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Abstract. Tlorizontal Drilling is now a well established technique with growing popularity lor exploiting
a number of reservoirs which would otherwise be noncommercial. 1fowever. a horizontal well requires a
substantial eugineering work compured o convenlional directional drilling. Significant advances in dril-
ling technology have made it possible to drill horizontaily in almost any situativn by using very speciatized
1ools. But some inherent weaknesses to this technique still exist, like casing design. Most of the reported
horizontal wells are completed with open hole or slotied linear. This type of completion is simple and inex-
pensive, but may not furnish enough support te the walls of the well to altow for long well life.

This paper chscusses casing design considerations for horizontal wells. Tt addresscs the type and
nature of loads applied en casing strings set in horizontal wells, examples of these boads are torgque and
drag. formatian subsidence, cffect of perforations, and bending loads. A design method for casing string
uncler lowds thar prevail in horizontal wells is also included. The proposed design method shows that the
horizontal section needs high collapse resistance pipe or thick-wall pipe to avoid casing failure due to non-
conventional Joads that prevails in horizontal wells.

Nomenclatures
A = cross section area of steel, sq. in.
Fn = nctnermal force acting on element, Ib
Tt = axial tension force at lower end of element, Ib
&FL = incTedse in tension over length of clement, Lb.

k.o.p = kick-off-point

L total axial load, |b,
L, = hendingload, Ib.
L, = dragforce,lb.

L, = pulling load, 1b.
L = runningload, Ib.

-
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Lr = running load, Ib.

M = torsion at lower end of element, ft. Ib.

oM = increase in torsion over length of element, ft. 1b,

P, = collapse resistance of casting without tensile axial load, psi.
P = collapse resistance of casing with tensile axial load, psi.

So = averape yield strength of steel, psi.

T.V.D. = truevertical depth, {t.

T.S.F. = lension safety factor.

T = actual radius of pipe element, fi.

W = buoyed weight of pipe clement, b,

o = azmuth angle, degree or radians.

da = increase in azimuth angle over length of clement, degree or radians.

g = inclination angle, degree or radians.

hiG = increase ininclination angle over length of element. degree or radians.

o’ = averageinclination angle, degree or radians.

m = sliding friction coefficient between casing and wellbore.
Introduction

Little publications have addressed the problems of casing design for a horizontal
well, However, horizontal technology is now considered a well established technigue
alter developing many equipment used to drill horizontal wells under variety of oper-
ational conditions. A horizontal well can be classified as a “short”, “medium™ and
“long radius” well depending on the build-up rate or the radius of curvature it
describes [1]. Wells with long radius build inclination at 2 to 6°/100 ft (30 m} with a
horizontal displacement section extending up to 3000 ft (914 m). Wells with a
medium radius drilling technique change from vertical to horizontal at § 1o 20°/160 £t
with a horizontal length extends 1000 [eet or more. Wells with a short radius systems,
in comparison. change angle at 1.5 1o 3° per foot (0.3 m) to have wellbore geometry
from vertical to horizontal in 20 to 60 ft. Because of difficulties of cementing horizon-
tal sections and due to the unknowns of casing design for horizontal wells, most of
horizantal wells drilled worldwide arc completed as open hole.

Open hole completion has some disadvantages; it restricts the production rate
duc to hole stability prablem and the possibility of barehole failure. Studies made on
this problem showed that there is a certain limit for applying a bottom hole pressure
as well as a pressurc draw down [2]. Morcover, open hole completion docs not allow
the use of pumping rechnique for production from horizontal well. To minimize the
disadvantages of open hole completion, castng and cementing is to be recommended
in horizontal well.
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Casing design for horizontal well as well as for conventional wells depends on
the loads applied on casing string. Casing loads in the horizontal well arc not differ-
ent than those developed in conventional well. However, there is a distinct difference
in the magnitude of those loads. The most critical 1oads applied on casing in a hori-
zontal well are bending load, torque and drag, and point and line loads resulting from
formation subsidence. Murcoever, the performation intensity may reduce the erush-
ing resistance of the casing pipe. These factors may overshadow more traditional
parameters of internal yield, collapse, and tension of conventional design proce-
dures,

Accurding to the well trajectory, Fig. 1, the well path can be divided into three
intervals: horizontal scction, build up section, and vertical section. Each section has
its own load conditions and sometimes differs from the others. This paper discusses
the loads that apply on casing strings in horizontal wells through the three specified
intervals of the well path, clanfics the cflect of these loads on the resistance of the
pipe. and shows how to seleet casing strings for horizontal wells.
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Fig. 1. Well bore sketch: Emportant design paints.
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Horizontal Section

Depending on the inclination angle, the well path in this scction is horizontal or
nearly horizontal. The inclination angle of a horizontal well lies between 80 and 90°
depending on the dipping angle of the reservoir formation. Besides the traditional
loads of the conventional procedures, this section is subjected to torque and drag
forces, effect of perforation on collapse resistance, and formation subsidence, Tor-
que and drag can be caused entirely by sliding friction forces that result from the con-
tact of the pipe to the bore hole. Two factors affect wellbore sliding friction-the nor-
mal contact force and the cocfficient of friction between casing and formation. The
product of the two factors represents the magnitude of the sliding friction forees [2].
The normal contact forces between the casing string and the wall of the hole mainly
depends on the effect of pipe weight and the effect of tension and compression
applied on the casing. The value of sliding friction coefficient depends on the
specified contacting materials and the degree of lubrication at various places in the
wellbore, mainly affected by mud type,

Using the basics given in references [3,4 and 5] and lustrations shown in Fig, 2,
the magnitude of the normal force that apply on « pipe can be expressed as follows:
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Fig. 2. Pipe element (A) and load analysis (H).
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Fn = [ (Ftdasind’)? + (Ft50 — Wsin6)2)'"z2 .. (1)
and the increment in tension at any element is
OFt=Wcos® £tpFn (2)
and the torsion increment is
M=pkpnr . (3)

.

The plus or minus sign reflects the direction of pipe motion either up or down; the
plus sign is for upward motion where friction adds to the axial loads and the minus
sign is [or downward motion. The value of the coefficient of friction varies between
0.2 and 0.4 depending on the type of mud in hole and the formation type. Using a
computer program designed by the authors, the drag forces or drag loads (La) are
determincd along the horizontal section for both closed ends und open ends casing
strings of different sizes landed at different true vertical depths.

The calculations are carried out for three casing sizes (5", 18#; 7, 26#; and Y-5/8",
47#) set in a horizontal well with different horizontal scctions ranging from zero to
4000°. The true vertical depth of the horizontal well is assumed to be 6000 feet. The
pipe is considered as open ended pipe and the coefficient of friction is taken as (.4,
The results are plotted in Fig. 3. This figures shows the load applicd at point (C) of
Fig. 1, required to push the casing through the horizontal section. This load increases
by increasing lateral section, casing size and true vertical depth,

The calculations are devoted to 5 inch casing pipe having a normal weight of 18 1b/ft.
The results are plotted in Figs. 4 and 5, which give the running load (L) applied at
paint (C) required to push the casing through the horizontal section for hoth open
and closed ended casing, This load increases by increasing the horizontul displace-
ment [or upen ended casing. For closed ended casing, the load depends on the hori-
zontal distance, the true vertical depth, and mud weight and equals the sum of the
buoyancy and the drag forces. The drag foree is the same for both closed and open
ended casing whilc the buoyancy foree for closed ended casing is function of the out-
side area of the casing. For exampe, the drayg foree in a 3000 ft horizontal displace-
ment at 6000 ft true vertical depth is about 18576 pound. Taking into consideration
the elfect of buoyancy, the running load for a closed ended casing applicd at point
(C) is 51150. This load can actually cause castng damage while running-in and it is
recommended to be considered in casing design. This drag acts as a compression load
in case of casing running-in and as a tension load while puliing-up the string, while the
buoyancy acts as a compression in both running-in and pulling-up.
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coeflicient of friction = 0.4 /‘L
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Drag Force (Ld), 1000 b
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Horizontal distance, ft

= Casting 5" 18#, + Casing 7" 26#, ¥ Casing 9-5/8” 47#

Fig. 3. Drag force on casing due 1o horizontal section.
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Fig. 4. Running ioad applied at point (C) on epen-end horizental casing string
(casing 5", 18#),
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Fig. 5. Running load applied at point (C) on closed horizonial casing string (casing 57, 18#),

‘The sccond major factor in the load considerations is the formation subsidence
which results in a nenuniform load on the casing string equivalent to the overburden
load [6], specially in case of peor cement job. A previous work [6], proved that the
collapse resistance of casing pipe under that type of load will be reduced to about
25% of its original collapse resistance. According to those results, the casing string
may suffer major collapse problem after running-in if this load is discarded from the
design procedures. To avoid such failure a proposed collapse safety factor. named
formation subsidence safety factor with a value of 2.0 is used with the overburden
pressure to seleet the specified casing.

The third factor is the effect of perforations on the casing resistance which
depends on the intensity of the perforations per longitudinal foot. Experiments made
by King [7] showed that a perforation intensity higher than 4 perforations per foot
reduces the crushing resistance of the pipe by 10 to 60 percent of its original resis-
tance. The crushing resistance has normally a dircet relationship to the collapse resis-
tance und its reduction may cause collapse failure of pipe. Depending n the intensity
of perforations. a perforation factor is ussumed (o correet the collapse resistance of
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horizontal sections. Figure 7 shows this load as a function of the build-up rate. It
shows that the load increases in nonlincar manner till a rate of about 25°/100 ft. For
rates from 25° und 45°/100 ft, the load stays constant and then above 45°/100 t it starts
to dccrease again. This phenomenon is mainly duc 1o decrease of the measured depth
through the build-up section by increasing the build-up rate and is due to the
decrease of the component of load that affected the drag force.
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Fig. 7. Ruaning load at k.0.p., puint (B) function of build-up rate (casing 5, 184).

In case of pulling-up the string, the drag force will result in a tension load at point (B).
For the same previous example, the running load (Lr) at point {B) during running the
5 inch casing, 18 Ib/ft, in a horizontal section of 3000 ft and at a rate of 20°/100 ft is
6950 pounds, compression load, while the pulling-up lcad (Lp) at the same point is
41250 pounds, tension load, Fig. 8. This means that during reciprocation Lhe point
(B) will be subjected to a load changed between —6950 pound and +41250) pound.

The secand major load in the build-up section is the hending load (L), The load
can be calculated by the following equation:

L,=e3s0wp . (4
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Fig, 8. Pulling-up load applied on open end closed casing string ul k.o.p. (casing 5", 18#),

This load increases lincarly with the build-up rate (see Fig. 9) and results in a com-
pression load on the convex side of the pipe and in tension load on the concave one.
For the previous example, this load is = 113400 pound. By adding this value to the
running or pulling load at point B, the casing string will b subjected to a compression
load of 120350 pound and a tension load of 154650 pound which may cause joint fuil-
uTe In cusing string.

Vertical Section

Tn the vertical section of the well, the load is maximum at poinl (A), see Fig. 1.
This load is the sum of the weight of casing string from surface to the kick-ott-point
and the foad at point B, For the previous example. the kick-off-pointlies at 5715 true
vertical depth. This section results in a load of 88470 pound and the tension load at
puint B is 41250 pound. This means that at point {A} the casing will be subjected to
129720 pound during pulling-up compared to 154650 pounds for point B. It is clear
therfore. that the maximum compound load in the string lies at the point B due to
both drag and bending during pulling-up the string. Meanwhile. the horizontal sce-
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Fig. ¥. Bending load on casing due ta rates of build-up.

tion will be subjected to nonuniform load that reduces the coilapse strength to about
25% of its original resistasnce. The following procedure shows how to select a casing
string for such a horizontal well based on the previous analysis.

Design Procedures

The proposed design method is based on biaxial collapsc resistance of casing
pipe, Fig. 10, which incorporates the conventional loads, and the loads due to hori-
zontal configuration, discussed previously. This biaxial curve is available in text
books or can be constructed according to the following biaxial stress formula (5).

P.= e {[4(AS 12 =32 — 1) (5
* 2A8 e s e

o

The design begins from the total depth of the well. point (D) to the surface, point
(A). Assuming a 5 inch casing to be set in a 6000 feet true vertical depth well with
3000 {eet horizontal displacement and buil-up angle of 20°/100 ft, this method is illus-
trated through the following example.
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Flg. 10. Graphical design method of 5, 18# of a horizontal well.

1. Calculate the overburden pressure at the bottom of the well, point (). Using
overburden pressure gradient of 1.0 psi/ft, this value will be 6000 psi.

2. Correct this value to meet the nonuniform load and the effect of perforation by
multiplying this value by nonuniform and perforation correction factor. The correct
value is 15000 psi. using correction factors 2 and 1.25, respectively for nonuniform
load and perforations.

3. Plot the corrected value on the biaxiul reiationship curve Fig. 10, point (1).

4. Calculate the normal collapse pressure at point (C) using the normal collapse
pressurc formula which is the value of the hydrostatic pressure at that point (C). This
value will be 3180 psi.

5. Calculate the pulling-up load at point (C) using the computer program (18570
Ib) and plot it on the same tigure using the corrected value of overburden pressure
and the normal collapse pressure, points (2) and (3).

6. Calculate the load and the normal hydrostatic pressure (3185 psi) and the pul-
ling-up load at point (B) using the computer program, 131970 1b, and determine the
position of point (4).
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7. Culculate the bending load through the build-up section using equation (4),
113400 Ib, and add its value to the line from 3 to 4 to become 5 to 6.

8. Calculate the load at point (A) which is equal to the casing weight at the end of
the vertical section and the pulling-up at point (B), 129720 Ib, and plot point (7).

9. Follow the line 1-2-3-5-6-4-7 and choose the grade that possess a resistance curve
covering each section.

In this cxample, the grade V-150is recommended for the horizontal section and N-80
for both huild-up and vertical sections. This method neglects the torque applied on
casing during rotation of string, the compression design of the tool joints, and the bia-
xial compression effect. These factors will be discussed in later publications.

Conclusions

From the previous analysis and discussions. the following conclusions can be
recommended:

1. The drag force, formation subsidence, effect of perforations, and bending loads
as well as the conventional loads arc the major loads applied on casing strings set in
harizantal weils. Thesc loads can cause major casing fuilure if they are not considered
in the design. The drag force depends on the type of mud and the drilled formation.
This load is compressive in case of running in the string and tensile in case of pulling
up.

2. Formation subsidence produces nonuniform overburden load acting as a point
line load on the pipe and reduces the collapse resistance drasticaily. This reduction
can reach to about 25 pereent of its original resistance.

3. Perforation technique results in a reduction of 10 to 60 percent of the crushing
resistance as well as the collapse resistance of the pipe depending on the intensity of
the perforations, '

4. The proposed design method calculates the loads applied on the horizontal
sting, propused two new factors to correct the loads for harizontal loading condi-
tions, namely formation subsidence factor of 2.0 and perforation effect factor of
1.11, and allows the selection of the proper specified pipe to be run in a horizontal
well.
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