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short-term total external pressure during this installation condition.
Under normal conditions, the annular-flow back pressure component is less
than 4-8 psi.

In consideration of the dynamic or hydrokinetic pressure, Py, the designer will add
additional external pressure to the slurry head:

(18) Pn= PMUD + Pyk - P1
Where the terms have been defined previously.

Resistance to External Collapse Pressure During Pullback Installation

The allowable external buckling pressure equation, Eq.11, with the appropriate
apparent modulus (see chapter 3- Appendix) value can be used to calculate the
pipe’s resistance to the external pressure, Py, given by Eq.18 during pullback. The
following reductions in strength should be taken:

The tensile pulling force reduces the buckling resistance. This can be accounted for by
an additional reduction factor, Fr. The pulling load in the pipe creates a hoop strain
as described by Poisson’s ratio. The hoop strain reduces the buckling resistance.
Multiply Eq.11 by the reduction factor, Fr to obtain the allowable external buckling
pressure during pullback.

" F, =y (5.57-(r+1.09)%) -1.09

WHERE

St = calculated tensile stress during pullback (psi)
s = safe pull stress (psi)

I = tensile stress ratio

Since the pullback time is typically several hours, a modulus value consistent with
the pullback time can be selected from Appendix, Chapter 3.

Bending Stress

HDD river crossings incorporate radii-of-curvature, which allow the PE pipe to cold
bend within its elastic limit. These bends are so long in radius as to be well within
the flexural bending capability of SDR 11 PE pipe which can be cold bent to 25 times
its nominal OD (example: for a 12” SDR 11 PE pipe, the radius of curvature could

be from infinity down to the minimum of 25 feet, i.e., a 50-foot diameter circle).
Because the drill stem and reaming rod are less flexible, normally PE can bend easily
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to whatever radius the borehole steel drilling and reaming shafts can bend because
these radii are many times the pipe OD. However, in order to minimize the effect of
ovaling some manufacturers limit the radius of curvature to a minimum of 40 to 50
times the pipe diameter. As in a previous section, the tensile stress due to bending is
included in the calculations.

Thermal Stresses and Strains

HDD pipeline crossings generally become fully restrained in the axial direction

as progressive sedimentation and soil consolidation occur within the borehole.

The rate at which restraint occurs depends on the soil and drilling techniques

and can take from a few hours to months. This assumption is valid for the vast
majority of soil conditions, although it may not be completely true for each and
every project. During pipe installation, the moving pipeline is not axially restrained
by the oversize borehole. However, the native soil tends to sediment and embed

the pipeline when installation velocity and mud flow are stopped, thus allowing
the soil to grip the pipeline and prevent forward progress or removal. Under such
unfortunate stoppage conditions, many pipelines may become stuck within minutes
to only a few hours.

The degree to which the pipeline will be restrained after completed installation is

in large part a function of the sub-surface soil conditions and behavior, and the soil
pressure at the depth of installation. Although the longitudinal displacement due

to thermal expansion or contraction is minimal, the possibility of its displacement
should be recognized. The PE pipe should be cut to length only after it is in

thermal equilibrium with the surrounding soil (usually overnight). In this way the
“installed” versus “operating” temperature difference is dropped to nearly zero, and
the pipe will have assumed its natural length at the existing soil/water temperature.
Additionally, the thermal inertia of the pipe and soil will oppose any brief
temperature changes from the flow stream. Seasonal temperature changes happen so
slowly that actual thermally induced stresses are usually insignificant within PE for
design purposes.

Torsion Stress

A typical value for torsional shear stress is 50% of the tensile strength. Divide

the transmitted torque by the wall area to get the torsional shear stress intensity.
During the pullback and reaming procedure, a swivel is typically used to separate
the rotating cutting head assembly from the pipeline pull segment. Swivels are not
100% efficient and some minor percent of torsion will be transmitted to the pipeline.
For thick wall PE pipes of SDR 17, 15.5, 11, 9 and 7, this torsion is not significant and
usually does not merit a detailed engineering analysis.

Add: 13th F, Longyu International Building, Zhengzhou Area(Zhengdong), China(Henan) Pilot Free Trade Zone, 450046


Administrator
Logo 小


Mobile: +86 15515596408 (WhatsApp/ Wechat)

Bingo Pipeline Email: miki@bingopipes.com
1SO9001: 2015, 1SO45001: 2018, Web: www.bingopipes.com
1SO14001: 2015, CE, CNAS Tel: +86 371 8618 0298

452 | Chapter 12
Horizontal Directional Drilling

EXAMPLE CALCULATIONS Example Calculations are given in Appendix A and B.
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Appendix A

Design Calculation Example for Service Loads (Post-Installation)

Example 1
A 6” IPS DR 11 PE4710 pipe is being pulled under a railroad track. The minimum
depth under the track is 10 ft. Determine the safety factor against buckling.

GIVEN PARAMETERS
OD =6.625in

Nominal Pipe 0D

DR =11 Pipe

Dimension Ratio

H=

10 ft.

Max. Borehole Depth

g, = 120 Ibf/ft3
Unit Weight of Soil

PLive = 1,100 Ibf/ft2
E-80 Live Load
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PE Material Parameters

Wheel loading from train will be applied for several minutes without relaxation.
Repetitive trains crossing may accumulate. A conservative choice for the apparent
modulus is the 1000-hour modulus. See Appendix of Chapter 3 Table B.1.1.

Emid = 46,000 psi

L = Poisson’s Ratio = 0.45 for all PE pipe materials

Soil and Live Load Pressure on Pipe (Assuming that the earth load equals the prism
load is perhaps too conservative except for a calculation involving dynamic surface
loading.)

P = (g H +Ppyo) 1 /144

P =16.0 psi

Ring Deflection resulting from soil and live load pressures assuming no side support
is given by equation 10.

Ay 0.0125P
D - Emid
12(DR —1)°

% Ay /D = 5.1 Percent deflection from soil loads

Determine critical unconstrained buckling pressure based on deflection from
loading and safety factor using Eq. 11

f,, = 0.58 Ovality compensation factor for 5.1% ovality from Figure 3

PUC: 2Emig ( l )3 fo
(1-p”) DR-1
Pyc=68.4 psi

Critical unconstrained buckling pressure (no safety factor)

SF, = 4.3 Safety factor against buckling
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Example 2

A 6” IPS DR 13.5 PE4710 pipe is being pulled under a small river for use as an
electrical duct. At its lowest point, the pipe will be 18 feet below the river surface.
Assume the slurry weight is equal to 75 Ib/cu.ft. The duct is empty during the pull.
Calculate a) the maximum pulling force and b) the safety factor against buckling
for the pipe. Assume that the pipe’s ovality is 3% and that the pulling time will not
exceed 10 hours.

Solution

Calculate the safe pull strength or allowable tensile load.

OD = 6.625in. - Pipe outside diameter

DR =13.5 - Pipe dimension ratio

Taitow = 1150 psi - Typical safe pull stress for PE4710 for 12-hour pull duration. See Table 1.

allow ODZ L_ : P
DR DR

F, = 1.088 x 10* Ibf

Safe pull force for 6” IPS DR 13.5 PE pipe assuming 12-hour maximum pull duration.
Also see Table 5 for safe pull force.

F, =nT )

Step 1

Determine the critical buckling pressure during Installation for the pipe (include
tensile reduction factor assuming the frictional drag during pull results in 1000 psi
longitudinal pipe stress)

E = 63,000 psi - Apparent modulus of elasticity (for 12 hours at 73 degrees F)

L = Poisson’s Ratio = 0.45 for all PE materials

f0 = 0.76 - Ovality compensation factor (for 3% ovality)

£, =+/5.57—(r+1.09) —1.09

R =0.435 - Tensile ratio (based on assumed 1000 psi pull stress calculation)
fr =071

Pecr = 2E2( ! )y f, -y
(1-u*)  DR-1

Tensile Reduction Factor
PCR =43.71

Critical unconstrained buckling pressure for DR 13.5 pipe without safety factor
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Step 2

Determine expected loads on pipe (assume only static drilling fluid head acting on
pipe, and borehole intact with no soil loading)

gslurry =75 Ibf/ft3, drilling fluid weight

H =18 ft, Maximum bore depth

1

Pslurry = Hg slurry (m)

Pglurry = 9-36 psi
Total static drilling fluid head pressure if drilled from surface

Step 3
Determine the resulting safety factor against critical buckling during installation
Per

P

slurry

SF; =

SFCR = 467
Safety factor against critical buckling during pull

Example 3

Determine the safety factor for long-term performance for the communication duct
in Example 2. Assume there are 10 feet of riverbed deposits above the borehole
having a saturated unit weight of 110 1b/ft>. (18 feet deep, 3% initial ovality)

Solution

Step 1

Determine the pipe soil load (Warning: Requires input of ovality compensation
in step 4.

E long = 29,000 psi - Long-term apparent modulus
gw = 62.4 Ibf/ft.3 - Unit weight of water

H = 18 ft Max. - Borehole depth

gs = 110 Ibf/ft.3 - Saturated unit weight of sediments
GW =18 ft - Groundwater height

C = 10ft. - Height of soil cover

OD = 6.625 in - Nominal pipe 0D

DR =13.5 - Pipe dimension ratio

1 = Poisson’s Ratio = 0.45 for all PE materials

1
P . =(g.-0.)C (—
soil (gS gW) (144)

Psoil = 3.30 psi
Prism load on pipe from 10’ of saturated cover (including buoyant force on submerged soil)
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Step 2
Calculate the ring deflection resulting from soil loads assuming no side support.

% (Ay/D) = 0.0125 xP_, x100
E on
[ ——]
12 (DR -1)

% (Ay/D) = 3.33 Percent deflection from soil loads
t=0D/DR t=0.491 in

Step 3
Determine the long-term hydrostatic loads on the pipe
GW

P, = (——)+ P
v (2.31ft/psi) ol

Py =11.09
External pressure due to groundwater head

=75 Ib/cu.ft.?

g slurry

Unit weight of drilling fluid

1
Pslurry = gslurry H (144)
Psurry = 9.37 psi
External pressure due to slurry head
PW > Pslurry

Therefor use PW for buckling load

Step 4
Determine critical unconstrained buckling pressure based on deflection from loading

f, = 0. 64 Five percent Ovality Compensation based on 3.3% deflection with an additional factor for
conservatism.

_ 2Elong 1 3

= 7 ( )" fo
(1-1*) 'DR-1

Pyc =23.83 psi

Critical unconstrained buckling pressure (no safety factor)
SFcr =214

PUC
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PUC

SF .« =
CR P,

SF ., =2.14
Safety Factor against buckling pressure of highest load groundwater head (11.09 psi)

APPENDIX B
Design Calculations Example for Pullback Force

Example 1

W N

PIPE
ENTRY

L2 —» L1

Find the estimated force required to pull back pipe for the above theoretical river
crossing using Slavin’s Method. Determine the safety factor against collapse. Assume
the PE pipe is 35 ft deep and approximately 870 ft long with a 10 deg. entry angle and
a 15 deg. exit angle. Actual pullback force will vary depending on backreamer size,
selection, and use; bore hole staying open; soil conditions; lubrication with bentonite;
driller expertise; and other application circumstances.

PIPE PROPERTIES
Outside Diameter
OD = 24 in - Long-term Modulus - Elong = 29,000 psi, PE4710 Material

Standard Dimension Ratio
DR = 12 - 12 hr Modulus - E24hr =63,000 psi

Minimum wall thickness
t =2.182 in - Poisson’s ratio (long term) - y = 0.45 - Safe Pull Stress (12 hr) - spb = 1,150 psi

PATH PROFILE
H = 35 ft Depth of bore

gin = 10 deg Pipe entry angle
Zex = 15 deg Pipe exit angle

L, =100 ft Pipe drag on surface (This value starts at total length of pull, approximately 870 ft. then decreases
with time. Assume 100 ft remaining at end of pull)

Leross = 870 ft
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PATH LENGTH (DETERMINE L, AND L,)
Average Radius of Curvature for Path at Pipe Entry gi, is given in radians

R,..=2H/g,’

avg in

Ravg in = 2.298 x 103 ft
Average Radius of Curvature for Path at Pipe Exit

R,,..=2H/g.’

avg ex

Ravg ox =1.021 x 103 ft
Horizontal Distance Required to Achieve Depth or Rise to the Surface at Pipe Entry

L,= 2H/g,

L, =401.07 ft
Horizontal Distance Required to Achieve Depth or Rise to the Surface at Pipe Exit

WHERE
L, & L4 = horizontal transition distance at bore exit & entry respectively.

DETERMINE AXIAL BENDING STRESS
R = Ravg ex - Min. Radius for Drill path

R =1.021x103t

OD=24in

Radius of curvature should exceed 40 times the pipe outside diameter to prevent ring collapse.
r=400D

r = 80 ft Okay

R>r

Bending strain
ea = OD/2R
ea=9.79 x 10-4in/in

WHERE

¢, = bending strain, in/in

OD = outside diameter of pipe, in
R = minimum radius of curvature, ft

Bending stress
Sa = Eqon€a
Sa = 61.68 psi

WHERE
S, = bending stress, psi
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FIND PULLING FORCE
Weight of Empty Pipe

Pw =3.61x10-2 Ibf/in3

ga=0.95

gb=1.5

wa = tOD? (DR-1/DR?)ry, ga 12 in/ft
Wq = 61.54 Ibf/ft

Net Upward Buoyant Force on Empty Pipe Surrounded by Mud Slurry
Wp = n(OD2/4) ry gp 12 in/ft - wa
wp = 232.41 Ibf/ft

WHERE
Iy = density of water, Ib/in3

g, = specific gravity of the pipe material
g} = specific gravity of the mud slurry
W, = weight of empty pipe, Ibf/ft

Wi, = 1(0D2/4)rwghb 12in/ft - wa

DETERMINE PULLBACK FORCE ACTING ON PIPE
See figure:

L;=100ft-v,=0.4

L, = 401.07ft - vp = 0.25

L3 =200ft - G = gin - © = 10 deg = 0.175 radians

L, =267.38 - 3 = gex - B = 15 deg = 0.262 radians

L3 = Leross- L2 - L4 - L3 = 201.549ft

T =exp(vaO) [Vawa (L1 + L2 + L3 + L4)]

T =2.561 x 10* Ibf

Tg =exp(vb O) (Ta + Vb [Wn] L2 + wp H - va W, L2 exp (v O))
Ty = 4.853 x 10* Ibf

T =TB + vy [wb] L3 - exp(vp O) (va Wa L3.exp (va G))

T =5.468 x 10° Ibf

Tp = exp(vy O) [Tc + Vi [Wb] L - wp H - exp(vy G) (Va Wa Laexp (vp O))]
Tp =5.841 x 10* Ibf

WHERE
T = pull force on pipe at point A, Ibf

Tg = pull force on pipe at point B. Ibf

T = pull force on pipe at point C, Ibf

Tp = pull force on pipe at point D, Ibf

L, = pipe on surface, ft

L, = horizontal distance to achieve desired depth, ft
L; = additional distance traversed at desired depth, ft
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L4 = horizontal distance to rise to surface, ft

Vv, = coefficient of friction applicable at the surface before the pipe enters bore hole

vy, = coefficient of friction applicable within the lubricated bore hole or after the (wet) pipe exits
O = bore hole angle at pipe entry, radians

B = bore hole angle at pipe exit, radians

(refer to figure at start of this appendix)

HYDROKINETIC PRESSURE
AP =10 psi

Dh=1.50D

Dh = 36in

AT = AP (n/8) (Dh2 - 0D?)
AT =2.82 x 103Ibf

WHERE:
AT = pulling force increment, Ibf

AP = hydrokinetic pressure, psi
Dh = back reamed hole diameter, in

Compare Axial Tensile Stress with Allowable Tensile Stress During Pullback of 1,150 psi: (Assume the pull
takes several hours and use 12 hours safe pull stress.)

Average Axial Stress Acting on Pipe Cross-section at Points A, B. C, D
s| = 190.13 psi <1,150 psi 0K
S, = 343.40 psi <1,150 psi 0K
s3 = 384.55 psi <1,150 psi 0K
s4 = 409.48 psi <1,150 psi 0K

1 DR?

nODZ) (DR—l)

s, =(Ti+AT) (

WHERE
Tl = TA! TB, Tc, TD (Ibf)

si = corresponding stress, psi

Breakaway links should be set so that pullback force applied to pipe does not exceed 1,150 psi stress.
ID=0D -2t

Fb = spp (1/4)(OD?2 - ID?)

Fb = 1.64 x 105 Ibf

DETERMINE SAFETY FACTOR AGAINST RING COLLAPSE DURING PULLBACK
External Hydraulic Load

External static head pressure
Pha = (1.5) (62.4 Ibf/ft3) (H)
Pha = 22.75 psi
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Combine static head with hydrokinetic pressure
Peffa = Pha + AP
Petfa = 32.75 psi

CRITICAL COLLAPSE PRESSURE
Resistance to external hydraulic load during pullback

fo = 0.76 Ovality compensation factor (for 3% ovality)

r = S4/2Spp

r=0.178

Tensile ratio (based on 1,150 psi pull stress calculation)
Tensile reduction factor

Pcr =108 psi

SAFETY FACTOR AGAINST COLLAPSE
SF = Pcr/Pha

F=475

WHERE
Pha = applied efflective pressure due to head of water of drilling

Per = calculated critical buckling pressure found by solving Equation 11 multiplied by
Equation 19 for 24” DR11, psi

SF = Safety Factor
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