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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.

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.'
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

Clay minerals may also be found within the sand 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

(Plog
Ce =7, 1)
(l - Vlam)
For formations with structural clay
P = (Plog (2)
For formations with dispersed clay
P = Py — ViisPis - 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.?

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).’ 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”.*
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.* 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.®
Worthington (1985) summarized and classified more
than 30 water saturation correlations that have been
proposed for shaly-sand reservoirs.® 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.®

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
satgjration exponent, n, and cementation exponent, m,
as:

Sn _ aRW (i_ \/Iamj (4)
" (pm(l_v ) Rt Rlam .

lam

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:

Iog(:)t J =logaR, —mlogeo . (5)

lam

for 100% water saturation interval where

_ RIam — Rt VIam
Alam - [ Rlam(l_vlam)j . ©

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, ¢ = C = constant @)
to yield:
R aR
lo t :Io( W)+ n-m)lo 8
g(A.am]m 9 o ( )loge (8)

Both Egs. 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 aR,, (point F) can all be determined for the
hydraulic unit provided that the formation has enough
zones at 100% S,, and S,;.

)
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Fig.. 1 - The Concept of Crossplotting Log ¢ vs. Log
R; 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.*"%2

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.> RQI, which was derived from a
generalized form of Kozeny-Carmen correlation,
can be written in the form:

[k 1 [0)
RQI=0.0314 |— = ( ] ©)
¢ T\[ Fs Y ng 1- ¢

where RQI is in micro-meters, permeability in
millidarcy, and porosity in fraction. The fraction of the
pore space that is water wet, y, is introduced to the above
formulation in order to account for the effect of
wettability.* The zonation process of hydraulic units
using core data was detailed by Amaefule et al. (1993)
and Tiab (1993).2 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.** Coates
and Deno permeability model can be written in terms of
m, n, and BVW;, as:

1-5,)
K — 104 (P2m+n ( nWI) (10)
C
Substituting for C" from Eq. 8 yields:
1-S,) (R
K =10* on (L= Sy ( tj 11
? a RW Alam i ( )

13

which can be used to calculate the permeability of
formations with laminated shaly content. Then, RQI in
this case takes the form of:

RQl =" %871, (12)

where the Shale Zonation Indicator for formations
with laminated shaly contents, SZI,y,, is given by:

SZI _ 9'86(1_Swi2) RtRIam(l_Vlam) (13)
fa aR Rim = RVian | .-

w lam lam

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, SZI,,,. 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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Characterize the hydraulic units
- mineralogically and texturally
- stress sensitivity

- pore throat geometry

- modified J function

Establish relationship between
above variables and FZI

Y

Select environmentally corrected
logging and tool responses

Y

For each hydraulic unit, develop regression
models for FZI based on logging attributes
in cores intervals/wells

v

Validate models in cored wells

Y

Predict hydraulic unit profiles in cored
intervals/wells using probabilistic
methods constrained with deterministic
hydraulic unit variables

v

Verify statistic similarity of
hydraulic units in adjacent wells

Y

Compute FZI in uncored wells using
the regression models based on

Plot either log RQI vs. logg,
or —logk vs. logg,
or logk/ ¢vs. logg,
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For each hydraulic unit
Rank-correlate logging tool responses

(GR ¢y — o, AL, R, R 1C.)

with FZI using Spearman’s RHO statistical

logging attributes

technique

Compute statistical measures of dispersion
(mean, median, std. deviation) of all logging
variables and FZI

v

Setup matrix solution in cored well per
hydraulic unit
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v

Calculate permeability
3
4
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Y

Validate and map hydraulic units

v

Create permeability profiles
in uncored wells

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
SZI,, 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 SZI,, 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 ¢ 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.*> Coates-
Dumanoir permeability model can be written in terms of
BVW;; as:

300 ¢

K0.5
w*C"

(14)

Substituting for C" from Eq. 8 when expressed in
terms of the single textural parameter, it is then:

o5 _ 300 ™ ( R j
w'aR,,

Aiam irr

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:

(15)

RQI = ¢*"*9s71, (16)
where:
R. (1-V
szl = %{42 {R’ i ""““)} (17)
w aRw (Rlam - Rtvlam)

Eg. 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,
SZl\ym. Fig. 4 shows that zones with practically similar
SZI ., will exhibit a recognized pattern with a unique
slope.

c) Utilizing Wyllie and Rose General Model."?
Similarly, Morris and Biggs version of Wyllie and Rose
permeability model can be written in terms of BVW; as:

3m+n
K = 625000 a8)
Cn
Substituting for C" from Eq. 8 yields:
4m
k62500 ¢ ( R, ] )
aR AL

w irr

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 RQI =(2m - 0.5) log ¢ + log SZI,,,, (20)
where:
RR.(1-V,
szi, = (6162 JRRo(1-Vin)|
aRW (Rsh - Rt\/lam) irr

Eqg. 20 indicates that a log-log plot of RQI vs. ¢ 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).

For example, Juhasz (1981)" 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:

S =2aRw (Vsh(Psh_\/sh(Pghj
" 0" [\Re Rye

3 2 m
+ (Vsh(psh _Vsh(pshj + 4 P (22)

Ry R,/ aR,R,
Eq. 22 can be written in a logarithmic format and

expressed in terms of the irreducible bulk volume water
concept to yield:

Iog( R, j :Iog(aszwj+(2—m)logcp (23)

disN 7y
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where group Agisn S given by:
2
aR aR
AdisN =1+ (_Vr:gj BdzisN - 025(_;/ B;isN ] *
2¢ @

A"

+B2 24
aRWRt disN ( )
and
V.02 V.
By :( shPsh sh(pshj (25)
Rshq) Rw(p

A log-log plot of ¢ vs. (Ry/Agisn)ir 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 aR,, and m since they appear in both sides of
Eq. 23. This makes the process of an iterative nature as
explained by Aguilera (1990).”

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

2
K =10%9" (1-S,) ( Al j (26)
aR AdisN

w

and
log RQI = (1L5m - 0.5)log ¢ + log SZ1 ;,,, (27)

where:

SZI disN —

9.86(1—Swi)2( R, j 8)
aR AdisN irr

w

Egs. 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. ¢ will
result in a straight line with a slope of (1.5m-0.5) and a
unique SZlgen 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)" can be
generalized in terms of the cementation expoent, m, and
for the case of n=2 as:

aR, (aRW A jz [aRW vsh]
S Rk e —| Sw s | (29)
§0 Rt 2(0 Rsh 2§0 Rsh

This equation may be written in the form:

log R m logop +logaR,, +logS;”>  (30)
tsh

where A, IS given by:

¢"R aR,,
Ag =1+ aRWt [ZBtzsh - 2By, (Pm—Rt + Btzsh] (31)
and
By, = o Vi (32)
2([) Rtsh

Again, the above equation, when plotted as a log-
log crossplot of ¢ versus (Ry/Awn), will yield a straight
line with a slope of -1/m. The BVW; 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:

RQI = !**"*98Z71, (33)
where:
986(1-S, )
SZl, = (1-S.,) ( Rt} (34)
aRw Atsh irr

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.®® Their model can be
expressed in well log derived parameters and rewritten in
terms of m and n=2.0 as:

R _ aR,0,"S,? (35)
shD
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where:

Ro™" aR
Asp :t—(pt[ZBsth +2Bgp Bsth +— J

aR, R
+1 (36)
and
B, = 0-5wa[1 - aRWj @37)
wa

Now, the same procedures can be applied, as with
the previous models, to construct the log ¢ versus log
(Ri/Aqp) crossplot. Again, the analysis requires a pre-
estimate of aR,, 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
Ru.

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 = ™™ %9571, (38)
where
986(1-S..)
SZI,, = (1-S.) ( Rtj (39)
aRW shD 7 jyr

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.* The model
which is applicable to formations with shaly contents
and/or different pore geometry other than interparticles
is given by:

0..5m

K—n_ 0" )

202

(Rti - Ro) SW|n
where A is a characteristic constant for the

hydraulic unit and is given by:

A=

{ 10,665 cos 0 ARt} )

VZo(Pw —Prc) AN

The S, term in Eqg.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 = Ap*°"E? (42)
and

RQI = ¢*®"0°CZI (43)
where:
e

CZI = /0.000986AE? (45)

CZI is the clean formation zonation index.

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

K =Ap*°"G? (46)
and
RQI — (Pl.25m—0.SSZIIam (47)
where:
1-V
G= ( 'a”‘l) v (48)
S R
I:eti I:Qlam

Sz, =+/0.000986AG’ (49)

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

(3) For Formations with Dispersed Shaly Content

(Using Juhasz Normalized Waxman-Smits
Correlation).
4.5m 1
K=Ap™" = (50)
H
and

RQI — (p2.25m—0.5 SZIdis (51)
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where:

3
H= (R, R 2R, [ Yo 0a Yooi
RW ¢ Rsh ®

o4
(\/sh (Pgh _ Va (pshjz + 4o (52)
Ry ¢ R, ¢ aR,, Ry

szl - / O.OO?_SIJBGA (53)

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

When CZI, SZI 4, and SZ1 s 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 ¢ 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 ¢=1.0 reflects the unique values of SZI.
Cementation exponent, m, can be determined from
crossplotting log ¢ vs. log (Ri/Ag) 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.” Fig. 7 illustrates a crossplot
of log RQI vs. ¢ 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 ¢ vs. log R;
if well log data were available. Further application of
the proposed technique is highly recommended.

TABLE 1-HYDRAULIC UNIT
CHARACTERIZATION USING THE

NEW K-¢ MODEL
ZONATION
HYDRAULIC UNIT SLOPE INDICATOR

clean 0.25m-05 0.000986AE?

laminated or structural
shaly content

1.25m-05 | V0.000986AG

dispersed shaly

2.25m-0.5
content

/0.000986A
H

A {10.6600039 ARt}Z
Ze(pw _phc) Ah

G- (L= Vi)

1V

aR,(R; —R,) (R—R'amj

ti lam

[Vsh ¢53h _Vsh Pen jz n

4
4"
Rsh (0 Rw (0 aI:\)w Rti
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Fig. 3: RQI-Formations with Laminated Shale Utilizing Coates and Deno Model (m).

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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Fig. 7: Hydraulic Units of the Taylor Formation.
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