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6.4 RELATIONSHIP BETWEEN POROSITY, PERMEABILITY, AND TEXTURE

The texture of a sediment is closely correlated with its porosity and permeabil-
ity. The texture of a reservoir rock is related to the original depositional fabric
of the sediment, which is modified by subsequent diagenesis. This diagenesis
may be negligible in many sandstones, but in carbonates it may be sufficient to
obliterate all traces of original depositional features. Before considering the
effects of diagenesis on porosity and permeability, the effects of the original
depositional fabric on these two parameters must be discussed. The following
account is based largely on studies by Krumbein and Monk (1942), Gaithor
(1953), Rogers and Head (1961), Potter and Mast (1963), Chilingar (1964),
Beard and Weyl (1973), Pryor (1973), and Atkins and McBride (1992). The
textural parameters of an unconsolidated sediment that may affect porosity and
permeability are as follows:

Grain shape (roundness, sphericity)
Grain size

Sorting

Fabric (packing, grain orientation)

These parameters are described and discussed in the following sections.

6.4.1 Relationship between Porosity, Permeability, and Grain Shape

The two aspects of grain shape to consider are roundness and sphericity (Pow-
ers, 1953). As Fig. 6.19 shows, these two properties are quite distinct. Round-
ness describes the degree of angularity of the particle. Sphericity describes the
degree to which the particle approaches a spherical shape. Mathematical meth-
ods of analyzing these variables are available.
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Data on the effect of roundness and sphericity on porosity and permeability
are sparse. Fraser (1935) inferred that porosity might decrease with sphericity
because spherical grains may be more tightly packed than subspherical ones.
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6.4.2 Relationship between Porosity, Permeability, and Grain Size

Theoretically, porosity is independent of grain size for uniformly packed and
graded sands (Rogers and Head, 1961). In practice, however, coarser sands
sometimes have higher porosities than do finer sands or vice versa (e.g., Lee,
1919; Sneider et al., 1977). This disparity may be due to separate but correla-
tive factors such as sorting and/or cementation.

Permeability declines with decreasing grain size because pore diameter de-
creases and hence capillary pressure increases (Krumbein and Monk, 1942).
Thus a sand and a shale may both have porosities of 10%; whereas the former
may be a permeable reservoir, the latter may be an impermeable cap rock.

6.4.3 Relationship between Porosity, Permeability, and Grain Sorting

Porosity increases with improved sorting. As sorting decreases, the pores be-
tween the larger, framework-forming grains are infilled by the smaller particles.
Permeability decreases with sorting for the same reason (Fraser, 1935; Rogers
and Head, 1961; Beard and Weyl, 1973). As mentioned earlier, sorting some-
times varies with the grain size of a particular reservoir sand, thus indicating a
possible correlation between porosity and grain size. Figure 6.20 summarizes
the effects of sorting and grain size on porosity and permeability in unconsoli-
dated sand.

6.4.4 Relationship between Porosity, Permeability, and Grain Packing

The two important characteristics of the fabric of a sediment are how the grains
are packed and how they are oriented. The classic studies of sediment packing
were described by Fraser (1935) and Graton and Fraser (1935). They showed
that spheres of uniform size have six theoretical packing geometries. These
geometries range from the loosest cubic style with a porosity of 48% down to
the tightest hombohedral style with a 26% porosity (Fig. 6.21).

The significance of packing to porosity can be observed when trying to
pour the residue of a packet of sugar into a sugar bowl. The sugar poured into
the bowl has settled under gravity into a loose packing. Tapping the container
causes the level of sugar to drop as the grains fall into a tighter packing, causing
porosity to decrease and bulk density to increase. Packing is obviously a major
influence on the porosity of sediments; several geologists have tried to carry out
empirical, as opposed to theoretical, studies (e.g., Kahn, 1956; Morrow, 1971 ):
Particular attention has been paid to relating packing to the depositional pro-
cess (e.g., Martini, 1972). Like grain sphericity and roundness, packing is not
amenable to extensive statistical analysis. Intuitively, one might expect sedi-
ments deposited under the influence of gravity, such as fluidized flows and tur-
bidites, to exhibit looser grain packing than those laid down by traction




image3.jpeg
258 6 THE RESERVOIR

w0 "
@
Z
2
i
[}
100
Very fine
2w
Z
£
i
£ 10
100
1=
oal—L | ! L
o 10 20 30 0 50

Porosity, %
I FIGURE 6.20 Graph of porosity against permeability showing their relationship with grain size and
sorting for uncemented sands. (After Beard and Weyl, 1973; Nagtegaal, 1978

Cubic packing Rhombohedral packing
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B FIGURE 6.21 The loosestand tightest theoretical packings for spheres of uniform diameter.
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6.4.5 Relationship between Porosity, Permeability, and Depositional Process

Several studies have been made to try to establish the way in which the deposi-
tional process and environment of a sediment may effect its reservoir character-
istics. This is not easy to resolve because grain size and sorting are related not
only to the final depositional environment, but also reflect the characteristics of
the rocks from which they were derived.

For what it is worth, Pryor (1973) recorded permeabilities averaging 93,
68, and 54 darcies, and porosities averaging 41, 49, and 49% for point bars,
beaches, and dunes, respectively. Atkins and McBride (1992) reported com-
parable values for porosity, and noted that trapped air bubbles and packing
effects accounted for several percent of the porosity. There is no doubt that
porosity and permeability are rapidly reduced due to packing adjustments and
compaction early on during burial.

6.4.6 Relationship between Porosity, Permeability, and Grain Orientation

The preceding analysis of packing was based on the assumption that grains are
spherical, which is generally untrue of all sediments except oolites. Most quartz
grains are actually prolate spheroids, slightly elongated with respect to their C
crystallographic axis (Allen, 1970). Sands also contain flaky grains of mica,
clay, shell fragments, and other constituents. Skeletal carbonates have still more
eccentric grain shapes. Thus the second element of fabric, namely, orientation,
is perhaps more significant to porosity and permeability than packing is. The
orientation of grains may have little effect on porosity, but a major effect on
permeability.

Most sediments are stratified, the layering being caused by flaky grains,
such as mica, shells, and plant fragments, as well as by clay laminae. Because of
this stratification the vertical permeability is generally considerably lower than
the horizontal permeability. The ratio of vertical to horizontal permeability in
a reservoir is important because of its effect on coning as the oil and gas are
produced. Variation in permeability also occurs parallel to bedding. In most
sands the grains generally show a preferential alignment within the horizontal
plane. Grain orientation can be measured by various methods (Sippel, 1971).
Studies of horizontally bedded sands have shown that grains are elongated
parallel to current direction (e.g., Shelton and Mack, 1970; von Rad, 1971;
Martini, 1971, 1972). For cross-bedded sands the situation is more complex
because grains may be aligned parallel to the strike of foresets due to gravita-
tional rolling. Figure 6.22 shows that permeability will be greatest parallel to
grain orientation, since this orientation is the fabric alignment with least resis-
tance to fluid movement (Scheiddegger, 1960).

Studies of the relationship between fabric and permeability variation have
produced different results on both small and large scales. Potter and Pettijohn
(1977) have reviewed the conflicting results of a number of case histories, some
of which show a correlation with grain orientation and some of which do not.
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Il FIGURE 6.22  Block diagram of sand showing layered fabric with grains oriented parallel to currenc.
Generally, K, > K, > K,

It is necessary to consider not only small-scale permeability variations caused
by grain alignment but also the larger variations caused by sedimentary
structures.

Grain-size differences cause permeability variations far greater than those
caused by grain orientation. Thus in the cross-bedded eolian sands of the Leman
field (North Sea), horizontal permeabilities measured parallel to strike varied
from as much as 0.5 to 38.5 md between adjacent foresets. This range in per-
meabilities is attributable to variations in grain size and sorting. Similarly, be-
cause eolian cross-beds generally show a decreasing grain size from foreset to
toeset, permeability diminishes downward through each cross-bedded unit (Van
Veen, 1975). Conversely, in many aqueously deposited cross-beds, avalanching
causes grain size to increase downward. Thus permeability also increases down
each foreset for the reason previously given (Fig. 6.23).

Detailed accounts of permeability variations within sedimentary structures,
mainly cross-bedding, have been given by Weber (1982) and Hurst and Rosvoll
(1991). The latter study reported 16,000 mini permeameter readings. These
showed that that there was greater variation of permeability found within sed-
imentary structures than between them.

On the still larger scale of whole sand bodies, grain-size-related permeabil-
ities often have considerable variations (Richardson et al., 1987). When dis-
cussing the use of the SP log as a vertical profile of grain size it was pointed out
that channels tend to have upward-fining grain-size profiles, and thus upward-
decreasing permeability. By contrast barrier bar and delta mouth bar sands have
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A
B FIGURE 6.23 Permeability variations for (A) downward-fining and (B) downward-coarsening
avalanche cross-beds.




