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Abstract

Controlling lost circulation during drilling operations in a reservoir prone to fluid losses is typically remedied by cement
squeezing or plug setting as the last resort. The aim being to minimize or stop drilling fluid losses and to regain full returns
at surface, and to maintain wellbore integrity. Different placement methods of cement plugs have been discussed in detail
in the literature, except for the ‘level-off” method, which can be effective for curing complete loss circulation cases. Follow-
ing modeling and calculations of this cement plug placement method, its design and execution procedures are discussed,
together with two successful field cases in highly fractured carbonate reservoirs in the Middle East. Using drill pipe and a
Retrievable-Test-Treat-Squeeze (RTTS) packer, set with some spacing from the loss zone, the method entails that the cement
slurry is allowed to drop by gravity in order to cure lost circulation. As the column of fluid, mud and slurry in the well
exceeds formation pore pressure, i.e., overbalanced conditions, a volume of acid-soluble cement slurry is allowed to slowly
drop and freely penetrate the formation, i.e., through its fractures or caverns. During the penetration of this viscous slurry
into the loss zone, the cement slurry can set and the fracture or fissure openings are plugged. Presented are detailed design
calculations for the level-off placement technique, determination of required cement slurry and displacement volumes, and
recommended displacement and RTTS packer setting depths. The expected depth of the top of cement plug is estimated.
The design parameters are compared with field cases and explanations are given for possible discrepancies. Success of the
operation is discussed in terms of final mud loss after cement plugging and Non-Productive Time mitigation. Detailed field
procedures and execution are also presented. The level-off job is already practiced by the industry, but it is not published in
the literature, in some cases they have different methods with causing some errors. To the best of authors’ knowledge, this
is the first detailed description and stepwise calculation of the level-off cement placement technique in the literature.
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Nomenclature h.¢ (recommended) Final cement plug height
Cap Capacity or volume per length above last casing shoe (in short open hole
Cappp Capacity of drill pipe sections) or loss zone(in long open hole
Cap, Capacity of casing sections) after wellbore pressure levels off
/ balances with formation pressure [m or
ft]
hy, ¢ Final mud height after wellbore pressure

levels off / balances with formation pres-
sure [m or ft]

ci The same as h; {TVD}

h.; {TVD} Initial height (vertical) of cement slurry
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MDRTTS
MDTOC

Measured depth of RTTS packer [m or ft]
Measured depth of top of cement plug [m
or ft]

Retrievable-Test-Treat-Squeeze packer
Total required volume of cement slurry
to be spotted / placed in a wellbore with
open-hole for a level-off plug job [bbl]
Depth of top of cement plug [m or ft]
True vertical depth of top of cement plug
[m or ft]

True vertical depth of casing shoe [m or
ft]

True vertical depth to which cement
slurry is displaced by the mud [m or ft]

True vertical depth of RTTS packer [m or
ft]

Py Pressure of the reservoir formation or loss

zone [psi]

Vs Final volume of cement slurry to remain
above last casing shoe (in short open hole
sections) or above loss zone (in long open
hole sections) after leveling-off / balance
of wellbore pressure with that of loss zone
[bbl]

V., Initial volume of cement slurry designed
to be spotted above last casing shoe or
loss zone for curing lost circulation [bbl]

Vs The volume of displacement, which is
the mud volume to be pumped so that the
initial cement slurry can be spotted/placed
at its appropriate depth [bbl]

RTTS packer
Total V,

TOC
TVD;oc
TVD,,,

TVDy;,

TVDRTTS

Vou Volume of the open-hole zone [bbl]

Pe Cement slurry weight [ppg]

Pm Drilling mud weight [ppg]

Ahg; Required (vertical) spacing between the

displaced depth and the depth of RTTS
packer [m or ft]

Dropped mud level in the drill pipe or
depth of top of mud after wellbore pres-
sure levels off / balances with formation
pressure [m or ft]

Lost slurry volume to the loss zone due to
levelling-off / balancing of wellbore pres-
sure with reservoir pressure [bbl]

0 Hole inclination angle [degree]

AV

c,l

1. Introduction

During drilling and workover operations particularly high-
pressure-high-temperature (HPHT), some instances of mud
loss and lost circulation may generally be encountered
(Alrasheed et al. 2018). Lost circulation is estimated to affect
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75% of the wells drilled (Gockel et al 1987). There are two
general approaches to lost circulation solutions: proactive
and corrective. The proactive solution is based on wellbore
strengthening and geomechanical analysis (Alberty and
Mclean 2004; Wang et al. 2008), which is not discussed in
this work. Following lost circulation occurrence, the situa-
tion must be efficiently cured (corrective solution); other-
wise, well integrity could be severely challenged (Bogaerts
et al. 2015). In overbalanced drilling, lowering the mud
weight may cure loss situations, provided adequate over-
balance pressure can be maintained. Failing that, pumping
periodic Lost Circulation Materials (LCM) pills during drill-
ing is another option that can put an end to mud loss. If
the mud loss is not controlled but actually increases, two
measures may be implemented, depending on the drilling
program. An effective method is to continuously cure the
mud loss by mixing LCM material in the circulating mud,
which if done on a continuous bases may require bypass-
ing the shakers, thus compromising mud properties and the
ability to properly collect samples for geological analysis.
Alternatively, drilling may be stopped and a high concentra-
tion LCM pill is spotted in static conditions. Spotting LCM
pills is particularly recommended to prevent excessive mud
loss in polymer and emulsion muds (Gockel et al. 1987;
Davidson et al. 2000; Nelson and Guillot 2006).
Particularly in highly fractured or cavernous and depleted
reservoirs, mud losses may not be controllable by standard
curing methods. In such cases, mud losses may increase fur-
ther and lead to an almost formation-induced lost circulation
or complete loss, e.g., mud losses > 100 bbl/hr. In such lost
circulation situations, it is critically important to keep the
hole full with mud or even with water (if mud is run out).
Therefore, it is important to have available tanks full of mud
and water. In lost circulation cases, it may be advised to
drill a considerable thickness of the loss zone while ensuring
continued LCM pumping and simultaneous filling up of the
hole in an attempt to mitigate losses. This type of drilling
without mud returns to surface is called blind drilling. Next,
possible curing methods need to be considered as a matter of
urgency, with the method selected dependent on availability
of mud reserves and water. When standard techniques are
ineffective, setting a cement plug can be an effective control
method (Schlumberger 1995; Heathman 1996). Light weight
slurries are typically selected, so as not to excessively exceed
the formation pressure (Abbas et al 2003; Nelson and Guillot
2006; Bikmukhametov et al. 2014; Veisi et al. 2015). Differ-
ent compositions of cement slurry may be used, including
Diatomite suggested by Al-Sabagh et al. (2016). There are
several methods of setting a cement plug: balanced plug,
cement squeezing and the level-off method. In case of non-
controllable, critical lost circulation by cement plugs, other
curing methods may be used such as the use of gunk pills
or a barite plug. A gunk pill, a combination of diesel and
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bentonite is usually used in water-based muds. Using a gunk
pill is not an option in the reservoir section particularly due
to its formation damage issues in addition to its environmen-
tal concerns (Goodman 1981).

Recently, there were some publications on application of
swelling thixotropic polymers to put an end on lost circula-
tion during managed pressure drilling MPD (Barry 2017;
Ombe et al. 2020) when there was no safe mud window
(Aljubran et al. 2018). Generally, it should be noted that
magnesium-cement slurry is used for reservoir thief zones
because it is soluble by an HCl-acid wash removing the res-
ervoir rock formation damage. Whereas, a cement plug is
usually used for plugging non-reservoir thief zones.

Assuming that sufficient drilling of the loss zone has been
successfully achieved, and a static situation has been created
while instigating loss control, a lower overbalance pressure
typically ensues compared to dynamic circulating conditions
during drilling. During static conditions, the aim is to reduce
lost circulation to a level of less than 10 bbl/hr. At that stage,
if the mud loss is low (< 10 bbl/hr), a balance plug may
be applied for completely controlling the loss. However, in
greater mud loss magnitudes at static conditions, a balance
plug is not recommended, for the following reasons: (1) most
of the pumped slurry will be lost to the loss zone and bal-
ancing the pressure may not be achievable, (2) there is the
risk of a differential stuck drill pipe. In many severe lost cir-
culation cases, squeezing of the cement slurry into the loss
zone does not affect a cure as the pressure would exceed the
fracture closure pressure (FCS), which would cause aggrava-
tion of the loss, and also there would not be enough time for
the slurry to set in the near-wellbore region, due to ongoing
losses (Dupriest 2009). To prevent squeezing and to allow
greater time for the cement slurry to set in the loss zone, a
hydrostatic packer may be a solution (Dupriest 2009); the
hydrostatic packer is a column of light fluid pumped into
the annulus or drill string to cause the total head at the loss
zone to be less than or equal to FCS. However, the use of
hydrostatic packers requires specialized engineering and
field personnel to be trained to understand fracture behav-
ior (Dupriest 2009). Therefore, alternatively, the practical
‘level-off” method, explained here, is another solution which
can be applied in the field in a straightforward manner with-
out the requirement of specially-trained crew.

In the level-off method, using the drill pipes, the Retriev-
able-Test-Treat-Squeeze (RTTS) packer is installed inside
casing with enough spacing from the loss zone. Next, some
cement slurry is spotted above the loss zone in cased hole
and with enough spacing from the packer (risk mitigation).
Then, gravity is allowed to come into force to cure the loss
zone. The volume of cement slurry will freely penetrate the
formation, assisted by the presence of fractures or caverns,
plugging the latter. Assuming success, the process is accom-
panied by a controlled drop in mud level (levelling off) in

the drill pipe until hydrostatic pressure of the wellbore fluid
column equals formation pore pressure.

Remedial cementing deploying the level-off method
to overcome lost circulation is often performed on short
notice, leaving little time for planning and design. The key
to the success of a level-off job is, therefore, to quickly and
accurately design the placement technique. To the best of
the authors’ knowledge, there are no publications (except
for Ashena et al. 2020) in the literature explaining on how
to set a level-off cement plug, its required accurate design
calculations and comparison with field cases. This method
has already been applied by some drilling companies in the
industry such as Bikmukhametov et al (2014) which pro-
vided examples of level-off cement plugging but no details
and design calculations were presented.

Next, some industry methods of level-off design and cal-
culations suffer from some errors. The errors are incurred
due to making a simplification in their methodologies in
which it is assumed that due to level-off the drop in the
hydrostatic cement slurry pressure (denoted as P,) is
equal to sum of the initial cement slurry hydrostatic pres-
sure above the loss zone (P, ;) and mud column pressure
(P,;) minus the reservoir pore pressure (Pg), that is, ©
AP =P ;+ P, ;— Pg”. Subsequently, using P, the next
parameters are evaluated such as the mud head loss and
the final level of the cement slurry. The mentioned equa-
tion suffers from some errors because during the level-off
process not only the cement slurry level drops, but also a
mud level drop would occur due to the positioning of part
of the mud from inside the drill pipe to the casing below the
packer (with a larger bore than the drill pipe). Other inves-
tigators have described cement plugging techniques (but
not the level-off method) in detail in numerous papers, e.g.,
Smith (1990) and Griffin (1990). The details of the level-off
method are not only explained in this work, but also its more
accurate version is developed and presented.

It is noted that this work is an updated version of the
previous work by Ashena et al. (2020) which presented the
first approach of the authors to the problem. In the work
by Ashena et al. (2020), a formulation for level-off design
was developed which suffered from the limitations of being
applicable only to vertical wells, and only for single casing
size where the slurry is being placed. Generally, Ashena
et al.’s work (2020) and its workflow were not user-friendly
and complex in practice (based on the feedback from some
industry experts). Therefore, the authors strived to solve the
problem by developing their second/updated methodology to
solve the level-off problems, providing a more practical and
straightforward workflow, which is also applicable to devi-
ated or directional boreholes. This was done in this work by
first evaluating the initial slurry volume first and then using
that volume for finding the rest of required parameters such
as the initial slurry height, etc. In this work, unlike the first
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Fig.1 Flowchart of the stepwise
calculation to find design
parameters of a typical level-off

cement plugging

Consider the Final Condition (Levelled-Off)

Design Parameters

Initial Cement Slurry Volume above shoe (V ;)

Initial Cement Slurry Height (h, ;)

Depth of Displacement (MDgy;s & TV Dyi)

Depth of RTTS Packer (TVDgyrrs & MDgprrs)

Volume of Displacement (Vy;5)

: Expected / Theoretical Top Of Cement (TOC)

Final Mud Height (h,, r)

Mud Level Drop in DP (Ah,, 4)

Now, We Have All Design Parameters (for the Initial Condition.).

approach, a stepwise flowchart for the workflow is provided
in a graphical manner. Based on the preceding explanation,
this manuscript is an original/practical contribution to the
literature and practitioners.

The purpose of this technical paper is then to describe
the level-off technique in detail: following a discussion on
the theory, design calculations are given, followed by pos-
sible field verification. Finally, operational procedures are
explained in a stepwise manner. The design focusses on
the placement technique and determination of the required
parameters, including the slurry and displacement volumes
and packer setting depth. The composition of the cement
slurry and flow calculations are outside the scope of the
paper and are not discussed; and the reader can refer to other
references such as Nelson and Guillot (2006). The method
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presented works for both vertical or deviated wells, for drill-
ing and workover wells, and where losses occur in open-hole
or cased-hole intervals. To provide a clear understanding of
the calculations, two different case studies are discussed,
pertaining to drilling and workover operations.

2. Design calculations

Successful application of the level-off cement plugging
method to cure lost circulation depends primarily on an
accurate design. For the scope of the design, several input
parameters are required: formation pore pressure at the
top of loss zone, well dimensions and volumes, mud and
cement weights. The modeling approach considers the final
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Fig.2 The steps of calcula-
tion of design parameters for a
level-off cement plug job in a

typical well schematic. “Initial”
Cappp = Given

denotes the initial overbalanced
condition and “Final” denotes
the final levelled-off / balanced
condition

Vbis =7 (Step 7)

TV Dgrrs =? (Step 6

|

TVDdis = (Step 5)

hei =7 (Step 4)

Desg & Cap c5q = Given

levelled-off balanced condition to calculate the initial over-
balanced situation wherein the hole is filled with original
mud and with some initial cement slurry volume. In this
approach, a list of significant design parameters is evaluated
/ derived.

The calculation procedure is presented stepwise. Figure 1
shows the calculation steps in form of a flowchart, Fig. 2
shows the steps in a typical well schematic. As shown in
both figures, there are seven steps which are explained as
follows:

Final mud height (h,, ;)

At the final levelled-off condition, the wellbore fluid pres-
sure is balanced with the formation pore pressure. The
wellbore pressure is equal to summation of the hydrostatic
pressure by final cement slurry height remaining above loss
zone or last casing shoe (%, ;) and the hydrostatic pressure
by final mud height (4, /) remaining in the wellbore. It is
noted that hcf is the height above loss zone; however, when

Ah,, 4 =7 (Step 2)

IDP

hum,r =7 (Step 1)

Bid L Ahy;s = Given

4

V., =?
(Step 3)
h¢,s = Given (Step 0)
(with p,, & p.=Given)

the loss zone is near the casing shoe (short open-hole sec-
tion), the height above casing shoe is considered as the basis
for h, ;. Therefore:

Pr=0.052(h.; X p.+ hy X p,,) (1)
Using Eq. 1, hm’f [ft] is found as:
(PR/O.OSZ —h. X pc)
By = ! )

P

wherePy, is the pressure of reservoir formation or loss zone
[psilp, is cement slurry weight [ppg] andp,, is drilling mud
weight [ppg]

Dropped mud level in the drill pipe (Ah,, ;)

Through levelling-off of wellbore pressure to formation
pressure, the mud level in the drill pipe drops. The dropped
mud level in the drill pipe is found as:

Pisdlase clla)l auao @
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Ahy 4[TVD] = TVD iy — hyy = h,, 3)

Initial volume of cement slurry above casing shoe (V/ ;)

A successful level-off job is one which finally would pro-
vide a minimum cement plug thickness above the loss zone
or the last casing shoe (in short open-hole sections). The
initial volume of cement slurry designed to be placed above
the casing shoe, V_; for curing lost circulation, is equal to
the final cement volume above casing shoe plus lost slurry
volume to the loss zone / formation. The lost slurry volume
is in turn equal to the volume of mud dropped in the drill
pipe (volume of empty drill pipe) after leveling-off /balanced
condition with the formation pressure is reached. Therefore:

Initial height of cement slurry above casing shoe (h,))

The initial measured depth difference of cement slurry above
the last casing shoe A, ;{MD} is found by:

h {MD} = Vei
iAMDY} = Cap (6)
csg

where Cap,,, is casing capacity [bbl/ft]
In vertical wells, . ;{MD} is the same as the initial height
(vertical) of cement slurry above the shoe h_;{TVD} or sim-
ply h.;. Otherwise, in deviated wells, using i, ;,{MD} and
directional survey data, the . ; can be found.

Equation 6 holds, provided that there is only one sin-
gle casing size where the initial cement slurry is spotted /
placed. In this case, for vertical wells, Ashena et al. (2020)

used mathematical derivations to find 4, ;:

hc,[ = hc,f

1+ Pe— Pm Cappp N 0.052p,,TVD,,
P Cap,,, 0.052p,,

- P C
R> % < aPDP) @)
Capcsg

Vc,i = Vc,f + AVC,I = Vc,f + Ahm,d[MD] X CapDP (4)

whereV, ; is the final volume of cement slurry above cas-
ing shoe [bbI]AV ., is the lost slurry volume to loss zone
[bbl]Ah,, 4 is the dropped mud level in drill pipe (DP) after
leveling-off /balanced condition with the formation pressure
is reached [ft], andCap,p is the capacity of drill pipe [bbl/
ft]JAh,, ;[MD] is equal to Ah,, ,[TVD]because it is near the
surface where the hole has no deviation.

It is noted that for curing lost circulation in cased-hole
(i.e., through perforations or liner laps), the total volume
of initial cement slurry is the same as the initial volume
of cement slurry above the casing shoe. However, in short
open-hole cases, the initial cement slurry volume above the
last casing shoe (V) differs from the total required volume
of cement slurry (TotalV,). It is calculated as follows:

Total V., = Vo + V.. ;{for short open hole cases} 3)

whereV,; is the open-hole volume which is essentially filled
with the cement slurry in short open-hole sections, the vol-
ume can be accurately determined using caliper logs if cali-
per log is part of the logging while drilling (LWD) or may be
determined from experience based on washout observations.
It is noted that in short open-hole cases, it is preferred to fill
the whole open-hole section with cement slurry with the
slurry extending up sufficiently above the last casing shoe.

To find the next design parameters, only the initial vol-
ume of slurry above the shoe (V, ;) is required.
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It is noted that in this work the conversion factor of
“0.052” has replaced “g” (for gravitational acceleration) in
Ashena et al. (2020) to match oil field units.

However, in vertical wells, if the initial slurry is located
in two sizes of casings, h; is found as follows:

C G
i =\~ t\ =
’ Cap eS8 /7 csgl Cdp €S8 7 csg2 (8)

where the subscripts csg1 and csg2 indicate the first and sec-
ond casing wherein the slurry is placed / located initially.

Depth of displacement (MD,;;and TVD,;,)

The measured depth of the displacement (MD,;,) is the
measured depth to which the slurry is displaced by the mud.
It is found by:

MDdis = MDcsg - hc,[{MD} ©)]

In vertical wells, MD ;; and MD,, are the same as TVD ;;;
andTVD,, and h,;{MD}is the same as h,; (TVD). However,
in deviated wells, using directional survey data, TVD ;. must
be found as it will be needed for determination of installation

depth of the RTTS packer:
TVDdis = TVDcsg - hc,i (10)
Depth of RTTS packer (TVDgrrs and MDgrr¢)

The true vertical setting depth of the RTTS packer TVD gy
is then found using the following equation:
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TVDgrrs = TVD 43 — Ahyq (11

Ahg, is the required vertical spacing between the dis-
placed depth and the depth of RTTS packer. In vertical
wells, MDgrrg (the measured depth of the RTTS) is the
same as TVDg . In deviated wells, using well survey data,
MD 14 s found to later determine the displacement volume.
Following the displacement, there should be enough spacing
between the displacement depth and the RTTS packer depth
(denoted by Ahy,). This is done to ensure that the cement
slurry may not have any chance to be placed and set in the
RTTS or the drill pipe. In case the spacing between the top
of the slurry and the RTTS packer is ignored, the top of the
cement slurry reaches the RTTS packer which may make it
become stuck and not released. In such cases, the crew may
proceed to milling the RTTS or even side-tracking the well
in extreme cases. Therefore, typically a minimum vertical
spacing (Ahg,) of 130-200 t (40-60 m) should be predicted
between the bottom end depth of RTTS and the displacement
depth. Otherwise, in case there are particular well limita-
tions and risks, a lower or higher Ah,, may be allocated.

Volume of displacement (V ;)

The volume of displacement, V,, is the mud volume to be
pumped so that the initial cement slurry can be spotted/
placed at its appropriate depth. It is found by:

Viis = MDgqps X Cappy, + (MD i — MDyyg) X Cap,.g,
12)
In vertical wells, MDgpg and MD,;; are the same as
TVDgrrs and TVD ., and the term (MD;, — MDgyrg) in
Eq. 12 is equivalent to Ah .. However, in deviated bore-
holes, MD ;, is found from Eq. 9, MDgrrg is found using its
true vertical depth and well survey data.

Top of cement (TOC)

It is theoretically expected that, following the level-off estab-
lishment, the top of cement (TOC) be located at the follow-
ing true vertical depth:

TVDroe =TVD g — hy (13)

If the plan of the level-off method is executed exactly,
the practically observed TOC is expected to coincide with
the planned one. In deviated holes, using directional survey
data, MD is found.

3.1. Field checking of the design parameters

Once a level-off cement-plugging plan is ready by the well
planning office, it is sent to the drilling supervisor at the
rig-site for execution. Best practice would have the proce-
dure and design calculations included in drilling plans. Prior
to execution, the supervisor may need to double-check the
plan by repeating the design calculations to reach the design
parameters. If the double-check leads to the same results, the
design is verified and implementation can follow.

The next significant parameter is the verification of the
top of cement plug (TOC). Using Eq. 13, the theoretical
design / expected TOC can be determined. As a follow-up,
this value can be compared with the actual TOC observed
when drilling out the cement plug after it gets hard. If the
design and practically-observed TOCs are the same or near
each other, the right design and execution plan has been
confirmed in field practice. Otherwise, there is failure either
in the design or implementation / practice phases. This will
be discussed further in “Case Studies” section.

Execution

Following the design of a level-off method, the execution
procedure of the method is explained as follows:

Pre-job meeting

1. The service company representative should hold a pre-
job meeting with his crew, the rig crew and all other

Table 1 Input parameters for CS 1. It is a vertical well, with mud loss
in open-hole, and with two sizes of casing between the RTTS packer
and top of the loss zone during level-off cement plugging

Input Value
Reservoir pressure at last liner shoe (Pp) 2,055 psi
Mud weight (p,,) 8.34 ppg
Magnesium cement slurry weight (p.) 13.36 ppg

Required final cement height above last liner 1,361 ft (414.83 m)
shoe at end of job (h, )

Recommended spacing between RTTS packer
& initial slurry Top (Ahy,)

Depth of 7" LNR lap (Dyyg 14,):

305 ft (92.96 m)

5,489.1 ft (1,673 m)

Depth of 7" LNR shoe (D g sioe): 7,379 ft (2,249 m)
Total depth (TD): 7,700 ft (2,347 m)
Capacity of 5" DP (Cappp s.): 0.0178 bbl/ft
Capacity of 7" CSG (Capyyg7.): 0.03715 bbl/ft
Capacity of 9 5/8" CSG (Cap,. oss.): 0.0706 bbl/ft
Capacity of 6 1/8” O.H. (Capp): 0.03644 bbl/ft
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involved personnel in cementing the well to review
responsibilities and coordinate the operations to be per-
formed. Safety should always be the top priority.

Run in the hole with drill pipe and the RTTS packer.
During the running in the hole, maintain filling up the
annulus using pump-1 (from mud tank-1), to prevent any
possible kick flows into the well.

Set packer of the RTTS at its determined setting depth.
Setting the packer makes the annulus disconnected to the
well. Therefore, maintain filling up the well by pumping
through the drill pipe using pump-2 from mud tank-2.
Pump the prepared volume of cement (based on the pro-
gram) into the well. Then, displace using the drilling
mud until the top of the slurry reaches its initial deter-
mined level (with the required spacing below the RTTS).
Shut the pump off, close a safety valve, install the fill-up
line upstream of the safety valve, and install a pressure

Fig.3 Schematic of the well in
the first case study, in which
lost circulation occurred during
drilling 6 1/8" hole. “Initial”
denotes the initial overbalanced
condition and “Final” denotes
the final levelled-off / balanced
condition

jllate ¢llodl ay .
des Shevis @) Springer

gauge in between. Periodically open the safety valve
and monitor the drill pipe pressure at the surface. This
will give the crew an idea on the well conditions, as the
cement slurry is set.

Allow the cement slurry level to drop and penetrate into
the loss zone until the wellbore hydrostatic pressure
levels-off or balances with the formation pore pressure.
During this time, the slurry starts to thicken and set. We
should allow enough waiting time of, e.g., 12 to 18 h
(depending on the additives used in the slurry, specified
in the program) and simultaneously monitor the surface
pressure.

After the specified waiting time, read the pressure
gauge. If the pressure is negligible, prime the hole (fill
up the drill pipe without applying surface pressure). The
primed mud volume equals the penetrated volume of
the cement slurry into the formation, which we can use

Vais =7 (Step 7)
103 bbl

[

Dprrs =7 (Step 6) 4>-_-

4,590 ft (1,399 m)

Mud Ahg;s

Dgis =? (Step 5) >
4,895 ft (1,492 m)
hc; =? (Step 4)
2,483 ft
(756 m)
Dinr—1ap(7") v

5,489.11 ft (1,673 V
DShae(7")

= 7,379 ft (2,249 m)

TD = R

7,700 ft (2,347 m)

Vc,i =7
(Step 3)

L Ahy, g =? (Step 2)
| 3,459 ft (1,054 m)

4 L hy,r =7 (Step 1)
2,558.3 ft (779 m)
Mud

h¢,r =Given (Step 0)
1,361 ft (414 m)

TOC =?

Lost
o 6,018 ft (1,834 m)

Slurry

Initial « Final
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Table 2 Design parameters /
outputs for CS I

N N AW N =

Depth of displacement (D ;)
Depth of RTTS packer (Dgyr)
Volume of displacement (V)
Top of cement (TOC)

Design parameter Value

Initial volume of cement slurry above casing shoe (V, ;) 112.14 bbl

Total (required) cement slurry volume (7otalV,) 123.83 bbl

Initial height of cement slurry above last liner shoe (#,.,) 2,483.411(756.94m)

4,895.6f1(1,492.17m)
4,590.6f1(1,399.14m)
103.24bbl
6,018f1(1,834.19m)

to determine the real final top of cement plug (TOC).
Therefore, at the end of the level-off process, we expect
that mud loss stops. To check our model results, the
actual top of the cement plug in practice is compared
with the theoretical design top (as is done in the case
studies). After the cement plug has set, during drilling
out of the cement plug, it is also used to confirm the
actual TOC. If they are nearly the same, it can indicate
the success of the operations.

a. Note: If some pressure readings are observed (e.g.,
300 psi), try releasing the pressure stepwise to the
choke manifold and burn pit. If the pressure could
not be released, it signifies that the cement slurry
could not properly plug the formation and we are
connected to the reservoir. In such cases, we need
to secure the well by bullheading (if possible).

8. Unset the RTTS packer and release the drill pipe.

It is noted that a level-off cement plugging may not be
necessarily successful after one attempt; but rather, several
attempts may be required in practice until the loss situation
is under control.

3.2.1 Case studies and verification

Two field case studies (CSs) are presented to apply the cal-
culations, along with their comparison with the field prac-
tice. They consist of real field examples in the Middle East.

CS I: Drilling, vertical hole, OH (with two size casing
between packer and the loss zone)

In a workover job, during drilling 6 1/8 in hole vertically at
the depth of 7700 ft (2347 m) with mud weight of 8.34 ppg
(water) in a highly fractured carbonate reservoir, a mud loss
of 30 bbl/hr was encountered, which was not controlled by
spotting LCM pills, then the mud loss converted to a severe

Table 3 Input parameters for
CS II. It is a deviated well, with

mud loss in open-hole, and with
single size casing between the
RTTS packer and top of the loss
zone during level-off cement
plugging

atend of job (%)

Recommended (Vertical) spacing between RTTS packer & initial slurry top

(Ahgie)
Depth of 9 5/8" CSG (TVD,.,)

csg

Input Value
Reservoir pressure at the last casing shoe (Pp) 1,900 psi
Mud weight (p,,) 9.3 ppg
Magnesium cement slurry weight (p,) 13.4 ppg

Required final (vertical) cement height above last casing

260 ft (79.25 m)
200 ft (61 m)

TVD=6,349 ft (1,935.1 m)
MD=6,610 ft (2014.62 m)

Total Depth [TD]: {which is Measured Depth} 6,700 ft (2,042 m)

Capacity of 5" DP (Cappp): 0.0178 bbl/ft

Capacity of 9 5/8" CSG (Cap,,): 0.07076 bbl/ft

Capacity of 8 ¥2” O.H. (Cap,p): 0.07018 bbl/ft
aﬁ#m;ﬁ @ Springer
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Fig.4 a Schematic of the deviated well in the second case study, in »

which lost circulation occurred during drilling 8 %2 in hole. The first
two steps of the calculation approach are indicated in the figure.
“Final” denotes the final levelled-off / balanced condition. b Sche-
matic of the initial condition of the well in the second case study,
wherein the initial cement slurry was displaced to the designed dis-
placement depth

mud loss event with 60 bbl/hr loss. Therefore, to prevent
an emergency situation, the level-off method was planned
to be applied by running 5 in drill pipe and setting a 9 5/8
in RTTS packer, spotting of 13.36 ppg magnesium cement
slurry (with enough height above the 7 in liner shoe) to
cure the loss. All the required input parameters are listed
in Table 1. Using reservoir pressure measurements in offset
wells, formation pressure was estimated to be 2055 psi.

Task: Using the equations in this work and experience,
we find the following design parameters:

e Volume of magnesium cement slurry to cure the loss
(above the shoe and total)

Depth of displacement

Depth of setting the RTTS packer

Volume of displacement

Final mud loss after cement plugging

Non-Productive Time (NPT)

Expected / theoretical top of cement plug (TOC).

During drilling-out the cement plug, the actual TOC in
the field practice was observed at 6032 ft (1838.4 m). Possi-
ble reasons for the discrepancy between the field observation
and theoretical expected values are discussed.

Recommended design for CS |

The steps of the calculation procedure are followed to find
the design parameters (with steps shown schematically in
Fig. 3 and all design parameters in Table 2). In this well, the
field experience indicated that after stabilization of moni-
tored drill pipe pressures (24 h after displacement), the well
(safety valve) was opened with no observed mud loss. The
total NPT due to the lost circulation was 29 h. It consisted of
1 h for preparation and waiting for program, 6 h for tripping
of DP with RTTS (in and out of the hole), 1.5 h for setting
and unsetting packers, 1.5 h for making cement slurry (fol-
lowing packer set), 0.5 h for pumping slurry and displace-
ment, 18 h wait on cement and monitoring pressures, 0.5 h
for priming the well. This NPT is extremely lower than off-
set wells with average 120-150 h NPT to overcome such a
severe mud loss event.

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer
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Table 4 Design parameters
/ outputs for the second case

study

Design parameter Value
Initial volume of cement slurry above casing shoe (V.. ;) 68.46 bbl
Total (Required) cement slurry volume (TotalV,) 74.77 bbl

3 Initial height of cement slurry above last casing shoe (%,.,) h. {MD} = 967.49 f1(294.87 m)
h.; = 762.39 f1(232.36 m)

4 Depth of displacement (VD ;) MD = 5,642.5ft(1,719.8 m)
TVD = 5,586.6ft(1,702.7m)

5 Depth of RTTS packer (TVD grrs) MD = 5,400 f1(1,645.8 m)
TVD = 5,386.6 ft(1,641.75 m)

6 Volume of displacement (V) 113.28 bbl

7 Top of cement (TOC) MD = 6,280.11(1,914 m)

TVD = 6,089 f(1,855.8 m)

Next, after running the mill to tag top of the cement plug,
the actual TOC was located at 6032 ft / 1838.4 m, which was
about 14 ft (~ 4.5 m) lower than the expected theoretical
depth. This indicates that probably due to severe lost circu-
lation, a further few feet of the cement slurry (equivalent to
0.5 bbl) had penetrated into the loss zone. The reasons for
this occurrence were attributed to possible uncertainty or
inaccuracy in estimated loss zone pore pressure, inhomo-
geneous density within mud and cement slurry, excessively
large fractures which are typical of the formation and lower
than enough viscosity and consistency of the cement slurry.
Overall, the job was successful to put an end to the lost cir-
culation occurrence.

CS II: Drilling, deviated hole, OH (with single size
casing between packer and loss zone)

During drilling, a deviated 8 %2 in hole at measured depth
(MD) of 6562 ft (2000 m) with mud weight of 9.3 ppg (salt
water) in a highly fractured carbonate reservoir, lost circu-
lation occurred with mud loss rate of 90 bbl/hr. Therefore,
level-off cement plugging method was planned to be applied
by running the 5 in drill pipe and setting the 9 5/8 in RTTS
packer. It is required that at the end of the job, a (vertical)
height of 260 ft (79.25 m) cement plug is required to remain
above last casing shoe / loss zone. The other required input
parameters are listed in Table 3. Using reservoir pressure
measurements in offset wells, the formation pressure was
estimated to be 1900 psi.

Task: Using the equations in this work and experience,
find the following design parameters:

e Volume of magnesium cement slurry to cure the loss
(above the shoe and total)

e Depth of displacement

e Depth of setting the RTTS packer

Volume of displacement

Final mud loss after cement plugging
Non-Productive Time (NPT)

Expected / theoretical top of cement plug (TOC).

During drilling-out the cement plug, the actual TOC in
the field practice was observed at 6302 ft (1920.75 m). Pos-
sible reasons for the discrepancy between the field observa-
tion and theoretical expected values are discussed.

Recommended design for CS |1

Following the same steps of the calculation procedure,
the design parameters (with steps shown schematically in
Fig. 4a and b). All the seven evaluated design parameters are
listed in Table 4. In this well, the field experience indicated
that after stabilization of monitored drill pipe pressures (18 h
after displacement), the well (safety valve) was opened with
no observed loss. The whole NPT due to the lost circula-
tion was 31.5 h consisting of 0.5 h for preparation and wait-
ing for program, 7 h for tripping of DP with RTTS (in and
out of the hole), 1 h for setting and unsetting packers, 2 h
for making cement slurry (following packer set), 0.5 h for
pumping slurry and displacement, 20 h wait on cement and
monitoring pressures, 0.5 h for priming the well. This NPT
is extremely lower than offset wells with average 120-150 h
NPT to overcome such a severe mud loss event. Therefore,
this method was extremely effective in controlling lost cir-
culation in an attempt and mitigate NPT.

After running the next drilling bit to tag and drill-out
the cement plug, the actual TOC was found at 6302 ft
(1920.75 m), which was about 22 ft (6.7 m) lower than
the expected theoretical depth. This indicates that due to
severe lost circulation, further few feet of the cement slurry
(equivalent to 1.5 bbl) had penetrated into the loss zone.
The reasons for this occurrence were attributed to possible
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uncertainty or inaccuracy in estimated loss zone pressure,
inhomogeneous density within mud and cement slurry,
excessively large fractures, and lower than enough viscosity
and consistency of the cement slurry. The level-off cement
plugging was successful to put an end to the lost circulation.

4, Summary and conclusions

In this work, a method called level-off cement plugging was
introduced and devised to control lost circulation. In this
method, after installing the RTTS packer inside casing with
enough spacing from the loss zone, some cement slurry is
spotted above the loss zone in cased hole and with enough
spacing from the packer. Then, gravity is allowed to come
into force such that the volume of cement slurry will freely
penetrate the formation to cure and plug the loss zone. The
key to the success of a level-off job is, therefore, to quickly
and accurately design the placement technique, which is
discussed in this work supported by some field case studies.
The level-off job is already practiced by the industry, but it is
not yet published in the literature. The industry uses different
design methods, which may not be as accurate as this work.

1. In the level-off method, using the drill pipe, the RTTS
packer is installed in cased hole with some spacing from
the loss zone, and acid-soluble cement slurry is spotted
above the loss zone, and allowed to drop by gravity so
that it can freely penetrate into the formation through its
fractures and plug them to cure lost circulation.

2. Because a correct job design is critical for the success
of this operation and different companies apply meth-
ods causing some errors, the paper presents a stepwise
approach to determine its design parameters includ-
ing the required slurry volume, required slurry height
above the casing shoe (in short open holes) or loss zone
(in very long open holes), recommended displacement
depth and volume, RTTS packer setting depth and
expected top of cement plug after pressure equalization.

3. The workflow provided presents a detailed stepwise pro-
cedure for field execution of the methodology.

4. The presented method works for both vertical and devi-
ated wells, for drilling and workover wells, and where
losses occur in open-hole or cased-hole intervals.

5. Case studies have illustrated and verified that the appli-
cation successfully put an end to the lost circulation. The
operations also showed success in terms of NPT mitiga-
tion compared to offset wells. Comparing the theoretical
and actual TOCs which is the best criterion for compari-
son of the developed theory and field practice, the small
discrepancies from actual field practices are attributed to
possible uncertainty or inaccuracy in estimated loss zone
pore pressures, inhomogeneous density within the muds
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and cement slurries, excessively large fractures which
are typical of the formation and lower than enough vis-
cosity and consistency of the cement slurries.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
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the article’s Creative Commons licence and your intended use is not
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