass tensile strength 

ϕm   rock mass friction angle 

cm   rock mass cohesion 

νm   rock mass Poisson’s ratio 

Ei   intact rock deformation modulus 

Em   rock mass deformation modulus 

D   disturbance factor 

N   porosity 

τ   shear stress 

σn   normal stress 

GSIm   modified GSI 
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