
Chapter 2
Porosity

Porosity is a measure of void spaces in the rock. This void fraction can be either
between particles or inside cavities or cracks of the soil or rock. Porosity defined as
a unit fraction between 0 and 1 or as a percentage between 0 and 100%. For most
rocks, porosity is normally varying from less than 1 to 40%.

Permeable rock is the key element of oil and gas reservoirs. Porous rocks are able
to hold fluids. Normally, both oil and gas is generated from source rocks (kitchen),
migrate upwards and trapped under sealing layers (impermeable) that will not permit
oil and gas to escape to the surface. Reservoir rock was classified into clastics and
carbonates hydrocarbon reservoirs. Clastics reservoirs for example sandstone are
comprised of small particles usually buried and compacted in riverbeds for a long
time. Carbonates reservoirs are normally generated by biological processes then
buried and compacted for a long time.Approximately 60%of hydrocarbons are exists
in clastics reservoir rocks and 40% in carbonates reservoir rocks refer to Fig. 2.1.
Porosity is a key parameter as it is measuring the storage capacity for hydrocarbons.
Typically, carbonate porosity varying from 1 to 35%, average porosity in dolomite
formations is 10% and in limestone formations is 12% (Schmoker et al. 1985).
Porosity is known simply as pore volume over by bulk volume.

It is difficult to visualize the pore space and pore-throat without using scanning
electron microscopy (SEM) as seen in Fig. 2.2. In general, there might be fine paths
termed as pore throats detached by wide passages known as pore bodies.

The critical concentration is the point where small grains completely fill the pore
space of the large grain pack while the large grains are still in contact with each
other (as shown in middle figure). This point indicates the separation between two
structural domains. The domain on the left is where an external load is supported
by the large grain framework, hence it is shaly sand. In the domain on the right the
large grains are suspended in the small particle framework which is load bearing;
e.g. sandy shale.
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Fig. 2.1 Pores and throat model. a Carbonate rock. b Clastic rock

Fig. 2.2 Microphotograph of bore and pore throat (Source Jorden and Campbell 1984)
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2.1 Types of Geologic Properties

1. Primary porosity

It’s the main porosity accompanying with the initial depositional structure of the
sediment. The primary porosity is the aperture space between the particles. This
form of porosity is identified as primary intergranular porosity. While the void space
in mineral particles that was occurred former to deposition is known as a primary
intragranular porosity. Figure 2.3 illustrates the primary porosity of the rock causing
after its original depositional environment.

2. Secondary porosity

It’s porosity that often enhancing overall voidage of a rock in the sedimentary
basin. This porosity results from dissolving of particles, depositional environment,
or cement which originally bounded the particles together at the initial place. Sec-
ondary intragranular porosity is so easily identifiable porosity. Secondary intergran-
ular porosity is in some environments hard to recognize and measure.

Tectonic movement and degradation diagenetic processes may cause fracture and
vug porosities. This type of porosity, which created after a long time of rock depo-
sition, is known as secondary porosity as depicted in Fig. 2.4.

3. Fracture porosity

This porosity accompanying a tectonic fracturing system that can generate secondary
porosity in rocks see Fig. 2.5.

In extremely unusual cases, non-reservoir rocks as granite can turn into reservoir
rocks if adequate fracturing occurs. The orientation of the fracture can be everyplace
from vertical to horizontal.

Fig. 2.3 Diagram display primary porosity at different particle sizes
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Fig. 2.4 Diagram shows type of secondary porosity existing in reservoir rock

Fig. 2.5 Schematic showing cross-sections of fractures in carbonate rock (Source Parizek et al.
1971)

4. Vuggy porosity

It’s a form of secondary porosity in which the pore spaces are formed by solution
vugs, leaving large holes, caves, or vugs in a rock that are normally linedwithmineral
precipitates. Vugs generally exist as dissolved grains shown in Fig. 2.6.
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Fig. 2.6 Showing carbonate
vuggy porosity (Source
Etminan and Abbas 2008)

5. Effective porosity

It’s known also as open porosity, and can be determined by subtracting the total
porosity from the part of the void space filled by clay or shale. Typically, the total
reservoir porosity in clean reservoir sands is identical to effective porosity.

Another description of effective porosity, it’s known as interconnected pore space.
Refer to Fig. 2.7 shows the clean pore space and the effective porosity.

Figure 2.8 shows the several types of clay distributions existing in reservoir rocks
and their effect on reservoir porosity.

Fig. 2.7 Illustrates the
interconnected porosity
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Fig. 2.8 Show the effective porosity at different shale distributions (Source Dewan 1983)

6. Ineffective porosity (also called closed porosity)

This porosity also called closed porosity, where the pores are isolated and not inter-
connected. Also, it’s known as the part of the total volume where liquids or gases
are exists but in which fluid flow can’t efficiently occur includes the closed apertures
see Fig. 2.9.

7. Dual porosity

Known as dual porosity reservoirs because the fractured reservoirs have two dis-
similar porosities, call matrix porosity, and fractures porosity. However, naturally
fractured reservoirs comprise of asymmetrical fractures, they might be character-
ized by same homogeneous dual porosity systems. Dual porosity is defined also as a
combination of primary, fracture and or vuggy mix where fluid flows are not simple
shown Fig. 2.10.

Fig. 2.9 Diagram showing effective and ineffective porosity inside reservoir rock
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Fig. 2.10 Diagram represent
dual porosity model

8. Macroporosity

The term ‘macroporosity’ point out to apertures bigger than 50 nm in diameter.
Macroporosity is commonly used in the estimation of soil compaction. If themacrop-
orosity decreased thismaybe lead to small drainage, and soil degradation. Figure 2.11
shows the interconnected porosity in the reservoir rock.

9. Mesoporosity

The term ‘mesoporosity’ point out to apertures bigger than 2 nm and less than 50 nm
in diameter. It’s defined as the rock which has its pore size in between microporous
and macroporous. This porosity may contain a great amount of hydrocarbons in the
pores above the free water level.

Fig. 2.11 Showing interconnected macroporosity in the formations (Source Le Geros et al. 2003)
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Fig. 2.12 Microporosity
matrix

10. Microporosity

The term ‘microporosity’ point out to apertures lesser than 2 nm in diameter. Micro-
porosity exists in siliciclastic rock and in carbonate rock shown in Fig. 2.12. Hence
it’s directly affect the existing fluid flow properties (i.e. output) and as well as the log
response. Normally, it’s existing in very fine grain mixture formed at rapid solidifi-
cation.

Mostly dominant in carbonate rock, the presence ofmicropores raises the capillary
pull to the wetting phase caused in rich boundwater in themicropores. Consequently,
the conventional logs reading may interpret high water saturation which resulting
wrong hydrocarbon determination (Pittman 1983). Therefore, microporosity must
be taken into account in any formation evaluation, to avoid erroneous calculation of
hydrocarbon in place.

2.2 Porosity of Packing

The porosity of identical rock particle size is independent of the particles size.
Figure 2.3a shows the maximum theoretical porosity of 47.6% is attained with cubic
packing of spherical particles. While Fig. 2.3b shows 39.5% porosity of Hexagonal
packing. Figure 2.3c shows Tetragonal packing. Figure 2.3d shows rhombohedral
packing, which is more representative of reservoir environments. Figure 2.3e shows
the second lesser size of spherical particles is hosted into cubic packing. This will
reduce the porosity from47.6 to 13%. Therefore, porosity is dependent on the amount
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Fig. 2.13 Cubic packing (a), hexagonal (b), tetragonal (c), rhombohedral (d), cubic packing with
two particle sizes (e), and sand with irregular particle shape (f)

of cementing materials, the arrangement of the particles, and particle size distribu-
tion. A classic reservoir sand shape is illustrated in Fig. 2.13f.

2.3 Particle Shape

Particle shape provides a remarkable amount of evidence about the geologic his-
tory environment of the sediment. Whether particles in the sediment are angular or
rounded is determined by the amount of erosion the particles have undergone. This
erosion somewhat wears down the edges of the sediment. Consequently, as amaterial
transported from the origin place, further erosion takes place results in more rounded
material. Generally, the primary porosity of the formations depends on the shape,
sorting, and packing form of sediment grains. Where the sharpness of sediment may
decrease or increase porosity of the rocks, subject if the grains connection openings
or are packed together.

2.4 Factors Affecting Porosity

The bestmanifestation is in the rock type.Metamorphic and crystalline igneous rocks
have no significant porosity. Table 2.1 shows the main factors affecting the porosity
value of the deposited rocks.

Limestone porosity can be developed as secondary porosity through the presence
of joints and faults. The outer stress of the rock formation can make compaction
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Table 2.1 Factors affecting the porosity value of the sedimentary rocks

Factor Description

Particle size Particle size is not a factor in porosity. If all particles are the same size, there is
more porosity than if the particles are of mixed sizes

Sorting Good sorted sediments mostly have greater porosities than poorly sorted
sediments

Particle shape The more well-rounded the particles within a rock sample are, the more
porosity the sample has

Packing If the packing of the particles turns into tighter the porosity becomes small

of the pores space which is being influenced by on the depth. Krumbein and Sloss
(1951) presented that porosity decrease as a result of compaction increase by depth
see Fig. 2.14. While the packing and rearrangement after compaction leading to
porosity reduction.

The graphic shown in Fig. 2.15 denotes to the compaction process. Compaction is
the irreversible volume reduction because of effective pressure caused by overburden
sediments, drainage of pore fluids, and grain packing.

Rowanet al. (2003) used logdata from19offshorewells, andderived a relationship
between porosity versus depth for sand, silt, and shale sediments. They used the shale
content (Vsh) from a Gamma log as a parameter for classification. The following are
the three derived equations (Eqs. 2.1–2.3):

For sand (Vsh < 0.01) ∅ = 0.5 · (−0.29 · z) (2.1)

For silt (0.495 < Vsh < 0.01) ∅ = 0.44 · (−0.38 · z) (2.2)

For shale (Vsh > 0.9) ∅ = 0.4 · (−0.42 · z) (2.3)

2.5 The Range of Porosity Values in Environment

Table 2.2 shows the total porosity ranges in nature for many geologic materials. In
general, the total porosity in rocks is not a fixed magnitude since the rock mainly
clayey soil, alternately swells, compacts, cracks, and shrinks. In recent deposited
sediments, for example, those may exist on the surface of a lagoon; porosity may
be very excessive (more than 80%). For instance, the porosity of the loose sands
can reach 45%. These sands can be very stabilized or unbalanced by cement. In the
formation rocks, the secondary porosity can be created due to dissolution typically
in carbonate rocks. Normally, in carbonate rocks, the porosity can be either too small
or too high depending on the depositional environment.
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Fig. 2.14 Porosity versus depth diagram of different lithologic reservoirs

The grouping and assessment of hydrocarbon reservoirs are depending on the rock
parameter. Table 2.3 shows the gradations of rocks porosity giving by the industry
standard of China. However, carbonate and clastic rocks have different gradation
because of different classifications, size, and the measure of apertures in both rocks
types.
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Fig. 2.15 Compaction process for sand and shale

Table 2.2 Rocks porosity
range (after Paul 2001)

Lithology Porosity range (%)

Unconsolidated sands 35–45

Reservoir sandstones 15–35

Compact sandstones 1–15

Compact carbonate rocks <1–5

Shales 0–45

Clays 0–45

Massive limestones 5–10

Vuggy limestones 10–40

Dolomite 10–30

Chalk 5–40

Granite <1

Basalt <0.5

Gneiss <2

Conglomerate 1–15
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Table 2.3 Reservoir porosity gradation [SY/T 6285-2011 (2011)]

Clastic rock Carbonate rock

Type of porosity Porosity (%) Type of porosity Porosity (%)

Very high porosity ∅ ≥ 30

High porosity 25 ≤ ∅ < 30 High porosity ∅ ≥ 20

Moderate porosity 15 ≤ ∅ < 25 Moderate porosity 12 ≤ ∅ < 20

Low porosity 10 ≤ ∅ < 15 Low porosity 4 ≤ ∅ < 12

Extremely low porosity 5 ≤ ∅ < 10 Extremely low porosity ∅ < 4

Ultra-low porosity ∅ < 5

2.6 Measurement of Porosity

Porositymeasurement on core sample in a laboratory normally needs tomeasure pore
volume and bulk volume of the core sample. The total porosity (Absolute Porosity)
can be obtained either from core samples or from well logs refer to Fig. 2.16, that
could involve effective porosities.Generally, the obtained porosity values using direct
methods are more accurate. Therefore, it’s used to rectify and calibrate with indirect
methods such as log-derived porosity data.

The following Porosity, given the symbol ∅ can be calculated using Eq. 2.4

Porosi ty = Pore Volume

Bulk Volume
= Bulk Volume − Matri x V olume

(Grain + Pore volume)

∅ = Vp

Vb
= (Vb − Vm)/Vb (2.4)

where:

Vp pore space volume,
Vm matrix (solid rock) volume, and
Vb bulk volume (Vp + Vm).

Bulk volume (Vb) can be calculated using Eq. 2.5, cylindrical core, or by fluid
displacement methods, or directly by volume displacement.

Vb = πr2l (2.5)

Porosity will rely on the average form of the particles and the packed method.
This sequentially will reliant on deposition method for a long time period such as
solid particles of sand dumped progressively on riverbeds (clastics), or evolution and
degeneration of biological materials (carbonates). Reservoir engineers are usually
concerned in connected porosity (Effective Porosity), which is defined as the total
volume of connected pores to total bulk rock volume. Where the hydrocarbon pore
volume is defined as the total rock volume that occupied with hydrocarbon. It is
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Fig. 2.16 Schematic of wireline well logging

known by the equation (Eq. 2.6):

HCPV = Vb · ∅ · (1 − SWC) (2.6)

where:

Swc is the connate water saturation.

The following are the general conventional range and view of Porosity: 0–5%
Negligible, 5–10% Poor, 10–15% Fair, 15–20% Good and 20–25% Very Good.
Once more, the effective porosity can be defined as the total porosity minus the
fraction of the aperture filled by shale or clay. In pure clean sands, total porosity
is equivalent to effective porosity (Interconnected Pores) shown in Fig. 2.17. As
seen in Fig. 2.18, effective porosity can be defined also as the aperture that contains
hydrocarbon and non-clay water (Al-Ruwaili and Al-Waheed 2004). Therefore, the
description of effective porosity is the total porosity less volume of clay-boundwater.
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Fig. 2.17 Effective porosity

Fig. 2.18 Porosity model for a shaly sand reservoir

The following Eq. 2.7 shows the total porosity as a function of effective porosity for
a shaly sand model:

∅t = ∅e + Vshx∅sh (2.7)

In Eq. (2.7), ∅t = total porosity, fraction; ∅e = effective porosity, fraction; Vsh =
volume of shale, fraction; and ∅sh = shale porosity, fraction. It’s difficult to determine
the shale porosity from well logs because the selection of the 100% shale unit can be
incorrect (Al-Ruwaili and Al-Waheed 2004). Hence, the estimated form of Eq. (2.8)
is attained by changing shale porosity ∅sh with total porosity ∅t:

∅t = ∅e + Vshx∅t (2.8)

Example 2.1
10.10 cm Core sample long with 3.80 cm was carefully cleaned and dried. The core
was saturated with 100% brine that has a specific gravity of 1.03. The saturated core



20 2 Porosity

weight is 385 g and tried sample weight is 355 g. Determine the porosity of the core
sample.

Solution
The bulk volume Eq. (2.2):

Vb = πr2l

Vb = π

(
3.80

2

)2

× 10.10 = 114.591 cm3

The pore volume is known as:

Vp = wt. of saturated core − wt. of dried core

speci f ic gravi t y o f brine

Vp = 385.0 − 355.0

1.03
= 29.126 cm3

Using Eq. (2.1), porosity of the core sample is:

∅ = Vp

Vb

∅ = 29.126

114.591
= 0.2542 or 25.42%

Example 2.2
An oil reservoir has initial pressure is the same to its bubble point pressure of 1000
psia, and the gas oil ratio is 500 SCF/STB at reservoir temperature of 150 °F and
the gravity is 35° API with gas specific gravity is 0.63. The following are additional
reservoir data available:

• Effective porosity = 18%
• Reservoir area = 550 acres
• Connate water saturation = 20%
• Average thickness = 15 ft
• Formation volume factor = 1.49 bbl/STB

Determine the initial oil in place in STB.

Solution
First, estimate the specific gravity of the oil (γo) using the API gravity.

API = 141.5

γ0
− 131.5
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Therefore,

γ0 = 141.5

35 + 131.5
= 0.849

Determine the pore volume from Equation:

PV = 7758 Ah∅ bbl

PV = 7758 ∗ 550 ∗ 15 ∗ 0.18 = 11,520,630 bbl

OIIP = 7758 Ah∅(1 − Sw)/B0

OIIP = 11,520,630
(1 − 0.20)

1.49
= 6,185,573 STB

The reservoir rock could display enormous variants in porosity. The following are
the mathematical techniques used for calculating the averaging porosity:

(1) If there are vertically variants in porosity but does not show big deviations in
porosity parallel to the bedding planes;

Arithmetic average ∅ = Σ∅i/n

Or

Thickness weighted average ∅ = Σ∅i hi/Σhi

(2) If there is any alteration in the depositional environment, that can create signif-
icantly different porosities over the reservoir area;

Areal weighted average ∅ = Σ∅i Ai/Σ Ai

Or

Volumetricweighted average ∅ = Σ∅i Aih/Σ Aihi

Where, n is total number of core samples, A is reservoir area, ∅ is porosity, and h
is thickness of core sample.
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Example 2.3
Calculate the Areal weighted average for the below reservoir data measurements:

∅a = 20%,∅b = 11%,∅c = 29%,

L1 = 0.35 L + 0.24,
ha = hb = 0.5 hc

Solution

Areal weighted average ∅ = Σ∅i Ai/Σ Ai

Σ∅i Ai = ∅a(ha ∗ L) + ∅a(hb ∗ 0.35 L) + ∅b(hb ∗ 0.65 ∗ L) + ∅c(hc ∗ L)

Σ∅i Ai = ∅a(0.5 ∗ hc ∗ L) + ∅a(0.5 ∗ hc ∗ 0.35 L)

+ ∅b(0.5 ∗ hc ∗ 0.65 ∗ L) + ∅c(hc ∗ L)

Σ∅i Ai = hc ∗ L(0.675∅a + 0.325∅b + ∅c)

Σ∅i Ai = 0.46075 hc ∗ L

Σ Ai = (1.35 ∗ ha) + (0.65 ∗ hb) + (hc ∗ L)

If:
ha = hb = 0.5hc

Σ Ai = (1.35 ∗ 0.5hc ∗ L) + (0.65 ∗ 0.5hc ∗ L) + (hc ∗ L)

Σ Ai = hc ∗ L[(1.35 ∗ 0.5) + (0.65 ∗ 0.5) + 1]

Σ Ai = hc ∗ L[(0.675) + (0.325) + 1]
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Σ Ai = hc ∗ L[(0.675) + (0.325) + 1]

Σ Ai = 2hc ∗ L

∅ = 0.46075hc ∗ L

2hc ∗ L

∅ = 23%

Example 2.4
The reservoir has porosity variation along the three reservoir sections. The average
reservoir porosity and the area for each section as follows.

Calculate the Areal weighted average porosity?

Section Avg. Porosity (%) Area (ft2)

1 13 160,422,211

2 20 302,140,285

3 27 10,550,111

Total 473,112,607

∅ = Σ∅i Ai

Σ Ai
= ((0.13 ∗ 160,422,211) + (0.20 ∗ 302,140,285)

+ (0.27 ∗ 10,550,111))/473,112,607

∅ = 18%

Example 2.5
Determine the arithmetic average porosity and thickness weighted average porosity
for the below reservoir data measurements?

Core No. Porosity (%) Thickness (ft)

1 8 1.3

2 10 1

3 15 1.1

4 9 2

(continued)
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(continued)

Core No. Porosity (%) Thickness (ft)

5 11 2.1

6 13 1.5

Arithmetic average ∅ = Σ∅i/n

Arithmetic average ∅ = Σ(8 + 10 + 15 + 9 + 11 + 13)/6

∅ = 11%

Thickness weighted average ∅ = Σ∅i hi/Σhi

T hickness weighted average ∅ = Σ(8 ∗ 1.3) + (10 ∗ 1) + 15 ∗ 1.1)

+ (9 ∗ 2) + 11 ∗ 2.1) + (13 ∗ 1.5)/Σ(1.3 + 1 + 1.1 + 2 + 2.1 + 1.5)

∅ = 11.5%
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