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Shale Formation 2016

Section A: Shale Mechanical Stabilization

Shales make up the majority of drilled formations and cause most wellbore instability problems, ranging from
washout to complete collapse of the hole. Shale’s are fine grained sedimentary rocks composed of clay, silt, and,
in some cases, fine sand.

JalS (Saal aa U (Lo ol Qi Slolay 5 osis olaly U i JS) (5 jlin al8n 5 diad oo S5 1) o2 gd (5 lda sl jlu alae | i Lebud
2 s o(silt) 4wl ((clay) oo 3 xS s 2l asly JSE 505l b 4l 5 4S aed o gey sW o Leld 355k e i | el o ia
21l e (fine sand) D 4ule QY iazy

Shale types range from clay rich gumbo (relatively weak) to shaly siltstone (highly cemented) and have in
common the characteristics of extremely low permeability and a high proportion of clay minerals. Drilling over
balanced through a shale formation with a WBF allows drilling fluid pressure to penetrate the formation.

s2d e Sidu 4 (Shaly siltstone) L 4wl Ko U (clay rich gumbo ) (i b)) el (5 08 e slew ) ) il b Lehid ¢ )
ol 2l e Ol A sl i by g (IS D slae 5485 Gy Dl (5 3681 ale laddie Lagee 5 2180 o« (highly cemented)
LS 3585 9 Sl (g 4 ol Jlm HLES 4S 280 e ol (ol 4l s lis e SO L (Over balanced) dalaie U &y seay Jod 23 jlw SO 028

Because of the saturation and low permeability of the formation, the penetration of a small volume of mud filtrate
into the formation causes a considerable increase in pore fluid pressure near the wellbore wall.

SR 3 Mia (g9 0 e LIS (o) adaaBle QM l 53 el 355l (5950 40 Qlila 5 (Sa oS ans 3685 i Sl Gl (s e A58 9 Qg am iy
_Aﬁwbl%a)ﬁ;b‘)‘ﬁd

The increase in pore fluid pressure reduces the effective mud support, which can cause instability. Several
polymer WBF systems have made shale inhibition gains on OBFs and SBFs through the use of powerful inhibitors
and encapsulations that help prevent shale hydration and dispersion.

ISy WY Lgfgn_) leions )l (salaxd _AA_)g Lg)\m“\zﬂ_i Eiely 2l gha Jae u] a< caan =) olS s olia Jw JTIPEN s Adie @Lﬂ OlEd gl 58l
Ll L (inhibition) oS3 3b 48 33 sdue Sl (encapsulations ) W ke GBE 5 s 8 (INhibitors) sxi b ol se 5l saldiul b (o 44 (5 ks
o2 Cy s ol 4y (g lin VL 48 Bl 250e 8 SS O (Bl 5 Jo b si (hydration ) < ds ) oSl 40 el ol 4S ey (il 3
233l s SBFS (o sias 50 ) @S o CVlw 5 OBFS 22 50 4 @Vl () (oanlia sl 0 Kila
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A.1.0 Shale instability forms and variety of problems while drilling:
:S,le> Jgb 5y Ol WESLGES WM ino 9 Juy SHlLLL S 0,8 : 1.0 Wl

A.1.1 Fill and bridges: gl slul 9 VAW v 1.1 JI

Mud solids and cuttings settled on bottom after trips or connections are called fill. Bridges are tight spots
encountered higher up the hole on trips. These problems result in expensive reaming operations, mud treatment,
and possibly excessive bit wear or damage. You must be certain that this problem is not caused by lack of proper
hole cleaning, either from poor rheology or low pump out put.

Ll s 21 Bse (fill ) iy W Sihaaal 15 s alg) Jlait a8 Uy 5 (trips ) U Gibay ) da oy 43,0 005 (i 43 (sl 02€ 5 (5 lia Jlaws Cilaala
)4 38y e bl 45 e OIS () s (n An) s Ll ol (65 (sleiand 3 (HriDS) W Uiay 1538 4S 35t oSae Ll (bridges)
413 fsall Ay 35k e e A U 5 i) (il el Yial U 5 a5 lia Jlms (5 Sl cola 5150 (reaming ) ool 5/ S S o
8l et o oS (2330 L 5 Gl 555 Ol in b ol GHSG (0 S asd ) (ol S0l (ol 4S padly

A.1.2 Ineffective hole cleaning: ol> 03980 UD,S juoi 1.2 aJl

Additional formation carvings entering the wellbore due to the rock failure and collapse may over load the capacity
of the annular circulating flow rate to carry all the rock fragments out of the wellbore.

Ol Db Gl 3 el Gl (Sas (COllapse ) s 8Uie) s o sda (Salaly Cila oy s ds 40 (Carvings) 25ks Ak sl Gioas g2l 2
lddﬁﬂ?a‘)ﬁj\GJB@»P&L\MAAS&;G\);MDJJ;?;A
A.1.3 Stuck pipe: ® aJg) U>,S ;.S 1.3 Wi

Probably the most costly result of hole instability is a stuck pipe. If the pipe is stuck, it will, at the least, take some
rig time to correct and, at worst, result in the hole being lost.

1) dSa ey Sl soaie Jilas adlyon S 8 algl 81 a8l e s lia sla A gl (stuck ) ool S sla (5 laldls ) Juala dsiii (35 43 38 5 Yaia)
Ssdie oy 33 Caws Ol Ay ade Clla G F )3 5 S (e LB jean 5 g e
A.1.4 Increased hole volume: ol> px> ginl;91 1.4 Jl

Severely washed-out holes may result in higher mud costs, increased cement requirements, and poor cement
jobs.

8 G lea S Clas s erliial 3 50 Glass Gl 38 sl Jlaw s il R 44 it Cal (Sas (Washed-out) wé (Sap I b sleals
A.1.5 Logging difficulties: S aS 15905 wMSaino 1.5 I
Washed-out hole, fill and bridges can seriously interfere with getting good electric logs and side wall cores.

S (sl la gai anaa il o Tas 23l s (Washed-out hole, fill and bridges ) ailse 115 5028 5 S o 11 sleals
A1 Caal e Al (wall cores side) s sleasS o xe 5 (electric logs)

A.2.0 Wellbore drilling terms: ol 0,8> )la> wlyes 2.0 I

Through the years, various terms have been used to describe the problems associated with wellbore instability
while drilling. Different parts of the world use different words to describe the same phenomena. The following are
some of the terms and their usual interpretation:

aj\_,\,ﬁj;ﬂﬁgdl.gj&.n _AL\.u\bﬁbému\Lg)u?ahj)ﬁc\?é\m&ij\dm\;ﬁﬁy&)&hc)ﬁd\jé&dwjj ‘LgALASAO\:\SLuGLJA
TNEL (o Ll Jsara paaldd g dagl pdh ) ey Jad oL 20 e IS s a2 (il 2 ik ) | (Sl sla
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A.2.1 Sloughing, running, heaving: ,983VAl)VU> S Yywiy 2.1 &JI

These words describe the general condition of excess pieces of formation showing up on the shale shaker. They
are usually associated with hard dewatered shale’s.

AL e s it sla Jad Lol jea Y gena Ll aian ezl 1 O3NS 59y ead puala wi3le 5 Al &l pd S Cumca g b 6 55 ol
A.2.2 Mud making shale’s, gumbo, bentonitic swelling, and plastic flow:
S My U > 9 shind giy Uiy 950 <940 lS  Juiv 5l 03 yu Jlaw 2.2 i

These conditions usually refer to drilling through formations high in bentonite or other swelling clay content such
as recent volcanic sediments. These clays may disperse into the mud or extrude into the wellbore. Plastic flow
also is encountered when drilling massive salt sections.

o 2 LI g wle a5 sl ay dala slaiha 8an b ) sl i (o)1 (sl Jls 3 (5 lis 43 T e se Y sana glmia s (il
Sl o1 b s (S (sleing (5 olin alBa (pinen 05 aBAIA ola o sy 00 40 b s Gy (sla Jle (9300 ol (Sma Ly ) L2030
A5l A ) A g

A.2.3 Fractured shale’s: 1090w Slplain2.3 I

This term is usually applied to tectonically stressed areas (mountainous) with known highly faulted or highly
dipped formations.

sl Kasi b g el aialid slaxi e L o S auils (tectonically stressed areas ) iabe (e Qi st (shalia () Y gare Cunia g o)
D o0 D89 b)) cud )l ladi L ol )8

A.2.4 Pressured shale’s, gas-bearing sands: ,15;15 S® auwlo 05 ind Slpli 2.4 WJI

These terms are applied when excess shale volume is experienced along with gas intrusions. It is usually caused
by insufficient mud weight.

5 a Cala (5 in e (05 00 ST ey YV pane 5203 () 550 1S 250 SIS CLAS Ly o) a0l p s Sl 3 i, 0

A.3.0 Sloughing: us,S Ju, 3.0 Wl

Sloughing consists of unconsolidated, weak, or loose formation that may fall into the wellbore due to the
geological nature of the formation. Sloughing usually occurs at shallow depths. The hole may or may not be
enlarged, since weak formations will flow and fill in the areas being washed away.

ooda JAh 4y 2 Jl (i (e ) Cule Calay ol (Kae A8 s 35 3l b g0 g0 Clma ¢ 508 4l SO Jub (sloughing ) o )0l < syl S
uli);u:\’.mcgud.ub.ndlaﬁﬂc MbeﬁuQﬁb&SéﬁSebb\}; AB\GA&US\PSLSLQAABJAYWLSJDJ\M}}A.&LIGA.\JSL}MAQ
VS e pa )y ded e Al a8 iS5 il dial &

A.3.1 Induced sloughing: o QicuSily ywiwy 3.1 Wl

This refers to formation that falls into the wellbore as a result of water-wetting clays or washing out cementitious
materials (salts, etc.). Dissolving cementitious materials usually occurs at shallow depths and results in a washed-
out hole. Water wetting and clay swelling may occur at greater depths when hydratable clays are present.

Seai aiile) 43 8 ez 3 50 (Washing out) Lo ol L ol b (water-wetting clays ) 4388 Gud slew ) 4551 4nii 50 4S (533 Jlw 43 03 (il
sy Sl giio 5 o e Fy oS (sla ee )0 Y geme 43 Siless N e (2 a 258 (e Taso ye 23S o T gus ola o jin (55042 4S (o
hydratable ) i 53 (sl 4S3al8in 5 yidn (sla (e 2 Cand (Sas ) 0B asie 5 o b B2k i a5 o« (Washed-out hole)
A F ) 3igala (clays
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A.4.0 Heaving: u>,S p,9 4.0 I

This formation instability is caused by formation pressures higher than the hydrostatic head from the mud.
Hydratable clays in the formation may aggravate this condition. The pieces of heaving shale crossing the shaker
are usually square or rectangular and vary in size from cuttings size to several inches. Often the pieces have
rounded edges. This indicates that the piece is slipping and tumbling in the annulus, causing the edges to wear.

Qloa sla ) 3say sl e dlag) 236 (hydrostatic head ) ¢obs Jhus (st LI 31 jida 2 jle gl jLa8 aSile ) 0 2 ke bl ol
L e ISy Y gana (1500 S ) sae Jlayo dadi oadi o) sie ladal 230 a5 () 205 Cely Gl (Sas 233l 3 (Hydratable clays) oy
Cuald ol Mbwdﬁduuﬁg\)‘dﬁ\ﬁw .\A..I:l_\‘;&‘_ﬁ.\:\\.\.\eutg‘)\a;du 021 5 jail ) o gldia (sla o il JJ}MM@)&
a8 o sle i K Banle el Jee ol aS aille o 53580 b 5alla o dadad aS Cund (5 (5 s2iaa L

A.5.0 Spalling: (ssSoi pd)>/wiai 5,5 5.0

Spalling or splintering occurs when pressures in the formation cause the hole to close radially. This can occur at
any depth and typically is found in highly tectonically stressed areas. Plastic flow of massive salt sections is a
special case of this phenomenon. Splintered shale pieces are usually long and narrow with sharp edges and
points. Many times they are slightly curved, showing the shape of the wellbore.

The most common cause of unstable formations is mechanical instability resulting from the imbalance of
formation stresses. The stress balances created in the earth over millions of years is disrupted when a hole is
drilled into it. These internal formation stresses have to be rebalanced or the wellbore will collapse.

Most formations have enough strength that they do not immediately collapse. Given sufficient time, however,
most formations will eventually start collapsing. There is a time-value associated with hole instability based on the
geology of the formation, the mud density, and the type of mud in the hole.

D9 el Nl (L&) 3 gl el e O 2 gaa Cae 2 jla e Hlid ashila ) (Spalling or splintering ) Gl S L sE ah )
03 Sdly gha Gl ead iy 1)l YL (tectonically stressed ) ialid (e sl (A4S ikl )2 435ai (51 0 5 W3 F ) N sie ae
J.\L@—J Mh@)ﬁkﬁ:}uM;hJ\JJ}dgjbywdﬁbJJ};é)ﬁdu45\3.\aﬂ.\@a.ﬁg.\guﬁ\ )‘@A}mdbé&\ﬁ}md\.@m&
GRS 31 AS 28l e Sl 5l U lalls (saijle o gl e (it a8l e ola o jda JSUE e2iad (LS 4S (Xl ligg | oS 5l i
dpfue i O )3 ks aSaile ) el sad alal Gae ) U3 Qs e )3 48 (Stress balances ) (-5 ci¥alad 3 sl e 4 21 e Jalade U sla
.\.1}.3@4.\;.\)‘5)5519a)sa‘\.\‘)gj&;}ﬁdé\.«iﬂb)\.\jdéﬁ\.\hjuéabdu o oyl [N AJ‘}\:IL_;AM

S Ll 52 2080 (50 58 40 g Wi s aladl e A8 (e R L s e 208 98 0 S0 4 4S 2l plSatial (HS a8 4 L Jlw idy
213 Casmela 053 sl Tl A3 sai 5 s lis Jans 05 ediShe (il e Ay pola ol UL Sl 3

A.6.0 The subsurface stresses (sxhbw ,; Sl s 6.0 W
A.6.1 Overburden pressure:diwigs Hlind / suVU wliub ,Lind 6.1 Ji

The overburden pressure is the pressure exerted by the weight of the earth's rocks above the element. The
overburden pressure depends upon the mineral make-up of the rocks and, in general, can be assumed to be
about 1.0 psi/ft. It is not linear, however, because the formation density tends to increase with depth as a
result of compaction and reduction in porosity.

‘_,,.?\3....,\ Ak JLE 29 eyl Hl B paie YL )_.J‘LS el B o a9 Ja 61 A4S il (5 5Lad (overburden pressure) i jLid
Al (9 eda s 9 i (linear ) s Sofbd o 2dlue (1.0 pSifft ) asas )3 4S 288 (8 2 ghe (IS 2 5l o A JliAlu 4
4y Gl A JAIAT 53 GIALS g 8,8 (g Aaai 3 (3as L AS L G

A.6.2 Pore pressure, Po: Asis Hluind 6.2 aJl

The pore pressure is the fluid pressure within the pore spaces of the formation helping to support the
overburden pressure. If the fluids in the pore spaces are inter connected and have not been trapped, the
pore pressure is equivalent to the hydrostatic head of the water column above the formation element.
Pore fluids are predominantly salt water, so the pore pressure in normally pressured formations is taken
to be a column of water with seawater salinity. This is equal to a gradient of about 0.046 psi/ft. On a graph,
the pressure gradient is approximately a straight line although the temperature gradient will influence the
density.
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A gy LG8 ) culan Ay SaS AS AEL A A dlia slalad 09,3 A4S Cal e & e e (pore pressure) KPR

Osi ) AS gaidigy JLad G iy Mia JLEd ) 0adi 1N g 21AL Jealie JSGaSy 43 Blia glaldad 3 393 5a clajle R) 318 (Overburden)
AL o Gl A Jale (YL

3 (A S AS Ca) 0345 @Bl g 9B 3y g ) ALER 03 b Jla i ) gecay AS (g B Sl 4 dhia LB (ol il cAliilue Sad o Lidas M (958 ¥l
M cud lagal Sy s, .80 4 (gradient of about 0.046 psi/ft ) A8 Ldi b ol Gl LAEL Sead sld T Lol e
S I X AU o5 8 (temperature gradient) Culos qud 4a £ 180 e sl bd G L i (pressure gradient)

A.6.3 Matrix stress, O:guSy o Yirii [0 a0 Yisid 6.3 aJl

The matrix stress is the portion of the overburden pressure that is supported by the physical structure of the
formation. It can be resolved into three components that are perpendicular to one another (one vertical stress and
two horizontal ones). In most cases, only the overall matrix stress measured in situ. (Approximations of the three
principal stresses have been done in the past from log and seismic-derived data). The total matrix stress for
normally pressured formations is about 0.054 psi/ft.

a0 Culea 355l S Ll Jas 5 4S 28lue (Overburden pressure ) Kaw gli s L ) iy (matrix Stress) bile/s jwed (i
plat Jadd 48 ) a8 (55 5 Vs il 50 250 4y jad (B 800 U 93 5 (sasee B CSG) 2iiad dgee S35 4S S fAn 4 il e ) aS

S ond Bt cile D) 5 lagai 3l aidR 0 5 Jale 4 sl Cgiliia) 00 e 58 0 I Cumia s () )2 (MatriX Stress ) bile/o s (i
AL (< 0.054 pS|/ft 3 gaa i) b 02 ylid Ga_).\l: G g A8 a0 Jla () ya o yaed (A ?L‘S _(klh.n\ 43 K e\;.'\\ o4yl

A.6.4 Wellbore stress:ol> o 8> yirii 6.4 JI

The drilling of a hole in the stressed rock generates a new higher stress field or “hoop stress”, which is related to
the stresses at right angles to the wellbore. These stresses decay to the initial stress as you move away from the
Well bore. Filling the hole with mud exerts a pressure (Pm) that reduces the tangential stress. The drilling
technique uses the minimal mud weight to balance additional weight to the pore pressure and then to reduce the
rock stress to a level where it is stable. No attempt is made to balance the stress perfectly, as the higher mud
weight will slow down the rate of penetration. This technique puts the rocks under stress and leads to failure.
Subsequent reaction of rocks with the drilling fluid is often enough to stress the rocks to a point where they fail.

o n Cual ) Craws (sl 435l ) )0 (slediii 44 48 250<"hoop stress” Ui (s 48la" L VL (A5 L aaa lase S a5l (i e i Ha el (g lis
1) ol sl Jlws Lola 530S 2 sdae s 3y sne 50 ol ol 500 51 4S (5 shailed 4l (sleud 4 o W (A5 () ol 00 a5 50 0l
DLy Blal (5 S dalatie (o) 1 ool Jlm )y CnieS (s lis 08 80 e (S 1) (tangential stress ) (owbee (A5 48 2S o Jlee
Jhans YL (55 4Gl anilen cla i (380 43)) 50 5 (PGS L3S e ndliil | 2dlie s Ll 50 4S (sam 4y 0 i (A (RIS g lamy 5 il
W o i (sny CEIS) 5 L0800 i (FiuSod Cran 50302 )8 (S i | ot ¢ (8 ) o) 023 alai) candie (EANS 1) (5 38 Cae e gl
AL e S (S e Lol ASla 0 adali (S 4 W oai (33 i (5 e 5 lia Jun b

The adsorption of water takes some time and contributes to the time dependency of the stability of rocks.
Formations that contain high levels of the clay mineral montmorillonite will retain the water while under the
overburden pressure.This means that the pore fluids will bear a disproportionately high amount of the overburden
pressure. Also, the matrix stress will be low. The mud weight will have to be increased to hold back the formation.
Tectonically stressed areas pose a special problem since these formations have been fractured and folded.
Fractures may allow the penetration of whole fluid that can transmit pressures into the formation, causing it to
weaken and fall in.

sl ) g g (ma oy ) 2Vl gedans Jald 48 (e Jl 280 S 5 o s alSaiual 4l 5 (it 3 5 dalailie Jsb 4 (ae ol s

S die Clagle 4 5L (e Sima (I () 230 51685 1 Gl 2lue (Overburden)  audis HLas st 48 alile dia (Montmorillonite)
A3 6l ol Jhs 05 0 @) A Gl (Matrix stress ) bBhe (A ((inan 258500 Jead anlile U &y ey | ) 2adigy JLE ) 2y () e
e S L jle 0l 4S5 1 (Tectonically stressed areas ) isbid e ) i cas shlie il (il 380 8l 2ila S 5 Gaie 41 5l
}«edb)},\c .\SJ'LMQJJJJJ ‘)L&s‘)uﬁé.l‘jﬁ...uﬂ\s‘)é@mewd}hajb\&u\wtgﬁm _Aﬁiﬂaﬁ\&\)ua&dmg&"ﬁ\m‘))idﬁ)&b
a3 ) S a g 50 4y 5 408 Gl (O 48 258 Gy

Also, when folded formations are drilled, part of the wellbore face may be highly compressed while another part
may be in tension. It is nearly impossible to calculate the relative principal stresses in this case, but there is
usually one that will approach zero.

)JC\M‘MJ?\_JJC\MSL)LAJ?A ﬁ@)@é&ﬂ)@&u\%a\eoﬁ@j\w‘M\aﬁd)ﬁ;bd)}ioﬁdud})uwujcw
Agd oa S ha 434S 350 3ga s S il o Ll can & dnlaa Sk ol o e i Jale aday) ) 4 Cul (San e Ly 8 asl i Jla
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Mud weights higher than indicated by pore pressure analysis (gas pressure) are usually needed to stabilize the
formation in this situation. The amount of mud weight needed should be determined in the field only on a case-by
case basis. Whenever the stresses at right angles to the wellbore are not equal, the wellbore will fail in the
direction of least stress and produce an oval or elliptically shaped hole.

This situation will often be encountered when drilling deviated holes because the vertical stress tends to be larger
than the horizontal stress. Tectonically stressed areas may also show the same phenomena. Directional drilling in
an oval hole is difficult, but this problem cannot be overcome.

Dlae S jlady | a3l 4S Gl a3 il gl 0 y)m‘/(;,tiju.é) 2 oddi addie Mia HLis sla 3T LaS T 3 iy g las s Jhw 0
ola oy 4y sl a3 (sl 4g5) ) ) Ll aSila) a3 8 e 3 5e 40 3 e 4y n ki g (field) adlaie )3 Al zliad 350 ks Jlws 05
S5d e )5 e el Cumiay Gl b S (e alag) JSS s pan b (o (Al 5358 (o0 A A JBla b (g )0 ola o da iy il
Tectonically ) SRS (el i glalie 25l 8 S ) R )50 4S 2l Jilad (sa5ee (A A4S g gl e g lin B ad) slealy 4S
WS Gl o) ghed | alisa cpl Wl el S (5 gian ola SO 3 b Ciga oola diad (LT ) el sy il (Sas (nines (Stressed

A.7.0 Factors involved in shale instability from physical causes:

D 50555 Joo SHlubl 55 aS (880548 Sholge 7.0 i
A.7.1 Density: v;9 7.1 Jl

The proper density is the most important factor in shale stability.

WL e e oIl Y (e Db dale 5 lia Jhs a5
A.7.2 Erosion: sS>,9> 7.2 JI
Proper hydraulics, annular and bit, must be maintained in formations prone to instability. Once instability started,
by erosion or other factors, it can be difficult to stop.

8 Gl s )3 4 3l 0880 e (5l 4 datse 4 A Sl 3 < Gally 5 4 () 0 s sl Sl 2

A.7.3 Pressure surges/swabs: lpwiaSo /(singS) w>90 HLind 7.3 ll

Excessive surges and swabs when tripping or running pipe can initiate instability. Rocks are much weaker in
tension so they are prone to fracture, which can occur when running pipe too fast into the hole. The fractured rock
is more likely to produce problems later on.

A e 5 8 ) ol dee Al il G (tripping ) Cidben @ e )3 23l e ALl (swabs ) s iS5 (surges ) (usS) spse cla il
Lgb)a.u.\:\E‘él.ﬁ\Aﬁbh\)bb)d@yéﬂad}ﬁ\.‘ubﬁwd\;u‘dthu))ﬁd)ﬁjﬁumuﬁ\}bhﬁh&a)ﬁﬁ&mumJJ\AeJM
S IS a5 amy 4S 0 Hla (g yidn Jladal a3 & Bl

A.7.4 Direct contact: pusiaus guloi 7.4 JI

Minimize pipe whip by maintaining the proper pipe tension and rotation.
O U s adsl (RIS miaaa 0358 5 )l L (Whip) A1) )58 @3S Jlals

A.7.5 Fluid invasion: Juuw poxd 7.5 JI

In fractured formations, whole mud can invade and cause instability. In some cases, high fluid losses can also
help weaken a formation.

4 Sl il g Qliba (YL (555308 ‘Q‘Y\AMJJW_Jﬁéhﬁu&\;ﬂ\)ndﬁbﬁ.\i‘}ﬁwd)ﬁ;d\:\uew&od)j';d&ﬁndh 23k d
20 8 50 S i
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Sction B Chem|cal Inh|b|t|on

The consolidation process and the overburden pressure force water out of the shale’s. Relief of the confining
force and re-exposure to water causes the water to adsorb very strongly onto the clay surfaces.The following
changes also occur:

J\JQA_I‘bw@)db)bjﬁjwwdjﬂud‘)su‘) Maw)muduuﬁh‘)\C)l;u\)g_‘\(overburden) u.l_,)&-\h.\.k‘)m ?.\S\A.m.u\)s
M\u.adu.:\fJume J}ua_m;u.u)cjjau)éu.\u-’uulﬁang_\shw)uab

« Stress increases around the wellbore.
L e U8 el o jia ol plal (4
* The shale swells and weakens.
s oa Cmia oada ) sie dad
* Lubrication is provided for slippage planes.
il 02 45 ) il (B jal o) e s 3l s

* Plastic shale’s deform into wellbore, giving tight hole conditions.
2igd e (tight ) sl D3 (S leisna s dlag) Giely 5 oala I3 i ala Jala 4 (Sindly o Jad
* Harder shale’s generate cavings.
AUS e i) A8 Gk sl dud
» Time related instability occurs as water migrates into rock.
S e (B 28 i jalga o (90 4 Gl ASiliner 5 le) b ada g e sl
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B.1.0 These changes in rock properties inevitably result in many problems:

P09 o wsulglhd WMS e ) o SL Ugy 0,0 Lolos s wlhue il 1.0 v

* Poor directional control
Ciga GS JAK 53 Canaa
» Washed out hole
o 03y ol ola/odd il ol
* More solids to be removed at surface
sl Ayl mhe 50 b g il s 3 s
* Reaming
Ol /Ol
* Stuck pipe due to hole collapse
ola el ags i1 la adgl catl <
* Bit balling
« Additional solids into the mud
Goba Jlw Jal a gileal cilaala
* Hole failure
e ol
* Poor hole cleaning in washed out sections
aﬁadﬁg‘/aﬁd\.ﬁgduM)Ap\%oaﬁjﬁaﬁjdm
* Tight hole
S/ K ola
* Dispersion of solids into mud
ol Joss 0500 4 ddla ol g ol Ay

B.2.0 The magnitude of dispersion problem depends on:

1390 (5w Jaouyo 5 S,lge @ ._5\§.L;9_w Uiy JSoiw wuodl 2.0 (s
B.2.1 Type of formation: v Ajlw dugos 2.1 v

Shale’s with montmorillonite or mixed layer clays are more susceptible to dispersion, swelling, and bit balling.

AL (e die 03 S (5 5 O a ) sie (A0 (iR 4y e Sl (o sl Y Load baglia by il ) T se s sla sla Jad
B.2.2 Type of drilling fluid: S,la> JS Sd diges 2.2 v

Fresh water is most reactive .A lot of effort has gone into designing mud systems with “inhibition” or increased
ability to minimize the reaction between the mud and the shale’s.
The approach is to change the exchangeable cation or to expel water from the clay surface.

Ol U8 Gl 38 Wiinhibition” sk s s oles Jlm (sl alass (sl sl (6l n 1518 la (RS S a8h e () ) GRSy Jale o il o 35
Wl o g g )l Qa8 A L Addbae G 008 st b Cad o R Cipea s i3 5 (5l Jl o GRS (281S () 0

» Exchange sodium ion for calcium
andS (ol i g ol
» Exchange sodium and calcium for potassium
el () aaalS g anris Jolis
* Exchange sodium and calcium for low molecular weight cationic polymers
O F55e 055 L (SIS la sadly 5 S 5 e Jals
» Adsorb high molecular weight polymers such as (PHPA) to coat the clay surfaces and displace water
Gl s 5 e zshas GaG s s)n (PHPA) Ot YU (5850 55 L sla saally s
» Add polyglycerol to displace water
<l s ) polyglycerol o2 S adlaal
* Plug fractures with asphalt and gilsonite
il & 1 il 1 LdlSs 2 8 3 50ma
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Formulating the drilling fluid with oil can eliminate the problem with the reaction of the shale with water. The
adsorption forces are so well developed that high levels of salt have to be dissolved in the water, which is present
as an emulsion, to prevent the shale from hydrating.

Gl () e 48 21 43 das 8 si Ol adan s gla g 0 A8 dgane 1) b b Gl QaiS) 5 JSe 65 e 08 55 b sl Jlas (52 S 4l sa s
2R (hydrating ) Sual ) ded 8 sla Gl U asd da Sl 35a g0 O sand gal ) sumn 4S (0 4l S ) (YL

B.3.0 Field practices to minimize problems from unstable formations:
DLl sbba;Lw 5l ol il gualS sl ssulawe wldoec 3.0 v
B.3.1 Density control: U9 J S 3.1 v

Maintain the proper density. If in mountainous areas, more mud weight may be needed than indicated by gas
pore pressures. Surges and swabs must be avoided in formations susceptible to falling in. Keeping the wellbore
full of fluid on trips is also good practice for wellbore stability as well as blowout protection.

s2i adide dia JE (gla jLid Las g5 aS andl 5l (San (58 080 s ls Jlm ()5 ¢l S sleiSa ) a8 il e Al gmaaa 05 )
D2 Opiped 28 Glial Al s el JAlads Ui 4 SSSe aS (Gaile )3 (Surges and swabs ) WeiSe 5 b ala3 ) sl zlia)
Al oa O 08 ) caldlia (5 an s ol o ks (51N (51 ph (A (i (IS ) Lediban o808 3 (5 lin Jlaw b ola o ia (idIN0ES

B.3.2 Rheology: Sj8J9s), 3.2 v

Adequate hole cleaning is needed to remove any formation pieces falling into the hole and to differentiate
between unstable formations and a hole cleaning problem. Turbulence may wash out unconsolidated and weak
formations. Turbulence may also aggravate a formation in which hydratable shale’s have started falling into the
wellbore.

6l 02 lala 50 € jaad IS 5 Il sl X5k G il Cpinad 5 oF JA1 44 0208 o g 2l sla siS JUE) (5] ala LEIS (52 S
Sas (Turbulence) Xl (pimed  3pdy |y Clania 5 SSaive U sl 23 )ls Cand (Sas (Turbulence) abtie (s 250 (e 5 )5 5 lis
Qb i a3 S ola o s (5500 4 (i) 43 £ % (shale’s hydratable) ey Sous Glelsd o 248 Gaijlu (3 S S5 md g ey

B.3.3 Fluid loss: vl Wlo Sy, j,d 3.3 wv

The API fluid loss by itself is not an indication of relative formation protection. The level of fluid loss control must
be based on field experience for each individual drilling area.

aibhie 6l Al Al ab Gl Gl )08 DS Ol e 280 a3k cilalia Sl 5l ) 4L 358 3550 AP] Gl Ciba
AL Jala gl

B.3.4 Hole deviation: 9l =il ol> 3.4 v

In high angle wellbores, and fractured formations with deviation problems, extra care must be taken to protect
against unstable formations.

L2 eala LIl U sla i 5he ) culalia 4 Al (st da 5 o Bl yadl COSEe L la GHlSE (sl 2 5ke 5 Yl ds)3 L (sl sla o jia
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Section C: Shale Stability Problems for the Man in the
Field

asdoio ;5 D191 Sl et SHIMU OMSLUL = ouw (Jins
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C.1.0 Introduction (s8,201.0 (5w

The presence of shale’s when drilling for oil and gas is inevitable as they form the organic-rich source rocks for
most hydrocarbon deposits and frequently form the pressure seals which trap them underground. Of all the rocks
penetrated during well construction, shale’s are not only the most abundant but also the most susceptible to
wellbore instability.

gy it 50 S ) e auie b g5l 0 j3a aMJM@Y&ﬁ%\ﬁ%ﬁg&;\j@}mduﬂe Golia gley ol Bl jguan
ola (slia b 4S8 (a0 yha Al diaane SIS Qsdine (e ) 02 Ll QA0 e Ge S ) L gl g Llle 5 2l e 00 S 53
R ETPY blﬁo\)ﬁ;d)\.\glﬁ\i)&&bw}m&;ﬁ‘;\}@ﬁum‘ﬁ\aﬁﬁ

Most sedimentary rocks can fail in a mechanical mode as a result of poor consolidation, tectonic stresses or
pressure under balance but the problem with shale is compounded by the way in which the rock is affected by
contact with water.

Ly o Al L) 355 A0 SclSca (i) 40 3805w Ooleie L 58 3R any (5la (A5 (€ 5 i i 53 g sba o pm S
L gaiia LJASJS@)\QML:}«&‘J})#ULJ]\JU»LASJS\Jdb‘)Mui‘)J‘\Sﬁu\u_ﬂc‘L\d:hi

Exposure to drilling fluids can result in chemical changes which affect the mechanical properties of the shale
resulting in failure of the rock. Chemical effects are often inextricably linked to the mechanics of wellbore
instability.

208 e o s Sl Gy 5 ABEIR A Lok (SlSe pal s 5248 20 & laand a4 il 201 55 e (5 lis VL m yee 2 B K )8
) bﬁd&cﬁnb\%aﬁ‘;ﬂ\i&.‘asu 6)\44\7:\1.'14.}}53}9 da.\g\] k_dc\ Lﬁw&\)ﬁu

In a large number of cases, shale problems can be controlled using a properly engineered oil based mud (OBM)
or synthetic base mud (SBM) at the correct mud weight. This approach has helped to significantly reduce drilling
costs, especially on deviated wells. However, the discharge of cuttings drilled with non-agueous phase (NAP)
mud has become increasingly restricted in recent years by environmental legislation.

o (pudiga (Apsa )5 L 5 G 448 (SBM ) e siac 4h L 5 (OBM ) ey 40k Jhes S Dl oaldind L Judl 008 ccVls il 0
4.\.\;3*]\;)@.\ _Jﬁaj\:d@\s‘ﬁﬂg\‘)ﬁj\LSL@A\%JJMP&LSJU;LSLA4&9‘}545&“\:4)5&_&.45(5\1.}&“&&\ AJJ;JJKM\}SGAL&U
ol 033 R g sian (5 038 ) pam 4y e ) Jasna (il 58 Lo 5 pad) Ll 2 (NAP) o 4y e soles s L s s Jlis sl 028

Use of WBM does improve the working conditions for the rig crew and reduces the impact of any accidental
spillage or discharge of whole mud. In remote or deepwater exploration, use of WBM can substantially ease
logistics difficulties associated with the preparation and storage of NAP drilling fluids.

A0 e AlS ) (g lin Jla plad 4alas Ly ol (Bl 5l ) 1 5 280e gy IS0 2131 G 1) 0SS e Cumim g (ol 4y s ) ool

o Al 5 Sl b dass TR LNRPRCE Y] Ll ¢33 T 50 () 4z 3 B 0Ly ale 5o ol 4l o lia Jluw ) salii)

oA 5 S I b dadi ye Alaidy F Gree Sl )2 ) anusi sleals 0 Ly SEREEUISEIE RN 2
J.I‘.J‘)g ool ‘) (NAP) 45'] 4.:_|L:| P @JLS; C'_IYL;L\A UJ)S

C.2.0 Shale Types and Associated Drilling Problems
Ll & auwly S)la> Jibawe 9 W Juw lgil 2.0 Lsow

The clay minerals commonly found in claystones and shale is as follows:
L e ) Jsan dile dil ol by Jad 5 (o) leSi )3 Y sere 4S e W )

Mineral Typical Surface Particle Particle Swells Disperses in
Area (m2/gm) Size(microns) Shape In Water? water?

Smectite (Montmorillonite) 350-800 0.05-2 Thin plates Yes Yes

Kaolinite 15-30 0.05-8 Plates/Books No Yes

Illite 10-150 0.5 - 15+ Plates/Shards No Yes

Chlorite 30-150 0.1-5 Plates No

Illite/Smectite (Mixed Layer) = 10-600 0.2 - 5+ Plates Yes Yes
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Classification of shale formations based on their behavior when drilled in offset wells is a good starting point for
well planning and mud selection. A detailed study using shale samples offset well data and focused laboratory
work will help to optimize the fluids selection. The best mud type and drilling practices will be strongly influenced
by the expected type of shale. A classification based on work by Mondshine uses shale hardness as the main
criterion. This offers some correlation with burial depth and compaction and swelling clay contents.

Jow QS 5 s a3 4l 6l n ealie 5 8 adali Xl oali (5 Jlin ) slava (sl ol o aSaile ) QLA ) bl o Jad sl 23l (5o 4l
Jow o am sl A a8y SSa 5 oad (5 jlia sleals e Dl 5 Jud (sl 4 sai ) oabiind b JalS dallae oS5 230 o 5 _lia
D2 Ak S K el ga )8 Ul B ok (g 4 pa 1 a8 (5 Jles lles 5 (5 la Jlass 45 ( yig S 34153 SS T el (5 s
5 08 ee Ll ) (Sa Jae gl L3 ))a 25 s il pa S saliiul il (SO o sie 4 el S ) 4S (Mondshinge ) b s ead aladl IS el
8 e gy 1) e oy sie (sl 5 (S8

Class Texture MBT* (meq/100gm) Water Content (Weight %) Clays# W1t% Clay Density (g/cc)
A Soft 20-40 25-70 Smectite+ lllite 20-30 1.2-15
B Firm 10-20 15-25 lllite +Mixed Layer 20-30 1.5-2.2
C Firm- Hard 10-20 2-10 lllite +Mixed Layer 20-30 2.3-2.7
D Hard 3-10 5-15 Illlite + possSmect. 20-30 2.2-2.5
E Brittle 0-3 2-5 Illite, Kaolinite,Chlorite 5-30 2.5-2.7

* Shales can vary in a number of ways.
il Gl s by el 53/lea) ) Ol g oled 0 2l 55 e Ledad

¢ Grain size: Very fine (clay stone) to gritty (siltstone)-Swelling clays are invariably fine grained
AL e Al s e sl 48 1) a5 sla e -(Siltstone/ il i) Ll So, U (claystone/us Sas) s o L 1) Adla o)
¢ Grain cement: Strong (indurated) to weak or uncemented-Calcite and quartz are common cements
AL e ) lelars 48 51 S 5 e e (Sl L Cinnia U (153 oS) (558 1 Hlaan 410
* Mineralogy: High swelling clay content to complete absence of swelling clays
(e sie BB oy 0N MU pl a6 e dald 1l S

* Moisture content: Typically reduces with consolidation and depth of burial-Can vary fromover 25% to less than
5%.

AL i %5 S B %25 Sl il 3155 e Cushy Ll oo QIS (00 (8 Bree 5 00 Cdu b le 5 sk dugh) o slaa
* Pore pressure can range from naturally pressured to highly over-pressured
AEL YL LA JLEE U anda JLES ) e 50 2l 55 e Mla LI
» Salinity and chemical composition of pore fluids varies widely:
24 gldla () 08 i & gua 4y ddia slglm albbasd S S g s

Most shales deposited by rivers flowing into sedimentary basins where water salinity ranges from freshwater to
brackish to seawater.

03 )< Cugas )y 23l (L Al 5 s W30 Gl 1 (et ae b o (5 5 ASilas (sm ) sl agamss JAb 40 e i) Gl Lo s Lelad i

Some reactive shale’s, e.g. Balder, are formed from air borne deposits such as volcanic ash falls. Freshwater
shale’s are fairly rare.

e LU e Ol ol (sl Jad 0 00 (S8 iL38AT 5iuSIA diile (5 3) 5y Slsaay ) 4S o(Balder) b asile Qe slelad 3l aany
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Brackish shale’s are typical of lagoonal areas and some inland seas, e.qg. Caspian Sea, Seawater shale’s are
common, e.g. many North Sea Tertiary shale’s. As clay-rich sediments are compacted, water is squeezed out.
Because ions are held close to the clay layers, the expelled water is of lower salinity than the bulk pore fluid.
Thus, in compacted shale, the residual pore fluid will be more saline than the water in which the original sediment
was deposited. Generally, the more the shale has been dewatered the greater the salinity contrast.

Os el Ol sise (b > o lelid ) caBl (0 (L35 Gl aiile) (KD 500 sl dab ) ) pmmy 5 (o g e Sl le g ) Ol lelid
T Dl 5 3 Ll ol il ondioa i ey ) ead e Clysu; 48 43K0kes L2 5L |, (North Sea Tertiary shales) Jwd b 3 s L5 5
0 Ol iy 8L e el yieS Bl (g 50 odae aile Ay i aad LA G e ond 43l 485 (e sl AV (Saa 3 )3 Lgd g A4Sl Gyl 48
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The degree of compaction is a function of the depth of burial provided that the water is able to escape easily to
permeable strata. The type of clay in younger sediments depends in large part on the temperature.
ncreasing percentage of illite with depth due to alteration of smectite by diagenesis. For example, in the GoM the
% of illite ranges from 20% at around 6,000 ft to 40% at 10,000 ft. Some water of crystallization is released.
Gumbo-soft, high water content shales which disperse/deform into the hole and form mud rings. Occurrence of
gumbo (in North Sea) depends on degree of consolidation, i.e. water content, of shale. As shale’s become more
compacted and lose water, problems with gumbo diminish. Gumbo occurs at greater depths only if a poorly
inhibitive mud allows firm shale’s to take up large amounts of water.

A g Cliga) 3 uy Adgal L 250 (e 268 QB (sl aln 4p I8 4p a8 O 4S il o Caala (10 G (80 4S e Gl Jlee (S 88 as
el (510 280 (e b Gl )i b s (SMectite ) CuiSanl daai ciley e b (illite ) culd am pa (3L GRS L 208 (Kl @ola 4 630 O e
o )3 e2d sl Gl ) (s e, 23610,000" oo 3 40% B 6000 Gae 3 20% ) (illite) <ol 2ea 33 o) 330 GOM L2

22 (gumbo) FOA KRR = (rings mud) R la adla alay g oala JSE s Jidgela )3 4S auil f al sl sl Jud @ s sl
S (QUMDO ) el L CMSCEe €83 (oo Cod 3l 500 oS il Jad a8 a3 Salan 0 )a Jad ) laie g alSadiad da pa 4o (K Jledi sl 2
) e G 25 00l aSina dad 4s 1 O s % il s o jla) LS (inhibitive ) sxila b duw R ks jidy Glee) 5o (QUMDbO) 068 0l (e

Hole instability arises when the stress relief due to the drilled hole is greater than the yield strength of the rock.

A3 i (strength ield) @ sols <8 5 & )5 ead s lis ola ) duala s oadle; (548 00 £ e slad o) dla 5 lals

When mud pressure is less than fluid pressure in the formation, rock fragments may tend to fall into the hole,
especially if the rock is impermeable. If the differential pressure is great enough and there is gas in the formation,
the rock may explode into the hole! When the rock is permeable, a kick or blowout is the result.

Tectonic forces result from stresses imposed on a formation by deformation (folding and faulting) of the earth's
crust. These stresses are relieved quickly in shale that is deformable but tends to remain in rocks that are hard
shale’s to flake and slough. As is common with this and brittle. A small amount of water adsorption may cause
most sedimentary basins, there is a general fining of sediments towards the centre of the UK CNS basin.

U\m\«.‘)\.&su)&;!ﬁ\ JA.&SL)MA\.?U}JJM%@»\US\AAL:)M&LAbﬂ);s.\.u:L\):\ASMJL»U})J@LQJLISJ\&JLS;JL;\M)M&;\JLAJ
ALl 381 0 Aua 4SSl 355 (explode ) sadie sl JAIS 4 i) (San s jaaa el 4By dga g dke 0 R 8 o s 52l b S
Dm0 5l S0 el Jaent gla i ) (Teectonic forces) il tme ) la s adl 0 ol 425 (Kick or blowout) ¢l b O

A otble 4 Jia (g ean 8 e by Canl iy IS juad aS Jud 50 Cie gy by 38 o) 50 Kae Jals ¢y i (8 5 (S0 52 aa) JSd
MJQ@J}L}M _Aéjgww‘uﬁjg)} u.\aﬁd&ﬁ: éjﬁ&i\:\.}d\u\&.ang‘wi)\ﬁag_ﬁ;_JJ\J\JMBM}&M&@L&bP
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Because montmorillonite is a very fine mineral, this means that the swelling clay content of the shale tends to
increase with distance from the shore. Also, there is a tendency for these distal deposits to be thicker. Although
there is no hard and fast rule, the reactivity of the shale’s-and hence the frequency and severity of drilling
problems related to WBM/shale interactions-tends to increase towards the centre of the basin.

L ol (i) 580 4 dilai Jad 0930 s a8 e AS ol e Ol Ol (8L e o/ Dl SIS S (montmorillonite) < sb ) sais se 455 s>
Lﬁy}e&“d)ﬁ&b&ﬂ‘)d%;‘ WO g g b andiia () el 60 b gy Cl sl (el Ll ja (pinaa Aoty dala o) e R alala
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An important variable can be the effect of sand and silt bodies originating from submarine slope fan fancies.
Studies in the CNS showed that the most severe and frequent shale problems came from silty muds,
muddy silts and inter-bedded sands and shale’s, rather than from more homogeneous shale’s.

COSdia yidi AS Cond 8313 (LS CladUaa ) sad dla) Ld 505 W Sa)sa Cpn 51 4AS Al al 5 ) Anle sla iy i1 X1 e age sl S
Aigd o Juala (shad slgladi ) U o) AV O sW e 5 W Auila g A (s Cad At W 1 L 5 a1 SS9 i

It appears that the higher permeability of the silty formations allows more filtrate invasion, increasing the severity
and extent of chemical reactions and probably also mud pressure penetration. This effect appears to outweigh
mineralogical factors such as the amount of swelling clay present in the shale .Using the above classification,
some likely wellbore problems for each shale type follow and implications for drilling fluid design:

DL 358 Ciman Ylaial 5 o (sl (ESI5 (B i 5 it Gl 81 ¢ i O Cila 368 0 Jla) iad glaiJlu JAYL (5 nd 358 4S 2y e bl
2 e 3 wala o sie (e laie diile (ulid Gane Jalse 2 4S 2 (e Ll )l 83 e 1) K
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C. 3.0 Class“A”Shales: | JoMS s Jui 3.0 Lsow

Typically young, rapidly deposited and not deeply buried, e.g. many of the Tertiary shale’s of the North Sea and
Gulf of Mexico. This shale are soft, high water content, high clay content and low density.

Ll oS (8 ol ) Bae 0 5038 g e e ¢ S 8w il 5 Jledi b (Tertiary ) ka8 sla Jad ) kel aiile (ol s Lo 55 Lelad L
LG e Ol 008 8 O181R Gy ) @ ) e Ll gl

Contrary to Mondshine's classification these shales do not always contain high amounts of swelling clay and
those which are present can be smectites and/or mixed layer illite/smectites. Some deeper, older Class “A” shales
do exist; for example plastic kaolinite-rich Carboniferous fireclays encountered in the East Midlands oilfields in the
UK. Presumably there was no permeable avenue of escape for the trapped connate water.

Because of the variable clay mineralogy, these shales can range from highly swelling to no swelling.

o0 i 39 g 4S el 5 A 0358 0 ) e (sla a) D) GIA Jlae (511 4dnes W Jid Gl (Mondshing's ) (ibéad se (3 4ida GBIA
Class “A” 5 om 5 5 Guee b Jid ) omny 130 (illite/smectites ) cuiSesl/culi b dias sla 4¥ b 5 (Smectites ) b cuiSenl auil ¢
East ) ailue S5 gla s s B850 4S (Carboniferous ) csoiis Sl sla Gay 3l ead Se (Kaolinite ) (Sl il 8IS il
olid IS o g Cilay  Can) 455N D 5m g 00 s ) ed 1A ol 258 B e il asles 18 10510 e (LSS (Midlands
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Clay composition will be that which was transported into the basin (detrital minerals) since burial temperatures
rarely high enough to promote diagenesis.Because of rapid deposition of many of these sediments, they may be
poorly sorted and appreciably silty, resulting in permeability’s significantly greater than usually expected in shale.

4 oad iy gle)y sla Sl 4S5 ol S @l s 8 Jes (detrital minerals b b SIS) acasa 553 434S 2 @A S ey @ 5
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C. 4.0 Drilling problems in Class “A” Shales:
C.4.1 Hole closure o> Yo 4.1 ow

Frequent and often lengthy sections of tight hole when tripping out and on connections will take place. Time spent
working and reaming the string, which can become mechanically stuck if care not taken. Pumping out will
generally make trips easier.

G b alsl Juail (sleilay 53 5 oly z A 4 (tripping) (uban oly wise 52 oy (K ) Glish csla (i et 5 05l 8 Jad g s 0l L2 sy
b il 03 S LR (SelSa Gy gear (B (o 3 2l gie 4S g lin (5 W Alsl (550 (S IS 5 sla olan andl i (s) el i ea (L) L
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C.4.2 Hole enlargement o> gy S 4.2 (saw

Because these shale’s are soft and easily eroded, large washouts can develop which can make hole cleaning,
directional control and effective cement jobs difficult? If the washouts become severe, hole collapse is possible
and if the shale is dispersive, cuttings will break down in the mud causing an increase in viscosity. Excessive
dispersion will increase mud maintenance costs. If more competent formations are interbedded with the
shale’s, ledges may form to give problems while tripping, logging and running casing.

S S Olas 5 Caga JES colay 038 el 20155 (0 4S 23 e ) (S0 sl (Son gl e saye (Soby 530 5 b 8 G 0sn
23 (s ln Jle 05,0 1 o2 Bl 3 Gy DB ek R) 52502 asa s Dol Gl pa JSie Ol cdipd sinad e (Baj ol B ale JSa
b A a8 b gaijle &1 2 she (o lin Jm (512650 (sl 4 e Gl 38 el as ) G (BaiS) s b 550 O 8 Gl 81 Gy 5 0ad
(tripping ) dutay al&in o IS G ga 0y (o) A4S ) 5 JoSS (ledges ) W 4Bl cul (Saa aldly odal 3 A 4 & ey Wgladh

Agdiea (Casing) ol A gl 5 (logging) ssflasa

C.4.3 Sticky cuttings o> S oMiS 4.3 sw

The wet, often plastic nature of these shales give them the potential to cause problems such as bit balling, poor
hole cleaning, mud rings and blocked flow lines.

O (sl il cola AR Jaal sA e (2 (58 ke (SIS Caely 48 da e Ll 4y (il Lebad i Kl (Sl Canada Qe 5 e s
s e gl s ghoa b A8l 038 S sde 5 5l Jl

C.5.0 Class “B” SHALES: : v uoMS sl Jow

These are often just deeper-buried versions of the Class “A’shales but their different behavior merits placing them
in a different group. These types of shale’s are firm, moderate/high water content, high clay content.

As burial depth increases, water is squeezed out to form a more consolidated material. Temperature also
increases with depth and as it reaches 60-100°C (corresponding to depths of 2-3 km at normal geothermal
gradients) smectites gradually transform into non-swelling illites.However, since this transition is not abrupt, it is
common to find an appreciable amount of swell able mixed layered illite/smectite at depths to (and exceeding) 3
km. Therefore with depth, the Class “A’shales are gradually transformed into the firmer Class “B” formations and,
if smectite was present in the original sediment, this is slowly converted to mixed layer clays and ultimately illite.
There do, however, appear to be a number of exceptions to the smectite-to-illite transformation rule which means
that the occurrence of more of less pure smectite at depths greater than 2 km should not be ruled out. A typical
example is the smectite-rich Balder Clay formation, found extensively in the North Sea at depths in excess of 2.5 km.

O el 8 sl o s 8 5o Ledl cosliia (58 ) (sl e Ll 23l (e 23l 023 (3 (5 iy (has 52 4S “ATUDIS (sla Jid (sla i sal e L)
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C.6.0 Drilling problems in Class B shales are:
C.6.1 Hole closure ol> VAW >9dam0 6.1 (sow

Problems will be similar to Class “A” except that the increased hardness of the formation makes the shale less
prone to plastic flow.
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C.6.2 Hole enlargementol> G iauS 6.2 (sww

Reaction with WBM can soften the shale to the extent where it is easily washed out, although this can be limited
by use of the correct mud formulation. The shale’s may also be competent enough to swell and stress the
wellbore to the extent where cavings will be produced (rather than stress relief occurring by plastic flow into the
wellbore as with Class “A” shales). With the wrong mud system, instability can be observed even in shales with
low (<5%) amounts of swelling minerals.
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C.6.3 Bit balling aae v v 6.3 w

Severe bit balling can be experienced in this Class of shales and appears to depend on moisture content,
mineralogy, mud type, hydraulics and bit type. There are also suggestions that the ion exchange form of the
swelling minerals in the shale can have a large influence. Calcium shales seem much more prone to balling
than sodium-rich varieties.
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C.7.0 Class“C” Shale: : sww gwMS sl 7.0 sow

This shales are firm-hard, low/medium water content, high clay content. The hardness of these shales
combined with an appreciable swelling clay content make them prone to caving although hole closure (swelling
without caving) is not unknown. Drilling problems which can occur in Class “C” shales are:
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C.7.1 Hole closure ol> Vi d9dam0 7.1 (ouw

Problems are unlikely to be as severe as in Class “A” and “B”shales. Aggressive reaming and high tripping
speeds through tight regions may destabilise the wellbore and initiate caving.

ola (YL sla ey gl 0 S ALK ALl ) a5y ‘B SA” Adsal s Jad 2 4S DG A diiled 4S Gl ey OO ) 4 sad ()
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C.7.2 Cavings b gywj 7.2 saw
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Characteristic thin fragments with curved faces can be produced. These may generally remain hard and so can
be easily recognised at the shale shakers. Excessive cavings can make hole cleaning difficult and can, in the
extreme, result in the hole packing off. The subsequent hole enlargment can add to hole cleaning problems as
well as making logging, running casing and cementing difficult.

Cavings (and cuttings) from some Class “C” shales can soften and partially disperse in the mud enroute to the
surface, producing a degree of rounding which can make caving events difficult to detect at the shakers.
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C.7.3 Dispersion vaamwl 7.3 w

As already noted, some shale may disperse into the mud as cuttings soften although problems are unlikely to be
severe. Similarly, mud rings will be rare in these shales. Bit balling may occur but becomes less likely than with
Classes “A” and “B”.
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C.8.0 CLASS"D” SHALES: s> WS sl Juiw 8.0 sow

Shales in this category tend to contain predominantly illite or mixed illite/smectite. For example the Jurassic
Kimmeridge Clay in the North Sea and Cretaceous Pierre Shale from Utah, USA. This shale is hard, with
moderate water content and high clay content. Drilling problems will depend both on physical factors (stress,
pore pressure) and compositional variations such as the presence and concentration of smectite or swelling
mixed layer phases. With these more compacted-and usually older-shales, the fabric (arrangement of minerals
within the structure of the shale), and the development of cementitious minerals (carbonates, quartz over growths,
authigenic clay minerals) can exert a much greater influence on reactivity than in Class ‘A” and “B”shales.
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The high salinity of pore fluids within these rocks may contrast sharply with that of the mud filtrate: many
workers have argued that a high salinity contrast will cause the formation to take up water by osmotic processes
and that this can be a major cause of wellbore instability.
Drilling problems which can occur in Class “D” shale are:
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C.8.1 Cavings W ywju 8.1 vaw

These shales will produce characteristically hard, dry curved cavings which are only slightly-to-moderately
dispersive in any water based mud. Drilling problems include the formation of cuttings beds with the associated
risk of packing off and the production of large amounts of hole fill on trips. Hole enlargement which results from
extensive caving can make hole cleaning, directional control and cementing difficult.
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C.9.0 CLASS“E” SHALES: :sl jwMS sl Jw 9.0 sow

This shale’s are Brittle with low water content and low-to-high clay content. Class “E” shales are often
extremely hard and compacted. They are characteristic of deep, old shales or those which have been subjected
to extensive tectonic activity; the Colombian shale sare good examples of the latter. An example of the former
case may be the Jurassic shales which are interbedded with the reservoir sands in Stat oil's Sleipner field.

The shales tend to be illitic and contain no, or very little, swelling clays. They are rarely dispersive and fail by
caving and heaving into the wellbore, often several days after they have been drilled. It may be appropriate to
subdivide the brittle shales into those which contain communicating microfractures (either natural or
induced while drilling) and unfractured shales:

abain) diad b Lgil 208l e 03 38 5 i L Qe ‘BT (IS (sleld | AL e U aS (a6 g aS ol sl c0agy 358 Lgdudi 6 (il
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The reason for making this subdivision is that the failure mechanisms of the 2 types will be different and the
preventative approaches adopted in engineering the mud will be different.
Drilling problems which can occur in Class “E” shales are:
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C.9.1 Hole collapsesd 9.1 ol> Vsl pd

Small cavings similar to those seen in Class “D” shales can occur, but the mode of failure in these shales is more
typically a sudden and often catastrophic collapse which produces large blocky or angular shale pieces. These
events will generally occur without warning some time (hours or days) after the unstable zone has been drilled
and can quickly pick off the drill pipe. Hole cleaning, efficient cementing and logging and casing problems will be
common.
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Seption D: Shale-Water Interactions
vl g b UVl g ([29 1S iusu

Some wellbore failures in shales can be put down to purely mechanical origins such as high tectonic stresses or
over pressured formations. If geological and drilling conditions allow, these situations can be managed by using
an appropriately high mud weight.

L) DL ) sl jle b (tectonic ) SALS ) YL la (A aiile (Sl palld J pual 4 i) sise Lelid jo ol (50 jia SOISEL ) (aiany
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Where there are chemical (or linked chemical-mechanical) processes involved it is often not possible to give a
simple, clear reaction mechanism which explains the processes which take place in the wellbore. There is still
considerable debate on how shale’s react (particularly with water based muds) and no definitive, unifying theory
has been produced. What follows is a detailed discussion of the fundamental chemistry, based on BP Sunbury's
current understanding of the processed involved.
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D.1.0 How Does Water Get into Shale? 9o Jui 3,)lg ol aigS> 1.0 >

The simple and very obvious first step in the reaction between shale’s and WBM is that water penetrates
the rock once it is exposed during drilling. Although well sorted and compacted shale shows very low
permeabilities, water is able to invade promote the reactions which cause swelling, stress build-up and/or
softening.
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The classical argument for explaining how water moves from the mud into the shale is that osmosis occurs.

(Osmosis is the spontaneous movement of water from a low concentration salt solution to a more
concentrated one through a semi-permeable membrane).

This requires that the shale acts as a membrane through which water can pass but not anions or cations.
If the salt concentrations (or more correctly the water activities) of the mud aqueous phase and formation

fluids differ, water molecules will move from the low concentration regime to that with the higher
concentration until the water activities are balanced.
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Since shale pore fluids are often more saline than the drilling fluid, water is therefore drawn into the shale
and this can cause instability.
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The concept of osmosis has for many years, given rise to the suggested use of balanced activity muds (i.e. where
the activities of the mud aqueous phase and formation fluids are matched) which will prevent these reactions
taking place. It is still generally agreed that osmosis is a key mechanism in OBM, where laboratory experiments
have shown that shale can be made to swell or shrink simply by changing the activity of the emulsified brine
phase. Laboratory data obtained at Sunbury for Oxford Clay. With this clay, the pore fluid has a low salinity so
quite low concentrations of salt in the OBM are sufficient to cause clay shrinkage. Balanced activity is between 5
and 10 ppb calcium chloride.

ol Jln (15 (sla Cullad aSula aila) 230 Jalaie Ll Cullad 4S (5 jlea YL ) o0l Slgidiy 3L ) slell 513 (OSMOSIS) sl 5 p seda
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In WBM's it is now a widely-held view, however, that osmosis does not occur, for the following reasons:
P el G (gl S ) s g Jla g AS Gl ATE S ) g (i g ol8ad S (WBM'S) (ol Ay s s ¥ 2 (158

* Low salinity shales (such as Oxford Clay above) do not shrink even when contacted with highly saline fluids, e.g.
swellings still occur in 30 ppb NaCL or KCL.

Jlia (510 el 2 € 1B e LA CVa by (il 2 48 (8 i digd el 0S50 (Yl 0ad 3 Oxford Clay i) aS s sd b b Jud
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« Studies of water transport in shales carried out by AEA Technology in Dorset showed that diffusion rates are not
affected by salinity. This work also showed that anions indications diffuse through the shale at similar rates to
water molecules. If osmosis was occurring, these ions should be excluded from the shale and water diffusion
rates should be affected by salinity changes.

A< Gl oala LS (primas Jee o) 280 ad B (5 sd 8 Chat 3 s a0 4S Gl eala (LS 4S b sal Aail b dad pa Gl Jas ) ilallas
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isd il 5 s Dl s Jans 5 2l Ll

» Water diffusion and fluid penetration studies by Shell support the AEA work.
LGl 03 S Cules YU sy ) (Shell) dé @S s das g4 R bl Juw 3565 5 o s cilallas

* If osmosis was important in WBM's containing low concentrations of KCL should be more effective than high
concentrations for drilling shallow Tertiary shale’s (which tend to have low pore water salinity). Furthermore, too
high a KCL level should cause theses shales to shrink and hence possibly destabilize. No well documented
evidence exists to support this and, in fact, widespread industry experience shows that mud’s with salinities much
higher than those of the pore fluids are generally the more successful. If osmosis is not a valid mechanism for
WBM, how do shales hydrate in these cases? At least 3 processes can operate:
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D.1.1 Diffuse Ll 9 S92 1.1 S>

Water will diffuse between the shale and the mud and gradual mixing of the two fluids will therefore take place. If
the chemical composition and/or concentration of the two fluids are significantly different, shale reactions can
occur, resulting in a change in the physical properties of the rock. Diffusion rates for water in shale’s will depend
on the permeability. Rates impermeabilities for several shale’s have been measured by AEA Technology:

Ladidio Jhows 5o lale U 5 (olsand S 5 &) U1 aa) g (31681 e 50 (oo 3 daslae s 5 <l aml i LA (5 s Jlws 5 i G
Ll (ol sl o Wb o ol Ll il p3 25 (a0 (S5 Gl s 0 ki 4y pae (0 AS i) (31 1) 5 e Jad sl (RIS 5 ) sl
1l 025 5,8 o 1l AEA Technology s 55 Jud cnia (51 (215 55 U s ja 3510 (S

Shale Type Porosity Diffusion Rate Convection Rate (Water,300psi) Permeability
(%) (Water) x10710m?2s1 x10710m?2s1 (nanoDarcies)

London Clay 46.0 1.70 - -

Oxford Clay 35.0 1.90 10.0 500

Carboniferous 14.0 0.23 1.9 70

Shale

N. Sea Tertiary 29.0 1.25 3.4 99

(core, 8182")

N. Sea Tertiary 56.0 1.90 - 6,000

(core, 5709")

Kimmeridge 7.9 0.176 0.24 12

D.1.2 Convection (Differential Pressure) (Llixd OMW1) sl> 51,9 1.2 s>

For reasons of safety and wellbore stability, shales are drilled with a mud overbalance and this positive differential
pressure will force fluid into the shale. Increasing the mud overbalance will increase the rate of fluid invasion. The
rate at which fluid invades is also governed by the shale permeability.

JMad LEA) ¢l s (Mud overbalance) tisdsa ¢ da Jalad aa 5) i 039 @10 oM Jon b Lghad coly o s s )luly 9 Ayl SN 6
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Because of the very low permeability of the shale, invasion will be slow, compared with materials such as
sandstones. Therefore, it is unlikely that any significant mud filter cake will form, and any that does will be more
permeable than the shale itself and so will not reduce the rate of fluid loss.

e oS A8 a2y 1A 5 el iy 250 3053 AT Ol 53 (928 35 LS dule 4 (53 g L dnalie 3 ead (g 3585 20 Sl (25 Oy iy
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With OBM's, the oil phase will not invade water-wet shale because of capillary forces/wetting effects, and hence
the oil will not cause instability: This is used by Bol to explain the fundamental difference in performance between
OBM and WBM. He has calculated that an overbalance of at least 4,000 psi would be needed to force ail into
water wet shale.

O 5 eaS A0 Bl Lsad Gk (sl Jad 50 ¢ (Saisd 5l il use sl alsd sla s cilay (o 95 S8 ((OBM'S ) (5850 s s cilm b
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D.1.3 Suction and Expulsion of Fluid by Changes in Rock Stress

0 0 ikid 3> Wlyaasi U Juw gl 9 yinse 1.3 s>

As shales are drilled, the radial stress is reduced in the rock close to the wellbore (in cuttings the stress is
removed completely). This can cause shale to expand (dilate), making the rock under saturated with respect to
the pore fluid. In response to this whip the shale sucks water from the mud to reach its new equilibrium moisture
content: if the composition of the water drawn into the shale differs from that of the pore fluid, reactions
can occur.
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This effect can be very variable and will depend on the stress state of the rock: for instance in shallow, soft
uncemented shales which have high moisture content, where the weight of the overlying sediments is the
maximum stress, the rock may compact (the Poisson effect) rather than dilate. In this instance, pore fluid
will be expelled and/or the shale will plastically deform into the wellbore.

X Vh Csh ) AS 2 lasa a5 (3e8 oS glgld 3 Jla gl 1l (K o jdaa (I Cumaa s 4r s 28l e GLA 55 e il O
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D.2.0 What Does Water Do? SiS (sw ,8> ol 2.0 >

Once within the shale matrix, the invading mud filtrate may cause reactions which make the shale swell, soften
and/or disperse. The exact nature of the reactions and their severity depends on the characteristics of the shale,
the drilling conditions, and the chemical composition of the fluid. The consequences of fluid invasion can be
conveniently separated into mechanical and chemical effects:

Cuale 2 R a5 o 05 (B4 L 5 0 a8 Jad 03 S A4y saie 4 (eSS 5 ey Cal (San s la Jhan Gl Cilia o g (ol il (950 (a8
4 a2 e Jlows psad il 2l Jlw lasd QS S g s lia gla Cumaa g (i (pralialia) Ciliadidic 4 (S Ll b 5 s (815 G
s i (Shend 5 (Sl )

The purely mechanical effect can be dealt with in a straight forward way and has been described by Bol in terms
of a "pores pressure penetration” model:
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Any invading fluid, driven by a positive differential pressure (mud overbalance) will increase the pore pressure
within the matrix, even if no chemical reaction takes place between the rock and the filtrate. The result is
reduction in the effective stress on the shale which can, if sufficient, lead to failure. A more detailed discussion of
this effect is beyond the scope of these guidelines. Further information cane found in standard soil and rock
mechanics texts. The chemical and surface chemical processes that can take place are less well documented
and need further discussion. The reactions which occur will be very dependent upon the composition of the
invading fluid. It was seen above that ions such as potassium and chloride can readily diffuse into the shale, but
many of the larger species present (such as shale inhibiting polymers, fluid loss additives and viscosifers) are
likely to be too large to invade. A known exception is the recent class of glycol additives, which have a relatively
low molecular weight, are non- ionic, and as such can readily enter the shale.

In general, though, the invading fluid will mainly consist of water plus simple dissolved ions, so that the reactions
will be dominated by ion composition effects (salinity). The implications of this are discussed in some detail below.
Firstly, it is helpful to give two definitions:
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D.2.1 The Electrical Double Layer sSu,aSJl uligs Sd auV 2.1 >

These are diffuse layers of electrical charge which surround clay particles in an aqueous suspension. The layers
consist of counter ions (cations) which are attracted to the negatively charged clay surface. When two clay
particles approach one another close enough, the layers on each begin to interact and a repulsive force is set up.
The final separation distance of the particles is determined by a balance between this electrical double layer
repulsive force and the attractive forces which operate, namely the Van der Waals attraction.

When the suspending fluid has low salinity (for example distilled water), the electrical double layers extend a
considerable distance from the clay surface forcing the particles further apart. As the salinity increases, the layers
“collapse” is bringing the particles closer together.

i (g3 581S) (3 el sl (52 (5 sine s 43 358800 0 jualae (il (K251 (S 53 1) () 3 4S b (So 0 5)LE ) 038y (sl 43 L
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D.2.2 Cation Exchange ugwils Jsls 2.2 >

Most clay minerals (and in particular the swelling clays and micas) incorporate ion substitutions within the clay
structure (e.g. magnesium for aluminium or aluminium for silicon) which gives a permanent negative charge to the
clay minerals. This charge is balanced by cations which are absorbed by the clay but which can readily be
exchanged for others which are present in an aqueous solution in contact with the clay. For example, a sodium
smectite can be converted to the potassium form by contacting the clay with a strong KCL solution. The ion
exchange form of the clay will strongly influence its swelling and dispersion behavior.
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D.3.0 Salinity & Specific lon Effects ug) Logaxo Wiyl 9 )50 3.0 WS>

In undisturbed shale, all colloidal forces should be equilibrium. The average distance between clay particles will
be such that the electrical double layer repulsion is exactly balanced by the attractive forces between the
particles: Hence, there is no built-in swelling pressure. If the shale is invaded by a fluid of the same salinity
(assuming the ion composition and fluid pressure is the same as that of the pore fluid) there will be no change in
this energy balance and the shale will remain stable. If, however, the invading fluid has a lower salinity (higher
water activity) than the pore fluid, the pore fluid will be diluted, the electrical double layers around the clays will try
to expand and a swelling pressure will build up in the rock. If the swelling pressure is sufficient the shale will fail,
by plastic flow, dispersion or caving.

53 sla Y 4ndly (55 5 4S 30 8158 i e I3 G aliald 80 L33l ()55 0 Al (a5 51 (a5 o ol 53 ) 535 i sl Jud o
e (558 b oale st ol 81 210 asa s Sl asi s ) 3 e ) 11 o e Jalaie Sl 3 C 4ndla (sl 5 i da 55 s (S )
i L Jd 5 25 ) s (55,8 Jalad (il o (5 i Wl o (230 (e e Jls L 4ilie wle JLES 5 (50 S 3 4S 2 5ine i j3) 208 )8 sak 3 )50

5 S (s Y (13 1A (38 ke e el die e 31 (o Callad 1 VL) (5 S 55 5358 e s Jer &) Lxile aalsa il
Ol B g Jedieadly IS )5 asie JLad 81 2 aalsa dlao) o jdua ) () asie JLEE OS5 aiSe (5L G S8 4y (as Lgas ) Sl k)
A0 Gl A s Ca 3 i) b ol (Sl

If the invading fluid is more saline than the pore fluid, there is the potential for shale to shrink, although in reality
this shrinkage will be small in saline shales and may only give rise to hole problems if the salinity contrast is large:
for example if a "freshwater shale" is drilled with seawater mud containing substantial amounts of KCL. (No clear-
cut documented evidence exists for this type of failure). As well as being compressed by non-specific high salinity,
the electric double layers around clays are strongly influenced by the valency (charge) of the added cations:
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The Shultz-Hardy rule states that divalent cations (e.g. calcium and magnesium) are 4 times more effective at
collapsing double layers than monovalent ions such as sodium or potassium and that trivalentions (eg aluminum)
are 9 times as effective.

Put another way, equivalent effects are obtained from 0.1 molar (5.8 grams/litre) sodium chloride, 0.025 molar
(2.8 grams/litre) calcium chloride and 0.011 molar (1.5 grams/litre) aluminium chloride (aluminium salts are used
as flocculants in water treatment processes for this reason). This may explain why gypsum muds are effective at
preventing dispersion of some shales, particularly those with a low swelling clay content.The above view,
although supported by many workers, is somewhat simplistic.
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Unless both the activity and the chemical composition of the invading filtrate exactly matches that of the pore
fluid, ion exchange reactions will take place and the composition of the incoming fluid will alter as cations adsorb
on, and desorb from the mineral surfaces. Since different ions influence swelling to different degrees, swelling or
shrinkage can occur if cation exchange takes place, even when the salinities (or activities) of the fluids are
matched.
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Extensive laboratory work on cation exchange reactions with smectites shows that preferred up take of the
common cations are in the following order:

s 53 Cilatia (oled oS (8 K ) B Cuma ) 534S ) e (LS (Smectites ) W cuiand L 608 Jals gl GESI g aals a&a ol IS

Na < K < Cs < Mg <Ca< Al | cation uptake for smectites

This means that if a predominantly sodium shale is drilled with a mud containing calcium ions, calcium will
displace many of the sodium ions whereas if a calcium shale is drilled with a fluid containing sodium,
displacement of the calcium ions will not be so marked. (Again, this argument is too simplistic: If a high
concentration of sodium is present in the mud there is, in effect, an infinite supply of these ions and displacement
of much of the adsorbed calcium will occur simply because Na ions greatly out number Ca.)

These exchange reactions are much more important in shales which contain swelling clays than in those where
they are absent: in the latter case, the use of salinity alone is generally sufficient to give reasonable control. There
is some field evidence that suggests that the above order of cation exchange selectivity changes for mixed layer
illite/smectites which, being closer to micas in structure, have a stronger preference for potassium. The order
appears to become:
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Na< Mg <Ca< K cation uptake for illite/smectites

Na < K < Cs < Mg <Ca< Al
cation uptake for smectites W Sl (gl ol i K

These two exchange series show that ion exchange will occur unless the composition of the invading fluid exactly
matches that of the pore fluid. This concept of matching fluids gives rise to "balanced activity" muds which are
good in principle but impractical:

It is difficult to measure the real pore fluid composition which, in any case, can vary from shale to shale within a
wellbore.
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With regard to the swelling process itself, the actual swelling behaviour of most clays tends to follow the cation
exchange series of the mixed layered clays:
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Na >Ca>Mg > k>Cs > Al | clay swelling sequence G Sy s dulud

This series suggests that, if it is not possible to match the composition of the pore fluid precisely, the next best
approach is to ensure that any reaction that does occur converts the shale into a lower reactivity form .The
swelling series indicates that potassium, caesium, and aluminium ions will all reduce the swelling potential of
clays compared with the native Ca, Mg and Na states.The incorporation of these ions into muds will therefore
provide good levels of swelling inhibition.
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In reality, the choice is at present restricted to potassium since caesium is unavailable in a cost effective form and
the aqueous chemistry of aluminium ions is complex and difficult to control in a drilling fluid.

To add further difficulty to mud design it should also be appreciated that the composition of the invading fluid will
change as the invasion front moves into the shale. As an example, take a fresh water/KCL fluid moving into shale
containing sodium smectite:
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At the wellbore wall, very effective exchange of K for Na will take place and the reactivity of the rock will be
lowered substantially. However as it moves through the rock, the invading fluid becomes progressively depleted in
potassium and enriched in sodium such that the exchange reaction becomes less complete further into the shale
(and hence the reactivity of the shale remains higher). Since the invading front advances in plug flow, shale
further from the wellbore first sees this "depleted"” filtrate rather than a "clean" KCL fluid: Hence swelling can
occur.

Ultimately, as bulk filtrate rich in potassium gets to the reacted zone, it may be possible that potassium exchange
may "undo” some of the damage (although laboratory experiments suggest this is not usually the case) but by
that time the shale structure may already be sufficiently weakened to cause mechanical failure. This effect may
explain the time-delayed failure seen in some shales.
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There is little that can be done about this depletion other than to recognize its existence and that it will be most
acute in smectite-rich rock. The only practical solutions are to:
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a. Begin with a mud which has a high effective concentration of potassium (e.g. by running a fresh water rather
than seawater mud and/or by raising the level of potassium chloride). In this way, depletion of potassium below an
effective concentration may be delayed long enough that the section can be cased off before the on set of
problems.

Gl L 5 L0 ol Uo 3 ol L s in Jli S ) ealitis) b L i caiba) ol 51 1y sy 31 iVl Jise clale (S5 48 (o lin Jlm b 250 1)
Aage ) JBG NG (i o 4S 8K o) Al S 58 4yl (San ¢ Jise bl 1l dn ey 40135 o)y 0l 53 (21 iy
Y O T TPV

b. Avoid excessive mud weights - and hence reduce the rate of filtrate invasion. In summary, both the salinity
and ion composition of the mud aqueous phase must be considered when selecting an inhibitive WBM.
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Section E. How Different Mud Components Work
AiiS oo LS SHles> Jluw UeSUES WS, AgS> 1S unsw

Page 34 of 64 Prepared and translated by Kh. Karimi Version.1 Dated: Feb. 2016




Shale Formation 2016

E.1.0 Water Based Muds ol aly s,le> <Vlow 1.0 Sl

The current view is that the inhibition provided by water based muds will always fall short of that achievable with
oil based systems, simply because it does not appear possible to totally prevent the ingress of water, using
current technology. Nonetheless, steps can be taken to maximise inhibition levels in WBM's.

As already discussed, the salinity of the mud plays an important role, but, in addition, materials such as
polymers can be added to minimize filtrate invasion and/or to act as encapsulate to physically hold or
'glue’ the shale together. The function of different inhibiting chemicals and the rationale behind their use
is discussed below:
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E.1.1 Salts lgsoy 1.1 sl
a.Salinity <s)euw .«a//

As shown in the previous section, the addition of a sufficient amount of any salt to WBM will cause compression
of the electric double layers surrounding clay particles and will therefore reduce shale swelling and dispersion. In
non-swelling clays, where cation exchange is not a strong driving force, the use of a suitably saline fluid
should be sufficient to give reasonable shale inhibition. When swelling clays are present, it will be necessary to
add cations which will undergo selective ion exchange and thereby suppress swelling.

Several ions, including ammonium, potassium, cesium, calcium and aluminium, are effective. Potassium is the
most frequently used cation because of its effectiveness, low cost, availability and compatibility with other mud
additives.
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b. Potassium owwly. o

Potassium will contribute to inhibition (like any salt) because of the salinity it provides, but there are specific ion
effects (benefits) as discussed in previous section.The potassium ion is particularly effective at reducing both the
swelling and dispersion of shales. The precise way in which it functions is still not fully understood. One theory
relates to the size of the hydrated ion. Potassium may fit snugly into 'holes' in the clay structure, thereby reducing
the effective surface charge, whereas most other ions are too large to do this. Indeed, a correlation appears to
exist_between ion size and inhibition, which would account for the effectiveness of other small ions such as
ammonium and cesium which have a similar size to potassium. Other less well-established theories focus more
on hydration energies, and the effects of ion type on water structure within the clay matrix.
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E.1.2 Polymers W ouly 1.2 sl
a. Partially hydrolysed polyacrylamide (PHPA)l v &l wv 2Ji

PHPA is a common additive in inhibitive polymer mud systems. The most frequently used PHPA's have molecular
weights in the range 7 to 14 million and have approximately 30% of the acrylamide groups hydrolyzed to acrylic
acid. These properties are viewed as optimum following several laboratory evaluations of different materials.

The molecules are therefore large (if the polymer chain is fully extended it can be of the order of 10 microns long)
and anionic (negatively charged).
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In distilled water or dilute salt solutions the PHPA chains will be extended because the anionic groups in the
molecule will repel one another. A solution of 1 ppb of the polymer under these conditions will be viscous and will
often exhibit a characteristic "stringiness".
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As the salinity is raised, say by adding 30 ppb KCL, the charges on the anionic groups are screened from one
another and the mutual repulsions are reduced. In this situation the polymer forms loose coils and gives a much
less viscous solution. PHPA inhibits shales by adsorbing strongly on clay surfaces and edges. Because the
polymer is large in relation to the dimensions of most clay particles, it can bridge between several mineral grains
and reduce dispersion and erosion of the shale. Several studies have been carried out to understand the
inhibition mechanism:
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The agreement is that adsorption of PHPA is increased in the presence of salt and that adsorption occurs
both on the edges and flat faces of clay minerals. The presence of trace amounts of calcium may enhance
adsorption by forming “bridges" between the polymer and the clay surface: this has not been proven
conclusively and does not appear to be critical for the PHPA to provide inhibition.

Because the pore diameters in most shales are small (often considerably below 1 micron), PHPA will not
penetrate into the bulk but will only adsorb on the surfaces of cuttings and the wellbore.
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Several laboratory studies have shown that PHPA does not reduce swelling or softening of shale’s, most
probably because the loosely packed coils on the surface do not form ineffective barrier against the
migration of filtrate. The role of PHPA as an inhibitor therefore appears to be to form a slick surface
coating that reduces dispersion of cuttings and the erosion of the wellbore wall. This process is often
referred to as shale encapsulation.
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b.Xanthan Gum 8 vlulgS.u

Xanthan gum is added to many polymer muds to give the necessary shear-thinning rheology, and provide hole
cleaning. The molecules will adsorb on shale minerals but are not held as strongly as PHPA and their rigid rod-
like shape means that they are not very effective encapsulators. Xanthan will not reduce water uptake but
appears to make a positive, if small contribution to reducing dispersion.
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c.Cellulose Derivatives jMoluw Oliuiwiuo. O

PAC and CMC are sometimes claimed to be shale inhibitors although their main functions are to provide fluid loss
control and/or viscosity (the viscosity contribution depends on the molecular weight of the polymer).

Like the other polymers discussed here, they will adsorb on shale’s and will make a small contribution to reducing
dispersion (these polymers would be expected to be slightly more inhibitive than Xanthan Gum but significantly
less inhibitive than PHPA). Again, there is no evidence to suggest that PAC or CMC will slow the absorption of
water by the shale.
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On a cautionary note, low viscosity CMC can be mild clay dispersant (thinner), particularly in low salinity systems
when used in concentrations above about 4 ppb. There may, therefore, be the potential for high levels of CMC to
cause some instability in some shales although no definitive studies appear to have been carried out in this area.
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d.Starch dawliw.>

Starch forms a colloidal dispersion of microscopic particles in a mud rather than "dissolving" in the aqueous phase
like CMC, PAC etc. It is used for fluid loss control which it gives by blocking pores in permeable formations and
filter cakes. Starch gives no shale inhibition. While Xanthan Gum, CMC, PAC and starch do not provide significant
levels of inhibition in micro-porous shales, they become very important in shales that are either naturally fractured
or fracture during the drilling process.
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In these rocks the polymers are able to enter and seal off any microfractures, thereby limiting water ingress and
(presumably) preventing extensive propagation of the fractures. These additives will also be needed to give fluid
loss control in any adjacent sand or silt formations. With these points in mind, conventional fluid loss additives
should always be maintained at useful levels when drilling shale.
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e.Thinners ® oiiS (§49,.5

Thinners (for example, lignosulphonates, polyacrylates, styrene polymers, vinyl polymers etc.) are used to reduce
the viscosity of muds by deflocculating drill solids. While the use of thinners is important in controlling mud
properties and minimizing volumes, the possible impact of their use on shale inhibition must be born in mind:

If thinners can deflocculate clay drill solids, they also have the potential to disperse the shales which make up the
wellbore. These materials should only be added to inhibitive muds when absolutely necessary (and then only after
pilot testing) and alternative approaches, such as whole mud dilution, should be considered in preference.
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53538 Laial ) (la 31 aladl 51 aas lana i g s i Wil 40 Gllae aSile 3 L0 s (inhibitive ) ex ))aal5a (5 lia Ciliw 45 Jaid s 3 ga ol L2yl
A5 o sy i Ll (e 3 3,8 ) B S gy 0 o gl Jls ol g Jlw (38 ) S la el ai5d

E.1.3 Particulate Additives yog«a=xo >lgo 1.3 Sl
a. Gypsum &s.«a//

Gypsum (calcium sulphate) is slightly soluble and provides a low concentration of calcium ions in a cheap, easily
usable form. Gypsum dissolves quickly to give a saturated solution (500-1,000ppm calcium) and acts as a good
"store" of calcium ions: as calcium is taken up by the shale, more gypsum dissolves to maintain the
concentration in solution. This low concentration of calcium will provide a small amount of inhibition by keeping
the clay minerals in the shale flocculated and hence dispersion is reduced. Because of the flocculating power of
gypsum it improves the solids tolerance of muds and increases the efficiency of secondary solids removal
processes. This helps to reduce mud volumes when drilling dispersive shales. For this application gypsum can be
run as the sole "inhibiting" additive or in conjunction with KCL, seawater etc.

1 b a2 o a8 oali) (g eabi 5 (1300 RS 3 aandS (sl g ) (S e gl P S (calcium sulphate ) aens
il Jd Jas g5 S A4S ) ghailad 1 200 Jee ol (slei sy ) (53l aiile 5 355 e Ja (500-1,000ppm calcium) gladl Jslae S a5
sl SIS S 41U (inhibition ) (Sl (oS ke andS s Glle Gl 39d 0 da Jolaa 3 @B (el 5] 5 R0 aeana A9d 0
e 3 g 1) ol OV )0 Gladla Jasl o a5 5l 438] a8 il ans dlise (IS GESS) 5 55 Gl ) 5 35S e dlagl Jid 50 25350 o)
S sl dad ki gla) D3 sols Jlw la aas (2818 4SS dee Gyl L8 e (I 1) ladla (ol laa/ U (sla xul 8 45560 8330

238 el o e 5 L3 Gl el aaliy Lol jaa b 5 "inhibiting” saiiS (5 8 sla L Ol sie 40 231 58 e (e 43 anaps 4l 53 Cl (51 2 e

b. Limesal.v

Lime muds have been used extensively, and with some success, in areas such as the Gulf of Mexico but
have generally performed poorly elsewhere. The muds have a characteristic high pH (due to the lime) and are
commonly used in conjunction with lignite derivatives. The level of inhibition attainable with these muds is, at best,
only moderate and the inhibition mechanism are not clear, although two possibilities have been suggested:

Clalad 80 sl NS Jg 0ag o) b Ko iSa ald alile alala 3 a8 A Cold e b AS (0 o saliiu) 03 fiul &) guay SAT CN L
8 Gl b o) jad Y sana 5 28l (e (ST ) oaldind Ciley) YU ) (o (im0 505 405 (51 )0 4S (5 lia OV 45 Kyl 430 ABEIS A
ods yaida daih illa o yigr 50 esla AVl 43 K o) b (b s B (inhibition ) oSx 5k sdas ) 488 ) 8 saldind 3 5« (lignite)
i) o Kol i ) Sl ;o aa R (s adiiia (inhibition) (S les ailSa

« the high pH (about 12) of these systems will tend to inhibit clay dispersion.
P Kgvg) L;.mzl_} 0 ale Al 4 Jilad W absas cl (12 25s) VL ) (o

+ the lime may undergo a cementing reaction with the shale, particularly at temperatures above about 200°F. It is
reasonable to suppose that this reaction will strengthen the shale.

358 A4S il Jgina O 5 0K Jaai 1) 200°F  250a 5 55 YG s @pla o Lasead s dadl |y ol less GES) 5 Sy Cand (San S
ke Sl 1) Jed GES) 5 (ol 4S
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c.Gilsonite, asphalts and derivatives Ll O liixins 9 Lpid baw] «CawigunduS. &

Gilsonites and asphalts are used as fine powders which disperse into the mud. Some derivatives, such as Soltex,
also contain soluble components. These additives are assumed to provide inhibition by softening at down hole
temperatures, and plastering the wellbore wall to form a competent, water-impermeable layer. Their inhibitive

gualities are the subject of debate and the field performance of the products is variable.

2iile (lEifa oy ) o0 saliiul 3ipd e U3y IS (50 4S (5 W am O)sie 4 (Gilsonites and asphalts ) eilisd 5 b cu gulS
(inhibition ) Sk Q%A\J sla ee sla il a5 RIS o 5 L AS G 02l yia a'\}a O 28l e da JiE Gl 5 gl xiaea ((Soltex)
ads By 355 g sumge bl (iNDDItiVE ) G833 (sla Cui S e Dl ol 8 2 e 4Y (S S Caen |y ol o s (S e

Because of their particulate nature and the fact that they are deformable, it is likely that these materials will be
most effective in fractured shales where they should effectively seal microfractures. They would not be
expected to contribute greatly to inhibition in young, plastic shales such as the Tertiary North Sea
formations.

LS st Lo ASla I CISKE (5o i ) 3 s (ol AS 2L e s €2 sy JSE sk Ll 4S a5 3 g (ol Gl il iy
alile Sl 9 Ol s i (inhibition ) (Saislajl oo 3 Al A cudis UL G168 eal Wl 3 080 e G i ge S g2 I )
LS S 5l Jlad gb g3 s LSS sl ol

d.Bentonite Cuwigiiv.>

Bentonite clay (gel) is still added to some so-called inhibitive mud systems for rheology and fluid loss control. This
material will not inhibit shales (indeed it is the most active component of many reactive shales) and it should be
used sparingly-or preferably not at all. Any bentonite in the mud will react with inhibitors such as PHPA,
potassium, glycol or cationic polymer: this will reduce the amount of these additives available for true shale
inhibition and may change mud properties significantly.

sale (gl g8 (e adlial i Gla J S 5 (555015 () 255 (e e20li (iNhibitive ) o2 jlab sola VL aS e alun 4 50 (gel) S s
2™ 4 (s b ) 5 (RBle LS5 ols Jad yidin oxind SIS S 5 (i Jlad Ciiia 3 ) 250 380 555 i (inhibit ) o35S 5 8 5la

s el b SR iy PHPA 23l (inhibitors ) (2 o355 jlee b s olis Jlom )3 (st sa 23 80 saliial 3858 Laga 53 L 02 ealiiudl
Joms (el 8 Gl (San g B (o0 QIS | i (Adda (inhibition ) e ) 2525 s (Fag3dl ke Jae ()2 aaa (e Gl (€15 IS
SRS it Gud (o) aliadla B gad Ay ) s lda

E.1.4 New Mud Additives S,la> Jaw Ma> (5dd9,39]1 dlgo 1.4 i

The two major new mud types can be named: glycol muds and cationic muds.
W ol (oS g8 (g s VL 9 (A (5 s b 1) sie 1) aa (glis YL Dl Jlual diga 5

a. Glycols and glycerols g w S 9 JgS (sJS.

The use of glycols and glycerol WBM additives has had some credibility since about1990. There are several
glycol and glycerol species which give good shale inhibition when added to WBM at levels of 10% or less.

Glycols can be added to many conventional mud types to increase inhibition. They are most commonly added to
KCL/polymer muds although sodium chloride/glycol and gypsum/glycol muds have also been used successfully.
Gel/glycol combinations have been less effective and in general should be avoided. Not all glycols give equally
good shale inhibition and at present the industry is concentrating on ethylene glycol/propylene glycol (EO/PO)
copolymers and glycol ethers.

B 5 IS ) e e eyl po 23143300 1990 asaa ) Jlie) (s laie U (B 5 Ll sSI aiile o 4y (s la SVl sl (05580 ) ealiial
e dlag) 20 5 adlal (4l s Jlm 4 SRS L 5 da 0 03 laie 4 48aile ) | 253 G (inhibition) (Sailal 48 2l 25a s Js
Vs 4y yidin Y gere Ll 205 adlal (inhibition ) oS0k Gl 3 Cen G jlatie (o jlin iVl 31 3l (ola 4 sai 4p 231 55 e b JSOR
(sodium chloride/glycol ) JsSal/alS s (s lis Yl 53 Ginad 4n S il 02 03538 (KCL/polymer ) sed s/l aully aiile s jlis
s Gl 3 AL OIS 5l ea s Sise SieS(Gellglycol) S/ el i cail saa R saliinl il ge L (gypsum/glycol) JsSl/mus

Ol syl L) e (o yaddy (5.5 0 (5 a2l il Jlad 5 i 8 5 pa Ll (inhibition ) o sxi)a 3k b J S 4
AR s s g U 5 (EO/PO) JsSal

Page 39 of 64 Prepared and translated by Kh. Karimi Version.1 Dated: Feb. 2016



Shale Formation 2016

Compounds which contain a high percentage of propylene oxide are not as inhibitive although they appear to be
effective lubricants, anti bit balling additives and (possibly) pipe release agents. An earlier product (Hydrafluids
HF100) based on a mixture of glycerols has also been used to good effect but suffers certain disadvantages
including cost effectiveness, product variability and its effect on other mud properties.

Ols 48 iy (o by 4a £ s (inhibitive) & lee Jsere (siae aiius (propylene oxide) 2msS) cubs 51 (VL 2a )2 gl 48 TS 5
2 (Hydrafluids HF100 ) i Jsease S Gpines 3080 (o 4l ol 0a€ o) 51 Jal s Yhatia) 5 afa 0 (65 2 gla (35 38 ¢ figa (sl oS
i) (A sana (5L U ¢ iige sla 4 Jald iehae (sleil) ) Ll 3 g a2 saliiud (53 535 L (glycerols ) edsw B D) hslaa 4l
S e ks Jis el sd San g IR A 5 (0o

The shale inhibiting mechanisms of glycols are still not fully understood but the following points are known:
il o lalid (il S g ol 02 S50 SIS g Ll S K e (inhibiting) oS les sl ausiSa
* At the levels used (3 to 10% by volume of the mud liquid phase), glycols will not reduce the chemical activity of

the water phase to a level that can explain their performance in terms of osmosis (laboratory work shows that, in
common with other WBM, osmosis is not a credible mechanism for glycol muds).

i sl kel 311 Ll 3 Sae ol s 48 sam Ax |y ol 36 bians Callad Ld S (s aibe 56 51 cana 1m0 105 3) o soliiad sl 5l ae
S LR (5 i poatilSia 00 ()8 ot Ay 5 Jin il s by S AT 53 aS b 5 aBLA 1 IS) dape S wa -yl

* The molecules are small: typically molecular weights are a few hundred to a few thousand - compared with
PHPA which has a weight of the order of millions. The molecular dimensions are therefore too small to suggest
the glycols act as bridging polymers.

Gl 250 e 08 dia s aa v s 3l Oale 353 50 (S5 4S PHPA  Lasdie )0 (Js8de b g5 le 55 11l (o0 Sip S Led S50
LG e K38 by (Mibusa S o SN 51050 a) AS o aally Aiila ) gSIE AS 39 g AS) (51 9 J9SlE gl sla 0 310

» Their small size suggests that many of these molecules will be able to enter shale pores along with water and
salts. They therefore have the potential to form hydrogen bonds with clay surfaces (adsorption studies and
entropy considerations suggest they will do it in preference to water) and may therefore interfere with normal
shale hydration processes.

Shale hardening is observed with some glycols as evidenced from laboratory tests in Sunbury, this hardening
effect correlates with the high inhibition levels achievable and perhaps suggests exchange of some of the water in
the shale for glycol. However, the exact reason for hardening has not yet been established. The actual mode of
action may vary with the type of glycol:

O alawisd Ll ol il o Jah 3ili 3515 LeSai b 5 ol U ol et 48 353 ia) s ol Led oSl ol 31 50l ) e 4S aaua algidiy Lol (Sia oS o))
5 (283 e aladl | O o sl Wil 48 2K e W (entropy ) st Sllaadle 5 oadan il Glallda) 35512 1) ) sk b (5500 slaaly
A€ &l (hydration processes) dad 48l s Jsane ladil B 53 Sl (Saa ol i

L S 08 G i o) e sy K omaliia 5 diie SUNbUry 0 (ABEL] Gleind 248 shilas L SOR 51 any b Jidi 2 Gd
513 ohal e (s 35n ol |y S5 (51 a3 31 ik JolS 3l cand b s 043 (inhibition ) S350 b sV £ shau
L3S i J 55l ALy ol (5can G Rn (g il 05 Cull 354 (2

b.EO/PO Copolymers JoSuS udugw/JeSlS il S oubgS.w

This group is typified by a BP Chemicals product known as DCP 101. Similar materials can be sourced from other
manufacturers. Most mud service companies have a preferred supplier but many of the products are
interchangeable from a technical standpoint. Many of the EO/PO products have molecular weights in the range
500-5,000 and EO/PO ratios between 25/75 and 75/25.

b cS i iyl Koo Rl ) ) sie 4dbiie 3 ge Cad 025 4GS DCP 101 408 BP 350 2l 65 Jass 55 45 5 ) sl 43 4 o
Al e Adalae Qi 38 AT 510 pe i Lol 030 (e an 5 1) (5255 1S 433 S 5 jlia OVl lead
Adlne 75/25 5 25/75 0n EO/PO (sleiss 50352 500-500 253 2 (J58da (sl s 51,12 EO/PO 55 (s 5/ sS08 olil cll i i)
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EO/PO compounds show cloud point behavior in _agqueous solution; this means they are soluble at low
temperature but form an insoluble emulsion above a critical temperature (the cloud point). The cloud point is
affected by molecular weight (increasing the weight decreases cloud point), the proportion of PO in the polymer
(increasing the PO content decreases the cloud point) and salinity (high salinity decreases the cloud point). DCP
101 has a cloud point of 35°C (95°F) in a seawater/25ppb KCL solution.

Pha gy S yloa 0 Ll 48 il ina Gl Gl v oo i ) o Jslae 33 3 (5 ) Cunald (EOQ/PO ) J S il s »/d SO ()Ll S i
38 oa SN ST 5 il cant G (5 ) 4kl (0 (6l adall) widae JSE Sl ya Sl a Su YL 0 1 (Ma g g gal Ll s

1 p  pl 4k (PO) J S calis g 6 s a1 G 1) sy 50 (PO ) ISl by g s (303 (oo SIS |y (05 (5 ol alall 055 ) 38
I Jslae o 53 35°C (95°F) L ol y (b s il adai ) 51a DCP 101 (L33 (oo (SIS ) o 0 (5 ol adali YU (5 ) 65) 595 5 (e SaAS
235b o« (seawater/25ppb KCL solution) K awls 25pph Lol s b 5o

EO/PO materials have been run effectively in KCL, KCL/PHPA and gypsum WBM (the latter by Statoil). Typical
additive levels are 3 to 5% by volume at which the muds give excellent wellbore stability, hard cuttings, good
lubricity and low HTHP fluid loss. Solids tolerance is good and therefore mud volumes are minimized.
Observations on the laboratory and field performance of the muds are:

KCL, ) 3 e R 4y 8 51 (@) /RIS el IS iy 93 5 i 5e S s (EO/PO ) JsSa cialyg nfd 50 L) 31 9
e e ) i lds laie 43 Lgin s 381 ke i ((Statoil) Ji sl Jaw 55 (3 5a) ) sl 228 saliiul (KCL/PHPA and gypsum WBM
JJO#\EL._IGLALLQL)JBJJSJ@\‘51\_5';6‘)150\_5‘) gl e W oS Al Cely w.)\ﬁbl%b‘)éaﬂ\_j\)@&m\dﬂ)ﬁ@d)&;tﬁy\:\uoijjﬁglu&\
L 025 3 gdna (5l Jls sleana Gl il 5050 A Gilaala Ciaglia 3 pdue (HTHP fluid loss) Wb JLié 5 <l s as o

T ) ) geay g lia EVLw Pl Ghilal g ARG ST cilalia

« Shale recoveries are increased in the presence of KCL, although reasonable inhibition is obtained without.
Al oad Juala 38 0 50 (I8 QU (inhibition ) Sk 4 8 el (o 38 4 anlly ) sas 53 dad sl il
» 101 can reduce, but will not eliminate, shale swelling. Control of swelling is greater in some shales than others.
AL e Ay ) il W dad ) (a3 (e sle JUES A i gae (g a0 (alS ) Jad ad ) sl 2l 55 (e (101) dsanae
 Depletion rates are low compared with additives such as PHPA. An apparently conflicting observation is that
glycol is preferentially adsorbed on clays and will not displace water, even in aqueous solutions containing as little

as 3% glycol.

A8 Gl g a5 soal saliie Sy L 23L (e (il (PHPA ) ) (2! o 2iile W (a5 81 ) (ocans L adlia 5o (depletion ) 4aas sla o)) s
AL (0 %3 250 ISR (S a5 JalE 48 o leDla o i i s 1) ol yeadi s s e 555 e aea 5 ISR

* There is no clear evidence that inhibition depends on whether the glycol is dissolved or dispersed (i.e. below or
above its cloud point).

adats VL L () 9 )05 3 sm 5 Cansd s i Uy s il 0 o S0 4S5 )1 ) 4s Kiess (inhibition ) (o8a )ls 3l 48 2iS s 48 adidie oS e

(O a8 s

The above observations do not offer a clear inhibiting mechanism and further work is needed in this area. One
suggestion is that, in the localized high cation concentrations found adjacent to clay layers there is always
sufficient "salinity” to cause the glycol to cloud out. If this is the case it will displace water from the surface and
stabilize the shale. Because of the plugging effect of the glycol droplets, a form of fluid loss control could be
achieved which prevents deep penetration of filtrate or glycol into the bulk of the shale: this would help to
explain its effectiveness, the low depletion rate and the apparent unimportance of cloud point.

% S Gl O algidin S0 230 e )Y Adseca Gl 3 i IS 5 a0 i Aeid | (inhibiting ) SRl ) Gy prilSa YU Glaalia
R0 aa s 38 il alagl J5S B a8l (510 IS (59 disad Lol ca) la Y Cijslae 0 a2l il (5 028 S pae sS (5VL sl ulile
NS e pSaian |y Jid g o2 mhan ) Gl s Giely 23k o) e

43508 (5,50 40 ISR L s e 3688 ) (58 sl Caely 48 s (6508 S ) (e €)1y J SRl jhad 48 (6 Jlu 350 Cupald ey
WSGa )y G s ) bR A g aga s A 9 Gl (depletion) 4lid @) gse (o) @Il Gy 7 Ay SaS Gl 1258 Jeals i) gl 3 e Jad
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c.Glycol Ethers il SlglgsSulS. &

At present, the only commercially available, technically acceptable, non-toxic glycol ether is the BP Chemicals
product DCP208. Although DCP208 does show cloud point behaviour, the critical temperature is much higher
than with DCP101 and the glycol remains soluble over the full temperature and salt concentration ranges normally
experienced by polymer WBM.

BP ) hesd Jsane Cost O s e 5 s QB i ala) ) aS ¢ i 3 s ad (glycol ether )il JsSol L ¢ guals s o
pai b Al )3 O () Gl e a3 e (LIS ) (28 5l L, (DCP208) Jssass 4> X 2ilue (Chemicals product DCP208
oCad 025 43508 (5 ey (o Ay 5l s 50 Y gene 4S Sl sliie gla lale 5 JalS )l pa dnpn o o 5025 YL LS (DCP101)

Al oo b Pl &) gy

Although laboratory tests show 101 to be a better inhibitor than 208, field performance to date makes it hard to
differentiate between the two glycols. Laboratory and field observations are similar to 101 except that:

13 e 3 Sdee (58 1 I cadle DCP208 ) s i (inhibitor ) s238 jlea DCP10T sale 48 33 oo lis a8 ik )l sl Jlima 4x S
4SSl 8 AL 0 101 Al Slase g ARG T claalia il ISR o0 G 55k 48l aiale (S

» Good inhibition is only obtained when 208 is used in conjunction with KCL (cf.101). A typical formulation would
use 25 ppb KCL and 3-5% 208.

Jsash S O3 o 8 Juala 228 ealiind KCL (€f.101) 201 sl L o) jea DCP208 o3 453 68 J 5 4 (inhibition) (S 51254
A8 el 23l 8 e DCP208 o3k 2a 30 56 3 5 1 IS anliy 488 30 2y 25 5l 4dgad

» Shale invasion studies suggest that DCP208 are carried through the shale with the invading filtrate. (No parallel
studies with 101 have been carried out to see if at least a portion of the EO/PO polymer also invades the
formation).

223 50 aladl DCP101 edke L (5 ) 30 (allas) 35 (e 2 Jad 503 ) Bl 358 Ly ol jan DCP208 o3l 4S a8 algidy Jad (spaled Clalllas
(350 3585 333k )3 (EOQ/PO) JsSal ol s o/ J Sk bl jaally ) lend (S (iman 5 Jilan Ul 4S 2 53 s2aliie 48

The inhibition process with 208 is currently no better understood than that of DCP101 and it may be that a
common mechanism holds for both materials. However, the greater dependence of KCL and the greater mobility
of this lower molecular weight material are sufficient to suggest subtly different behavior of the two classes of
compounds.

Gl sle ailSe 5o 4S Gl (Sae O sl oadii 43S DCP101 s3k ) sigr waala a0 DCP208 sdke U (inhibition) ‘_gs.\j‘)hjl._n il i
D) eadin (o) e 5 Ol (SsSe (S5 ol eale Gl D) (AU (2 oS 5 208 sl 4 (Sl 5 o i (e Gl 43 ) G eake 2 2
Al e SIS LS 5 ) 4wy e b ) Gglata g8

d.Glycerol’s Jg uw sJS.>

The only commercially available glycerol-based shale inhibitor is Hydra fluids HF100, complex mixture of
glycerol’s, propylene glycols and salts. The product is a modified waste stream from a glycerin manufacturing
process.To provide inhibition equivalent to that obtained with 3-5% EO/PO or glycol ether normally requires
around 10% HF100, presumably because the active concentration of the glycerol’s is reduced by the presence of
salts and water (which sometimes make up 40- 50% of the fluid). HF100 has been used extensively by several
companies throughout the world and at this time is the "glycol" offered by International Drilling Fluids. The
material is effective but can have disadvantages:

4S 23lue Hydra fluids HF100 — 4isei «umalail 45 2 5a 5 (glycerol-based shale inhibitor ) des (s w4y oai€ (5 58 gla g
Ol K Jsane o 230G .« (salts ) b S 5 (propylene glycols ) ilis s cle J Sk «(glycerol’s ) b sl 5l sl smy L sl
Okl 3m 2 5 B3 LaSul b s (inhibition ) _Skes s 46 ) .23k o (glycerin ) gl Siniea dul 8 G ) sad 2 Sl saile

a8 i ol 5 e @ 45 2Bl (0 p3Y 10% HF100  253s 253 o Juals (glycol ether ) 53l IS L (EO/PO ) JsSal gl s 5/ S
(3530 oo 1 Jms 3 3m 3BOG A0 Bl ge (pumns 45) 3y e RIS 5 s K puimn 2 la Iy el b B (g 4S (o e
Glladl ( sls S 53 b i aS (glycol) ol OB Glay Cpl 2 5 o2 ealiil Glean il a2 S 8 (ptia Jans 55 5 02 518 & emy HF100

13 G gl (o)1 21 gE e Ll g o) odba c) L aud ond gid (5 lia VL
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« It is a highly alkaline material, often necessitating the use of a second additive (such as citric acid) to maintain
mud pH within specified limits.

sl oagana 0 (5 i s (pH )E\‘_ﬂ:um\.\gfqu@_; 1 Syl aiila 49 638 (535980 S ) saliiusl ade ) cadly o (LB Tuad (gl sale ()
_i\b)g s e‘)y ol addia

« Addition of 10% by volume of a liquid additive can cause supply, storage and handling difficulties, particularly in
remote locations.

2 K aali) ey sl ja Lagad (0 S gl 5l agd ) (S Ayl el il B (e e (S35 8 S0 ) (cana da p0 e (2 8

+ Addition of 10% HF100 can make subsequent hydration of polymers difficult and hence mud properties difficult
to control.

S0k G | ol Jos Galsa J S 55 Gl 51 5 35S JSdia ) W pally 49 585 ol G a2l 55 (e HF100 ) 2a 2 10 0208 4ill

« HF100 must be run in the presence of KCL. Without KCL the additive can promote rather than inhibit shale
dispersion.

280 a5 1) dad o0l (inhibit ) o )1a )b cslaw 23155 (oa (595 581 3 IS apuslly (5509 3 g o) 3y IS aply ) suias Ho b HF100

* On occasion, high concentrations of the additive have been found to promote bit and stabilizer balling.

(bit and stabilizer balling ) s jluly g 4% (05 (o8 zms i Cael 48 Cand oad Cdly Sa g8 51 VL sla culale ) saliiul ja (i gl any

S sy £

With the exception of the preferred use with KCL, these disadvantages are not observed with the EO/PO
copolymers or glycol ethers. No investigation of the inhibiting mechanism of HF100 has been published. Muds
containing HF100 have been used in several wells by BP.

ol 53 3l 558 5l UG UL EO/PO U5l s /0 55l i) (sla sl U <l () eaulS asniiy U o sl ol zmom 55 (5L 4
lals 5 slai )3 BP Lo HE100 (s sa 5 ia clu Cad s s 43 HF100 U (inhibiting ) 828 Jlea puslSco 1 idat 4 San
) sad salatul

e.Cationic Polymers (sSaigailsS S ,ouJU.>

The use of cationic (positively charged) polymers in drilling and completion fluids has-been discussed since the
early 1970's but their development into workable inhibitive mud systems did not occur until about 1990.

The principle behind the use of cationic polymers is simple and sound: The edges and faces of clay minerals
carry negative charges at the pH values found in drilling muds. Under these conditions, cationic species will be
much more strongly adsorbed and held on the surface than anionic: Therefore, if adsorption of polymers
promotes inhibition, cationic should be much more effective than anionic. Early attempts to formulate cationic
moods used surfactant molecules. The resulting muds were not particularly inhibitive, tended to foam and, in
general had an unacceptably high environmental impact. Later developments-involving the use of low molecular
weight polyamines, DADMAC (DiAllyIDiMethylAmmoniumChloride) or cationic poly acrylamides-gave more
effective mud systems:

WJJ@TW}S&} Gl oagr Cimr 3590 1970 4l sledl ) M}d)&;@‘){\:\u BN (Q.\ia BB LS‘J‘J) S s0S sl )A:JL_:' ) saldiu
(cationic polymers ) SwisiS sla el 5 ealiinl o uliy Jale 33 &5 1990 sledlw 2508 G 1 a) Qi (inhibitive ) s s2ia3b dbw sla
Qﬁ\ BN _Qu\aﬁ&éh’d‘)uail\)!l:\ujjﬁ),ﬁudu (pH) E\wjjkﬁ.udus leMLJA\AL;M\JLSu @SC}LMJLAM; :Q\M\U&}aé\.u
(inhibition ) (Sa3ladk W sady cda 81 el i ad dialsa Jlal 5 ds o (55 s lonss LSl 4 i b (S il g5l cla G g

Jlad mhas sled s 5a ) (S 1S (slaliamd (3 S alge b () adl la (R3S 250 Jige W Sl 1 jida (A 2l S silS cdiaaie Gl 81

O S S0 g el il S ala) 4y Jias il 23515 (inhibitive ) s )1l la seadie a2l Juala (5 jlia Yl 00 siliiul (surfactant)

DADMAC «b A58k 035 L (polyamines ) sleisel sy 5l oaliia) U8 8 - ) (sla < iy 43dly Jsd JiB e e G oYU
Wae) ) 555 fige s oba Juw sl aluns -3 92318 (acrylamides poly ) sbaw¥) ST Jda b (DiAllylDiMethylAmmoniumChiloride)
| aAJS
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f.Polyamines @ (ol .,

These are small (molecular weights 5,000-500,000), water soluble molecules which carry a high permanent
positive charge provided by quarternised amine groups. In laboratory and field use (eg Anchor Drilling Fluids'
"Ancoquat" mud system) these are found to be very good shale inhibitors, reducing swelling and dispersion.

The polyamines are compatible with any common anionic mud additives provided the salinity of the mud is kept
high (in excess of seawater + 20ppb KCL is recommended). Although technically successful, these muds become
expensive to run in regions of very reactive shales because of the very high depletion rates of the polyamines.
This depletion is unavoidable since it is a consequence of the inhibiting mechanism.

The polyamine molecules adsorb very strongly on shale minerals by displacing the exchangeable cations on the
clays and they are therefore particularly reactive towards smectites and illite/smectites which have the highest
cation exchange capacities.Once exchanged onto the clays, the polyamine cannot be displaced and will bind
adjacent layers together. This explains the high depletion rates, the good control of swelling and the "permanent”
inhibition which is retained even if the cationic mud is subsequently replaced by fresh water.

Because of their high charge, polyamines are very effective flocculants but the molecules are too small to act as
bridging polymers in the same way as PHPA. Polyamine muds therefore tend to have excellent solids tolerance.
The high cost of these systems - compared with the glycols which give better inhibition - and concerns over the
environmental impact of mud discharge has meant that these muds have not become widely used.

Sl el sleas 8 b i aS Hlaly Sl e 33 S 48 i 2 J3a (5,000-500,000  sSde sla 0 5) SasS sled sSda Ll
ks YL &S 5l "Ancoquat” TN ETPR T Aila) (Sl (5 odldiul J&ile ) o 2K e e |l o2l ~2)_% (quarternised)
o4 L (polyamines) il b 2mdh e gadeandly 5 a8 edian (EalS (Jad o sa b (inhibitors ) el s jla 3l el 48 2l oa y (o (LSS
20ppb KCL + L3 G S adlial o gdhe ) i) Jla oy Jlis Jla sYL (5 55 0208 aa) 84S (5 Jlia Jun (Jgana (St gl (335 81 43 sa

Q\;JJL”_A:A.JJ\JJ_,;J \Juﬁ\;)@d@d@@&,ﬂ).ﬁt@i ) saldil ¢l bd_yéﬂ_y\‘fﬂ.bb.“)‘ _\.\“A‘)A(_g‘)uak”_lyg-mu;\‘ (L"_\.m\ a..\.&JLg_ui:u
(inhibiting ) Sl 3k awsilSa 31 ) 4t 4S 8 5 (depletion ) sy 4das o) adlue o) S el b (depletion ) e 4las YU b

Cia Jad sl (S mh 59 palad S AL e a e 5 Jals QB sla (S 08 e b el (s led s sa L canal Al i) cadlae

Nl e ol b ana cp VL AS (fllite/smectites ) LiSeul/cull 5 (smectites ) W uiSand (o jlay L gad Ll Gal jlis 5 3 e

alad (VL e Gl 380 laaa o 1) o ot sla 40V 5 258 Lagls ) giad Gl Ly condialadl s () 50 p Jali a8 (e S e (S
haay S silS s lia J e K1 s ez L8 ) ("permanent” inhibition ) Db (Sl sk s ol s s IS ((depletion) g
2ile 48t 1) 8a sS LLa Lol Ll oS ge Lol it (555 s a5l 025 4521 La el Ly el (6L 3L Caley 80 00 Lala o) il o

S A e JSaR L alie 50 - L i ol (YL e 35S Jae aw alail PHPA o3l 48 5 )S aiile (bridging ) St ds sls sedly
G s (5 s DVl ol 48 Gl nala | (el Can  Jaima o (s )lis Jlo 4085 580 555 4 S L 5 -daae diai | s (inhibition)
) sadi saldiul AJJLS

d.DADMAC sw.l.pl.c53.1.c55.

DiAllyl DiMethyl Ammonium Chloride is used as the cationic inhibitor in Baroid's cationic mud system (Cat-1). The
product has some advantages over the polyamines- most notably lower depletion rates and lower aquatic toxicity-
but it is not such a good shale inhibitor. The inhibition mechanism is similar to that of polyamines although the

DADMAC cation is less strongly bound to clays.

sk S8 b (S eilS s Jw U3 (cationic inhibitor ) (S sSlS o35S Jlea o) sixs (DiAllyl DiMethyl Ammonium Chloride) 3.
Qi gy Jalas Og:\tio“}:u\ Sl e i QB &) pay -0y e su (polyamines ) Leiaal ‘_,,_\3 43 i sala ) ol 02 salitul (Cat-1)

= el sl 4d O (inhibition ) Sk melSe s 58 o3 a3l (g -a8lae ol 03 S cew Ol 33 (252 0 5 (depletion)
258 on laia i Ca b () 4 G 8S DADMAC 43 R il

e.Cationic PHPA wSvadl5/ v &l ey

Cationic poly acrylamindes have been added to some mud systems either as a direct replacement for the usual
anionic variety or in combination with polyamine. The cationic PHPAs have a similarly high molecular weight
as their conventional counterparts and are therefore not thought to penetrate shale pores.

Because of their positively charged functional groups they are presumed to adsorb more strongly on the wellbore
and cuttings than anionic PHPA and therefore to be better encapsulators. In practice, there appears to be little
advantage in using the cationic polymer. Like the other cationic polymers, PHPA is compatible with most common
mud additives provided the agueous phase salinity is kept high.
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St sl (51 aine 0 Bl S e o) 53 (5l Sl 5B A ) (ans 40 ( Cationic poly acrylamindes ) SaisilS sy ) L
0J8 6N 3 Jgara salian diile Soi 0l (PHPAS) s ) (3 &) (3 -2 02 oaliind (polyamine ) osel b b S5 50 b g sile Jgena sla
LIS 3085 Jud sladhia 2 AS 3 gdiad ) guald (il by g 2ldlue YU S eSta

s (sla 038 5oly ol 50 (55 42 Sisl PHPA 4 G (5 ik 8 L gl 4S a0l (mgd 253 e 505 3 See ey L 05 S )
A1 2ga sy (oaS Ad jea (S pilS jadly ) ealdiu) 2 4S s jae e ag cdae 213l e s i (ENcapsUlators ) sla S Cible Gul il s edmes
AL e & Sl e a8 VL 1) o 3l o5 4S (ks s Jsene sl (35380 i b e 800 (S 5S (sla ey 2ile (PHPA) | (2 @) 2

E.1.4 Oil Based Muds we9) Wl S)la> VLW 1.0 sl

OBM is widely recognised as the most inhibitive mud type and if run correctly, chemical instability can be
prevented (but mechanical problems due to incorrect mud weight or tectonic stress can still occur).

Inhibition by OBM is probably provided as follows: A semi-permeable surfactant membrane will form at the
emulsion droplet/oil interface - this is the adsorbed layer of surfactant (emulsifier) which prevents droplet
coaslescence and confers stability to the emulsion. Work at Sunbury has shown that a semi-permeable
membrane also forms on the shale surface itself, and this is again believed to consist of adsorbed surfactant.

These membranes allow the movement of water (but not ions) between the droplets and the shale; ie osmosis
can occur. The direction of flow is determined by the salinity balance, with water flowing from the low to the high
salt environment in an attempt to equalize the salinities. In effect, water will only enter the shale if the salinity of
the OBM brine phase is lower than that of the pore fluid in the shale. Therefore, provided the calcium chloride
content of the emulsified brine is kept high enough in field muds, shales will remain stable. Soft cuttings will
indicate that the brine concentration should be increased (or possibly that more surfactant is needed to improve
the membrane quality).

o O b ealdiu) maaia Hlay R 5 2] ead 45l (inhibitive ) s3S e (s lis i 4dsad (i Ol sie 4 (OBM ) (550 4k sl b
Sk ( Bl (3L ) glaa Seia ARUE (e (A b Jh (g Dby Sl adda W) 28 8 la basd 5l ) ol s
A (surfactant ) Jud pas sale (51 5) i da slie S i 398 o Juala ) Alilas YWdia) (OBM ) (A 50 44 s s Jow b ss (Inhibition)
st sa) Jlad mhavs oale ) sad ida 4Y (- Ko ol 3 JSE (emulsion droplet/oil interface ) of s <S yide glas/() sed sal <) L
AiSaa Uae ) o s el 43 1) 5 laly 50058 (58 gla ol Hhad (iDLl ) 4S caul emulsifier/surfactant

AS 2sdne b obisd Gl 5 e sdine QSIS 3 dad 0 e (55 e )l e el SO Gaimad 4S Cal 2 U (Sunbury ) s o 2 U
sl 5o ) s emase Jud 5 Gkl 1) (L 40 5) o (alaala o Jla) lalde ool L adlie ol s (surfactant ) Juad has edle ) JSiiia
Dol le)ph (S el a8 illad py 5 o 4 Stal oS Jame Sl L Ly b el ond it (5 ) o8 Jalati o 65 b s Chgn w0 il s
eCol s 3o S g s Jpd Ml )0 4S Al mle O D) S s i 9 6 s Jl (S Ol 8 65848 3 pdne a0 )y (e ) e ol a0

i W oS gl ALEN o8 Sl Lelid U o gl 4%t K WL AS a8 by lae (6 s L )3 028 (S saal el Siat ol )3 )18 annlS il ine
(25 5L slie S are 5 o) s yihn (surfactant ) Jlad zha oale 4S A5 L) A (Al 581 3L et f culale 4€ il o2ty (LS

It is, in theory, possible to destabilize shales by having the brine phase too concentrated and hence cause dehydration of the
formation. As in many wellbore problems, anecdotal field evidence of this problem exists but there are no well documented
examples. As noted, the osmotic effect can be demonstrated with OBM in the laboratory where shales can be made to expand
when the brine phase has a low salt content and shrink when the concentration is increased.These effects are likely to be
influenced by mud overbalance, and by shale permeability and degree of consolidation. As yet, these aspects are not well
understood. In addition to the osmotic effects which give such good shale stability, the oil phase it self prevents ingress of
fluid into the shale as discussed previously.One further point to note is the role of osmosis when oil based muds having
differing salinities are mixed. Water transport will occur between the droplets to equalise the salinities. This is a desirable effect
as it leads to a homogeneous system, but it will tend to make the more saline droplets larger and the less saline ones smaller.
Extreme differences in salinity could lead to catastrophic de-stabilisation of the emulsion, and re-shearing (re-emulsification) of
the mud would be required.

(dehydration)  cad SEa e 55 0ol ) 52000 sm 5l Jad (53,8 Il (8l o2k ela) sy Sl i 5l (s 48 ol O (5558 50
4 a5 Kilaa 0 g g (saiad ) ) el atien (lellia (g Cunl 3 ga o JSha ) lase 28l s 5 GG ola o jia COSCI b aiile 368 2 L
Gl )y Si Gl as By s Jad 4Sla 25 0012 (il o8l )] 52 (OBM ) (o 5 4y (s obis Jams L 20155 e (gl 3 1 caio il
s Bt 5 Jolaial 5 i Jlac o5 gl ) gyl 353 oS 5y 355 0313 (f0lS CAle ASbe ) 5 3 58 Jacuia 351 5 a3 CSad ) S
A1) s 5 sl i AS ()5 0 oDl 51 e (S50 i s s Adia (il o0y sSE 8L S Ciad (5 a4 5 s 3 /)1 sl
S el A s e aS ) i ABG Al o nS sl s 8 iy B AS A3 gLaR Jpdi JAN3 4y Jlma 29, ) OBAA R 9y B e ad
ety 098 o a5k o o s 4 L 50 000l e Gl 538 (RIS Uy 36 55 Vi 48 a3 ¢ 5 ol (il 5 (53
S8SS 5 yipsd ik gidle K5 4p Jilad O L e gdine a0 e s (S Cransy 4l Cal asllan LG el (2 al A 5

re-) OIS o Jlsd dae 5 258 O sl el 3 (5L Axald 4y saie ) shaa (5 )5 2 0a il (gla il | i S oS <l had ikl
b Gl B o il g 5 Js (re-emulsification) sbiss ossd 5! 5 (Shearing
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__Section F: Mud Selection and Planning
Ol Sy, Aol g S)la> Jbuw bl 101 s

The preceding sections of these guidelines have discussed reactions between shales and water based muds by
considering how mud filtrates interact with different clays and how different mud components can influence these
reactions.

G G s ts Jhm ls Clila 4 Bs 4S8 4 00 S 458 L 1) (ol 4y (s olis VL 5 Ll (o (sla (IS5 Lad e () Oy (s\gand
)02y g |y X I B Ly (S5 oy 28 gie (s ola Jlaw Calide IS 54 Sa g aiiSae (S5 Cilida

Attempts were also made earlier to loosely categorise shale types in terms of how they are likely to react and the
nature of the drilling problems that will be caused by these reactions.

S Carpada 5 il (35 Jlaiad 45 Ka Ll A8 a1y Jed (sl 439 (33 S (g dlinda Ly i U o) a8 K ) gum gl oS DU (i
A el cad 8] Cunns LediS)  (pl Jans 55 4S (5 léa

This section brings these issues together to consider the implications for planning a well where reactive shales
are known, or expected, to be present. Emphasis is on the procedures which should be followed, including the
experimental methods used to screen mud systems.

J}@ﬁ)})@)@\gsﬁ\aﬂ&m 1) &S\}d%ﬁﬁ@h)&blédﬂ@\)k6\}@@\“&;}4@@‘)Q&}m‘,aug\uia;.lug\
ot Jlos sla s 938 e 348 o ad gl (i) Jie sl JLio Al a8 Gl (b (i) 590 o ISl DS e e o ] 20EL 43l
) pad salatl
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F.1.0 Steps in the Planning Process (s>l,b olzil 3l)8 55 (suld 018 1.0 Gl

The steps which can be taken when planning a well which will encounter reactive shales are given below.
Attempts have been made to put the activities in a logical sequence, although not all the steps may be needed:
this will depend on the severity of anticipated shale problems and the level of experience and confidence which
exists, perhaps due to offset well information.

Cullad 0318 5l ol (RIS i adsd gl el 53 38 g ol sk dalse Jlad (sl Jadi L (s jlin A0a 0 4S sl (S al o () Al 48 g
2l a3 ) se e a3 dad Cod (Sean 4a K anl ol 438 S alad) ilaie gy (5 ) S 50 W
3 301 230 glaa sl 3) Jala e Sl ey 4l 48 linakal 5 4 saT ey Judi ead i G S i 4 (K oyl

F.1.1 Define the objectives of the well ol> ;1 iluedlg 2w 1.1 I

The objectives may have a strong influence on the guality of the shale control needed. For example:

* A certain amount of wellbore instability may be acceptable in vertical exploration or appraisal wells, provided the
respective sections can be drilled reasonably quickly and cased successfully.

Uald sleiand aSy) b b 4y adly J o8 Q8 a5 (b ola b () 4xn 5 (53 gme sleals )0 48 Gl (San ola o jia (Il 1 Jiadaa () e SO
S S ) g by g 0adi (5 )lda s 5 55 o Lihaiae

« Highly deviated wells will, in general, present greater challenges because of the tendency for these wellbores to
be less mechanically stable (this will require a higher mud weight which may, in itself, promote chemical shale
problems and the fact that a longer shale section will be exposed for a greater length of time than in a
corresponding vertical well.

) 200 w3Y 1y s i o lae 1 eyl |y 2idly L L i SilSa A ) A8l 40 W o ia ol 48 Ll ey oYL Gyl b sla ols S0
Gl ol dish Caand S @550 5 20 (i 31 el (laapd DOSUIe (B9 53 ol et ol (Saa 4SSl a5 ) 553 05 b ol Jlw g a5
(s sa Il a0 5ee ola SO L Alie )3 (6 i Gle ) Dide

Severe tight hole will cause delays which are costly and which increase the change of further problems occurring.
Efficient hole cleaning is more difficult in high angle holes and extensive cavings can quickly lead to packing off.
Hole enlargement - whether from cavings or shale dispersion - can make accurate directional control difficult and,
particularly if ledges of harder material remain, can cause logging and casing problems.

Hole enlargement will also add to any existing hole cleaning difficulties and may also result in poor cement jobs
which will have long term implications in production wells if zonal isolation is compromised.

63‘6})&;\;\0_\%JJU‘_\“)&:\.&SL)Z:\\}\kh_lsl.g}d}:\-\h\)i):\ﬁ:l‘}hmd&‘dd;&yduﬁu&cb(tight h0|e)a§o)§;_\g_\¢i‘_‘sd}ﬁ€.@g
22 R sla g m (PACKING OFf ) 8ol ot Ciely 5 sizm e sl 5 ol IS0 S WU gl L csleala 3ol 03 S i o2 e 2 5e
)§|L.4y4';‘JJ'L.‘J)UJJS_.;ALUu«;ua}'dﬁaM\,ﬁga-muw(dispersion)émub(cavings)L@_;}Jj\a\}s-ahdéﬂﬁaui
aa)sd)\q;dudjlumbjdjﬁjqwuuﬂsJa@d&umg_\:b.m\ysummdbff«_\ﬂa\}njl(ledges)‘;\uujls
gL@_).\SJJJA\U\ASAAJS@AMGJ\S;MMC_\MM\ui.‘u}&uM\Puh.a\a\AuJJS)wJJAPJAuMMaBUMJJSJ} U;“%‘“'“
813 a1 A 25L sl 4allas (zonal isolation) o) 4ikie (s ke laa )3 S sad 55 sleala 53 ) (S )0

* Down-sized and slim hole wells; it is important to control shale stability in these wells where annular clearances
may be reduced, and hence where any hole closure or collapse may have more immediate and/or extreme
conseqguences.

An additional concern may be the lack of contingency strings in the event of severe hole problems which
necessitate casing to be set early.

Mol 4Sala 53 5 o ) a8 S ul GELS Caud (San la o 31 a5l Leala (50 b (5l 4S ol (F ae S b 5 Ll oS sleala
AL A3 ) o) e il Uy 5 o5 L gl 4S Cad (See 230 Sl o L

s el jiag) s laa sl Al AS i) oY A8 Al ela 2l CMSEe g s ey 3 ) kbl sla Al gl 3 saeS il (San Ll ) KG SG

Page 47 of 64 Prepared and translated by Kh. Karimi Version.1 Dated: Feb. 2016




Shale Formation 2016

F.1.2 Collect and Analyse Offset Data ,9lxo S 031> Julxi 9 S,9] go>1.2 I

This is potentially the most valuable information. Written records such as drilling recaps and mud reports are a
good source of information provided they are factually accurate; often important events are reported only in a
cursory way or not at all. Discussions with people actively involved with offset wells - even if the information is
sometimes unreliable — are extremely valuable:

Impression can be of more use than bland statements made in a daily report: these discussions need to take
place with company employees, contractors and other oil companies if possible. Important data include:

el ) gasd aie golia Jow il R 5 s lis Glilee e L) R e s Cul slaa S ) L2380 e o 58l cile Sl (i3, bl o)
AS a8 L @ystie it eads (i) K5 L g ead (i R a0y il ) gy A4S age L) alel 1y g aidline J 58 Q8 Ladl 5 L 4S ATl o0 aal
AL (e el )l b Culed (2 2l Aldie) QB Ll e SUal @l g ) (emmy 81 s 3 ed g 5850 Jslae sledla L ise <oy
bdm\f)‘ﬂul&.n\ﬁjy)aa;\_mu:\\ J‘);\g‘)\‘);bdm.m‘AJ_,.A)ﬁ&)@u\@\)})gﬂ)‘)ﬁdﬂ)éd@}uﬁaﬁ)‘MJ‘AJ‘_,SGA 44‘);:\_553..3\
1AL a3 ) ga Ol Jaldi aga sl bl 5,8 alail la Sy Ay 5 o) JSUlay (S (S S

* Muds used in previous wells.

L8 sla ola 50 ol ealdind (5 jlis VL

* The shale-related drilling problems.
el Ladasl ) )2 g lis S

* Any clear reasons why the problems occurred (e.g. mud weight, composition etc). Any problems unrelated to
mud formulation (e.g. poor tripping practices, poor hole cleaning).

d@adﬁ‘)uu‘),\d\.gd\suj&h)&_(cﬁ;&@iﬁsgjﬁadguojjﬁu)ﬁi:mdﬁg B} aJ\JC‘)Qm‘S\\ )%ASASN\JL};YJM;JA
_(bl%%'add)sﬁ‘@w;\bl%wc_\w_\:\SLA)J)AZGA}L):I‘)AG‘)L:\A

*Any corrective actions which were attempted. This should include successful and unsuccessful actions.
8L (3854l 5 (3850 (5L Jald Al o) il 008 O alail ) a 4S adlal sl ES 4K
* Actions which, with hind sight, should have been taken but were not?
sl o alai) Lal 25 03 5 43 K el e il Sl L S e (S

F.1.3 Obtain and Characterise Shale Samples Ja S® aigoi waogi 9 jl>1 1.3 Wl

A good characterisation of the problem shale horizons may have been obtained as part of 5.2. If not, and samples
from offset wells are available, this will provide additional valuable information and will be an aid in mud selection.

Cuttings or side wall core (SWC) can be used for X-ray diffraction analysis (XRD) to give an indication of the
mineralogy of the shale (although XRD is only a semi-quantitive technique and therefore can only be a guide to
shale composition).This information can be used in conjunction with offset drilling data to classify the shale type.

Cuttings and SWC should be used in laboratory inhibition tests only if they are well preserved and not altered by
exposure to mud:

O 3l a2 gn ga glae 0 (5 lin (sl ala D) (b Aigai i K 5 aBherel G 43 5.2 Ay aiile Caul (S Jad SO ) (Al

2 3l ) 2l 53w (side wall core -SWC ) ela uila o ke Lila o€ 55 aial & (5 lis Jhw QAT )3 (S 50355 (25 b e DUl
Semi- ) S 4asi sl (8 Solaid XRD 43 K) 25 ealiind Jad (oulid SIS ) ) il a5l sy s (XRD) (X-ray diffraction)
sl Gl ola (sl Gl sala Lol jar Ol s 1) GledUal Gl (Ladl dad s 8 Calid ) s (laial ) il 55 e Lel e 0l il 5 Gl (quantitive
it e 53 ASsa 3 52 4K Uy 5 8l o0k (52685 (o530 LK1 18 (SWC ) oin 380 5 s o2 23S oaii o 4 pud (52 s g
i sl o8tila 31 (inhibition ) (Sxiladb e Giba Sl 2 Al 23 63 S5 i 2l s2 90 (5 _lis

» Samples which have dried out or become very mushy will appear more reactive in laboratory tests than the
corresponding native shale.
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L e ) GRSy abie oaad Jad ) i oAl Gleisal 02 4S 2 o lahy aie diile g 8 LA L 2l sad 3R 4 ol 4a
» Samples obtained from OBM will be permanently stabilized and will appear less reactive than in the native state.

AT 1) 15 anla sl 4sad ) S AS au ) e Sl 5o e Al 4l (OBM) 2 55 4k golis SV 5l edal iy (gl 4 5al
« Samples taken from an inhibitive WBM are likely to have changed from their native reactivity.
AL 03 )8 (0t i A ada sla KI5 L dislie 50 48 du e Sl o310 3 (WBM) (o 4 (sl Dl S0 ) oaal i 45 gl 4 5ai

If cuttings samples are to be saved for XRD analysis they should be rinsed free of most of the adhering mud using
fresh water or brine (for WBM) or base oil (for OBM). If intended only for XRD analysis, the samples should then
be oven dried, bagged and labeled with the well number, depth, date and time. If the cuttings are to be used for
inhibition testing (for mud selection), they should be rinsed as above, blotted dry with absorbent paper and stored
in airtight bags or cans. All possible precautions - such as completely filling the containers, storing in a cool place
and returning them to shore as soon as possible - should be taken to avoid the cuttings drying out.

(51 1) Seai Gl Lo 3 ) ool L el 4 sdana (5 lda Jlans jidin ) (253 3l 2158 (51368 XRD Gsla Ul (510 s W o€ (sla 4igai R
558 L o 2l U e il 025 236l XRD sl il (o) s i R1 i 0 aband (28 5 s oMa ¥l (61 ) 4 8 50 L (o Al s lis L
il ) b W oS ) 8L 02k Caa o (e 5 Gl slin (ae coly o lad i ) B8 Cladidia b 5 o0k (58 S 5 Sia
b asma LA 53 goad (R 48 oS 218 L caipd painnd W aiile Al ¢(s_lin Dl AT Ciga) 2358 o2l (inhibition ) (Sl
sSaa el i mmanon a8 b 5 OSSR Sk S il el JalS 038 Jal ) eSaa (sl daltial olai xigdio A3 158 (s
238 R sla L xS (0l (SLEA 3 3y aladl Ay e

If there is any doubt about the quality of well site samples, these should be used only for mineralogical analysis. It
is often possible to obtain well preserved samples of out crop shales which have similar mineralogy and these
should then be used in inhibition tests in place of the cuttings.

4550348 350 dsa o Ol e ] a0 g paldin) ol SIS gl Sl (gl dads s casly als (sl 4 s i o5l oy S e S L) o
(inhibition ) Sl clila )l o laas A lel 48 ¢ 2l Canany 30 Hla (IS (uilid SIS AS (e b (AT Gslelad ) sad o pad asis sl
_.\3)5)\)5::3133“\ 2 ysa 02 glay

F.1.4 Laboratory Inhibition Tests Sai,I5;L & Euinlo;l SO (suw)»1.4 Ol

Testing to various levels of sophistication can be carried out to assess shale reactivity and selectan appropriate
mud system. Many tests are available from service companies as well as in-house. Common methods are:

O lile )l i 2500 &) s s (6 les s g S G 5 dad 3K (b)) ) 15 e it (s edm 7 sk 53 Gl T Al
1) AL Jgare s Ghgy diSlne Qe gies 50 G Giinar 5 Slead b S5

a. Cold roll dispersion test vlile 9 3w gy NShsirl pivlo,l ./

These rudimentary dispersion tests are carried out in glass bottles at ambient temperature and pressure. A
weighted amount of cuttings are placed in a bottle with a fixed volume of test fluid, rolled for a predetermined time
and the non-dispersed residue recovered on a screen, dried and weighted.The result is expressed in terms of the
percentage of the original weight of cuttings recovered at the end of the test. A high recovery indicates that the
cuttings are of low reactivity, that the test fluid is inhibitive or a combination of both. The test is best limited to low
viscosity additives such as salts, polyamines, glycols and small polymers. High viscosity fluids (eg those
containing PHPA or Xanthan gum) will give an artificially high recovery because the thick fluid reduces the
tumbling motion of the cuttings.This test gives a rapid first assessment of shale reactivity and screening of
potential inhibitors.

o 2l xS ) hme )5 e 2580 aladl dame L33 5 Led 3 (o) 4l sle ks o (dispersion ) (Sadl ilesie gledde 8 G
d})ﬁbﬁddﬁgdaﬁﬁﬂﬂj%cﬁuw}cﬁeﬁ\ﬂé eﬁoﬁ:ﬁdﬁj\ th«b.\ad\ﬁje.\ﬁ.eahJ\ﬁ@hj‘é)yd@uj\&u*lédﬁ
o Dteda) 2l oad il Sl o Jl s e 3T Oy 52 48 (e 02 ) ual (55 Ol sa ) s pdail 0 B () 5 SR sl e e
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b.Hot roll dispersion test Clle o8 & y9s NSt pivlojil. o

This is a standard oil field test. Weighed cuttings are placed in a steel or Inconel bomb with the test mud. The
bomb is sealed, pressurised, rolled in an oven at temperature and the cuttings recovered, dried and weighed. As
with the cold roll test, high recoveries indicate an inhibitive mud and/or shale of low reactivity. Since, in general,
temperature and pressure do not influence shale recovery greatly-and this testis relatively complicated and time
consuming - there are few advantages in using it in place of the cold roll method.

Probably the only times when the hot roll test gives additional information are when temperature thins the mud
significantly (this test is sensitive to viscosity) or when inhibitors are degraded by temperature.
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c. Capillary suction time (CST) (weoo picso viloj.<

This test uses the filtration time of shale dispersion as a measure of reactivity. The assumption is that the more
reactive the shale, the finer will be the dispersion formed in water and hence the longer the filtration time in the
test. The results can be useful but are very sensitive to the way in which the clay suspensions are prepared. The
method can be used to assess salts as inhibitors but cannot be used for polymers: It is therefore a limited and
potentially misleading method of assessing mud formulations.
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d. Slake Dispersion Test (SDT) sSkiSlw svliivgrd (v loil.s

The slake dispersion test - sometimes called the "hamster cage" test - is an aggressive cuttings dispersion test
developed by BP and now widely used in the industry. An advantage of the test compared with the hot roll test is
that it more clearly differentiates between the performances of different inhibitive mud types and hence allows the
best mud to be selected with more confidence. A disadvantage is that approximately 100 gm of cuttings is
required for each test (this amount of cuttings is not available routinely as rig site samples and specific sampling
instructions will be needed).
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e. Swelling test Swb 0,9 pivlo/.&

Dispersion tests will indicate how effectively muds will prevent the breakdown of cuttings as they are carried out of
the well and will also give an estimate of likely washout problems but they provide no indication of the swelling
potential of shales.There are several swelling tests, some of which use preserved core, some compacted cuttings
and some dried and reconstituted shale. BP's preferred method uses preserved core in an unconfined test with a
circulating mud system.This test has been chosen because of its ease of use, speed and flexibility. The results
appear to correlate well with the observed field behavior of several muds.
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f. Penetrometer (hardness) test (uvidw) (i S04/ iwvlojl .2

A penetrometer will detect any softening of shale which is caused by exposure to different muds and hence can
be used as a measure of inhibition. The test is of limited value when used in isolation and is best used in
conjunction with swelling and dispersion data. This test requires samples which have a well defined geometry and
cannot be used directly on cuttings.

o Ohlad |yl oal 3ga 0 Ciline YL b (58 8 )8 (i yma 2 il aS 1) Jad (B oy 43 & s 4S il 4l s peNEtrometer g 35
GOl ) 25k plal (isolation ) 13 534S B Gile 2 L saléid (inhibition) (x5 il 5l dain S 5l 2 6 e 5y ool ) s 2l &
Llal 5 as |y ol 4 eal Glula )l ) 2 sd bdmu\‘sg.\:\ﬂlﬁ_,‘ﬂa\je‘)}idua.l‘.!l_.:n\‘)AA‘tSC'_ué.':LA) oaldin) Calla (1 yign 5 eoa s HlA ) (354

R B el 3 ) 5a La oS (55 s il e Lagiese 53,00 a3V ) o0l (adilie s (i

g.Extrusion (hardness) test i) ujg, (wizw) pivlojl.e

This new test, developed at Sunbury, measures changes in the bulk hardness of cuttings after exposure to mud
by determining the force needed to extrude cuttings though small holes drilled in a metal plate. The method
appears to relate well to other measures of shale inhibition (particularly dispersion) and is potentially a useful,
robust and simple rig site test.
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h. Downhole tests (W& @ wlivlo/.&

Several large scale testers exist which can study shale inhibition under down hole conditions. The most
recognized "public" facility is operated by O'Brien, Goins and Simpson (OGS) in Houston. BP also has access to
a shale tester at Baker Hughes, Inteq (Milpark) in Houston as a result of collaborative work over the last 3 years.
In principle, because the testing is carried out under downhole conditions of temperature, pressure and annular
velocity, muds which give good results in these tests should also give good field performance. In reality, the non-
availability of good, undamaged core makes much of this testing suspect. The tests are also very time consuming and
expensive. Published studies generally rank muds in the same order as obtained with the simpler tests outlined above.
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F.1.5 Optimise Drilling Practices S, la> Ol i Sjlw aiuags 1.5.01

Good mud selection is critical to the success of drilling problem shales but it is still only one part of the larger
planning process. Several other factors must also be considered:
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a. Pore Pressures Jdsio sS,Lis.//

The predicted pore pressures (and those observed in offset wells) will determine the minimum mud weights

needed for well control and for good mechanical wellbore stability. Given the arguments used; the lowest
acceptable mud weight should be used to minimize the invasion of filtrate into the shale.

5 ela S (ol 1 Ol 350 o oles Jlm (sled s Jilan (231 0 oaaliia slae 00 (5 lis (slealas 1048 ol 5) 023 iy Mia (sla )8

4 Glilia o sad 53 S D gaae g Al aS 1 (sl Q8 o )lia Jl 05 r 5 Omly oaliiud 3 5e (5 00 43 ) Cialie 23300 Gauml ol 0 i (Sl

S e padidia ) el sl Jad (g5

b. Casing points s,LiS ,/1> o/ S dac.o

Casing points may be controlled by the pore pressure plot or the occurrence of suitably competent formations.
However, where possible the casing programmed should be designed to minimize the length of time reactive
shales are exposed to the mud.
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c. Bit selection @ieo wilxi/.Oo

Selection of the bit type and nozzle sizes which give the optimum combination of ROP and bit life is still an
imprecise science since it depends strongly on formation mineralogy, hardness and chemistry as well as mud
formulation. Offset well information will be a good initial guide and this data should be supplemented as
necessary with guidance from bit manufacturers and in-house specialists.

15 4S Cal agia ale 538 e IS 1) 4 sae 5 (ROP ) s a3 S i (i 2 lun 48 (N0ZZIE ) <SGl sla o5l 5 4ia g 53 S
gl slaial ) ) slae sa (5 jlin ola cile Dl 3 ls (Kius s lis Jlw s (a4 Ginad 5 31l and 5 SR o ulid Gare 4 b s
238 eSS ada gy e lanadie g ate a5l ) alaial ;b Lag 3l Al la sala cpl 5250 28l s8 asa

d.Tripping procedures (sivlow ol> S Jive,.&

Even with the new types of highly inhibitive WBM, it is still recommended that frequent wiper trips are made. As a
minimum, newly drilled hole should be wiped every 300 metres or more frequently as hole conditions dictate.
Before tripping, ensure sufficient mud circulation has taken place to clean the hole. Tight sections should be
worked through carefully, if possible while circulating the mud. Trip speeds - both in and out of the hole - must be
controlled to avoid swab/surge pressures destabilising any weakened shales.
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F.1.6 Communicating Potential Problems and Remedial Actions
il U, S Jvg, 9 09JU W MSue WIS bli,l 1.6 Wi

The planning process will identify preferred procedures and potential problems and should suggest some
remedial actions. It is vital that these issues are communicated to rig site personnel -most importantly, the
contractors - who should understand the objectives of the well, why certain procedures are proposed and what
remedial actions are suggested. The rig site "team" should be involved at a level consistent with the expected
severity of the problems: for high risk wells it is recommended that the contractors are involved early in the
planning process and become "partners" in achieving the objectives.
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F.1.7 Establish a Review Mechanism S,Si;5U pawwiSo O U ,S skl 1.7 Wl

A final aspect of the planning process is to decide on the data required from the coming well and how it will be
collected and recorded. Quality information - whether accessed from written reports or databases such as DEAP -
will be the basis of the learning process for future wells and proper dissemination of the information will help the

Company learn more quickly on a global basis.
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Section G: SHALE PROBLEMS AT THE RIG SITE
SHlas> 1SD oo 5D uw OMSU0 o> sy

When a well is planned the likely shale problems should have been identified and the most suitable mud system
selected. Unless OBM has been chosen, it is possible (even with the most advanced inhibitive WBM) that some
wellbore problems will be experienced. The impact of these problems will be minimized if they are recognized
early, the appropriate remedial action taken and the effect monitored. Although many shale problems are easily
recognized, their cause(s) can be ambiguous and so any treatment may or may not be effective: this under lines
the importance of monitoring the effect of any treatment and - if unsuccessful - to try an alternative
approach. Typical problems and possible solutions are discussed below:
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G.1.0 Tight Hole & ol 1.0 s>

Tight hole during trips or on making connections is indicative of an obstruction or constriction in the wellbore. This
can be due to:

il ) Jle 2165 e JSohia ) L 2le ola o jin bl Ly 5 wile gas ) (sl 4ilii la 4l Ll ey L (trips ) Lestiley ol 58 ola K
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* A build up of cuttings beds in deviated holes which should be remedied by improving hole cleaning. This can be
achieved by increasing circulating rates, increasing circulating times, decreasing ROP or changing the mud
rheology as appropriate. Hole cleaning will be made more difficult in reactive shales if the cuttings become sticky
enough to aggregate into a coherent mass. Gumbo rings and sticky cuttings can also be a problem in vertical
holes. In general this should be solved by increasing the inhibitive nature of the mud by increasing the salt content
or the concentration of low molecular weight additives such as glycols (or polyamines). If the problem occurs in a
PHPA mud, addition of more encapsulating polymer is unlikely to be beneficial.
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*Shale cavings or pieces of cement can fall into the wellbore. Approaches outlined below should be used to
prevent cavings. Blocky material can be removed from the wellbore by circulating the mud and gently working the
string. Viscous pills will help remove particularly large or dense material.
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» Shale - particularly those in Classes “A” and “B” - can soften and deform into the wellbore by swelling an/or
plastic flow. Increasing mud weight will help hold the wellbore open but may cause longer term problems because
the higher differential pressure increases the rate at which mud filtrate is lost to the formation. This could result in
further problems some hours or days later.
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The preferred approach is to increase the mud weight only may the minimum necessary to ease the tight hole
problem and at the same time reduce the mud fluid loss to below a corrected value of 5mis (API test) by the
addition of starch, PAC or CMC (this will control fluid loss in silty horizons but will have less impact in tight mud stones).
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The situation should be monitored carefully and further increases in mud weight only made when hole conditions
dictate. Many times when drilling with WBM the first trip through newly drilled hole will be tight but subsequent
trips will be clean. It is recommended that, if possible, the hole is wiped on this first trip without increasing mud
weight; the mud weight should only be raised if later trips through the same section remain tight.
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As well as the mud weigh/fluid loss approach, other changes to the mud formulation may be appropriate. If the
shale contains swelling clays then increasing the KCL concentration (and glycol if this is used) should be
considered. Increases of the order of 10ppb KCL would be expected to provide some benefit. If the mud already
contains PHPA, increasing the concentration above 0.5ppb is unlikely to give any incremental improvement. In
fact, it could be that high levels of PHPA could contribute to the formation and stabilization of a soft, sticky layer of
shale at the wellbore wall and thus contribute to tight hole. One approach used by some operators is to decrease
the PHPA concentration in severe tight hole situations which allows some erosion of the wellbore and gives a
slightly over gauge hole. If this approach is used, mud solids will increase more rapidly and may necessitate more
mud dilution. Once reactive drill solids have built up in the mud it will be difficult to re-introduce PHPA without
greatly increasing rheology. Hence reducing the PHPA concentration to ease tight hole problems should only be
done with the understanding that the flexibility of the mud formulation is ultimately reduced.
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G.2.0 Soft Cuttings, Cuttings Dispersion and Gumbo
QMKSL&O.LASU.L_H:JL_J_ oS oS 2.0 s>

Soft, mushy cuttings at the shakers can occur with swelling and non-swelling shales. Addition of high molecular
weight polymers (eg PHPA, starch, CMC) will not improve cuttings hardness directly, although if the addition of
polymers improves hole cleaning this may reduce the residence time of cuttings in the wellbore and therefore
reduce softening. Increasing the salinity of the mud aqueous phase will normally increase cuttings hardness. The
preferred choice of salt is KCL since this will be effective in swelling and non-swelling shales. Any improvement in
cuttings hardness should be noticed at the shakers in 1 to 2 mud circulation periods.
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Addition of (or an increase in the existing concentration of) glycol can have a major effect on cuttings hardness:
for example field measurements on a NCS well showed an approximate 300% increase in cuttings hardness on
addition of 3% DCP208 glycol to a KCL/PHPA mud. Softening and dispersion may be reduced by selecting a bit
which generates large cuttings, since their lower surface area and greater size will reduce the rate of softening
relative to the same mass of smaller cuttings. Complete dispersion of cuttings into the mud, resulting in a thick
"mush" at the shakers is generally indicative of a non-inhibitive or poorly inhibitive WBM. An existing mud of this
type can be improved by adding KCL and, if possible, an encapsulating polymer. PHPA alone will produce softer
cuttings than if used in conjunction with KCL.

e haio Ui () ra8l 405 b o2 a3 e DB 0 3055 e J SO (olis Jlam 53 JsS B asa e cilale G550 8 L) G 8
s 53l a5 lés Juw 2 DCP208 J Sl 306 (2538 Ll o€ id 53 300% (o 585 (i) 81 S5 (NCS) sls o555 2 (Sl
5 el o ieS ciabiae 5 il 510 (LS 0iSe 65 iy (sl 0ai€ AS () ate QAT b il (Sian Bl 5 a8y L Cal 0aly (L 1) PHPA
dguojjjjduoﬁsda\soﬁuiig L) GialS ] Gl 8a S sl o.\l\sj\odjﬁowd\.).b)gfds\JOJ&P}Q‘)JLQJI‘):\E‘)}DJ‘M\
i (5 o123k b g a2l U (o 4l (s lin Jlw S0 5l (ad It IS0 258 (o b S (55 n i (a8 0255 S0 Al 53 4 e 4S (s Jléa
So b San B 52 IS Ay 05 80 b il e s lia s 3l ) 43 5a ia 3535 23 (NON-inhibitive or poorly inhibitive WBM)
A e a5 o3k el 31K oy o) jan &1 1) (55 6 58 sl 038 e 4 PHPA L2k 35 Sl e allly

Page 56 of 64 Prepared and translated by Kh. Karimi Version.1 Dated: Feb. 2016




Shale Formation 2016

Gumbo is normally restricted to young, usually shallow shales such as Class “A” type but can occur in swelling
and non-swelling formations. Problems can be minimized by ensuring good hole cleaning and by using saline
moods (particularly KCL or KCL/glycol muds).

Of 23l asase i Ua)sh 5 pla)si glaijie o Nl gie Lol Cad 008 3 gane “A” (OIS 4 gai diile Bee S LIE 5 ) on b Jod 40 Y gere 5ual®
(DS 5 3l a3 I sy L gl ) (Sai 5 jlim b Sl o U ol (JIS 050 € 5t ) Glinade) als Ly i) e 00 43 8
LD gah D gdaa

G.3.0 Cavings and Hole Fill o> vanw 5 9 b Gw) 3.0 >

Caving can occur as soon as a formation is exposed if the mud weight is too low to prevent mechanical failure of
the wellbore. In this case the correct response on seeing the characteristic curved, firm carvings is to raise the
mud weight and continue to observe the shakers. Cavings can also be caused by stresses building up in the
shale as a result of (a) pore pressure penetration and (b) chemical reactions.
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a.In this case, the invading filtrate raises the pore pressure of the formation fluid to that of the mud in the wellbore;
this has the same effect as reducing mud weight and can cause generation of carvings sometimes several days
after the formation is exposed. The response should be to raise the mud weight which increases the overbalance
between the mud and the shale in the wellbore wall. This effect does not occur with OBM which cannot penetrate

the shale pores.
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b.Filtrate which is not compatible with the swelling minerals in shale will build up stress in the rock over several
hours or days and can result in wellbore failure. In this case raising the mud weight will not control the carvings
and may, in the long term make the problem worse. Chemicals which reduce the swelling potential would be
added to the mud; KCL and particularly glycol are the preferred materials. PHPA is not effective. Glycols may help
to lower the rate of fluid loss into the shale as well as reducing the swelling pressure.

Naturally fractured shale’s, shale’s which fracture during drilling and those which fracture by chemical or pore
pressure effects need special care. In_addition to the remedies described above, particulate materials such as
Gilsonite and asphalts will help to block fractures and stabilize the formations (some fluid loss agents such as
starch may perform a similar function). Oil based mud’'s may actually be detrimental in these shale’s since the oil
phase can lubricate the fractures and promote failure. Where shale’s are suspected of being fractured, trip speeds
should be controlled to prevent further destabilization of the formations. Whenever cavings are observed-and
particularly where large blocky material is produced from fractured shale’s-close attention should be given to
effective hole cleaning. High viscosity pills should be used where necessary.
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Managing caving shale’s is often made more difficult because the exact depth of the caving interval may not be
known. If close to the current TD, the cavings are most likely to be due to excess pore pressure in the formation
but if some distance up the well they may be caused by chemical effects or pore pressure penetration.The
success of the treatment can depend on the correct interpretation of the problem. Hole fill is generally an
indication of cavings and unstable hole. The cavings may have been produced while the pipe was out of the hole
or could have been dislodged by the pipe or surge pressures during the trip. Fill may also be indicative of poor
hole cleaning.
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G.4.0 Changes in Mud Properties s,la> Jlow yolgs> > wlhusi 4.0 >

Rapidly changing mud properties can impact the efficiency of the drilling process but can also be a valuable guide
to the type of shale’s being drilled. Key mud properties should therefore be closely monitored. Along with the MBT
value of the mud, the rate of depletion of potassium is a good indicator of the swelling mineral content of shale’s.
When depletion is observed (as indicated by potassium analysis and/or softening of cuttings) action must be
taken to maintain levels. In all mud treatments, early preventive action will give better control than later remedial
treatments.Depletion of inhibiting polymers such as PHPA will be highest in dispersible shale’s where there is the
greatest production of high surface area material. Continual small addition of PHPA to the active system will keep
a small excess concentration of the polymer in the mud and reduce dispersion. If this excess is allowed to
disappear, solids will build up much more rapidly and the subsequent addition of PHPA to a solids-laden mud will
cause a major viscosity rise (viscosity hump) which may result in large scale dumping and dilution of mud. Glycols
do not deplete rapidly from WBM and so do not need such careful monitoring. Glycol concentrations are, at
present, difficult to monitor directly but slow depletion will eventually show up as softer cuttings. To increase
concentration, these additives can be added directly to the mud system without the rheological problems seen with PHPA.
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Cationic molecules such as polyamines will deplete extremely rapidly when reactive shale’s are drilled and can
lead to large rises in mud viscosity because the drill solids will re-disperse into the mud. The situation can be remedied by
adding more polymer but the maintenance doses required make this mud system extremely expensive.

The amount and size distribution of formation solids in the well give an indication of the changes in reactivity of
formations being drilled and/or changes in the inhibitive properties of the mud. Assuming the efficiency of the
solids control process has not changed, an increase in drill solids (usually accompanied by an increase in mud
rheology) will indicate the presence of reactive formations or a reduction in mud inhibition.
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G.5.0 Rig site Inhibition Tests JS> J=o ;5 S)l55L wliwlo;l 5.0 (s>

There are currently few inhibition tests used at the rig site because, at least in part, of the relative complexity and
time-consuming nature.Inhibition is most frequently judged by the firmness and quality of cuttings at the shakers,
hole condition during trips, overall drilling performance and condition of the mud. There is a good deal of valuable
information to be gained from these fairly subjective measures, particularly if observations are well recorded for
later analysis.
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Of the laboratory tests currently in use, the most useful as a rig site test appears to be the extrusion device which
measures cuttings hardness. This method has the advantages of being quick, easy and robust and gives a
numerical measure of cuttings hardness. Early trials with this device have been encouraging. More established
tests-such as the cuttings dispersion and swelling tests - are of limited value as routine offshore methods.
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Section~H: FUTURE TECHNOLOGY NEEDS
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The industry's understanding of shale behavior is still quite incomplete, despite the 1,000's of research-years
spent on the problem. Much of this effort has been replicated or is of low quality but the central reason for the
apparent slow progress is the complexity of the subject.
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Shale’s are very variable materials and hence are extremely difficult to characterize and describe in an absolute
way; similarly water based muds are complex, variable and ill-defined colloidal suspensions. Therefore an
absolute description of shale/WBM reactions is, at best, still some way off and may never be feasible.
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Research in this area has been slowed because of the widespread use of OBM in drilling reactive shales; it is less
important to understand WBM reactions when oil mud can be programmed.
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However, progress is being made in many areas and mud systems are selected and used in a much more
intelligent way than a decade ago. This trend is expected to continue as restrictions on the use and discharge of
OBM increase.
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There are several important areas where our lack of knowledge restricts effective control of shales and use of
WBM. These are outlined below.
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H.1.0 Shale/Salt Interactions Juw 9 S Jolsio ol 1.0 gl

The reaction of an invading salt solution with shale minerals and pore fluids is the factor which determines how
much the rock will swell, stress and/or soften.
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Theories of osmosis have been proposed and attempts made to explain shale behavior in terms of cation
exchange, electrical double layer theory and water structuring but it is still not possible to describe in sufficient
detail what happens when-for example-a seawater/KCL fluid invades even well characterized reactive shale.
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An understanding of how the composition of the filtrate changes as it moves in plug flow through the shale will
allow better design of the mud chemistry and provide an improved understanding of how mud chemistry impacts
mechanical wellbore stability.
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H.2.0 Linking Chemical & Mechanical Behaviour
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Traditionally the chemical reactions between muds and shales have formed a separate research topic to
mechanical wellbore stability, even though it is appreciated that most chemical interactions result in changes in
the mechanical properties of the rocks which in turn lead to failure.
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The importance of combining these disciplines has been recognized by several R&D groups and the use of
equipment which can work under simulated down hole conditions and/or follow both chemical and mechanical
changes is increasing. Provided realistic shale samples are used in this work and the results are tied closely to
field observations, this work should contribute significantly to practical shale control.
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H.3.0 Glycols a JgS sJS 3.0 ¢l

The use of glycols in WBM has given a class of inhibitive muds which is flexible, cost-effective and which
significantly out-performs the established mud types; although glycol muds still do not give the same level of
wellbore stability as OBM. The mechanism(s) by which glycols inhibit shales is not yet fully understood and it
may be that, by understanding how they work, further improvements in performance can be made. An additional
area of work is the development of a simple, accurate field test for glycols which will allow concentrations to be
optimized.
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H.4.0 Brittle Shales >, sl Jow 4.0 gl

Our understanding of young shales such as the North Sea and Gulf of Mexico Tertiary formations is now
reasonable but problems in brittle shales - which commonly show time delayed failure - are much less well
understood. Brittle shales are typical of deep buried or tectonically stressed formations. The failure mechanisms
in brittle shales could involve the slow build-up of stress due to formation overpressure, filtrate invasion, the pre-
existence of micro fractures (see below) and/or the generation of fractures during drilling. An understanding of the
possible failure routes will enable the appropriate mud and drilling responses to be adopted.
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H.5.0 Fractured Shales ,l> S sld Jow 5.0 &l

Hard and stressed shales can fracture during, or shortly after, drilling when the rock stresses rearrange
themselves. It may also be that, particularly in areas of past or present tectonic activity, shales can contain pre-
existing natural fractures. Even if these shales are not in themselves reactive, the fractures can become invading
mud and the wellbore can fail. The problem is made worse if the shale is also reactive. If the origins, sizes and
orientations of the fractures are understood then muds can be designed to minimize instability. In many of these
shales it is likely that chemical inhibition is less important than good fluid loss control, the use of appropriately
sized solid additives, the correct mud weight and the use of a fluid which does not lubricate the fractures.
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H.6.0 Fluid Loss Control in Shales b Juw 5> ol Blo sg,5,8 J,iS 6.0 gl

These guidelines have emphasized several times that shale/WBM reactions start with invasion of filtrate into the
formation but, because of the very small pore diameters and low permeability of typical shale, conventional fluid
loss additives have little effect. If total fluid loss control could be achieved by WBM in shales, many of the current drilling
problems would be eliminated or at least reduced. There are several ways in which fluid loss control might be achieved:

(sl plab lay Lol 03 K o pg pd 2 )s (95 0 4 liln o gad b ol 4y (g s Jlomw 50 i (sl diS)5 4S il 4idls 2S5 b (i Lain) ) Ja sl
o3l A8is ale labin JalS J S K1 L2 la (o S lila 5555 8 pane (5o o35S J S e 43 el s (6 p 580 5 Nie Sa S N
LAl ledsy ot 5o b (Sl Jllaa by 5 a1l 3 pame Nl 0 g s 4la CSAG il 30l Jaals g b Jud )0 (ol 4l o oles o )
1l 35a a3 K Juals il (San liba (555 58 J S il

* Semi-permeable membrane.:lgl )y aow Sliuc

Laboratory experiments have shown that a semi-permeable membrane exists on shale surfaces in OBM but not in
WBM. The existence of this membrane allows true osmotic behavior and hence water migration can be stopped
simply by using the correct mud filtrate salinity. It may be possible to identify surfactants or other active species
which allow a similar membrane to be developed in WBM. There is some (BP) laboratory evidence which
suggests osmosis may occur in phosphate and silicate water based mud systems.
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* Non-wetting fluids:0diiS ,i jue Slpluw

The oil phase in OBM does not spontaneously wet shale pores and so cannot penetrate the shale, even at high
mud overbalance. It may be possible to modify the wettability of shales with surfactants such that water or other
fluids (such as glycol) are prevented from entering the pores.
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* Cementing the formation:a;Lw s,S Ulowsw

Shale surfaces are chemically reactive and can initiate polymerization reactions in some organic and inorganic
species (for example, styrenes, acrylates, phosphates and silicates).The ability of anions such as phosphate to
undergo reaction at the wellbore wall and markedly improve wellbore stability was demonstrated in recent BP field
trials with pyrophosphate (TKPP) mud additives.Cuttings accretion problems in these trials detracted markedly
from their success but if these reactions can be controlled, a practical mud system could be produced with OBM
levels of inhibition.
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* Emulsions. :l® Ugsulonol

Deformable droplets with diameters similar to shale pore diameters (such as micro emulsions or modified latex)
may provide good fluid loss control by a pore plugging mechanism analogous to starch in more permeable
formations.
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H.7.0 Mud and Shale Monitoring at the Rig site
S)le> IS> J=o )y Juiv 9 S)le> Jlow 0 0s,S o,y 7.0 ¢l

The emphasis with most WBM development is to improve the chemical performance of the inhibitive mud. A
complimentary approach is to ensure that mud properties, hole condition and drilling performance are properly
monitored and controlled in real time. Several companies are investigating this approach and the successful
application of this technology should reduce wellbore problems, thereby reducing mud costs, reducing mud
volumes and improving drilling performance.
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Section I: R~efrences
lo (S| s

This booklet which is intended to serve as a guide to drilling fluids technology, has gathered from several reliable
sources, and translated.
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