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 تكامل الجودة وتنطق أدلة الطفل باستخدام المعطیات البتروفیزیائیة للتمییز بین الواحدات الهیدرولیة 
 ذات المحتوى الطفلى فى الخزانات الجوفیة

تــه وتنوعاتــه المختلفــة وذلــك الهیدرولیــة فــى الخزانــات الجوفیــة ذات المحتــوى الطفلــى بتوزیعا تقــدم هــذه الدراســة أســلوباً تقنیــاً جدیــداً لتمییــز الوحــدات الخلاصـــة:
وحــدات الخزانیــة عــن طریــق اعتمــاداً علــى المقاومــة الكهربائیــة النوعیــة وتمثیلهــا بیانیــاً بواســطة الأشــكال التقاطعیــة، وقــد تــم إحــداث نمــوذج للنفاذیــة لتمییــز تلــك ال

المشــنقة مــن تســجیلات الآبــار، وقــد أظهــرت النتــائج أن لكــل وحــدة  التكامــل بــین جــودة الصــخر الخــازن ومحتــواه الطفلــى والمعطیــات البتروفییائیــة المعملیــة وتلــك
یـة، متشـققة) الأمـر هیدرولیة میلها الریاضى وهو ما أكدته المنحنیات البیانیة، كما یمكن أیضاً تطبیق الأسلوب الجدیـد فـى جمیـع الحـالات (صـخور فتاتیـة، جیر 

 فیة والوصول بالتالى إلى تمثیل أفضل یقترب كثیراً من الواقع.اذى سیعمل على تحسین نتائج النمذجة ومحاكاة الخزانات الجو 

ABSTRACT: This study presents a new approach to characterize hydraulic (flow and no flow) units in 
reservoirs with laminated, structural, dispersed, or general shaly contents.  Here, reservoirs with shaly 
contents are characterized by normalizing true formation resistivity in terms of the various shaly 
correlations.  This normalized resistivity is, then, used in a graphical crossplotting technique to yield unique 
parameters about the hydraulic units.  Permeability is estimated for the flow unit with shaly contents using 
any of three selected/generalized models in terms of the cementation exponent “m”.  A new permeability 
model is also utilized in the characterization process.  The concept of Reservoir Quality Index, RQI, is 
adapted for shaly formations where a Shale Zonation Index, SZI, is uniquely generated to delineate each 
hydraulic unit.  Shale free formation and formation with laminated or dispersed shaly contents are shown to 
exhibit characteristic slopes within the graphical solution.  This paper demonstrates the integration of 
laboratory information along with conventional well log data to define reservoir bodies with shaly contents 
at the wellbore and documents the characterization technique.  The technique is applicable to shaly clastic 
and carbonate reservoirs including those with natural fractures. The reultant hydraulic units should improve 
developing both the static and dynamic modeling of the reservoir. 
 
INTRODUCTION

Clay minerals can be found in all types of 
sedimentary rocks including clastic and carbonate 
reservoirs.  However, they are much more abundant in 
siltstones, sands, and conglomerates.  Shaly materials 
may be distributed throughout the formation in three 
different ways as revealed by the dipmeter, 
microresistivity tools, formation microscanner, core 
analysis, petrographic thin-sections, and scanning 
electron microscopy.  Clay materials can be distributed 
in a laminated, structural or dispersed fashion.  
Laminated shales are of detrital origin forming outside 
the sandstone framework.  They occur as thin laminae of 
clay and other fine-grained materials between which are 
layers of sand.  The laminae themselves do not affect the 
porosity or horizontal permeability of sand streaks.  
However, when their amount increases and consequently 
the quantity of sand decreases, the overall average 
porosity seen by the logging tools is reduced in 
proportion.  In addition, these laminae are more or less 
continuous and may act as vertical permeability barriers. 

Clay minerals may also be found within the sand 

framework originating through diagenetic processes.  In-
situ alternation of non-quartz particles such as feldspar to 
kaolinite and hornblende to chlorite, due to reaction with 
formation water, results in the formation of structural 
clays.  This type of clay distribution exists as grains or 
nodules incorporated within the formation matrix.  It 
may also have a detrital origin, been deposited as clasts 
or pellets of clay, forming an integral part of a matrix 
predominated by sand.  Structural shale is usually 
considered to have properties similar to those of laminar 
and nearby massive shale, and are not expected to affect 
the formation effective porosity. 

However, diagenetic processes acting on sands 
usually result in the formation of dispersed clays 
throughout the sand, partially or completely filling, 
lining, and bridging pore-pore throat network.1 
Dispersed clays develop as crystals precipitate from pore 
fluids due to changes in formation water chemistry.  
These diagenetic changes are a result of increasing 
temperature and pressure accompanied by filtration 
through shale during burial and compaction processes.  
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Dispersed clays may exist in the porous medium as 
discrete particles, accumulations adhering and lining the 
pore-pore throat walls with a continuous thin coating, or 
intergrown crystals that may bridge a pore or pore throat.  
Consequently, dispersed shale can drastically reduce 
formation permeability. 

It is obvious that different clay minerals with 
different distribution patterns will affect the 
petrophysical properties of the formation. 

Conventional Evaluation Techniques for Formations 
with Shaly Contents 

Reservoir effective porosity can be estimated for 
formations with different shale distribution patterns as 
follows: 

For formations with laminated clay 

( )ϕ
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=
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               (1) 

 

For formations with structural clay  

 

ϕ ϕe = log                                                            (2) 

For formations with dispersed clay 

ϕ ϕ ϕe dis disV= −log   .                                    (3) 

Permeability, in turn, has a direct relationship with 
formation effective porosity.  Thus, it will greatly 
depend on the type and distribution mode of the shale 
inclusions.2 

The basic objectives of evaluating formations with 
shaly contents are to account for the shale effect on the 
calculated water saturation values and to develop a 
realistic log-derived description of the reservoir quality 
in terms of hydraulic (flow) units having lateral 
continuity.  Several authors have various definitions of a 
flow unit which is a resultant of the depositional 
environment and diagenetic processes (facies).3  A 
hydraulic unit is defined, here, as “a continuous body 
over a specific reservoir volume that practically 
possesses consistent petrophysical and fluid properties 
which uniquely characterize its static/dynamic state 
distinguishing it from the other rock volumes”.4  
Formation fluids may be in hydraulic communication 
with the wellbore through a flow conduit or 
compartmentalized within a “no-flow” container.  A no-
flow unit may also be defined as a reservoir body that 
does not possess enough porosity or permeability to 
support fluid storage and/or flow.  The subdivision of a 
reservoir into flow and no-flow units provides a practical 
mean for zonation which makes use of both geological 

and engineering heterogeneities observed at the various 
scales.4  Indeed, shaly contents within the formation are 
major contributors to reservoir lateral and vertical 
heterogeneities. 

The significant effect of clay minerals, amount, 
type and distribution on petrophysical log responses is 
well realized and documented by several investigators.5  
Worthington (1985) summarized and classified more 
than 30 water saturation correlations that have been 
proposed for shaly-sand reservoirs.6  These correlations 
can be grouped, generally, into laminar, dispersed, and 
total shale models.  Total shale correlations are those that 
apply reasonably well to all kinds of shaly reservoirs 
independent of the shale distribution.  Most of these 
models require a pre-knowledge of the shale or clay 
volume within the formation.  The most commonly used 
shale volume indicator is usually determined using the 
gamma ray log.5 

The following sections discuss a new 
characterization technique for shaly formations with 
different distribution patterns and/or pore geometries 
(particularly naturally fractured) through adaptation of 
selected appropriate shaly correlations including total 
shale models. 

Characterization of Hydraulic Units with Laminated 
Shaly Content 

The proposed characterization technique can be 
implemented through application of two main concepts 
as follows: 

1.  Application of Log Porosity Versus Log Resistivity 
Concept.  Aguilera (1990) generalized Poupon et al. 
(1954) correlation to evaluate water saturation for 
formations with laminated shaly content in terms of 
saturation exponent, n, and cementation exponent, m, 
as:7 
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This generalization extends the correlations to 
formations with different types of pore geometry, 
particularly naturally fractured shaly reservoirs.  The 
above equation can be written in a logarithmic form as: 

log log logR
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aR mt
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 = − ϕ   .           (5) 

for 100% water saturation interval where 
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Eq. 5 can be also expressed in terms of the bulk 
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volume water concept, for those zones of the hydraulic 
unit that are at irreducible water saturation, given by: 

BVW S Ci wi= = =ϕ constant                 (7) 

to yield: 

( )log log logR
A

a R
C

n mt

lam irr

w
n







 = 



 + − ϕ     (8) 

Both Eqs. 5 and 8 can be plotted on a log-log 
crossplot as shown in Fig. 1.  The plot shows two 
straight lines with slopes of -1/m and 1/(n-m) 
respectively.  So, values for cementation exponent, m, 
and saturation exponent, n, along with constant C (point 
L) and aRw (point F) can all be determined for the 
hydraulic unit provided that the formation has enough 
zones at 100% Sw and Swi. 
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Fig.. 1 - The Concept of Crossplotting Log ϕ vs. Log 

Rt for Formations with Laminated Shale. 

At this point, the resulting triangle EFG is a unique 
characteristic indicator for a specific hydraulic unit with 
essentially consistent petrophysical properties.  Several 
authors have elaborated on this crossplotting technique 
discussing its effectiveness, flexibility, and quality 
controls.4,7,8,9 

2.  Extension of Reservoir Quality Index Concept to 
Formations with Laminated Shaly Contents.  
Amaefule et al. (1993) discussed the concept of 
Reservoir Quality Index, RQI, to aid the process of 
characterizing the formation into its different 
hydraulic units.3  RQI, which was derived from a 
generalized form of Kozeny-Carmen correlation, 
can be written in the form: 

RQI k
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= =
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where RQI is in micro-meters, permeability in 
millidarcy, and porosity in fraction.  The fraction of the 
pore space that is water wet, g, is introduced to the above 
formulation in order to account for the effect of 
wettability.4  The zonation process of hydraulic units 
using core data was detailed by Amaefule et al. (1993) 
and Tiab (1993).10  The process involves correction of 

porosity and permeability data to net overburden stress 
and application of statistical techniques including 
histogram/frequency diagrams, normality tests, cluster 
analysis, and error analysis.  These suggest the 
importance of obtaining in-situ petrophysical 
measurements at reservoir conditions which can be 
provided through well log interpretation techniques.  
Another advantage of well log measurements is reflected 
on averaging longer reservoir intervals, minimizing the 
statistical fluctuation and allowing behavior trends to be 
recognized.  Fig. 2 shows an integrated generalized flow 
chart for the process of discriminating the reservoir into 
different flow units utilizing core and well log data.  For 
more information about characterization of hydraulic 
(flow) units, refer to references 3, 4, and 10. 

The concept of RQI was introduced essentially for 
shale-free clastic reservoirs with interparticle porosity.  It 
can be extended to formations with laminated shaly 
contents in general terms based on one or more 
permeability models.  For example: 

a)  Utilizing Coates and Deno Model.11  Coates 
and Deno permeability model can be written in terms of 
m, n, and BVWi, as: 
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Substituting for Cn from Eq. 8 yields: 
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which can be used to calculate the permeability of 
formations with laminated shaly content.  Then, RQI in 
this case takes the form of: 

( )RQI SZIm
lam= −ϕ 1 5 0 5. .                                 (12) 

where the Shale Zonation Indicator for formations 
with laminated shaly contents, SZIlam, is given by: 
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Eq. 12 indicates that a log-log plot of RQI vs. 
porosity for a flow unit with laminated shaly content 
should result in a straight line with a slope of (1.5m-0.5), 
as shown in Fig. 3.  The intersection of this line with the 
100% porosity line is a unique characteristic value for a 
particular flow unit, SZIlam.  The shale zonation indicator 
incorporates most geological attributes of texture and 
shale mineralogy/distribution.  It can be used in the 
delineation process between different hydraulic units 
with shaly content. 
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For each hydraulic unit, develop regression
models for FZI based on logging attributes

in cores intervals/wells

Validate models in cored wells

Predict hydraulic unit profiles in cored
intervals/wells using probabilistic

methods constrained with deterministic
hydraulic unit variables

Verify statistic similarity of
hydraulic units in adjacent wells

Compute FZI in uncored wells using
the regression models based on

logging attributes

Calculate permeability
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Employ statistical applications
- histogram
- test for normality
- cluster analysis
- error analysis

Characterize the hydraulic units
- mineralogically and texturally
- stress sensitivity
- pore throat geometry
- modified J function

Establish relationship between
above variables and FZI

Select environmentally corrected
logging and tool responses

For each hydraulic unit
Rank-correlate logging tool responses

with FZI using Spearman’s RHO statistical
technique
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Fig. 2 - A Generalized Flow Chart for Characterizing Flow Units Using Core and Well Log Data 
(Modified after Amaefule et al., 1993) 
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Fig. 3 shows that zones with practically similar 
SZIlam will form a recognized pattern with a trend that 
exhibits a unique slope of (1.5m-0.5).  Zones forming 
that trend are practically expected to act as a single 
hydraulic unit with similar static and dynamic features.  
Zones with different SZIlam will follow parallel trends.  
The value of the cementation exponent, m, represents the 
degree of formation pore type departure from the 
common intergranular value of m=2 which will result in 
a slope of 2.5.  For instance, as m decreases the fracture 
intensity in the formation increases.  Furthermore, the 
cementation exponent, m, in the above equation may be 
replaced by the single textural paramter, w. 

The features of log RQI vs. log ϕ crossplot will 
vary depending on the models utilized to estimate K and 
for different shale distributions.  This can be 
demonstrated in the following discussions. 

b)  Utilizing Coates-Dumanoir Model.12  Coates-
Dumanoir permeability model can be written in terms of 
BVWi; as: 

K
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w
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Substituting for Cw from Eq. 8 when expressed in 
terms of the single textural parameter, it is then: 
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Eq. 15 can be used to calculate the permeability of 
formations with laminated shale in terms of w.  Then, 
RQI in this case takes the form of: 

( )RQI SZIw
lam= −ϕ 2 0 5.                                   (16) 

where: 
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Eq. 16 indicates that a log-log plot of RQI vs. 
porosity for a flow unit with laminated shale should 
result in a straight line with slope of (2w-0.5).  The 
intersection of this line with the 100% porosity line is a 
unique characteristic value for a particular flow unit, 
SZIlam.  Fig. 4 shows that zones with practically similar 
SZIlam will exhibit a recognized pattern with a unique 
slope. 

c)  Utilizing Wyllie and Rose General Model.13  
Similarly, Morris and Biggs version of Wyllie and Rose 
permeability model can be written in terms of BVWi as: 
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Substituting for Cn from Eq. 8 yields: 
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Eq. 19 can be used to calculate the permeability of 
formations with laminated shaly contents.  Then, RQI in 
this case takes the form of: 

log ( . ) log logRQI m SZIlam= − +2 0 5 ϕ (20) 

where: 
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Eq. 20 indicates that a log-log plot of RQI vs. ϕ for 
a flow unit with laminated shaly content will result in a 
straight line with a slope of (2m-0.5) as shown in Fig. 5. 

Characterization of Hydraulic Units with Dispersed 
Shaly Content 

The characterization process follows the same 
steps as in the case of formations with laminated shaly 
contents.  Several combinations can be generated 
between the various correlations available to estimate 
water saturation in formations with dispersed shaly 
content (e.g., Waxman-Smits, Juhasz, and 
Schlumberger) and the three permeability models used in 
this study (Coates-Deno, Coates-Dumanoir, and Wyllie-
Rose).4 

For example, Juhasz (1981)14 normalized 
Waxman-Smits correlation in terms of parameters that 
can be deriven from well log measurements.  The 
correlation can be generalized in terms of cementation 
exponents, m, and for the case of n = 2.0 as: 
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Eq. 22 can be written in a logarithmic format and 
expressed in terms of the irreducible bulk volume water 
concept to yield: 

( )log log logR
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where group AdisN is given by: 
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A log-log plot of ϕ vs. (Rt/AdisN)irr will have the 
same features as in Fig. 1 except that zones at irreducible 
water saturation will exhibit a straight line with slope of 
1/(2-m).  A hydraulic unit with dispersed shaly content 
can be characterized by the resulting unique triangle 
EFG.  In this case, the analysis will require a pre-
estimate of aRw and m since they appear in both sides of 
Eq. 23.  This makes the process of an iterative nature as 
explained by Aguilera (1990).7 

The concept of RQI can be extended, now, to 
formations with dispersed shaly content.  For example, 
utilizing Coates and Deno model given by Eq. 10 and 
applying Juhasz normalized correlation given by Eq. 22, 
the following expressions can be deriven as: 
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and 

log ( . . ) log logRQI m SZIdisN= − +15 0 5 ϕ     (27) 
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Eqs. 26 and 27 can be used to determine the 
absolute permeability and characterize the RQI 
respectively for formations with dispersed shaly content.  
As indicated by Eq. 27, a log-log plot of RQI vs. ϕ will 
result in a straight line with a slope of (1.5m-0.5) and a 
unique SZIdisN value (given by Eq. 28) for the hydraulic 
unit with dispersed shaly content, Fig. 6. 

Characterization of Flow Units in Formations with 
Shaly Content (Total Model) 

Several correlations are available to evaluate water 
saturation in formations with shaly content regardless of 
the shale distribution scenarios.  These correlations are 
usually referred to as “Total Shale Models.”  Simandoux 

correlation and the Dual Water concept will be applied 
here.  The characterization process will follow the same 
steps as with the laminated shaly content case. 

Applications of Simandoux Correlation.  The 
total shale model of Simandoux (1963)15 can be 
generalized in terms of the cementation expoent, m, and 
for the case of n=2 as: 
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This equation may be written in the form: 
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Again, the above equation, when plotted as a log-
log crossplot of ϕ versus (Rt/Atsh), will yield a straight 
line with a slope of -1/m.  The BVWi concept is also 
applicable here.  Similarly, the reservoir quality index 
can be developed based on any of the three selected 
permeability models.  For example, utilizing Coates and 
Deno model: 
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Application of the “Dual-Water” Concept.  
Inspired by the concept of shaly formation parallel 
conductance mechanism for free electrolyte and 
exchange cations, Clavier et al. (1984) capitalized on the 
idea of a dual-water model.16  Their model can be 
expressed in well log derived parameters and rewritten in 
terms of m and n=2.0 as: 

R
A

aR St

shD
w t

m
wt= − −ϕ 2                                         (35) 

 



Integration of Reservoir Quality 
 

131 

where: 

(36)1

22 22

+











++= m

tt

w
shDshDshD

w

m
tt

shD R
aR

BBB
aR
R

A
ϕ

ϕ
 

and 

B S aR
RshD wb

w

wb

= −






0 5 1.                           (37) 

 

Now, the same procedures can be applied, as with 
the previous models, to construct the log ϕ versus log 
(Rt/AshD) crossplot.  Again, the analysis requires a pre-
estimate of aRw and m.  This makes the process of an 
iterative nature which should result in refinement of the 
m value and double-check the formation water resistivity 
Rw. 

Consequently, the reservoir quality index can be 
developed based on any of the three selected 
permeability models.  For example, utilizing Coates and 
Deno model: 

( )RQI SZIm
Du= −ϕ 1 5 0 5. .                                   (38) 
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9 86 1 2.
        (39) 

Furthermore, the method of characterizing 
hydraulic units in shaly formations can be radially 
extended to any of the many formulas used to calculate 
water saturation in shaly formation including Raiga-
Clemenseau et al., Indonesian, Patchett and Rausch, 
Hossin, etc. 

Characterization of Flow Units with Shaly Content 
Utilizing a New Permeability Model 

Elkewidy (1996) developed a new model to 
calculate formation absolute permeability from well log 
data for formations with a transition zone.4  The model 
which is applicable to formations with shaly contents 
and/or different pore geometry other than interparticles 
is given by: 

( ) n
wioti

m

SRR
AK

22

5..0

−
=

ϕ
                                (40) 

where A is a characteristic constant for the 
hydraulic unit and is given by: 

( )
A

Z
R
he w hc

t=
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                        (41) 

The Swi term in Eq. 40 may be replaced by 
irreducible water saturation derived from different clean 
and shaly models.  Here, the reservoir quality index can 
be developed as follows: 

(1) For a Shale-Free Formation (Using Archie’s 
Law). 

K A Em= ϕ0 5 2.                                                (42) 

and 

RQI CZIm= −ϕ0 25 0 5. .                                     (43) 

where: 

( )
E R

R R R
ti

o ti o

=
−

                                          (44) 

CZI AE= 0 000986 2.                               (45) 

CZI is the clean formation zonation index. 

(2) For Formations with Laminated Shaly Content 
(Using Poupon Correlation). 

K A Gm= ϕ2 5 2.                                                 (46) 

and 

RQI SZIm
lam= −ϕ1 25 0 5. .                                  (47) 

where: 

( )
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aR R R
R

V
R

lam

w ti o
ti

lam

lam

=
−

− −










1
1

          (48) 

SZI AGlam = 0 000986 2.                            (49) 

SZIlam is the zonation index for formations with 
laminated shaly content. 

(3) For Formations with Dispersed Shaly Content 
(Using Juhasz Normalized Waxman-Smits 
Correlation). 

K A
H

m= ϕ4 5 1.                                                 (50) 

and 

RQI SZIm
dis= −ϕ2 25 0 5. .                                 (51) 
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where: 
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         (52) 

SZI A
Hdis =

0 000986.
                                (53) 

SZIdis is the zonation index for formations with 
dispersed shaly content. 

When CZI, SZIlam, and SZIdis are determined from 
core data, well logs, and/or previous experience with the 
area, then, the clean formations and the shale type 
(laminated or dispersed) of clay-contaminated reservoirs 
may be identified in uncored intervals and wells by 
constructing a log RQI vs. log ϕ crossplot.  As indicated 
by Eq. 43, the slope of the straight line for a clean flow 
unit equals (0.25m-0.5), whereas the slope of the straight 
line in the case of a hydraulic unit with laminated shaly 
content equals (1.25m-0.5), Eq. 47.  Furthermore, in the 
case of dispensed shaly contaminants, Eq. 51, the slope 
equals (2.25m-0.5).  The intersection of the straight lines 
with ϕ=1.0 reflects the unique values of SZI.  
Cementation exponent, m, can be determined from 
crossplotting log ϕ vs. log (Rt/Ash) as discussed earlier.  
Table 1 summarizes the above observations. 

Application Example 

Ideally, a log-log plot of RQI vs. porosity should 
show that zones with practically similar SZI forming a 
recognized pattern with a trend that exhibits a unique 
slope reflecting their cementation exponent, m.  Zones 
forming that trend are practically expected to act as a 
single hydraulic unit with similar static and dynamic 
features.  Zones with different SZI should exhibit 
parallel trends indicating the presence of other hydraulic 
units.  A relatively large number of data points are 
needed to recognize those patterns. 

A field example from the Taylor Formation, Big 
Foot, Texas, is used here to demonstrate the applicability 
of the new technique discussed in the previous sections.  
This Taylor sand formation is known to contain a high 

amount of dispersed shaly contents.  The lithology has 
been described as very shaly, very fine grained to silty 
consolidated quartz sand.  Liquid (brine) permeabilities 
were available which should correlate well with other 
petrophysical parameters.17  Fig. 7 illustrates a crossplot 
of log RQI vs. ϕ for this formation.  Not enough data 
were available to clearly recognize distinct patterns.  
However, five hydraulic units may be distinguished from 
the plot each with a unique SZI value as indicated.  The 
straight lines have a slope value of 3.1 which 
corresponds to a cementation exponent m=2.4.  As 
expected, this relatively high m value (m>2) reflects the 
increasing tortuosity of the Taylor Formation due to its 
high shaly contents.  A more accurate value of m could 
have been determined from crossplotting log ϕ vs. log Rt 
if well log data were available.  Further application of 
the proposed technique is highly recommended. 

TABLE 1-HYDRAULIC UNIT 
CHARACTERIZATION USING THE  

NEW K-ϕ MODEL 

HYDRAULIC UNIT SLOPE ZONATION 
INDICATOR 

clean 0.25m - 0.5 0 000986 2. AE
 

laminated or structural 
shaly content 1.25m - 0.5 0 000986 2. AG

 

dispersed shaly 
content 2.25m - 0.5 

0 000986. A
H
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Fig. 3: RQI-Formations with Laminated Shale Utilizing Coates and Deno Model (m). 
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Fig. 4: RQI-Formations with Laminated Shale Utilizing Coates-Dumanoir Model (w). 
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Fig. 5:  RQI-Formations with Laminated Shale Utilizing Wyllie and Rose Model (m). 

 

 
Fig. 6: RQI-Formations with Dispersed Shale Utilizing Coates and Deno Model (m). 
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