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Empirical Rock Strength Logging in Boreholes Penetrating
Sedimentary Formations

Chandong Chang?

Abstract : The knowledge of rock strength is important in assessing wellbore stability problems, effective sanding, and
the estimation of in situ stress field. Numerous empirical equations that relate unconfined compressive strength of
sedimentary rocks (sandstone, shale, and limestone, and dolomite) to physical properties (such as velocity, elastic modulus,
and porosity) are collected and reviewed. These equations can be used to estimate rock strength from parameters
measurable with geophysical well logs. Their ability to fit laboratory-measured strength and physical property data that
were compiled from the literature is reviewed. While some equations work reasonably well (for example, some strength-
porosity relationships for sandstone and shale), rock strength variations with individual physical property measurements
scatter considerably, indicating that most of the empirical equations are not sufficiently generic to fit all the data published
on rock strength and physical properties. This emphasizes the importance of local calibration before one utilizes any of
the empirical relationships presented. Nonetheless, some reasonable correlations can be found between geophysical
properties and rock strength that can be useful for applications related to wellbore stability where having a lower bound
estimate of in situ rock strength is especially useful.

Keywords : unconfined compressive strength, sedimentary rocks, wellbore stability, empirical strength log, velocity, Young's
modulus, porosity
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Introduction quantitatively constraining stress magnitudes using observa-

tions of wellbore failure (e.g. Zoback et al., 2003). Labora-

The unconfined compressive strength (UCS) of sedimen- ‘ tory-based UCS is typically determined through triaxial tests
tary rocks are key parameters needed to address a range of on cylindrical samples that are obtained from depths of
geomechanical problems ranging from limiting wellbore interest. In practice, however, many geomechanical problems
instabilities during drilling (e.g. Moos et al, 2003), to in reservoirs must be addressed when core samples are
assessing sanding potential (e.g. Santarelli et al., 1989) and unavailable for laboratory testing. In fact, core samples of
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overburden formations (where many wellbore instability prob-
lems are encountered) are almost never available for testing.

As practical approach to these problems, a number of
empirical relations have been proposed that relate rock
strength to parameters measurable with geophysical well
logs. The use of such relations is often the only way to esti-
mate strength in many situations due to the absence of core
for laboratory tests. The basis for these relations is the fact
that many of the same factors that affect rock strength also
affect other physical properties such as velocity, elastic mod-
uli and porosity. In many cases, such relationships have been
suggested for sedimentary rocks mainly because the strength
information is greatly demanded in reservoirs for the pur-
pose of drilling, maintenance and depletion of wellbores.

In general, a strength-physical property relationship for a
specific rock formation is developed based on calibration
through laboratory tests on rock cores from the given field.
If there is no core sample available for calibration, the next
best thing would be to use empirical strength relations based
on measurable physical properties. However, because there
are multiple choices of strength models for various rock
types in different geological settings, it is necessary to
understand the characteristics of the strength models and
their range of applicability prior to utilizing them. For the
purpose of review of the suitability of existing strength rela-
tions for various sedimentary rocks (sandstone, shale, and
carbonate rocks), 30 different empirical relations (both pub-
lished and proprietary) are summarized here and they were
compared with an extensive dataset of published laboratory-
determined rock physical/mechanical properties. Through
this review the goal of the present study is to synthesize and
compare the many relations proposed over the years and
provide insight into the appropriateness of the various pro-
posed criteria for rock strength when no core sample is
available for testing.

Wellbore Instability

Wellbore instability is an important factor that should be
considered in the process of drilling, maintenance and deple-
tion of boreholes. There are several types of phenomena
leading to wellbore instability; borehole breakouts (Bell and
Gough, 1979; Zoback et al., 1985), hydraulic fracturing due
to excessive drilling mud pressure (Stock et al., 1985), and
drilling-induced tensile fractures (Lund and Zoback, 1999).
Borehole breakout is typical type of wellbore instability

induced by compressive rock failure around wellbore wall
due to stress concentration (Bell and Gough, 1979; Zoback
et al., 1985; Zheng et al., 1989; Santarelli er al., 1989).
Although the excessive breakout should be avoided for the
successful completion of borehole, the occurrence of break-
outs is beneficial for effective sand production in sandstone
formations and importantly for the determination of in-situ
state of underground stress.

When a vertical wellbore is drilled in a formation sub-
jected to the maximum horizontal principal stress (Skma)
and the minimum horizontal principal stress (Sy...), the local
state of stress around the wellbore can be expressed as fol-
lows (Fairhurst, 1968):

o, = AP
Cyp= SHmax"'Shmin—z(SHmax‘Shmin)cosz9 - ZP[)"AP (1)
O, = SV—ZV (SHMX—Shmm)COSZQ - Pp

where oy, 0, and o, are tangential, vertical, and radial prin-
cipal stresses, respectively, acting at the borehole wall; 6 is
the azimuth angle with respect to the Sy, direction; v is the
Poisson's ratio of the rock; AP is the difference between
borehole fluid pressure and pore pressure. When the state of
local stresses acting on the rocks surrounding the borehole
exceeds rock strength, rock failure occurs. It is typical that
breakouts form at two diametrically opposed zones around
the borehole wall along the Sy, spring line where the tan-
gential stress concentration is highest (Fig. 1). Because of
this, breakouts can be used to estimate the direction of in
situ stress (Bell and Gough, 1979; Plumb and Hickman,
1985; Zoback et al., 1985; Haimson and Herrick, 1986;
Moos and Zoback, 1990).

Stress magnitudes evaluation has evolved from models
suggested by Zoback et al. (1985), Vernik and Zoback (1992),
Vernik et al. (1992), Haimson and Song (1995), Brudy ef al
(1997), and others. The hypothesis in these models is that
the broken-out zone corresponds to the region where the
state of stress exceeds rock strength; consequently, the
boundary of the breakout is the locus of points where the
criterion of rock failure is just met by the local stress con-
dition (for example points B and B' or their mirror image in
Fig. 1). In other words, at the breakout margin, the state of
local stress field is in equilibrium with rock strength there.
Thus, if we have a rock strength criterion for the rocks
together with borehole breakout widths typically determined
from wellbore image logging, we can estimate the magni-
tude of in situ stress field using equation (1).
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Failed zone
(breakout)

Stable zone

t

Fig. 1. Schematic cross-section of a borehole showing a compres-
sive failure zone known as ‘breakout’ (between points B and B’
along the borehole wall). Also shown are the principal in situ (far-
field) horizontal stresses Spme and Spmin, and the radial and tan-
gential stresses O, and Oy at the borehole wall at an angle @ from
Shmin direction. Not shown are o, and 0,, which act parallel to
the borehole axis.

Rock Strength Criteria

Many different rock failure criteria have been proposed to
describe rock strength under different stress conditions based
on the different types of laboratory tests (i.e. uniaxial, triax-
ial, and polyaxial tests). The commonly used Mohr-Cou-
lomb criterion has the form of

0, = UCS+0,tan*(45° + ®/2) )

where UCS is unconfined compressive strength (i.e. uniaxial
compressive strength) and @ is angle of internal friction,
both of which are material constants. Other well-known
strength criteria are the Drucker and Prager (1952) criterion
and the modified Lade criterion (Ewy, 1998), which can
also be expressed in terms of UCS and ® (Colmenares and
Zoback, 2002). Thus, if UCS and ® can be estimated, it is
possible to construct any of the commonly used failure cri-
teria above, which can fully define rock strength at depth.
It is noteworthy that the impact of @ on wellbore stability
analysis is much less significant than that of UCS. Typical
rocks have a relatively narrow range of internal friction
angle (roughly between 15° and 40°), and the uncertainty in
rock strength due to uncertain value is only an order of the
least principal stress magnitude (if the Mohr-Coulomb fail-
ure criterion is utilized for example). Because the magnitude
of the least principal stress dealt with in practice is consid-
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Fig. 2. Laboratory determined UCS data for sandstones plotted as
a function of (a) slowness, Az, (b) Young's modulus, E, and (c)
porosity, ¢, which are overlapped with numerous empirical
strength relationships listed in Table 1.

erably lower than UCS, we can simply deduce that the
impact of uncertainty in @ value on estimating in situ rock
strength is minor compared to that of UCS. Thus, the esti-
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Fig. 3. Laboratory determined UCS data for shales plotted as a
function of (a) slowness, At, (b) Young's modulus, E, and (c)
porosity, ¢, which are overlapped with numerous empirical
strength relationships listed in Table 2.
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Fig. 4. Laboratory determined UCS data for carbonate rocks
(limestone and dolomite) plotted as a function of (a) slowness, A,
(b) Young's modulus, E, and (c) porosity, ¢, which are overlapped
with numerous empirical strength relationships listed in Table 3.
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mation of UCS is of the practical importance for character-
izing rock strength at depth.

Physical/mechanical property data for sedimentary rocks

Nearly all proposed formulae for determination of rock
strength from geophysical logs utilize one (or more) of the
following parameters: P-wave velocity (V,), or equivalently,
slowness (A= Vp‘l), Young's modulus (E), and porosity (¢).
V, or At are directly measurable, £ can be derived from
velocities and density measurements, and ¢ can be usually
derived from density measurements assuming rock -matrix
and fluid densities.

Conceptually, the justification for the empirical relations
discussed below is the general correlation between these
parameters and unconfined compressive strength. These gen-
eral correlations are seen in the laboratory data presented in
Figs. 2, 3 and 4 for sandstone, shale, and limestone and
dolomite, respectively. Despite the considerable scatter in the
data, for each rock type, there is a marked decrease in
strength with Ar and ¢, and an increase in strength with E.
The rock strength and physical property data presented in
these figures were compiled from the literature (Lama and
Vutukuri, 1978; Carmichael, 1982; Kwasniewski, 1989; Jizba,
1991; Wong et al, 1997; Bradford et al., 1998; Horsrud,
2001, see symbols). Lama and Vutukuri (1978) and Car-
michael (1982) tabulated extensive lists of various mechani-
cal properties of sedimentary rocks from different locations

around the world. Kwasniewski (1989) listed UCS and
porosity data of various sandstones. Jizba (1991) presented
mechanical properties of sandstones and shales with a wide
range of porosity recovered from different depths in a bore-
hole in Texas, USA. Wong et al. (1997) presented a table of
strength and other physical properties of several representa-
tive porous sandstones. Bradford et al. (1998) and Horsrud
(2001) reported laboratory test results on the North Sea
sandstone and shale, respectively. The compiled data consti-
tute a database of about 260 sandstones, 100 shales, and
140 limestones and dolomites.

Empirical Strength Equations for
Sedimentary Rocks

Sandstone

Equations (3)~(13) in Table 1 present a number of rela-
tionships in common practice (both published and propri-
etary) for estimating the unconfined compressive strength of
sandstone from geophysical logging data. These relations
were derived for case studies carried out for markedly dif-
ferent rocks in markedly different geological settings, around
the world. To the degree possible, the regions and/or the
general rock properties appropriate for each equation are
indicated in Table 1. If no reference is shown, the given
empirical relation is unpublished. Equations (3)~(5) utilize
V, (or expressed equivalently as Af) measurements from well

Table 1. Empirical relationships between UCS and other physical properties in sandstone. Units used are: Ar s/ft, E: GPa, ¢: fraction,

and V,,: fraction.

Eq. No. UCS (MPa) Regions where developed

General remarks Reference

(3)  0.035V,-315
) 1200 exp (—0.036A1)

Thuringia, Germany
Bowen Basin, Australia

(5)  1.4138x10" Af?
© 30 A (ﬂ)z
1 -V
(1-2v)(1+0.78V )
(7)  1.745x10° pV,-21
(8  42.1 exp (1.9x107" pV,2)

Gulf Coast, USA
Gulf Coast, USA

Cook Inlet, Alaska, USA
Australia

(9)  3.87 exp (1.14x107° pV,)  Gulf of Mexico, USA
(10) 462 exp (0.027E) -

(11) 2.28+4.1089E Worldwide

(12) 254 (1-27¢)% Sedimentary basins
worldwide

(13) 277 exp (~10¢) -

Fine grained, both consolidated and
unconsolidated sandstones with all porosity range

Weak and unconsolidated sandstones -
Applicable to sandstones with UCS > 30 MP

Coarse grained sandstones and conglomerate

Consolidated sandstones with 0.05 < ¢ < 0.12 -
and UCS > 80MP

- Freyburg (1972)
McNally (1987)

Fjaer et al. (1992)

Moos et al. (1999)

- Bradford et al.
(1998)

Very clean, well-consolidated sandstones with ~ Vemnik et al. (1993)
¢ <03

Sandstones with 2 < UCS < 360 MPa and 0.002 -

< $ <033
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logs. Equations (7)~(9) utilize both density and V, data, and
equation (6) utilizes V,, density p, Poisson's ratio v (which
requires V; measurements) and clay volume Veay (from
gamma ray logs). Equations (10) and (11) utilize Young's
modulus, E, derived from V,, V,, p, and equations (12) and
(13) utilize log-derived porosity measurements to estimate
UCS.

The first impression one gets from seeing the fit between
the measured strength and velocity data in the lab with the
seven empirical relations appropriate for the UCS-A¢ domain
in Fig. 2(a) is that the scatter is remarkably large (a roughly
~100 MPa variation of strength) at any given Az. It is note-
worthy that except for equations (3) and (8) (derived for rel-
atively strong rocks), all of the relations appear to badly
underpredict the strength data for high slowness (Ar> 100 s/
ft), or very low velocities (V, <3000 m/s). Such velocities
are characteristic of very weak sandstone such as found in
the Gulf of Mexico (GOM), but one needs to keep in mind
that there is essentially no very weak sand represented in
most of the strength data available except those provided by
Bradford et al. (1998). Similarly, for fast, high strength
rocks, equation (5) (derived for low strength rocks) does a
particularly poor job of fitting the data.

It is worth noting that the estimated strengths from equa-
tions (4)~(7) and (9) are very similar to one another for
high slowness (Ar higher than about 120 s/ft) sandstone (Fig.
2(a)) as most of these equations are derived for the GOM or
Gulf Coast sandstone (Table 1). The variation of rock
strength estimated using these relations is within 10 MPa.
Fig. 2(a) also shows that the data of the very weak North
Sea sandstone provided by Bradford er al. (1998) are fairly
well fitted by equations (5)~(7) and very close to equations
(4) and (9). These suggest that the rock strength of very

weak sandstone from the GOM, the North Sea, and proba-
bly other sedimentary basins are characterized by a similar
strength-velocity trend.

The use of Young's modulus for estimating UCS is less
straightforward than that of velocity, because it generally
requires the static-dynamic conversion or frequency correc-
tion. Equations (10) and (11) derived using Young's modulus
fit the available data shown in Fig. 2(b) reasonably well in
the lower Young's modulus range. Equation (11) tends to
underestimate strength at low Young's modulus and overes-
timate strength at high Young's modulus. However, there is
considerable scatter at any given value of Young's modulus
(Fig. 2(b)).

With respect to porosity, both of the porosity relations
listed in Table 1 seem to generally overestimate strength,
except for the very lowest porosities. Equation (12) lies
along the upper bound of UCS data, overestimating sand-
stone strength. Equation (12) was derived for very clean and
well-consolidated sandstone, and should not be used to esti-
mate UCS of sands with porosity higher than 0.37, where
the predicted UCS starts to increase as porosity increases.
Thus, care should be taken when equation (12) is used to
estimate UCS of high porosity unconsolidated sandstone,
typical of sea floor soft sediments. An extremely wide range
of UCS (a range of ~300 MPa) is observed in the data at
¢<0.05 (Fig. 2(c)). This suggests that porosity alone is not
a good indicator for strength of low porosity sandstone.
Such a wide scatter in rock strength can be attributed to dif-
ferent diagenetic processes (e.g. quartz vs. calcite cement,
etc.) as sandstone are compacted.

Overall, it is probably fair to say that none of the equa-
tions in Table 1 do a very good job of fitting the data in
Fig. 2. That said, it is important to keep in mind that the

Table 2. Empirical relationships between UCS and other physical properties in shale. Units used are: Az s/ft, E: GPa, and ¢: fraction.

Eq. No. UCS (MPa) Regions where developed General remarks Reference
(14) 0.77 (304.8/An*** North Sea Mostly high porosity Tertiary shale Horsrud (2001)
(15) 0.43 (304.8/An*? Gulf of Mexico, USA Pliocene and younger -

(16) 1.35 (304.8/Ar>¢ Worldwide - -

a7 0.5 (304.8/Ar Gulf of Mexico, USA - -

(18) 10 (304.8/A1) North Sea Mostly high porosity Tertiary shale Lal (1999)

(19) 7.97E%! North Sea Mostly high porosity Tertiary shale Horsrud (2001)

20) 7.22E0712 - Strong and compacted shale -

(21) 1.001¢7114 - Low porosity (¢ < 0.1) high strength Lashkaripour and
(~79 MPa) shale Dusseault (1993)

22) 2.922¢70% North Sea Mostly high porosity Tertiary shales Horsrud (2001)

23) 0.286¢ 176 - High porosity (¢ > 0.27) shales -
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validity of any of these relations is best judged in terms of
how well it would work for-the rocks for which they were
originally derived. Thus, calibration is extremely iniportant
before utilizing any of the relations shown. Equation (7), for
example, seems to systematically underpredict most of the
data in Fig. 2(a), yet worked very well for the relatively

clean sands from the North Sea (Bradford et al., 1998) since

it was derived for an equivalently clean coarse-grained sand-
stone {Moos et al., 1999).

Shale (or Mudstone)

The empirical relations for the strength of shale listed in
Table 2 are based on model calibration for unconsolidated
porous shales of Tertiary, or younger age except for equa-
tions (20) and (21) developed for rather strong shales. Note
that equations (14)~(17), principally utilizing Ar for UCS
estimation, are expressed in the same form of power law
function of Ar with slightly different coefficients and expo-
nents. These equations show nearly the same trends, provid-
ing a lower bound of the data (Fig. 3(a)). As mentioned
above, it is prudent to underestimate strength to be conser-
vative for applications to wellbore stability. However, the
difference between these relations and the measured strengths
is quite marked for fast, low Az, rocks. In the low Ar range
(<100 s/ft), most of UCS data are higher by 50~100 MPa
than the estimated values from equations (14)~(18). For
slower rocks (Ar> 100 s/ft), these equations fit about 1/3 of
data within 10 MPa. Still almost all data are located above
the model predictions, implying that the UCS-Ar relation-
ships provide only a lower bound of UCS of shale. It shouid
be noted that equations (14)~(18) were calibrated for sam-
ples collected from the North Sea and Gulf of Mexico

where high porosity, unconsolidated Tertiary or younger shales
are dominant, while the majority of rock strength data pre-
sented in Fig. 3(a) came from shales that underwent a
higher degree of diagenesis except for the North Sea shale
(Horsrud, 2001). Thus, the use of the empirical equations
leads to significant misfits in most cases, while estimating
the North Sea shale data fairly well. Hence, such relations
form a useful means for estimating shale strength in weak
formations.

The two relations (Equations (19) and (20)) that utilize
Young's modulus for estimating UCS show a remarkable
difference in their general trends (Fig. 3(b)). This is because
the two equations were developed based on markedly differ-
ent rock types: equation (19) was developed for high poros-
ity North Sea shale and equation (20) from relatively strong
compacted shale. Perhaps the only conclusion that can be
reached from this comiparison is that equation (19) appears
to predict shale strength in the lower E range (<30 GPa)
fairly well, while it considerably overestimates strength for
rocks with higher E.

Equations (21)~(23) that utilize porosity are in a similar
form of power law function and exhibit a similar decreasing
trend of UCS as a function of ¢ (Fig. 3(c)). Unlike the case
for sandstone, porosity appears to be a good parameter that
can be used to estimate UCS of shale, especially for high
porosities (¢ > 0.1). The three equations (21)~(23) all predict
shale strength fairly well, fitting most of available data
within 10 MPa. This is a very useful result since the weak
shales are major constituents of most sedimentary basins and
reservoir that often cause major wellbore stability probiems.
Their strength can be relatively well constrained with empir-
ical relations that utilize porosity as a constitutive parameter.

Table 3. Empirical relationships between UCS and other physical properties in limestone and dolomite. Units used are: Ar: s/ft, E: GPa,

and ¢: fraction.

Region where

Eq. No. UCS, MPa developed General comments Reference
24) (7682/Ar)'%2/145 - - Militzer and Stoll
: 1973)
(25) 1Q@4+109.14/80 /1 4 5 - - Golubev and
Rabinovich (1976)
(26) 13.8E%! - Limestone with 10 < UCS < 300 MPa
27 25.1E%% - Dolomite with 60 < UCS < 100 MPa
(28) 276(1-3¢) Korobcheyev - Rzhevsky and Novik
deposit, Russia (1971)
(29) 143.8exp (—6.95¢) Middle East Representing low to moderate porosity (0.05 < ¢ < 0.2)
and high UCS (30 < UCS < 150 MPa)
(30) 135.9exp (—4.8¢) - Representing low to moderate porosity (0 < ¢ < 0.2) and

high UCS (10 < UCS < 300 MPa)
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While equations (21) and (23) estimate nearly the same
UCS, equation (22) predicts slightly higher UCS (by 4 to 10
MPa) than the other two. In the lower porosity range
(<0.1), the fit is not as good but there are only a limited
number of available data. Statistically, however, equation
(21) appears to do a better job than the other two, which
supports the fact that the former equation was developed
based on low porosity and high strength shale.

Limestone and Dolomite

Table 3 lists seven empirical equations relating the
strength of limestone and dolomite to measurable geophys-
ical parameters. Both limestone and dolomite were ana-
lyzed as one carbonate rock group as there is insufficient
information to separate the relation between strength and
mechanical properties for the individual rock types. Unfor-
tunately, this results in an extraordinarily wide variation of
strength of limestone and/or dolomite with any given
parameters (Fig. 4). For example, at low porosity, high
velocity and high stiffness, strength varies by almost a fac-
tor of four, regardless of whether uses velocity, Young's
modulus or porosity to estimate strength. Thus, empirical
equations relating the strength of carbonate rocks to geo-
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physical parameters do a fairly poor job whether considering
velocity, modulus or porosity data, which emphasizes the
importance of being able to calibrate strength in any given
case. Nevertheless, there are some meaningful points we
can extract from Fig. 4. While equation (24) gives statisti-
cally less satisfactory results than equation (25) to all of
the data, the former equation defines a clear lower bound
of measured strength data for any given Ar (Fig. 4(a)). As
the importance of conservative strength estimation is
emphasized for wellbore stability problems, equation (24)
gives a good first approximation of the lower limit of car-
bonate rock strength when slowness (or velocity) is
known. With respect to E, both equations (26) and (27)
pass through the average of data set, predicting similar
strength values (Fig. 4(b)). Equation (26) gives slightly
better statistical results than equation (27), probably
because the former equation utilized a wider range of UCS
data than the latter when developed. In terms of porosity,
equations (29) and (30) estimate average values of UCS
for a given ¢, while equation (28) defines an upper bound
of the given data set. Thus, equation (28) is unfavorable at
low porosities, and at porosities greater than 0.1, equations
(29) and (30) seem to work well.
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Fig. 5. Unconfined compressive strength (UCS) profile for a shale 2,440~3,050 m section in a vertical well in the Gulf of Mexico. The
UCS profiles in (a), (b) and (¢) were determined from geophysical logs using equations (14), (15) and (22), respectively.
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Application to Empirical Strength Logs

An example of how rock strength is determined from geo-
physical logs using three of the empirical relations in Table
2 is illustrated in Fig. 5 for a shale section in a vertical well
in the Gulf of Mexico. At the interval from 2,440 to 3,050
m, available logging data include compressional wave veloc-
ity and density. Using the velocity data, the UCS was deter-
mined using equations (14) and (15) (Fig. 5(a) and (b),
respectively). While the overall shape of the two strength
logs is approximately the same (as both are derived from
the V, data), the strength derived using equation (14) is
10.2 + 1.6 MPa whereas that derived with equation (15) has
an average strength of 7.3 + 1.3 MPa. Porosity was derived
from the density log assuming a matrix density of 2.65 g/
cm’ and a fluid density of 1.1 g/cm®. The porosity-derived
UCS is shown in Fig. 5(c) utilizing equation (22). Using
this relation, the mean strength is 13.0 + 1.3 MPa. It is note-
worthy that there is an almost factor of two variation in
mean strength. However, as equation (15) was derived for
shales in the Guif of Mexico region, it is probably more
representative of actual strengths at depth. Again, while
there are multiple options for determining strength from
logs, it is best to use relations derived for formations char-
acteristic of a particular region, and better yet, to calibrate
the relation one proposes to use with laboratory measure-
ments on representative core samples.

Conclusions

Estimation of unconfined compressive strength of sedi-
mentary rocks through empirical relations were reviewed
and discussed. It is clear that a few of the empirical rela-
tions discussed above appear to work fairly well for some
subsets of the rocks tested in the laboratory. For example, if
we focus on relatively weak rocks which are of most inter-
est in cases of wellbore stability, use of Ar with equations
(5) and (7) seem to provide a reasonable fit to the strength
of weak sands. In addition, equation (13) allows one to uti-
lize porosity measurements to estimate weak sand strength
when porosity is relatively high (¢>0.1). With weak shales,
equation (17) seems to work well when using At and equa-
tions (22) and (23) seem to work well at relatively high
porosity (¢>0.15). It is more difficult to generalize about
limestones and dolomites, but relation (24) appears to fit
some of the weaker rocks with high velocity (Ar< 80 s/ft)
and equation (29) appears to allow one to estimate strength

from porosity data over a narrow range of porosities (0.1 <
¢<0.25). While most of other relations do a poor job in fit-
ting measured data for the reasons discussed above, it
should not be forgotten that these relations were originally
proposed because they fit some subset of data. Therefore,
they do work, but not necessarily for the data represented by
the published studies available to us. Moreover, a number of
the strength-physical property correlations are especially use-
ful in applications related to wellbore stability by providing
a lower bound estimate of in situ rock strength. These rela-
tions may provide a good first approximation of the lower
strength bound when no other information on rock strength
is available. It is somewhat obvious, however, that calibra-
tion of empirical relations between strength and physical
properties is generally required for any correlation to be
used with some degree of confidence.
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