
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































I Test I Pipeline I 

7 4 

Comments 

8 1 

8 2 

Comments 

as it penetrated the trench wall. A shear zone was distinguished beneath the 
pipeline which was approximately 15mm wide. 

The embedment ratio at the start of pipeline displacement was assumed to be 
1.842 based on a pipeline base elevation of 100.5mm and 16mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of 95mm or an equivalent 
increase in cover depth to 21.5mm which reflects an embedment ratio of 2.132. 
Therefore, a range in "cover depth" and "hiD" has been presented in Table 8.1 
for the prototype of Pipeline #4. 

Failure mechanisms associated with soil displacement in front of Pipeline # 1 and 
Pipeline #2 appear to have been similar; conditions during these tests are assumed 
to have been essentially drained. Failure mechanisms associated with soil 
displacement in front of Pipeline #3 and Pipeline #4 were similar; conditions 
during these tests are assumed to have been essentially undrained. 

There was a noticeable depression (3-4mm) where the pipe started, probably 
caused by the bearing stress of the pipeline. The pipeline moved out of this 
depression during the first 1 D of pipeline movement and then moved relatively 
horizontally during interaction with the trench wall. The base of the pipeline was 
at an elevation of 100.5mm at the start of displacement and finished at an 
elevation of 1 OOmrn. Because the interaction was considered to be drained, cover 
at the end of travel of less than 35.5mm would be expected (consisting of the 
original 16mm of soil cover plus the l9mm of soil directly in front of the pipeline 
which would flow over the top of the pipeline plus the additional 0.5mm of soil 
directly in front of the pipeline due to the vertical downward pipe movement); 
25mm was measured. Observations are in acceptable agreement with theory. 
As the pipeline interacted with the trench wall, the trench wall was pushed 
laterally with the pipeline after an embedment of approximately 0.5D. The width 
of the trench was approximately 60mrn at the end of displacement. Soil 
deformations were measured in front of the pipeline extending beyond one 
pipeline diameter. Linear rupture planes/bands were observed in front of the 
pipeline extending to noticeable ruptures at the soil surface at approximately 32°. 
Separation was noted between the backflll and the rear of the pipeline. A shear 

zone was distinguished beneath the pipeline which was approximately 5-lOmm 
wide. 

The embedment ratio at the start of pipeline displacement was assumed to be 
1.842 based on a pipeline base elevation of l00.5mm and l6mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of lOOmm or an 
equivalent increase in cover depth to l6.5mm which reflects an embedment ratio 
of 1.868. Therefore, a range in "cover depth" and "hiD" has been presented in 
Table 8.1 for the prototype of Pipeline #1. 

There was a noticeable depression (3-5mm) where the pipe started, probably 
caused by the bearing stress of the pipeline. The pipeline moved out of this 
depression during the first 1D of pipeline movement. Another slight depression 
(l-2mm) was noticed at the approximate location where the pipeline began to 
interact with the trench wall but the pipe appears to have moved out of this 
depression within a further 1 D pipeline displacement. The base of the pipeline 
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[Test I Pipeline I 

8 2 

8 3 

8 4 

Comments 

was at an elevation of l00.5mm above the extrusion plate at the start of 
displacement and finished at an elevation of 99mm. Because the interaction was 
considered to be partially drained, cover at the end of travel less than 36.5nun 
would be expected (consisting of the original 16mm of soil cover plus rhe l9mm 
of soil directly in front of the pipeline which would flow over the top of the 
pipeline plus the additional l.Smm of soil directly in front of the pipeline due to 
the vertical downward pipeline movement); 34mm was measured. Observations 
are in acceptable agreement with expectations. As material passed over the top 
of the pipe during displacement. it appears that the soil cracked and fell behind 
the pipeline. Soil deformations were measured in front of the pipeline extending 
beyond one pipeline diameter. A linear ruprure plane/band was observed in front 
of the pipeline extending to noticeable ruptures at the soil surface at 
approximately 33°. A void was observed to the rear of the pipeline. A shear 
zone was distinguishable beneath the pipeline which was approximately lOmm 
wide. 

The embedment ratio at the start of pipeline displacement was assumed to be 
I .842 based on a pipeline base elevation of IOO.Smm and 16mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of 99mm or an equivalent 
increase in cover depth to 17 .Smm which reflects an embedment ratio of 1. 921. 
Therefore, a range in ·cover depth· and ·hlo· has been presented in Table 8.1 
for the prototype of Pipeline 112. 

There is a noticeable depression (4-5mm) where the pipe started, probably caused 
by the bearing streSS of the pipeline. The pipeline moved out of this depression 
over an initial I D of displacement. Observations indicate that during interaction 
with rhe trench wall. the pipeline moved essentially horizontally. After a 
penetration of approximately 1.50 into the trench wall, the pipeline appears to 
have moved slightly downward so that at rest, the base of the pipeline was 93mm 
above the extruSion plate. Because the interaction was considered to be panially 
undrained, cover at the end of travel approximately equal to 42.5mm would be 
expected (consisting of rhe original l6mm of soil cover plus the l9mm of soil 
directly in front of the pipeline which would flow over the rop of the pipeline plus 
the additional 7 .5mm of soil directly in front of tbe pipeline due to the vertical 
downward pipeline movement); an average of 36mm was measured. The 
observations are in acceptable agreement with expectations. As with other 
undrained tests. material appears to have flowed over the top of the pipeline 
during displacement. Deformations were measured in front of the pipeline 
extending greater than one pipeline diameter. A shear zone was distinguished 
beneath the pipeline which was lOmm wide. 

The embedment ratio at the start of pipeline displacement was assumed to be 
1.842 based on a pipeline base elevation of lOO.Smm and 16mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of 93mm or an equivalent 
increase in cover depth to 23.5mm which reflects an embedment ratio of 2.237. 
Therefore. a range in ·cover depth· and .hiD .. has been presented in Table 8.1 
for the prototype of Pipeline 113. 

There is a noticeable depression (3-4mm) from where the pipeline started which 
was probably caused by the bearing stress of the pipeline. The __Qipeline moved 
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Test Pipeline Comments 

out of this depression after approximately 10 of displacement. Observations 
indicate that after interaction with the trench wall, the pipeline suddenly moved 
vertically downward 3-4mm. From this position. observations indicate that the 
pipeline moved essentially horizontally. After testing, the base of the pipeline 
was 92mm above the extruSion plate. Because the interaction was considered to 
be undrained, cover at the end of travel equal to 43.5mm would be 
expected(consisting of the original l6mm of soil cover plus the 19mm of soil 
directly in front of the pipeline which would flow over the top of the pipeline plus 
the additional 8.5mm of soil directly in front of the pipeline due to the venical 
downward pipeline movement); approximately 37mm was measured. 
Observations are in acceptable agreement with expectations. As with other 

8 4 undrained tests, material appears to have flowed over the top of the pipe during 
displacement. Soil displacements were measured in front of the pipeline wilhin 
1 pipeline diameter. A wedge of backfill (with some Vaseline) was present 
behind the pipeline. A shear zone was distinguished beneath the pipeline which 
was approximately 10mm wide. 

Comments 

9 1 

The embedment ratio at the start of pipeline displacement was assumed to be 
1.842 based on a pipeline base elevation of lOO.Smm and 16mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of 92mm or an equivalent 
increase in cover depth to 24.5mm which reflects an embedment ratio of 2.289. 
Therefore. a range in •cover depth· and ·h/o• has been presented in Table 8.1 
for the prototype of Pipeline 114. 

Failure mechanisms associated with soil displacement in front of Pipeline #1 and 
Pipeline 112 appear to have been similar; conditions during these tests are assumed 
to have been essentially drained. Failure mechanisms associated wilh soil 
displacement in front of Pipeline 113 and Pipeline 114 were similar; conditions 
during these tests are assumed to have been essentially undrained. 

There was a noticeable depression ( l-2mm) where the pipeline displacement 
staned. probably caused by the bearing stress of the pipeline. The pipeline 
moved out of this depression during lhe first 10 of displacement after which it 
appears to have moved relatively horizontally. The base of the pipeline was 
assumed to be at an elevation of 100.5mm above lhe extrusion plate at the start 
of displacement and finished at an elevation of approximately lOOmm. Because 
the interaction was considered to be drained, cover at the end of travel less than 
3S.Sm.m would be expected (consisting of the original 16mm of soil cover plus 
the l9mm of soil directly in front of the pipeline which would flow over the top 
of the pipeline plus the additional 0.5mm of soil due to the downward vertical 
movement of the pipe); 28-29mm was measured. Observations are in acceptable 
agreement with theory. Displacements were measured in front of the pipeline 
extending beyond one pipeline diameter. Straight rupture planes/bands were 
observed in front of the pipeline extending from the toe of the pipeline to 

noticeable rupture surfaces at the soil surface at approximately 38" to the 
horizontal. A wedge of slurry backfill was evident in from of the pipeline which 
extended horizontally approximately 6mm. A shear zone was distinguished 
beneath the pipeline which was approximateiy 5-lOmm wide. 
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[(Et Pipeline 

9 1 

9 2 

9 3 

Comments 

The embedment ratio at the stan of pipeline displacement was assumed to be 
l.842 based on a pipeline base elevation of lOO.Smm and 16mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of 100mm or an 
equivalent increase in cover depth to 16.5mm which reflectS an embedment ratio 
of l.868. Therefore. a range in ·cover depth. and ·h/o· has been presented in 
Table 8.1 for the prototype of Pipeline #L 

There was a slight depression (2-3mm) where the pipe staned. probably caused 
by the bearing streSS of the pipeline. The pipeline appears to have moved out of 
this depression during the first O.SD of displacement after which it moved slightly 
upward with displacement. The base of the pipeline was assumed to be at an 
elevation of lOO.Smm above the exuusion plate at the stan of displacement and 
finished at an elevation of 104mm. Because the interaction was considered to be 
drained. cover at the end of r:ravel less than 31.5mm would be expected 
(consisting of the original 16mm of soil cover plus the 19mm of soil direcdy in 
front of the pipeline which would flow over the rop of the pipeline minus the loss 
of 3.5mm of soil height directly in front of the pipeline due to the vertical upward 
pipeline movement); 29mm was measured. Observations are in acceptable 
agreement with theory. Displacements were measured in front of the pipeline 
extending beyond one pipeline diameter. Straight rupture planes/bands were 
observed in front of the pipeline extending from the toe of the pipeline to 
noticeable rupture surfaces at the soil surface. These ruptures were at an 
approximate angle of 32'" to the horizontal. The pipeline appeared to have 
essentially separated from the backfill to the rear of the pipeline and no backfill 
was evident in front of the pipeline. A shear zone was distinguished beneath the 
pipeline which was approximately 5-lOmm wide. 

The embedment ratio at the stan of pipeline displacement was assumed to be 
l.842 based on a pipeline base elevation of IOO.Smm and 16mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of 104mm or an 
equivalent decrease in cover depth to 12.5mm which reflects an embedment ratio 
of 1.658. Therefore. a range in ·cover depth· and ·h/o· has been presented in 
Table 8.1 for the prototype of Pipeline 112. 

There was no noticeable depression at the point of the stan of pipeline 
displacement. The pipeline appears to have moved essentially horizontally during 
displacement. However. ends of the model pipeline segment were displaced 
different amounts due to the slippage of the pipeline tension cable as explained 
earlier. At the cross-sectional excavation halfway along the pipeline length. the 
trench wall bad not collapsed behind the pipeline but rather it appeared that the 
trench wall bad been pushed laterally with the pipeline after an embedment of 
approximately 0.1-0.20. The width of the trench. on the path centerline. was 
approximately 70mm at the end of displacement. The base of the pipeline was 
assumed to be at an elevation of lOO.Smm above the extrusion plate at the start 
of displacement and finished at an elevation of 98mm. Because the interaction 
was considered to be drained. cover at the end of travel less than 37 .Smm would 
be expected (consisting of the original 16mm of soil cover plus the 19mm of soil 
directly in front of the ~liDe which would flow over the top of the pipeline j)lus 
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ll Test Pipeline Comments 

the additional 2.5mm of soil directly in front of the pipeline due to the venical 
downward pipeline movement); approximately 28mm was measured. 
Observations are in acceptable agreement with theory. Soil displacements were 
observed in front of me pipeline extending beyond one pipeline diameter. A 
linear failure surface was observed in front of the pipeline extending to a 
noticeable ruprure at the soil surface. The ruprure plane was at an approximate 
angle of 34° to the horizontal. The bacldill appeared to have adhered to the rear 
of me pipeline. A wedge of backfill extending horizontally L2-L3mm in front of 

9 3 the pipeline was evident. A shear zone was distinguished beneath the pipeline 
which was approximately 5-lOmm wide. 

9 4 

The embedment ratio at the stan of pipeline displacement was assumed to be 
1.842 based on a pipeline base elevation of LOO.Smm and l6mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of 98mm or an equivalent 
increase in cover depth to L8.5mm which reflects an embedment ratio of 1.974. 
Therefore, a range in "cover depth" and "h/0" has been presented in Table 8.1 
for the prototype of Pipeline #3. 

There was no noticeable depression at the point of the stan of pipeline 
displacement. The pipeline appears to have moved essentially horizontally during 
displacement. At the cross-sectional excavation halfway along the pipeline 
length. the trench wall bad not collapsed behind the pipeline but rather it 
appeared !hat the trench wall had been pushed laterally with the pipeline after an 
embedment of approximalely 0.250. The width of me trench. on the interaction 
path centerline was approximately 65mm at the end of pipeline displacement. 
The base of me pipeline was assumed to be at an elevation of 100.5mm above the 
extrusion plate at the stan of displacement and finished at an elevation of lOlmm. 
Because the interaction was considered to be drained. cover at the end of travel 
less than 34.5mm would be expected (consisting of the original 16mm of soil 
cover plus me 19mm of soil directly in front of the pipeline which would flow 
over the top of the pipeline minus the loss of O.Smm of soil height directly in 
front of the pipeline due to the vertical upward pipeline movement); 
approximately 26mm was measured. Observations are in acceptable agreement 
with theory. Soil displacements were observed in front of me pipeline extending 
beyond one pipeline diameter. Curvilinear failure surfaces were observed in 
front of the pipeline extending to noticeable ruptures at me soil surface. These 
rupture bands were at an approximate angle of 33-34° to me horizontal. A semi­
circular zone of loose sand backfill had been carried with the pipeline. This zone 
extended horizontally approximately 9mm in front of me pipeline. A shear zone 
extending approximately Smm below the pipeline could be distinguished. 

The embedment ratio at the stan of pipeline displacemem was assumed to be 
1.842 based on a pipeline base elevation of lOO.Smm and l6mm of soil cover. 
Post-test excavation indicated a pipeline base elevation of lOimm or an 
equivalent decrease in rover depth to LS.Smm which reflects an embedment ratio 
of 1.816. Therefore, a range in "cover depth" and "hiD" has been presented in 
Table 8.1 for the prototYPe of Pipeline #4. 
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I Test I Pi~eline I Comments I 
Failure mechanisms associated with soil displacement in front of the pipelines 
appear to have been similar; conditions during these tests were essentially 

Comments drained. The extent and magnitude of backfill observed in front of the pipelines 
during post-test excavation appears to have been dependent upon the backftll type 

and condition (i.e. slurry, chunky, remoulded or sand). 
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Prototype Force-Displacement Curve Corrections 
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Test Pipeline Comments 

Pipeline base elevation at start of travel= IOO.Smm: inferred elevation at end of 
travel= 96.5mm. Expected cover at end of travel= 29mm: equivalent cover at end 

01 2 of travel= 33mm. Correction factor varies from 1 at the trench wall to 33/29 = 
1.14 at the end of pipeline travel. This accowns for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8.12. 

Pipeline base elevation at start of travel= 100.5mm: inferred elevation at end of 
travel= 97.5mm. E"(pected cover at end of travel= 24mm: equivalent cover at end 

01 
.., of travel= 27mm. Correction factor varies from I at the trench wall to 27/24 = 
..) 

1.13 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8.12. 

Pipeline base elevation at start of travel= IOO.Smm: inferred elevation at end of 
travel ;< 96.5mm. Expected cover at end of travel = 19mm; equivalent cover at end 

01 4 oftravel = 23mm. Correction factor varies from 1 at the trench wall to 23/19 = 
1.21 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The correcled force-displacement curve is presented in Figure 
8.12. 

Pipeline base elevation at start of travel= I 00.5mm: measured elevation at end of 
travel= 98.5mm. E'(pected cover at end of travel= 35mm: equivalent cover at end 

03 .., oftravel = 37mm. Correction factor varies from 1 at the trench wall to 37/35 = 
..) 

1.06 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8.13. 

Pipeline base elevation at start of travel= IOO.Smm: measured elevation at end of 
travel= 98.5mm. Expected cover at end of travel= 35mm; equivalent cover at end 

03 4 
oftravel = 37mm. Correction factor varies from 1 at the trench wall to 37/35 = 
1.06 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The correcled force-displacement curve is presented in Figure 
8 . 13. 

Pipeline base elevation at start of travel = 1 00.5mm: measured elevation at end of 
travel= 94.5mm. Expected cover at end of travel ~ 35mm; equivalent cover at end 

04 2 
of travel ~ 41 mm. Correction factor varies from 1 at the trench wall to 41 /35 = 
1.17 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The correcled force-displacement curve is presented in Figure 
8. 14. 

Pipeline base elevation at stan of travel = I 00.5mm; measured elevation at end of 
travel = 98.5mm. Expected cover at end of travel= 35mm; equivalent cover at end 

04 3 
of travel= 37mm. Correction factor varies from 1 at the trench wall to 37/35 = 
1.06 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The correcled force-displacement curve is presented in Figure 
8 . 14. 
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I Test I Pi~eline I Comments I 
Pipeline base elevation at start of travel= 100.5mm; measured elevation at end of 
travel= 95.5mm. Expected cover at end of travel = 35mm; equivalent cover at end 

04 4 of travel= 40mm. Correction factor varies from 1 at the trench wall to 40/35 = 
1.14 at the end of pipeline travel. This accounts for the apparent increase over 
the expected h/D. The corrected force-displacement curve is presented in Figure 
8.14 . 

Pipeline base elevation at start of travel = 91 mm; measured elevation at end of 
travel = 94mm. Expected cover at end of travel= 70mm; equivalent cover at end 

05 1 
oftravel = 67mm. Correction factor varies from 1 at the trench wall to 67170 = 
0. 96 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8.15 . 

Pipeline base elevation at start of travel = 91 mm; measured elevation at end of 
travel= 96mm. Expected cover at end of travel= 58mm; equivalent cover at end 

05 2 
of travel= 53mm. Correction factor varies from 1 at the trench wall to 53/58 = 
0.91 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8.15. 

Pipeline base elevation at start of travel = 1 05mm; measured elevation at end of 
travel= 93 .5mm. Expected cover at end of travel= 17.5mm; equivalent cover at 

06 1 
end of travel = 29mm. Correction factor varies from 1 prior to displacement to 
25117.5 = 1.43 at the trench wall to 29117.5 = 1.66 at the end of pipeline travel. 
This accounts for the apparent increase over the expected h/D. The corrected 
force-displacement curve is presented in Figure 8.16. 

Pipeline base elevation at start of travel= l05mm; measured elevation at end of 
travel= 92.5mm. Expected cover at end of travel= 14.5mm; equivalent cover at 

06 2 
end of travel = 27mm. Correction factor varies from 1 prior to displacement to 
24114.5 = 1.66 at the trench wall to 27/14.5 = 1.86 at the end of pipeline travel. 
This accounts for the apparent increase over the expected h/D. The corrected 
force-displacement curve is presented in Figure 8.16. 

Pipeline base elevation at start of travel = 1 05mm; measured elevation at end of 
travel= 92mm. Expected cover at end of travel= 12mm; equivalent cover at end 

06 3 
of travel= 25mm. Correction factor varies from 1 prior to displacement to 21112 
= 1. 75 at the trench wall to 25/12 = 2.08 at the end of pipeline travel. This 
accounts for the apparent increase over the expected h/D. The corrected force-
displacement curve is presented in Figure 8.16. 

Pipeline base elevation at start oftravel = 105mm; measured elevation at end of 
travel= 90.5mm. Expected cover at end of travel= 9.5mm; equivalent cover at 

06 4 
end of travel = 24mm. Correction factor varies from 1 prior to displacement to 
2119.5 = 2.21 at the trench wall to 24/9.5 = 2.53 at the end of pipeline travel. 
This accounts for the apparent increase over the expected h/D. The corrected 
force-displacement curve is presented in Figure 8.16. 
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Test Pipeline Comments 

Pipeline base elevation at stan of travel= I 00.5mm: measured elevation at end of 
travel= 98mm. Expected cover at end of travel s 35mm: equivalent cover at end 

07 l oftravel s 37.5mm. Correction factor varies from 1 at the trench wall to 37.5/35 
= 1.07 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8. 17. 

Pipeline base elevation at stan of travel= I OO.Smm: measured elevation at end of 
travel= 96mm. Expected cover at end of travel s 3Smm: equivalent cover at end 

07 2 of travels 39.5mm. Correction factor varies from 1 at the trench wall to 39.5135 
= 1. 13 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8.17. 

Pipeline base elevation at stan of travel= 100.Smm: measured elevation at end of 
travel= 98mm. Expected cover at end of travel= 35mm: equivalent cover at end 

07 ... of travel= 37.5mm. Correction factor varies from 1 at the trench wall to 37.5/35 
.) = 1.07 at the end of pipeline travel. This accounts for the apparent increase over 

the expected biD. The corrected force-displacement curve is presented in Figure 
8. 17. 

Pipeline base elevation at stan of travel = I 00.5mm: measured elevation at end of 
travel= 95mm. Expected cover at end of travel = 35mm: equivalent cover at end 

07 4 
of travel= 40.5mm. Correction factor varies from 1 at the trench wall to 40.5/35 
= 1.16 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8. 17. 

Pipeline base elevation at stan of travel = l00.5mm: measured elevation at end of 
travel = 99mm. Expected cover at end of travel s 3 5mm; equivalent cover at end 

08 2 
of travel s 36.5mm. Correction factor varies from 1 at the trench wall to 36.5/35 
= 1.04 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8.18. 

Pipeline base elevation at stan of travel = I 00.5mm: measured elevation at end of 
travel= 93mm. E.xpected cover at end of travel= 35mm; equivalent cover at end 

08 3 
of travel= 42.5mm. Correction factor varies from 1 at the trench wall to 42.5/35 
= 1.21 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is presented in Figure 
8. 18. 

Pipeline base elevation at stan of travel= l00.5mm: measured elevation at end of 
travel= 92mm. Expected cover at end of travel = 35mm; equivalent cover at end 

08 4 
of travel= 43.5mm. Correction factor varies from 1 at the trench wall to 43.5/35 
= 1.24 at the end of pipeline travel. This accounts for the apparent increase over 
the expected hiD. The corrected force-displacement curve is preserued in Figure 
8.18. 
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Test Pipeline Comments 

Pipeline base elevation at start of travel._ 100.5mm; measured elevation at end of 
travel = I 04mm. E:<pected cover at end of travel s 35mm; equivalent cover at end 

09 2 
of travel s 31.5mm. Correction factor varies from l at the trench wall to 31 .5/35 
= 0.90 at the end of pipeline travel. This accounts for the apparent decrease in 
the expected biD. The corrected force~lacement curve is presented in Figure 
8.19. 

Pipeline base elevation at start of travel= 100.5mm; measured elevation at end of 
travel= 98mm. E:<pected cover at end of travel s 35mm; equivalent cover at end 

09 3 
oftravel s 37.5mm. Correction factor varies from 1 at the trench wall to 37.5/35 
= 1.07 at the end of pipeline travel. This accounts for the apparent increase over 
the expected biD. The corrected force-displacement curve is presented in Figure 
8. 19. 
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Reported by 

Skempton ( 1951 ) 

Termghi ( 1955)1 

Terzaghi (1955f 

Proposed Formulations 

" k
11 

= 80 to 320 ___..!!. 

d 

k~ 1 is the modulus for u strip, I ti widt:: 

Consistency 
cu (tonlft2

) 

range ofk~1 
proposed k~ 1 

z k :;;. 11 -

'' " B 

Stiff 
0.5-l 

50-100 
75 

Vcr:y Stiff .L.Uwl 
1-2 2 

100-200 200 
100 300 

n11 is the constant for u pile, l ti. wide: 

Relative Density ~ Medium~ 
dry or moist sand 7 21 56 
submerged sand 4 14 34 

Comments 

cu is the undrained 
sh~ar strength of the 
soil and d is the pile 
diameter. 

p = k11*y where pis 
pressure per unit area. 

B is the breadth or 
diameter of the pile in 
feet. 

Values of k~ 1 arc for 
overconsolidated clays. 

cu is undrained shear 
strength. 

k51 is given in ton/t\1
• 

p = k11*y where p is 
pressure per unit area. 

13 is the breadth or 
diameter of the pile in 
feet. 



Reported by Proposed Formulations Comments 

Reese and Matlock (1956) nh = 0.6 to 12.7 lb/in1 for soft NC clay 

Peck and Davisson (1962) n11 = 0.4 to 1.0 lb/in1 tbr NC organic clay 

Davisson and Prakash (1963) n11 = J .0 to 2.0 lb/in1 tor soti NC clay 

Broms (1964a)1 aK p = K,/y K = __ .., 

" D 
based on a wall footing where a is and empirical factor and equal to 

0.32 for qu less than 0.5 tons/tl2 founded on the surface 

0.36 for qu between 0.5-2.0 tonsltt2 of a semi-infinite, ideal 

0.40 for qu greater than 0.5 tons/tV 
elastic body. 

and where 
D is the diameter of the 

Ku = 1.67 Esu or 
pile. 

Ku = 40 to 160 qu 

qu is the unconfined 
compressive strength. 

Esu is the: secant 
modulus corrc:sponding 
to half the ultimate 
strength. 



Reported by t•roposed Formulations Comments 

Broms ( 1964a)2 E p = KP•y 
K = s 

p 
m(l-~2)[il5 L is the pile length. 

where m is a numerical factors based on LID and ranges from D is the pile diameter. 
0.95 for LID=l to 0.37 for LID=IOO 

~is the Poisson's ratio 
of the soil. 

E$ is the modulus of 
elasticity of the soil. 

Davisson ( 1970) k1, = n1, z z is depth below the 

for granular soils, nonnally loaded organic silt, and peat. nh ground surface 

suggested as: 

Soil Type ~ 
granular nh ranges from 1.5 - 200lb/in1 

nh generally from 10-1 00lb/in3 

normally loaded 
organic silt n11 ranges 0.4-3.0lb/in3 

peat nh :::0.2lb/in3 

cohesive soils k is approximately 67cu 



Reported by Proposed Formulations Comments 

Audibert and Nyman (I 977)1 2£' The reported E' values 
k =- are secant values tor an 
'' D unknown amount of 

Suggested values of E' are us follows: deflection. 

Scil E'. kN/m2 

sandy clay loam 1600-1800 
(untamped) 
sandy clay loam 3460-5380 
(tamped) 
sand 2410-8270 
well graded gravel 4630 
(untamped) 

Audibert and Nyman ( 1977)2 2k (' Proposed formula an: 
k =-~- tbr dry or moist 1

' 1.5 D 
granular soil only. 

Suggested values of kc are as follows: C is soil cowr. 

&ill k.:. kNI!n3 

loose sand 410-1090 
medium sand 1090-3260 
dense sand > 3260 



Reported by Proposed Formulations Comments 

Audibert and Nyman (1977l k z Proposed formula are 
k = _ e_ 

for dry or moist h D 
granular soil only. 

Suggested values of ke are as follows: 

Soil &. kN/m3 

loose sand 1170-3530 
medium sand 3530-11670 
dense sand 11670-23350 

Audibert and Nyman (1977)4 2E Proposed formula are k = __ s 
for cohesive soil only. 11 1.5D 
E5 is the soil Young's 
Modulus from triaxial 
compression test. 

Crofts et al. ( 1977) Suggested empirical values of kh (kN/m3
) : The results are secant 

values for an unknown 
Soil kh' kN/m3 magnitude of 
very soft to soft clay 4000 ( cu < 40kN/m2

) displacement. 
firm clay 8000 (40<cu<75) 
stiff clay 16000 (75 < cu < 150) 
very stiff or hard 32000 (cu > 150) 
very loose to loose sand 4000 
medium dense sand 8000 
dense sand 16000 
very dense sand 32000 



Reported by Proposed Formulations Comments 

Pyke and Beikae ( 1984) Suggested values of k11 (kN/m3
): Derived for laterally 

loaded piles surrounded 
y) k11• kN/m3 by an infinite elastic 
0 2.3EJD medium. 
0.33 2.0E/D 
0.50 1.8E/D 

Bowles ( J 988)1 k~ = A~ + B.(Z) Deri vcd from bearing 
where A.= 80(cN.sc+0.5yBNvsv) capacity theory for 
and B. :: 80( y Nqsq) footings but intended 

for laterally loaded 
piles. 

Bowles ( 1988 )2 k. = A. + B.(Z) Deri vcd from bearing 
capacity theory for 

Suggested values of A. arc as follows: footings but intended 
for laterally loaded 

Soil Range of k •. MN/m1 piles. 
dense sandy gravel 220-400 
medium dense coarse sand 157-300 Represemative of the 
medium sand 110-280 A. term at a depth of 3-
fine or silty, fine sand 80-200 6m. 

stiff day (Wt!t) 60-220 
stiff clay (saturated) 30-1 10 
medium clay (wet) 39-140 
medium clay (saturated) 10-80 
soft clay 2-40 



Reported by Proposed Formulations Comments 

Bowles ( 1988)3 2E E, is the stress-strain 
k = s secant modulus for soil s B(l-~2) 

and can be based on 
triaxial tests using the 
secant modulus 
between 0.25 and 0.5 of 
the peak deviator stress. 

Bowles ( 1988 )4 I 
1.3 Es E, is the stress-strain ks = 1 to 

secant modulus for soil 
where and can be based on 

J 
k~. triaxial tests using the k =-

s B secant modulus 
between 0.25 and 0.5 of 
the peak deviator stress. 

Rajani et al. (1993) Soil Range of ku MPalm Adapted from Bowles 
loose sand 5-16 ( 1977) and Poulos and 
medium sand 9-78 Davis ( 1980). 
dense sand 63-126 Suggested for laterally 

loaded pipelines. 
clayey sand 31-78 (medium) 
silty sand 24-47 (medium) 

clayey soils 
C11 < SOkPa 0-15 
50< C11 < lOOkPa 15-30 
100 < C11 < 200kPa 30-62 
C11 > 200 >62 










