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COLLISION CF 5.5, "BIRKNACK" WITH THE GOVERNMENT WHARF

AT BADDECK, NOVA SCOTIA

1.0 Reference

On the 28 December, 1965, the Department of Public Works
requested in a letter that a technical study of the wharf at Baddeck
should be undertaken by the National Research Council,

2.0 Objective

The extension to the wharf at Baddeck was struck by the
S5.5. "3irknack" as 1t was departing after taking on carge., After
the collision the extension of the dock collapsed and this study is
almed at finding out possible reasons for the structural failure.

3.0 Wharf Plans and Construction

Details of the wharf are contained in the specifications
and their accompanying plan (Ref. No, E-197). Additional information
concerning the types of wood used to construct the wharf, the pile
penetration and the desian live locad was supplied in a letter from
Puplic Werxs dated 11 January 1964,

£,0 Type of Structure

The wharf extension was a typical piled wharf constructed
of timber with a reinforced concrete deck.

Point bearing timber piles arranged in parallel bents
supported the deck. Across the top of the piles 12" x 12" pile
caps and corbels supported a laminated timber sub-deck upon which =z
reinforced concrete deck was laid,

The laminated sub-deck was composed of alternating 2" x 4"
and 2" x 6" creosoted planks placed on edge and spiked together.
Grooves and daps were made to provide shear connection between the
sub-deck and reinforced concrete deck., Reinforcing of the slab was
4" diameter bars at 9" o,c, placed in each direction (viz. parallel
and normal to slab span),.
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Referring to sketch Fig. 1, brace piles were driven
to prevent swaying in the OY direction., No brace piles were
driven in the OX direction,

5.0 Description of Accident

The events leading %o the collision of the 5.5,
"Birknack" with the dock are not entirely clear, However it
appears that the ship when going astern struck the dock on tne
east side at a point 12 feet distant from the south east corner.
After the impact the ship did not come to rest until the stern
reached a point about 20 feet past the eastern face of the wharf.

Estimates of the ship's speed at the moment of impact
vary. The lowest estimate, by the pilot, is /4 knot and the next
nearest is 1 knot. It is worth noting that the ship's astern .
speed seems to have been high enough to make some of the spectators
realize a collision was imminent and inevitable,

Descriptions of the damage to the dock and ship and
other evidence indicates that the ship struck the dock almost
directly stern on. The impact was severe enough to fracture the
concrete slab and cause an indentation of 4-5" in the edge of the
concrete deck,

6.0 Assumptions and Checking Procedure for Piles

Before the lateral stability under impact can be
assessed the vertical loads on the piles must be determined.

Bearing in mind that in the elastic design of a
structure the usual procedure is to so proportion a structure
that under load no part of it 1s stressed beyond allowable limits
and since all the piles are the same size it is sufficient to
check the adequacy of the most heavily loaded pile.

By inspection it was decided to check a typical bent
of A piles. In Dwg., E-197 or Fig. 1l bents 3, 4, 5, 6 and 7
composed of piles in rows C, D, E, I, G, H, are typical., 3ent 4
was selected and the loads computed for each pile,.

6.1 Computed Loads on Piles

Details of the load calculations are contained in
Appendix A, Live Load or design superimposed loading was stated
by the Department of Public Works to bhe 250 lb per sqg. ft.
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The results are tabulated below in Table 1,

-]

aple 1, 2Zile Vertical Loadina. Typical Bent No., 4
Load in 1lbs.

Row C D E F G H

Dead Load| 5073 7129 7655. | 7655 7129 5073

Live Leoad| 9C00 | 1870C | 19400 | 19400 | 18700 9000

-

Combinea |14073 | 25829 | 27035 | 27055 | 25829 | 14703

It is clear that the most heavily loaded piles are
those in rows EF and since they are all the same should have been
chesen to support a load of 27,055 1bs.

6.2 Strength of Vertical Files

the strength of a vertical structural member loaded
coaxlally in compression depends inversely on its slenderness
ratio defined as:

{;

where: Af

: ! ivalent
i s length of equ len

simple column
minimum radius of gyration,

Slenderness Ratio =Jg/r

Tmin

For rectangular secticps (breadtn "b", depth "d") the
minimum radius of gyratiﬁn is d9/12 but for purposes of design
the timber codes employ.£/d in place of £€/r nin.

Three end conditions are generally recognized in
structural design, namely,

i free - without censtraint, lateral motlon and
rotation possible

il pinned - fixed in position but can rotate

iii fixed - fixed in positicn and prevented from
rotation,
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arious combinations of end condition; the length of the
¢ column is related to the actual column length as follows:

End Conditions: % ,(QAZ
Pinned Pinneg 1
Fixed Zinned 0.7
Free “ixed 2
Fixed “ixed 0.5

6.3 Assumptions for Checking Zesign

Referring <o Fic. 1 two buckling planes {viz. OX, OY)
will be considered,

for zoth directions the lower end of the pile is fixed
in the soil, The exact position in the soil below which the pile
is considered fixed is doubtful. However, upper and lower limits
can be set and these are indicated on Fig. 2. An assumption for
normal desiogn is also indicated but this is a matter of individual
choice.

At the upper end of the pile, the conditions of fixity
are not the same for directions 0OX and QY,

OY Direction: The piles are fastened to the corbels or pile cap
by a 1" diam. x 30 inch drift bolt. Brace pilles are connected
to the pile caps effectively holding the pile ends in place,
Furthermore piles D, E, F and G are also fastened to the brace
piles by 1 4" diam, U-bolts about 4 feet below the pile cap or
corbel, Consequently, piles D, E, F, 6§ are considered "fixeg"
and piles H and D are considered "pinned" in the OY direction.

Hence ,/é for piles H and D equals'.Zl the actual
length and £/, fof piles D, E, F, G,

OX Direction: Positive structural means of holding the tops
of the piles in position is not provided for direction OX, No
orace piles are provided. As mentioned above the piles are
fasténed to the corbels by a single 1" diam. drift bolt.

L .
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A simple joint like this serves to hold the pile cap in place
out provides anly very limited or zero resistance to an applied
vending moment, The chief reason preventing the development of
end moment is the lack of resistance of the pile cap or corbel
to compression perpendicular to the grain., With reference to
Fig. 4. the end meoment M(AB) 1s given by

Mipz)y = 2EZ [2¢n +@s- Zz]
For $y=0, = 2£/Q[2¢n-33/;z]

8
Tf there is zero end moment, i.e., Myp = O then 2¢h=:3/2
Assuming sway occurs the end of the pile will tend to press into
the plle cap in an effort to develop a resistance moment at the
top., The maximum indentations at the pile edge for zero moment
are tapulated below for a 40" pile,

Swavy ¢g Maximum indentation
required for zerc moment
m 1/320 radians .olg7"
2" 2/320 .0374"
3" 3/320 .0748"

These small indentations are easily realizable ang consequently
the Joint is essentially pinned.

Some other secondary effects are also present. These
are, resistance of the brace piles in bending, connection of the
deck o the existing wharf (although structural positive con-
nection was not made), the action of the wale and fenders along
the edge of the wharf and the group action. Nevertheless as
snown normal design procedure would te to consider that the top
of the pile is able to sway ard consequently for tne OX QL‘ectlo“ 2
the pile connection is "free"™, For this condition 4 = 2/2 :
is quite c¢clear that the condition for the OX di rectidn goverhs

the strength of the pile since it is the weaker configuration.

A.4 Allowable Pile Leads

Details of the calculations are given in Aopendi, .
NOTE that the slenderness ratio of the plles for the fixed-{free
end condition exceeds the maximum permissible of 30 by code standards
Consequently, the design is inadmissible for this condition.
However, loads have been computed in the manner directec¢ by the
code for purposes of compariscn. Below in Table 2 the various
allowable pile loads have been tabulated. The critical Zuler
load has been included.
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Table 2,

*Not permitted,

Allowable Pile Loads

Slenderness ratio exceeds 20

Fixed-Free Fixed-Pinned
Design| Equivalent|{Allowablel Eulerf Equivalent|Allowable| Euler Remarks
l.engthi Simple Col Load Load JSimple Cel Load Load
2t | Ay ft Pa 1b. |Pe lbf AL  ft. | Pa lb. |Pe 1lb
43 86 1790 * 5490 29.1 14600 44800 | Conservativy
40 g0 2080 * 6340 28,0 17000 51600, Normal
35 70 3950 * 10850 24,5 32200 89400i Risky
Note that the failure load 1s three times the allowable
load. Calculation of the failure load can be considerably in error,

owing to bends in the piles, eccentric loading, variations in the
material properties and conditions of end fixity.

load 1s computed for a "fixed-free" condition.

This

failure

If the design

conditions were "fixed-pinned" the loads are increased by a factor

of

4
0.49

or 8 times,

It is obvious therefore that provision of brace piles
to ensure the "pinned-fixed" condition would have increased the
As it is the structure was in an

allowable loads considerably,

intermediate and indeterminate condition.

Calculatieon of the exact

allowable load is in consequence not feasible and the safe decisicn
would be to use "fixed free"

conditions,

7.0 Comparison of Allowable and Actual Loads

Allowable and actual leoads are listed in Table 3 below,.
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Table

2, Loads for Typlcal Rent

*Not permitted by Code,

Slenderness ratio exceeds 50

Applied Loads Kips

Row C D E F G H
Dead Load 5,073 7,129 7,635 7,655 7,129 5,073
Live Load 9,000 18,700 | 19,400 {19,400 {18,700 | 9,000
Combined 14,073 | 25,829 | 27,0%5 (27,055 (25,829 {14,073
Allowable Loads Kips

Fixed-Free Fixed-Pinned
Length Code Euler Code Euler
351 3,950% | 10,950 32,200 89,400
Lo Z2,080% 6,340 17,000 51,600
431 j1,790* 5,490 14,600 | 44,800

It is quite clear that for the typical bent, the combined design
load exceeds that allowable lcads based on the "fixed-free" end
condition and for column D E G F still exceeds the allowable load
for "fixed-pinned" conditions, Clearly, the piles are overloaded
on the basis of normal design procedures,

With the "fixed-free" condition, the dead l1lcad zlone
1s of the same order as the critical Fuler load. Consequently
if the "fixed-free" condition became a reality, the dock would
be in an unstable eguilibrium condition.

8.2 Docking forces

Dynamic forces induced by the ship when docking are
usually absorbed by the fender system. The dock structure is
designed to resist the dynamic reaction from the fenders.
Naturally, the distribution of forces will depend upon the type
of fender employed and its capacity to absorb impact forces.
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Common design assumptions are the following:

a) The ship apprcaches at a small angle to the dock face. An
angle of 10° or so 1s often assumed,

b) After impact, the ship rebounds; the bow moving away from
contact with the dock.

¢} The component of the ship's velocity normal to the dock face
varies from apbout 0.5 to 1.0 feet per second. The higher figure
is appropriate for smaller ships in exposed locations and the
lower for larger ships docking with the assistance of tugs.

d) Only half of the kinetic energy calculated from the normal
velocity 1s absorbed by the fendering system and dock structure.
This rule only applies for small angles of approach. With a
head on collision, the total kinetic energy of the ship must be
absorbed and nect just the normal component.

Referring to Fig, 3 the kinetic energy E is given by
displacement weight of ship

32.2 ft/sec?
velocity normal to dock

W
g
vV
Forces in the fender and structure are found by eqguating

= Sum of s%train energy in fender and structure.

M

For restitution after the load is removed no part of
the structure or fender should exceed the elastic limit,.

8,1 Weicht of 5.35. "Birknack"

Lloyds register of shipping records the ship
dimensicns as

Overall length 3211-2"
Extreme breadth 481-5"
Summer draft 19t-11k"

From reports, the ship has a sloped stern and as a rough
estimate the following waterline dimensions were selected:

Length L 311 f¢t
Breadth B . 48 £t
Block coefficient k. 0.85

AL

A%t the time of the accident, Department of Transport pilotage
records show that the maximum draft was 19'. The average dral=
is not known.
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Substituting in,

W o= kngg where W = displacement
' w = sea water density
and D = draft feet
one obtains D = 18! w = 730C tons (short)
D= 19' W = 7700 tons (short)

For further calculations 1t is proposed to consider the displacement
tonnage to be 7200 tons.

8.2 Xinetic Znergy for Normal and Cellision Conditions

Assuming zhat the ship approached the dock at an angle
of 10° at such a feLOClty that the normal component was 1 feot
per second then the kinetic energy normal to the dock is:

iy = 7300

== LW x 2000 x (1)% = 233,000 ft lbs
<9 2.32.2

Of =<his <hne dock and fender is assumed to absorb

/2 = 114,300

[

i

rt, lbs.

[42]

With an a tern on collision the normal component of
velcocity equals the shi ip velcocity. Estimates of the ship speed
vary but the lowes; is % knot and the next 1 knot. 3Below have
been tabulated the total kinetic energles of the vessel approaching
along a path normal <o the dock,

Table 4, Tozal Xinetic Znercy

Ship Velocity Xinetic Energvy
Knots ft/sec. ft lbs
7 0.42 41,400
74 0.845 145,000
% 1.278 373,000
1 1,69 665,000
C.d?2 0.708 116,000

As shownin the Table a head on collision at 0.42 knots or 0.708
ft/sec is equivalent to the design conditions noted above.
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8,3 TFenders on Baddeck Dock

Examinatlion of the fenders used at Baddeck reveals
that they were 111 adapted for absorbing energy and would do
little but provide rubbing strips. Ships decking at an angle
will easily strike the edge of the deck because of the flare
of the bows. Furthermore the impact force can be applied
directly opposite a pile bent or individual pile 1n the bent.

Consequently the timber fenders would absorb very
little energy and the thrust during docking must be largely
absorbed by the structure itself,

In the OY direction, the thrust would be opposed by
the brace piles and since their deflection would be relatively
low, docking forces would be high and damage to the fenders or
ship would result, In the CX direction the piles would sway and
lower forces could be expected.

In Appendix C the behaviour of the piles under axial
load and thrust have been investigated. It is seen that if the
axial load approaches the Euler collapse load the applied bending
moment increases qulckly tc a very large value indicating that no
lateral thrust can be maintained. The usual code rule for design
confirms the result,

AT 1impact, the energy of the ship would have been
opposed by the brace piles in bending. The calculations in
Appendix C indicate that the resistance of the brace piles in
bending is trivial and they were required to provide 33 times
their zllowable load pased on the lowest estimate of the ship's
velocity at impact.

These results indicate the reason for the abrupt
failure of the dock and the lack of damage to the ship.

9,0 Conclusions

1. The vertical loads on the piles making up the maln
bents exceed allowable loads based on usual engineering design
procedures,

2. Owing to the excessive vertical lcad the dock was
in a state of incipient failure. The force of the cellision
overcame the secondary factors giving stability and placed the
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plles unequivocally in their most unfavourable condition for
axial load. Once this condition was established, immediately
after impact, the dock would probably collapse under its own
weight, The continuing force of the ship aggravated the
sltuation giving rise to immediate and complete destruction of
the structure,

3. The only force available to resist the ship was
that of the brace piles in bending. These were quite inadeguate
to resist the collision of the ship even if it were moving at
the lowest estimated speed of % knot.
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SUPPLEMENT TO REPORT

WHARF COLLAPSE BADDECK, NOVA SCOTIA
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1.0 Reference
Re: Letter from G. Millar 24 March 1366

An evaluation of the wharf has been requested if brace
piles had been placed to prevent motion in the OX direction.

2.0 Assumed Design Conditions

1. The brace piles in the OX direction will be at +he
same angle to the vertical as used for the OY direction.

2. The concrete and timber deck is capable of distributing
the impact Zforces.

3. Brace piles will be placed at bents 2 to 8 inclusive
and in rows G to 2,

3.0 Typical Srace 2ile Arrangement

An outline sketch of the arrangement for a brace pile
unit is shown in Figure 3. Two brace plles are employed. The
horizontal thrust r isshown as acting from the right, Vertical
loading of dead and live load is represented by W. Note in the
structure brace piles in bents 2 and 8 are considered one unit.

4.0 EZffect of Additional Brace Piles for OX Direction

4,1 Vertical Loads

Additional brace piles effectively prevent the deck from
moving in the OX and OY direction,.

Design conditions would be for the fixed-pinned
configuration. Consequently the minimum vertical strenaoth is
as listed in Table 3 for the fixed-pinned situation., Although
additional brace piles represent a substantial improvament the
dead load alone still overloads many of +the piles above their
design value.

4.2 Lateral Loads

Sway or impact is resisted by the brace piles. The
typical arrangement shown in Fig, 3 1s structurally redundant,
that is to say there is one more member than really necessary to
ensure stabllity, Methods of solution for statically indeterminate
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structures depend upon exact knowledge of the elastic properties

of *the material and the Joint oehaviour, The joints used in timber
consiruction may have greater or lessor looseness and the elastic
properties of the wood vary with direction of stress, humidity and
source, Conseqguently, the computation of forces by elastic methods
is an exercise in futility.

The matter can be resolved by making the usual engineering
assumptions,

It 1s assumed:
a) The vertical load W is carried wholly by the vertical pile gs.
b) Force F is resisted by the piles pg and qr.
¢) Piles pg and gr contiribute equally.

Assumption (c) is only true up to some limit. As force ¥
increases either pile pg or pile rg will fail first. Pile pg
may collepse by buckling or pile rq may pull out of the soil.

The limiting strength of a plle 1in tension is very
indeterminate and can only be obtained with certainty by festing
on the site. However an estimate can be made by using published
values to ascertain reasonable limits of strength for the tension
pile,

The brace piles for the wharf are embedded 26 feet
through layers of scoft silt, soft clay and clay of which we
shall assume 24 feet has effective skin friction., Representative
forCfs can be c%lculated from published values. Terzaghl and
Peck! and Hough< suggest ultimate wvalues of skin friction varying
between 200 to 600 lbs/sg. £t of surface area. Table 5 below
lists the ultimate tensile force for pile rg in tension.

Ultimate Pull Out Loads

TABLE 5 for Pile in Tension
Skin Friction Stress Pile Surface Area Ultimate load
200 1b/sqg. ft 43,9 sq. ft 8,780 1b
400 43,9 17,560
600 43.9 26,340

L. Terzaghi and Peck., Soil Mechanics in Engineering Practice.
2. Hough, Basic Soils Engineering.
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In Appendix D, the design compression load for pile
pg 1s 25,000 1lbs and the fallure euler load is 38,300 lbs,
Clearly 1f F is increased to the limit of failure the tension
piles would fail first. In the working range the tension piles
may or may not exceed the limiting pull out load depending upon
the soil character,

4,3 Engineering Assumptions

The practical solutiorn and one often adopted 1s to
consider only the piles in compression, providing encugh of them
to resist the design horizontal force in safety., The tension
piles are considered redundant but of course they serve to stiffen
and strengthen the structure. TFor forces in the oppesite direction,
the piles exchange roles.

4,4 Impact Loadinag

Calculation of forces in a structure due to impact 1is
a complex problem, With ships the usual procedure is to assume
that the ship approaches at a certain speed and angle to the dock
and the 4 of the kinetic energy of the velocity component normal
to line of the wharf is absorbed by the fender and structure.
The equation can be expressed as follows:

Kinetic energy of ship Strain energy of
transferred to dock = Work done = structures and fenders,
%
k (mass v2) = -IF dx = ¥ FX = Strain energy
2 -]
where V 1is the normal component of velocity
k is a transfer factor
f is the force on the dock
X is the displacement of the point of impact in

direction normal to wharf line.

Fenders ensure that "X" is large which reduces ©,
A small cisplacement X causes a larger feorce F. Theoretically if
X = 0 then F becomes infinite,

5.0 Computation of forces and displacements

Appendix D contains details of the computations of
permissikle deflections and the allowable and ultimate forces
for a unit consisting of one batter pile and one vertical pile,
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Using the same general arrangement of batter piles as for
~ne JY direction, it 1is feasible to drive 24 sets of batter piles
in the OX direction.

Consequently the available resistance force would be:

24 x 12,900 1lb = 310,00C lb for design stresses
24 x 22,600 1lb = 542,000 lb for Euler collapse

Below in Table 7, the value of X necessary to keep the
forces within the limits above 1is tabulated for each collision
speed.

Displacement Required to Absorb Collisien Energy

Takle 7.

Ship Cellision Necessary sway
Speed Kinetic Znergy To design stress to collapse
Knets £t 1b Inches Inches

7 41,400 3.2 1.8
2 165,000 12.8 7.3
Y 373,000 28.9 16.5
1 662,000 5l.2 29.4
Typical design 116,000 9 5.1

As shown in Appendix D, the permissible sway at desion
stresses is 0,58" and for Fuler collapse 0.90". Consequently if
the dock is not to be overlcaded additional movement must be
provided. The normal solution is to provide fenders which for a
ship of the Birknack's size should provide at least 9" of movement
to protect this particular dock.

6.0 Summary and Conclusion

1. Addition of extra brace piles to resist ferces in the
OX direction would strengthen the structure and improve its capacity
to carry vertical loads. However many of the piles would still have
been overloaded,

2. Extra piles make the dock very stiff and without fenders
extensive local damage to ship or dock would probably result from
an injudiciously heavy impact during docking.
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' 3. ~“he dock would have probably survived a collision of
% knot but some local damage would have resulted to dock or ship.
With higher collision speeds the local damage would progressively
increase and general structural failure would be initiated.

4. A light timber piled dock should be protected with
adequate fendering.
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