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A Study of the Application of 
Mercury Porosimetry Method to a Single Fracture 

Y. W. Tsang and F. V. Hale 

Earth Sciences Division 

Lawrence Berkeley Laboratory 

University of California 

Berkeley, California 94720 

ABSTRACT 

In recent years, there is increasing evidence both in the field and in the'laboratory 

that the fluid flow in low permeability fractured media is unevenly distributed and 

predominantly occurs in selected preferred paths. In view of the experimental obsetva~ 

tion of flow channeling, conceptual models (Tsang and Tsang, 1987; Tsang et al., this 

volume 1988b) have been developed to interpret fluid flow and transport in fractured 

media as through a system of statistically equivalent channels, and to relate permeabil

ity and tracer transport measurements to fracture apenure parameters. 

Mercury porosimetry has long been used to study the void space of porous 

materials. In this paper, we apply the concept of mercury porosimetry for porous rock 

to a rock fracture by simulations of mercury intrusion and withdrawal in a single frac

ture with variable apertures. Our theoretical studies show that the total capillary pres

sure curve in a pressure-controlled test gives information on the distribution of all the 

apertures which control the tracer transport through the fracture. On the other hand, 

the second intrusion curve in a pressure-controlled experiment resembles the rison part 

of a rate-controlled experiment (Yuan and Swanson, 1986), and gives information on 

the small aperture distribution which control the flow permeability of the fracture. The 

ratio of the limiting mercury volumes of the second intrusion and the first intrusion 

capillary curves can confirm estimates of equivalent apertures derived from permeabil

ity and tracer transport measurements. Lastly, the fraction of trapped mercury may be 

related to the spatial correlation of the aperture variation in the fracture. 
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Introduction 

Mercury porosimetry, or the measurement of capillary pressure as a function of 

intruded mercury volume has long been used to characterize the void spaces of porous 

materials. Since the introduction of the technique to the petroleum industry by Purcell 

(1949), mercury porosimetry has become a standard test on reservoir core samples to 

aid in the estimation of residual oil saturation (pickell et al., 1966), the determination 

of the pore structure of the reservoir rocks (Wardlaw and Taylor, 1976), and the calcu

lation of permeability (Swanson, 1981; Thomeer, 1983). 

In this paper we apply the concept of mercury. porosimetry for porous rock to a 

rock fracture. We investigate how capillary pressure measurements can give informa

tion on the fracture apertures,· which we believe control the fluid flow and tracer tran

sport in fractures (Tsang et al., 1988b). In the literature, rock fractures have commonly 

been conceptualized as a pair of smooth parallel plates. These parallel-plate fractures, 

each characterized by a constant aperture, serve as the basis for most models of flow 

and transport in a fractured media. However, in recent years, there is increasing experi

mental evidence both in the laboratory and in the field that the majority of flow in a 

rock fracture does not occur in the entire plane of the fracture, as the parallel-plate 

idealization of a rock fracture would predict, but tends to concentrate in preferred tor

tuous pathways, or channels. The field experiment in a single granitic fracture (Bourke, 

1987) is a clear example of the "channeling" phenomenon. Five parallel boreholes 

were drilled in the plane of the single fracture two meter in extent in the wall of a 

quarry in Cornwall. The boreholes were packed off in contiguous 8 cm sections. Each 

borehole was pressurized in turn, and the fluid flow rate into the adjacent borehole is 

measured in cross-hole packer tests. The flow rates between the packed off sections are 

shown in Figure 1. That the flow takes place in channels occupying only 10 to 20% of 

the fracture surface is clear. We demonstrated by theoretical studies (Tsang et al., 

1988b), that heterogeneities from a broad spectrum of apertures in the fracture plane 

alone can give rise to flow channeling. In that study, the fracture was mathematically 

characterized by an aperture density distribution and a spatial correlation length. It was 

shown that the tracer transport measurements can be expressed in terms of the aperture 

parameters which characterize the fracture. In the present study, we explore the possi

bility of mercury porosimetry measurements to delineate the fracture aperture parame

ters which control the fluid and mass transport. 
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Rate-controlled versus pressure-controlled mercury porosimetry 

A fracture having a wide range of apertures may be simulated using geostatistical 

methods (Tsang et al., 1988a; and Moreno et al., 1988). Figure 2 shows two examples 

of simulated fractures with variable apertures. The sizes of the apertures are 

represented by the shading in the figure, the darker the shading, the smaller the aper

ture. Both fractures are characterized by the lognormal aperture density distribution: 

1 (log b-Iog b 0)2 
n(b) = exp( - ) 

~21t (lnlO 0)2 b 202 
(1) 

with the same parameters log bo=1.7 and 0 =0.43 where the apertures are in in units of 

microns (J.1). Figures 2a and 2b differ only in the spatial correlation length, A: Figure 

2a is generated with A.!L= 0.1 and Figure 2b with AlL=O.4, where L is the linear 

dimension of the fracture. Because mercury is a non-wetting fluid, for mercury intru

sion experiment, applied pressure is needed to overcome the capillary pressure, Pc. For 

a fracture with spatially varying aperture, the local capillary pressure is given by: 

P :: -ocos9 
c b (2) 

where 0 is the interfacial tension, 9 is the contact angle, and b is the local aperture. As 

Pc is inversely proportional to the local aperture, it is clear that the large apertures will 

be filled first, then smaller apertures will be filled progressively by the inmIding mer

cury as injection pressure is increased. Mercury porosimetry experiments are usually 

carried out by stepping the injection pressure in small increments. At each pressure, 

the system is allowed to come to equilibrium before the volume of intruded mercury is 

recorded. The measurements are then plotted as the capillary pressure versus volume 

of inmIded mercury, as shown schematically in Figure 3a. This kind of measurement 

procedure may be defined as a pressure-controlled experiment. 

Yuan and Swanson (1986) proposed an experimental technique where the 

volumetric rate of mercury injection is kept constant and the mercury pressure is moni

tored. Yuan and Swanson defined their experimental method as rate-controlled poro

simetry. By monitoring the capillary pressure in a rate-controlled mercury intrusion 

experiment, additional information regarding the pore space of a rock sample can be 

obtained. This will be demonstrated with the schematic diagram in Figure 3b. The 

work of Yuan and Swanson (1986) is on porous rock, but the following discussion will 

be worded in terms of mercury porosimetry applied to a rock fracture, the subject 
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matter of the present paper. In the rate-controlled experiment illustrated in Figure 3b, 

intruded mercury volume is proportional to time. Thus, one moves along the horizon

tal axis at a constant rate while monitoring the pressure on the vertical axis. From a 

to b, the pressure increases as progressively smaller apertures in the fracture are being 

filled. The capillary pressure at b corresponds to an aperture constriction which has 

just been filled and which acts as a barrier in the intrusion experiment. That is, the 

spatial distribution of the fracture apertures is such that there exist as yet unfilled pore· 

spaces, with apertures apertures which are connected and larger than the just filled 

aperture constriction. These large aperture pores became accessible as the constriction 

is being intruded. In this case, if the rate of mercury injection is kept constant, mer

cury will begin to move out of the filled smaller apertures into the yet unfilled larger 

apertures; hence the pressure drops rapidly with negligible change of intruded mercury 

volume. Pressure climbs again from e as mercury intrudes into progressively smaller 

apertures until at d, the pressure has reached the original value at b before the sharp 

pressure drop. The pressure rises at d since all apertures contiguous to the filled ones 

now have smaller apertures. The portion of curve bed will not be seen in the 

pressure-controlled experiment shown in Figure 3a, instead the capillary pressure curve 

will go from b to d horizontally, indicated by the dotted line in Figure 3b. The hor

izontal section bd arises because the prevailing pressure at b corresponds to the capil

lary pressure of the aperture constriction, so that all the apertures that are larger than 

the constriction, and are contiguous to the filled apertures, will be filled, moving the 

volume out to d with no change of pressure. The total capillary curve obtained from 

the conventional pressure-controlled mercury porosimetry will follow abdeijp in Fig

ure 3b; whereas the rate-controlled mercury porosimetry shall give the additional infor

mation on the larger apertures behind small aperture constrictions as contained in the 

portion of curves bed, elghi, jklmnop. 

Yuan and Swanson (1986) defined those portions of curve which give new infor

mation of the large pore systems behind pore throats (terminology specific to porous 

rocks) the subison pore systems. The part of the capillary curve with the subison 

volumes removed is defined by Yuan and Swanson as the rison curve. The rison curve 

therefore is a composite of the segments ab, de, ij, and so on, with the segment de 

translated in the -x direction until d coincides with b, and the segment ij translated 

until i coincides with e. The rison curve is distinct from the total capillary curve 

shown in Figure 3a in that the asymptotic mercury volume reached here is only a 
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fraction of that in the total capillary curve. This is because the rison curve encom

passes only the set of apertures within the two-dimensional fracture which constituted 

the "connected backbone" of the continuous flow paths. This subset of fracture aper

tures includes all the aperture constrictions and excludes the larger apertures behind the 

small aperture barriers. Since the local resistance to fluid flow is inversely proportional 

to the cube of the local aperture, this subset of apertures in the rison curve would play 

the dominant role in flow permeability measurements. The large apertures in the total 

capillary curve that are excluded in the rison capillary curve are not expected to contri

bute much additional resistance to the flow, they therefore play little role in permeabil

ity measurements. On the other hand, in a tracer experiment, the mean arrival time 

will be affected by all the apertures in the fracture, and perhaps more significantly by 

the larger apertures, those same ones which are excluded from the rison curve. So all 
the apertures in the total capillary curve participate in determining mean tracer 

residence time in the fracture, but only the apertures in the rison curve play a crucial 

role in determining the permeability of the fracture. 

It will be seen that both the total capillary curve resulting from the pressure

controlled mercury porosimetrY, and the rison curve resulting from rate-controlled mer

cury porosimetry may be simulated for a rock fracture. We shall study the simulated 

results with a view to interpret mercury porosimetry data in order to give pertinent 

flow and transport parameters. 

Simulation of mercury intrusion and withdrawal experiments 

We begin our calculations with the generation of variable apertures in a single 

fracture as shown in Figure 2. We consider a geometry where the fracture is first eva

cuated, and mercury is intruded simultaneously along all four edges of the fracture. At 

each pressure, Pc ' the volume of mercury needed to fill those apertures that have a 

continuous mercury connection to the four edges, and are larger than the apertures 

associated with the prevailing capillary pressure according to Equation 1 is calculated. 

We assume a constant contact angle of 8=180°. This gives rise to the total capillary 

curve. Since all the aperture values and their spatial variation in the fracture is known, 

in the simulations we can also identify (1) those small aperture constrictions which 

define the entry pressure to a subison system of larger apertures (i.e., the pressures 

b , e ,j in Figure 3b), and (2) the volume of the subison system of large apertures 

behind each aperture barrier. The above information allows us to simulate the rison 
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capillary curve. Figure 4 shows an example of such a simulation for the fracture 

shown in Figure 2a. On the x axis is plotted the filled volume of mercury in the frac

ture, Vr, normalized to Vt, which is the total available volume of apertures in the frac

ture. On the y axis, the pressure is expressed in units of lib (~-1), based on the impli

cit assumption that the interfacial tension, cr and the contact angle 9 remain constant 

throughout the experiment. As we have pointed out earlier, the asymptotic mercury 

volume reached in the rison capillary curve is only a fraction of that reached in the 

total capillary curve; in this example, the fraction is about one third. 

Since the volume of a fracture.is directly proportional to the fracture aperture, b, 

the limiting volumes reached in the capillary curves are essentially measures of some 

mean aperture. So the limiting volume reached in the rison curve corresponds to some 

measure of a mean aperture of the subset of constrictive apertures which form the con

nected backbone of continuous flow paths in the fracture. On the other hand, the lim

iting volume reached in the total capillary curve corresponds to the mean aperture of 

all the apertures in the fracture. Based on our earlier discussions, one would then 

expect that the former mean aperture should relate to that deduced from a permeability 

measurement, and the latter mean aperture should relate to the mean aperture deduced 

from the mean residence time from a tracer transport measurement. In other words, if 

the permeabilty and tracer measurements through a single fracture are analyzed as if 

the flow and transport take place between a pair of parallel plates, then the mean 

separation of the parallel plates deduced from permeability measurements should be 

smaller that that deduced from the tracer measurements. In our simulated example, the 

ratio is approximately one-third. That the parallel-plate equivalent aperture derived 

from permeability test is smaller than that derived from tracer residence time data has 

been observed in the field (Abe lin et al., 1985) for granitic single fractures of 5 to 10m 

in extent. On the laboratory scale, Gale (1987; this volume 1988) has measured the 

mean aperture derived from fluid flow test on two 15 cm granitic cores, each contain

ing a single natural fracture. After the flow tests, the single fractures were injected 

with a room temperature curing resin. The fracture was sectioned and the trace of the 

resin is digitized to provide a direct measure of the distribution of all the fracture aper

tures. Gale (1988) found that the mean aperture derived from the resin-impregnation 

technique was a factor of three to ten times larger than that derived from the fluid flow 

test 
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From the above discussions, we see that mercury porosimetry can give informa

tion on the parameters that control fluid flow and tracer transport as follows: 

(V f I V t)rison _ (b )penneability 

(V f I V t)total (b )trace~ 
(3) 

On Figure 4 we also display the simulated mercury withdrawal curve from the 

fracture. As the mercury injection pressure is being released, the non-wetting mercury 

in those fracture segments with apertures that are smaller than 1-crcos9/P C 1 where Pc 

is the current capillary pressure, will spontaneously flow out of. the fracture if there 

exists a continuous path of mercury to the four edges. Since the mercury would stay in 

place where the apertures are larger then crcos9/P C' breakage of the continuous mer

cury phase occur during mercury retraction. This phenomenon of breakage or "snap

off' is still not well-understood. As mercury is being expelled from the fracture with 

the release of external pressure, the smallest apertures will empty first, and mercury in 

large apertures may become isolated and :rapped. . Figure 4 shows that, for the exam

ple shown, about 65 % of the total volume of mercury is trapped in the fracture when 

the external pressure is reduced to zero. Since the mercury in the smaller apertures 

that formed a continuous path will be expelled in the withdrawal experiment, one may 

expect the withdrawal curve to have very similar shape as the rison curve of the rate 

controlled test. In Figure 5 the mercury withdrawal curve is shifted toward the left to 

the origin and compared with the rison curve. The curve is labeled withdrawal or 

second intrusion since a simulated second intrusion curve will be identical to the 

translated withdrawal curve (based on the assumption that the hysteresis due to 

different advancing and retracting contact angles is negligible). Figure 5 therefore 

illustrates that the second intrusion curve in a conventional pressure-controlled experi

ment may be a good approximation of the rison part of the intrusion curve obtainable 

in a rate-controlled experiment. While the first intrusion curve provides information on 

the apertures in the fracture which control the tracer transport, the second intrusion 

curve provides information on the aperture constrictions which control the permeability 

through the fracture. 

Figure 6 shows the time sequence of mercury intrusion into the fracture with 

aperture variation shown in Figure 2a. Each snapshot in the sequence is labeled with 

the fraction of filled mercury volume Vr/Vt and fraction of filled fracture area, alat• 

The hatched region represents mercury filled apertures, the blank region represents 
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unfilled apertures. The blank areas in the last snapshot of the sequence correspond to 

areas of zero apertures as we have started with a fracture that has about 13% cOluact 

area. Figure 7 shows the time sequence of mercury withdrawal. The black areas 

correspond to areas of zero apertures, and the white areas have been emptied. We 

note that in the first snapshot with slight release of the mercury injection pressure, 

those apertures that are emptied of mercury are the small apertures that are closest to 

the contact areas. In snapshot four, with mercury injection pressure equal to zero, we 

note that the isolated patches of large apertures with trapped mercury occupy a frac

tional area of about 25% of the fracture surface, which corresponds to about 65% of 

the total aperture volume in the fracture. 

Since the residual trapped mercury is predominantly in the large apertures that are . . 

isolated by the continuous backbone of small apertures, one may expect that the 

smaller the spatial correlation length of the aperture variation in the fracture, the more 

opportunity there is for the occurrence of these isolated patches of large apertures. 

Figure 2 seems to support the above hypothesis. One may expect from examining Fig

ure 2 that a greater volume of mercury will be trapped in a fracture with spatial corre

lation A.IL=O.l than one with A.IL=O.4. Figure 8 shows the actual simulation of the 

total intrusion and withdrawal curves for both fractures of Figure 2. Indeed, the simu

lation shows that the trapped volume of mercury for the fracture in Figure 2b is 30% 

of the total fracture volume, as compared to about 56% for the fracture in Figure 2a. 

The simulations were done for open fractures with zero contact area. Results of a 

more systematic study are shown in Figure 9 where the residual mercury volume is 

plotted against the spatial correlation of the aperture variation. Each point corresponds 

to a simulated result from a different statistical realization of the same fracture aperture 

distribution. It is apparent from the figure that the amount of trapped mercury 

decreases as the spatial correlation length increases. Figure 9 demonstrates that a 

measurement of residual mercury volume in a mercury withdrawal experiment may 

give useful information on the spatial correlation length of the aperture variation. The 

spatial correlation length of the aperture variation has been shown to be related to the 

spatial distribution of flow channeling phenomena in fractures (Tsang et al., 1988a; 

1988b). 
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Summary 

We have studied the utility of applying the well known technique of mercury 

porosimetry to rock fractures by simulations of mercury intrusion and withdrawal in a 

single fracture with variable apertures. Our theoretical studies show that the total 

capillary pressure curve in a pressure-controlled test gives information on the distribu

tion of all the apertures which controls the tracer transport times through the fracture. 

On the other hand, the second intrusion curve in a pressure-controlled experiment 

resembles the rison part of a rate-controlled experiment and gives information on the 

distribution of small apertures which controls the flow permeability of the fracture. 

The ratio of the limiting mercury volumes of the second intrusion and the first intru

sion capillary curves can provide estimates of equivalent apertures derived from per

meability and tracer transport measurements (Equation 3). Lastly, the fraction of 

trapped mercury may be related to the spatial correlation of the aperture variation, 

being larger for fractures with smaller spatial correlation length. 
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variation of Figure 2a. 
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Figure 9. Fraction of trapped residual mercury as a function of spatial correlation 
length of the apenure spatial variation. 
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