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Abstract 
 
 

Porosity and permeability in rocks are closely related because fluid needs to permeate the 
effective void space in order for flow to successfully occur. Fundamental relationships have been 
derived for permeability and porosity as a function of effective stress. Previous studies show that 
under low temperature and pressure, rocks fail by brittle faulting, usually accompanied by 
dilatancy and inelastic pore volume increase, resulting in varied porosity and permeability. The 
variations have also been reproduced in the laboratory and show that the correlation between 
porosity and permeability is not the same in all rocks. While the porosity and permeability 
relationship in some rocks are positively correlated, other rocks may be negatively correlated. In 
Berea sandstone, with initial porosity 21%, permeability reduction is observed during dilatancy 
just prior to faulting [Zhu and Wong, 1997] whereas in the case of Westerly granite, with initial 
porosity <1%, permeability enhancement is observed during dilatancy [Zoback and Byerlee, 
1975]. Microstructural observations show that during brittle faulting, dilatancy is as a result of 
stress-induced microcracking [e.g., Tapponnier and Brace, 1976; Menendez et al., 1996].  In 
Berea sandstone which contains mostly equal dimensional pores, permeability reduction is 
caused by the decrease in pore size during deformation, whereas the Westerly granite porosity 
increase is caused by microcracking. I demonstrate that two competing processes control 
permeability and porosity enhancement in rocks: dilatancy, resulting from microcracking is a 
porosity-increasing process, and pore closure as a result of stress is a permeability reducing 
process. The pores in Berea sandstone are modeled as one effective pore and the cracks in 
Westerly granite as one effective crack.  I hypothesize that for a rock containing a network of 
microcracks and pores, permeability reduction from pore closure is more effective than 
permeability enhancement due to microcracking. This study will help explain various natural 
processes that depend on pore fluid pressure such as faulting and earthquakes, as well as 
economic geology involving the extraction of natural gas. 

 

Introduction 

 

Porosity and permeability are two primary rock properties controlling the flow of fluids 
in rocks and sediments and are intrinsic characteristics of geologic formations. The use and 
extraction of natural resources such as groundwater and petroleum is partly dependent on the 
porosity and permeability of the rock containing the natural resource. Rocks with more closely 
packed grains have less porosity than rocks with more spaced out grains. Porosity, therefore, is 
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calculated by dividing the total void volume, Vv, by the total volume of the sample, Vt. The 
porosity of unconsolidated sediments is also a function of the shape of the grains and the range 
of grain sizes present. Although porosity and permeability are intrinsic rock properties, the 
amount of stress administered to a rock can affect the effective porosity and, consequently, its 
permeability. Effective porosity, which is the pore percentage that successfully permit fluid low, 
can range from less than one percent in crystalline rocks (e.g. granite) to over 20% in some 
sedimentary rocks (e.g. sandstone). On the other hand, porosity and permeability can also be 
enhanced through fracturing. 

 Permeability is a measure of the ease with which fluid will flow through a porous 
medium under a specified hydraulic gradient. Permeability depends on both the properties of the 
solid medium and on the density and viscosity of the fluid. Intrinsic permeability, however, 
depends on the properties of the rock medium alone. For this study I will focus on intrinsic 
permeability, because it is only affected by the intrinsic rock properties.  Studies have shown 
inconsistencies in porosity/permeability relationships when it comes to different rocks. Although, 
the close relationship between permeability and porosity exists; there is no one-to-one 
relationship between porosity and permeability applicable to all porous media [Bernabe et al., 
2003]. The reason for the difference in relationship is that, for a given material, not all pores are 
equally effective in conducting fluid flow. Consequently, two media with the same porosity but 
different proportions of effective and non-effective pore space must have different permeability 
values. 

Understanding permeability and porosity evolution is important because geologic 
processes such as earthquakes, faulting and overthrusting depend partly on pore fluid pressure, 
which in turn depends on the permeability and porosity of the rock. The theory of overthrusting 
is based on the existence of pore fluids under high pressure near the base of a fault block 
[Hubbert and Ruby, 1959]. The high pressure trapped under the fault block supports the 
enormous overthrust belt, making thrusting of unusually thick (>10 km) geologic formations 
possible. Pore fluid pressure also reduces the effective pressure from overburden in rocks. The 
Mohr’s failure criterion shows an important relationship between rock strength and pore 
pressure. Rock strength is reduced with increasing pore pressure, which eventually causes 
failure. 

 
Fig. 1 The Mohr’s Failure Criterion at failure. As pore pressure builds up the arc moves in the direction of σ3. The 
rock fails once the arc touches the line. σ3  and  σ1  are principal stresses. 
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Background 
 
 

Permeability-porosity evolution is expected to be different under similar conditions in 
most rocks. This is because porosity is invariant under homothetic transformation. That is, there 
is uniform, isotropic stretching of pore spaces while permeability is not [Bernabe` et al.2003]. 
Studies have shown that microcracking during deformation, can lead to a significant 
permeability increase and therefore enhance fluid flow (Peach, 1991; Fischer and Paterson, 
1992).  Although rock deformation may be plastic or brittle, brittle failure is the focus of this 
study because it involves various stages (in the microscopic level) that adequately demonstrate 
the dilatancy stage where observable changes in permeability and porosity occur. During brittle 
failure the following states are critical. Under low temperature and pressure conditions as a 
stressed rock starts to deform up to its yield point, the rock will undergo elastic deformation. 
Similar to a rubber band, if the stress is released before reaching the yield point, the rock 
material will return to its original structure. However, if the applied stress continues, under 
similar low-temperature and -pressure conditions, once the rock reaches its yield point it will 
break. This sort of deformation is called brittle failure.  

Fig. 3 shows the path of stress a rock takes before brittle failure occurs.  At stage I, called 
the settling stage, the stress is mostly compressive (equal compaction from all directions) and the 
original pore spaces start to close up. No noticeable macroscopic deformation in terms of new 
cracks forming is observed when the sample is stressed.  This stage is similar to the compacting 
of a snow ball, in that there may be some volume change as the preexisting pore spaces are 
closed. Stage II is the Young’s modulus stage, in which a preferential increase in stress in one 
direction, for example, principal stress σ1, is necessary from this point up to failure. At this point 
the deformation is linearly elastic, because stress is proportional to strain; there is an equal 
amount of deformation for comparatively equal amount of induced stress. At stage III the 
original pores are closed and the rock structure is responding to the increasing stress. At this 
stage there is ongoing microscopic deformation and the microscopic structure of the rock is 
changing as emerging cracks start coalescing forming larger cracks. Microscopic response to 
stress causes changes in grain orientation and result in microcracking and the induced 
microcracks become extensive with increasing stress. The overall increased pore volume due to 
microcracking (porosity) is called dilatancy. Henceforth, porosity and dilatancy are used 
interchangeably. Dilatant microcracks are randomly distributed in samples recovered just before 
fracture [Brace, 1978].  A study by His-Ping et al. (1976) demonstrates that stressed granite 
showed a dilatants bulge which eventually developed into the fault plane.  
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The bulk of this study occurs at stage III (dilatancy). At the dilatancy stage, increased 
porosity usually results in a concomitant evolution in permeability. Beyond stage III, up to stage 
IV, there is coalescence of microcracks, forming microscopic fractures. The microscopic 
fractures join up into larger macroscopic fractures as the rock experiences brittle failure.  
Generally, studies show precursory bulging as early as 60% of the fracture stress which is 
associated with the eventual fault [Brace, 1978]. The correlation between dilatancy and 
permeability at this stage is the focus of this study. During dilatancy the extensive microcracking 
increases pore volume but, unlike the porosity evolution which increases with increase strain, the 
permeability does not increase at a uniform rate with increasing strain. Close to peak stress there 
is an abrupt increase in volume due presumably to accelerated dilatancy, which overtakes 
compaction [Brace, 1978]. This pore volume increase known as dilatancy, is understood as an 
inelastic increase in volume during deformation under applied triaxial stress and is interpreted as 
being due to microcracking within the rock with a concomitant increase in void space 
[Kwasniewski, 2007].   Zoback and Byerlee (1975) investigated the porosity and permeability of 
Westerly Granite during dilatancy, and observed a reduction in permeability. Although their 
results did not precisely show porosity evolution, they indicated that as a sample of Westerly 
granite was initially stressed the permeability slightly decreased. With further increase in 
differential stress the samples became dilatant and the permeability correspondingly increased as 
the differential stress was removed from the sample. Also using low porosity strained calcite 
samples, Zang, et al. (1994) illustrated that under stress, permeability initially jumped about 1 to 
2 orders of magnitude for stressed calcite, then gradually increased by about a half to an order of 
magnitude with further strain and subsequently remained more or less constant. Although, Zang 
et al. showed increased permeability, they still did not consider all induced microcracks as a 
reason for permeability increase, and only considered connected cracks. Zhu and Wong (1997) 
made an important comparison between low porosity Westerly granite (~1% porosity) and 
porous Berea sandstone (~21% porosity) and found that permeability and porosity are not 
positively correlated. Fig 4 shows a plot by Zhu and Wong (1997) showing the relationship 
between permeability and porosity in Berea sandstone and Westerly granite. The first half of the 
graph shows a reduction in permeability in Berea sandstone as stress increases, up to a certain 
stage, similar to the dilatancy stage in Fig. 3. When permeability is plotted as a function of 
porosity they do not track one another in a systematic manner. Before the onset of dilatancy, 

I

II

III

IV

strain

st
re

ss

Fig 3 shows the stages a rock sample takes before brittle 
deformation. 1a stage I, known as pore closure stage, II the 
Young’s modulus stage, III is the dilatancy stage, and IV is 
when the rock rails. 1b. Shows the three principal stresses that 
result in failure when rocks are stressed triaxially- σ1> σ2= 
σ3.  (Zhu, Wen-Lu) 
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The corresponding change in pore volume would be    ܸ݀݌	 ൌ  eq.7      .ݎ݀	ݎܵߨ2	
 
Induced microcracking during dilatancy and closure of pre-existing pores are simultaneous 
events. Therefore, if any small amount of pore volume lost by pore reduction is to be replaced by 
the addition of a microcrack, then; the porosity change via pore closure is the same as the 
porosity change via crack emergence. Mathematically, ܸ݀݌	 ൌ ܸ݀ܿ  and  
 
	ݎ݀	ݎܵߨ2   ൌ 	 ܵଶܾ݀                                     eq. 8 
 
Rearranging gives ݎ	ݎ݀	 ൌ  ܾ݀	ߨ2/ܵ
Because the crack length and width, S, are both fixed, and the only change that may occur in the 
Westerly granite happens along the crack opening, b, as   the pore volume, Vp closes; 
corresponding change in the Westerly granite will cause a change in b.  Hence, removing dVp 
results in db 
 
	݌݇݀ ൌ 	ݎ݀	4/ݎ	 ൌ   ߨ8/ܵ	
            eq. 9 
 
Adding crack volume, dVc results in 
݀݇ܿ	 ൌ 	ܾ2/4ܵ	ܾ݀          eq.10 
 
Equations 6 and 7 show the respective relationships between pore permeability, cross sectional 
radius, crack spacing and crack permeability. The ratio dkp/dkc represents the relationship 
between the changes in pore permeability and permeability of the crack.  
 
If the value of ݀݇݌/݀݇ܿ	 ൌ 1 then there’s no net change in permeability. And both variables are 
equal. 
 
If ݀݇݌/݀݇ܿ	 ൏ 1 then there is an increase in permeability, suggesting that crack permeability 
enhancement is greater than pore permeability enhancement. 
 
If ݀݇݌/݀݇ܿ	 ൐ 1 then the permeability enhancement via the pores is greater and there is an 
observed decrease in permeability. I will show that the relationship, dkp/dkc >1   is the case. 
Substituting values for ݀݇݌ and ݀݇ܿ, we have; 
 
ሺܵ/8ߨ	ܾ݀ሻ/	ሺܾଶ/4ܵሻ	 ܾ݀                                 eq. 11 
 

	ቀ
ௌ

଼గ
ቁ ∗ ሺ

ସௌ

௕మ
ሻ   and rearranging gives   

 
ሺܵ/ܾሻଶ	ߨ1/2	 	൐ 1                                                                                                               eq. 12 
This final relationship (eq. 12) is certainly greater than 1                                                                
Eq. 12 could also be rewritten as:			ܵ/ܾ	 ൐ 	√	ሺ2ߨሻ 	ൌ 	2.5                                                     eq. 13 
 or taking the reciprocal,     ܾ/ܵ	 ൏ 0.399                                                       eq. 14 
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Equations 12 through 14 verify that the relationship ݀݇݌/݀݇ܿ	 ൐ 1 is valid. Therefore, there is a 
net permeability decrease as the pre-existing pores in Berea sandstone start to close up. 
 

The above results establish that ݀݇݌	is much larger than ݀݇ܿ, meaning that permeability 
transfer through the pores is much effective than through the cracks during dilatancy.  A plot of 
the relationship between porosity and permeability is necessary to further demonstrate my 
hypothesis. To accomplish this, I establish a different set of mathematical relationships using 
already known or previously established formulae. The aim is to establish a relationship between 
pore volume, ܸ݌, of pores and the resulting permeability, ݇݌ by closure of the pores. Thus, if a 
sample of Berea sandstone is stressed and the net porosity is altered, the resulting permeability 
can be calculated. Because the pore volume change in Berea sandstone is attributed by the 
emergence of microcracks, I shall also calculate the separate permeability contribution by the 
cracks. The sum of the crack permeability,݇ܿ and the new permeability of the shrunk preexisting 
pores, ݇݌ would yield the net permeability.  
Recall that the volume of cylindrical pore, ܸ݌	 ൌ  ,ଶܵ (eq. 5) and with increasing stressݎ	ߨ	
infinitesimal change in radius would result in a corresponding change in volume expressed by 
the derivative given as; 
݌ܸ݀ ൌ  (eq.7) .(Where, S is constant)  ݎ݀	ݎܵߨ2	
 
Rearranging eq. 7 to solve for r would give; 
 

	ݎ ൌ ଶగௌ	ௗ௥

ௗ௏௣                                           eq. 15 

 
Also recall from eq. 1 that the permeability, ݇݌ for pores is given by; 
 

	݌݇ ൌ 		 ଵ
଼
ሺݎଶሻ  

                         
Substituting r, in eq. 15 into eq. 1 gives the final permeability/ porosity relationship for pores as; 
 

	݌ܭ ൌ ଵ

଼
ሺ2ܵߨ		݌ܸ݀/ݎ݀ሻଶ        eq. 16 

 
With equation 16, any change in pre-existing pore volume could be used as a variable to 
calculate the corresponding enhancement in permeability. 
 
For cracks; 
 
Recall that the volume of one effective crack (modeling all induce cracks as one effective crack), 
ܸܿ  is given by  
 
ܸܿ	 ൌ 	 ܵଶܾ    
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 incremental change in pore volume of the crack (with increasing stress) would then  be  the 
derivative of  volume of the cube. The derivative of the volume yields; 
 
ܸ݀ܿ	 ൌ 	 ܵଶܾ݀     and  rearanging,        ܾ݀ ൌ 	ܸ݀ܿ/	ܵଶ                                                   eq. 17 
    
Similarly, if infinitesimal change in porosity results in a corresponding permeability change, then 
the derivative of  eq. 1 would yield; 
 

݀݇ܿ ൌ
ଵ

ଵଶௌ
∗ 	 ሺ3ܾଶܾ݀ሻ (eq. 4)              (Where spacing, S, remains constant)    

  
Rearranging eq.4 to solve for db then equating eq.4 and eq. 17, we have;  
 
ሺ݀݇ܿ ∗ 12ܵ/	3ܾଶሻ =	ሺܸ݀ܿ/	ܵଶሻ                                                                                                                                 eq. 18 
 
Because spacing, ܵ is constant,  ܵଶ =	ܵ, and can cancel each other out. We can then solve for ݀݇ܿ   

 

as; 				݀݇ܿ ൌ
ሺௗ௏௖∗ଷ௕మሻ

ଵଶ஼
                                                                                                                    

   

Eq. 19 is the final relationship that relates the change in permeability caused by emerging 
microcracks and its contribution to a change in porosity. It is important to note that as the Berea 
sandstone sample is stressed, prior to failure, there would be two ongoing processes -both closure 
of preexisting pores as well as development of induced cracks. In this case, the total permeability 
 ;becomes the sum of the permeability from cracks and from the pores.  That is ݐ݇
 
	ݐ݇ ൌ 	݌݇	 ൅ ݇ܿ     
 
 To establish a pattern of change in permeability by a change in volume and to plot a 
curve showing the changes, different values of permeability for changing percentages of pore 
volume were calculated. In the case of  Westerly granite, with  starting porosity of 1% I follow 
the model by Zhu and Wong (1999) by increasing pore volume up to 1.5% in 0.1% increments of 
porosity  and calculate the corresponding permeability change in each stage. The starting 
porosity for Westerly granite is 0.5% porosity and add ten increments of 0.1% each.  

For Berea sandstne, the  porosity is 21% and as dilatancy sets in, porosity percentage 
increases as a result of microcracking. Hence, additional pore volume from cracks is introduced 
as a sepeate variable, ߶ܿ. ߶ܿ increases by 0.5% in each stage , up to a total crack pore volume 
increase of 5%, while the preexisting pores,	ܸ݌  shrinks correspondingly by 0.2% in each stage, 
up to a total of 2% in total preexisting pore reduction. In each case ,the change in permeability 
caused by a decrease in porosity  is calculated as well as the resulting total permeability changes.  
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Results  and Conclusion 

 

The results of this study are consistent with the results stated by Zoback and Byerlee (1975), 
Peach and Spiers (1996), and Zhu and Wong (1997).  Table 1 shows the different results for high 
porosity Berea sandstone sample with initial porosity of 21%. There is a noticeable porosity and 
permeability change during dilatancy. As microcracking increases in the Berea sandstone 
regime, the overall pore volume increases. Nevertheless, there is a reduction in overall 
permeability as preexisting pore radii, and pore volume reduce. In Westerly granite connectivity 
between fractures is enhanced as apertures of preexisting cracks are widened [Tappoiner and 
Brace, 1976]. My results also illustrate that in Westerly granite, with initial porosity of 1%, 
increased triaxal stress up to the point of near failure results in dilatancy and permeability 
enhancement prior to faulting suggesting that, porosity and permeability are positively 
correlated. Table 2 shows the relationship between the porosity and permeability changes in 
Westerly granite. The plot of porosity versus permeability shows this relationship. In Berea 
sandstone, with initial porosity of 21% increased triaxial stress increases microcracking (this was 
shown by increasing the microcrack pore volume) and reduces preexisting pores. Overall, the net 
porosity of the sample increased, but the permeability continued to reduce. This result, so far, is 
consistent with my hypothesis. Figure 7 shows the porosity/permeability relationship in Berea 
sandstone. The negative correlation is seen as increasing porosity is followed by a decrease in 
permeability. For comparison, Fig. 8 shows the onset of dilatancy from Zhu and Wong, 1997. 
Data from the region where dilatancy sets in was taken and plotted to show similarity in my 
model. However, the reverse is the case for Westerly granite. Fig. 9 shows the positive 
correlation in Westerly granite. Initial porosity of 1% increases as microcracks are induced. 
There is also an observed increase in porosity.  

This study is critical to the oil and gas industry, earthquake prediction as well as groundwater 
analysis. Experimental results suggest that prior to an earthquake, the rock mass surrounding the 
fault should enter the dilatant phase of a material behavior [Cherry, et al.1975].  

 

Δфp %  Δфc %  Φpore %  Φcrack  %  Φ total %  Radiusp( m )  kp(m
2 )  kc (m

2)   ∆ Radius   k total 

‐0.60  1.50  20.40  1.50  21.90  2.101  1.00E‐14  0.167  0.000  1.67E‐01 

‐0.80  2.00  20.20  2.00  22.20  2.007  9.00E‐15  0.125  0.094  1.25E‐01 

‐1.00  2.50  20.00  2.50  22.50  1.098  2.70E‐15  0.100  0.909  1.00E‐01 

‐1.20  3.00  19.80  3.00  22.80  1.073  6.30E‐15  0.083  0.025  8.33E‐02 

‐1.40  3.50  19.60  3.50  23.10  1.035  4.50E‐15  0.071  0.038  7.14E‐02 

‐1.60  4.00  19.40  4.00  23.40  1.010  5.00E‐16  0.063  0.025  6.25E‐02 

‐1.80  4.50  19.20  4.50  23.70  0.887  1.09E‐16  0.056  0.123  5.56E‐02 

‐2.00  5.00  19.00  5.00  24.00  0.623  1.13E‐16  0.050  0.264  5.00E‐02 

 

 
Table 1: Changes in porosity and permeability in stressed Berea sandstone. Initial porosity 
of sample is 21% as microcracks emerge and pre-existing pores start to close and the net 
porosity and permeability is altered. 
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Fig 7: Plot of Total porosity versus permeability in Berea sandstone. As porosity increases as a result of induced 
microcracks and pre-existing pores are closing, the permeability decrease. The plot shows a negative corelation 
between porosity and permeability in stresed Berea sandstone. The plot models the plot of the same region done by 
Zhu and Wong, 1997 below. 
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Fig 8: Adapted from Zhu ad Wong 1997, the plot depicts the onset of dilatancy  in Berea sandstone. Increased 
porosity is followed by a decrease in permeability. This plot is modeled by fig 7 above. 
 

 

Φcrack %  Δфc %  Φcrack  kc  b 

1  0.00  1.00  0.08 1.00

   0.10  1.10  0.11 1.10

   0.20  1.20  0.14 1.20

   0.30  1.30  0.18 1.30

   0.40  1.40  0.23 1.40

   0.50  1.50  0.28 1.50

   0.60  1.60  0.34 1.60

   0.70  1.70  0.41 1.70

   0.80  1.80  0.49 1.80

   0.90  1.90  0.57 1.90

  

Table 2: Changes in stressed Westerly granite sample are shown. The initial porosity of the sample is 1%. Changes 
in crack volume as a result of stress increases the total prosity in each case.  
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Fig 9: Plot of total  porosity versus permeability in stressed Westerly granite. A net porosity increase is observed as 
the rock is stressed, giving rise to an increase in permeability.  Porosity and permeability are positively correlated in 
Westerly granite. 
 
 

Discussion:  
 

It is  important to consider the configuration of the induced microcracks as they occur. 
While a large number of microcracks are developed and propagated parallel to the direction of 
maximum principal compressive stress with the maximum microcrack propagation may occur in 
this zone (Marek, 2007), other networks are possible. Depending on the network model, total 
permeability could be lower or greater based on connectivity of the pores and cracks. One of the 
stages of this study that was not attainable due to time constraint would aim to account for 
different microcrack arrangements. Mathematical relationship could be established between 
porosity and permeability in a case of multiple cracks, taking into account the different 
arrangements of the crack: parallel, serial, or random.   
For the sandstone, since there are no new pores being created, there will not be need to consider 
different network arrangement of the pre existing pores, but the induced microcracks shall be 
calculated taking into account all three arrangements.  
 Fig. 8 shoes the region where dilatancy sets in from figure 4b. Fig. 7 is a graphical 
representation of my data.  Clearly, it is not exactly as that of Zhu and Wong, 1997. The 
difference could be ascribed to the assumptions I made during the model. Firstly, the effective 
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pore volume induces possible oversimplification in the pore volume. While my model ensures all 
porosity contributes 100% to permeability, in real life that isn’t the case. Microcracks have high 
connectivity and turtuosity. In fact, not all pores or cracks are effective in transmitting fluid. My 
model assumed all porosity is effective, but not all porosity is effective.  Effective porosity of a 
porous medium is defined as the part of the pore volume where the water can transmit fluid. In 
naturally porous systems such as subsurface soil, where the flow of water is caused by the 
composition of capillary, molecular, and gravitational forces, the effective porosity can be 
approximated by the specific yield, or drainage porosity.  
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