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SYNOPSIS Test loading was undertaken on an ore dock to determine the potential for in­
creasing pile heights. The soil behind the bulkhead dock structure is fill and sand overlying 6 
to 9 m of stiff varved clay of concern. Inclinometers, piezometers, extensometers and precise 
surveys were used to monitor the controlled placing of a 26 m high limestone test loading. This 
generated pore pressures of up to 0.73 times the applied pressure, lateral movements of up to
13 mm and anchor rod relaxation. Pore pressures decreased by 50 per cent within one month. Ef­
fective stress stability analyses indicated a minimum safety factor of 1.2 for the test loading, 
that would decrease to less than unity for a full 20.7 m high ore loading. Finite element analyses 
confirmed the elastic nature of observed movements, and anchor relaxation. It is concluded that 
staged loading can be used to increase the varved clay's strength to permit full ore loading.

INTRODUCTION

The test loading programme described herein was 
undertaken to determine the geotechnical and 
structural stability characteristics of the 
Algoma Sault Ste Marie ore dock area shown 
in Figure 1, and to study the possible increas­
ing of ore dock storage capacity to handle sea­
sonal shipping requirements in the Upper Great 

Lakes. Previous studies had indicated that the 
dock composite structure of a timber pile sup­
ported concrete deck carying ore bridge rails, 
faced with a steel sheet pile anchored bulkhead 
of 9.5 m free height (Figure 2), had a marginal 
safety factor against current loadings. In­
creased rates of dock loading using large self­
unloading ships had resulted in accelerating 
lateral movements of the ore dock since 1977 as 
shown clearly in Figure 3, even though the over­
all annual tonnage was not increasing, both for 
the steel sheet pile extension of concern here 
and the adjacent crib wall section that was 
considered in the overall test loading programme 
(i.e., there was a similar detailed test loading 
for the crib wall section).

The soil behind the structure consists of 4 m of 
fill and sand overlying 6 to 9 m of stiff varved 
clay of concern in terms of shear strength, pore 
pressure generation due to repetitive loading, 
strain softening and lateral spreading; with 
very stiff varved silt and very dense sand till 
below. Deep seated shear failure of an adjacent 
area occurred in 1913, and large displacements 
of the structure in 1944 resulted in loading 
restrictions that could not be lifted on the 
basis of several subsequent studies.

F ig.1 Test Load Area Plan and Instrumentation

Fig. 2 Test Load Section with Soil Profile 
and Instrumentation
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F i g . 3 Tim e - A 1 ig n m en t  P l o t s  and  
Ore Ya rd  Lo ad in g  D at a

Within this context of low safety factors and 
large deformations that are typical to many 
dock areas on the Great Lakes involving re­
claimed land and marine clays, it was desired 
to deepen the berths by about 0.6 m and increase 
the height of ore pellet storage closer to the 
bulkhead. To address this, a prototype test 
loading programme was developed to examine the 
current and future stability of the ore docks, 
in conjunction with a detailed geotechnical in­
vestigation, monitoring, effective stress 
stability checks and elastic finite element 
method analyses. The programme will be mainly 
described through the report figures as a case 
study with some amplifying discussion in follow­
ing sections.

The soil conditions and properties were deter­
mined for the section of interest through a 
number of sampled boreholes (Figure 2), field 
vane and pressuremeter tests, undrained and 
consolidated drained triaxial tests, consoli­
dation tests and laboratory vane tests in the 
horizontal and vertical direction to examine 
the anisotropy of the varved clay. The consoli­
dation tests indicated the clay to have a pre­
consolidation pressure of 0.20 to 0.34 MPa and 
overcon solidation pressure of 0.12 to 0.20 MPa. 
Cn the basis of all the strength testing, the 
average undrained shear strength of the varved 
clay was 57.5 kPa with effective parameters 
<i> 1 - 25° and c* = 0. Only slight anisotropy 
was found and it is considered that little 
strength gain had occurred due to previous 
loadings. Properties of the test loading lime­
stone were 1440 kg/m3 and 38° (angle of repose); 
as compared to 2384 kg/m3 and 26° for ore pellet 
1oa d ing s .

The instrumentation consisted of inclinometers, 
pneumatic piezometers, ex ten someters, and pre­
cise horizontal and vertical surveys as indi­
cated on Figures 1, 2 and 3. This instrumen­
tation was designed to both control the proto­
type loading, and to provide data for predicting 
Stabilities for future loadings.

SOIL CONDITIONS AND INSTRUMENTATION

TEST LOADING AND ANALYSES

The test loading was completed under the set 
of control conditions in Table 1 and Figure 4 
that was established prior to the actual load­
ings from previous experience with docks and 
the literature. Thus, an observational a pproa_ch 

was adopted at the prototype stage with controls 
on monitored behaviour that would yield the 
necessary information, particularly pore pres­
sure response, to consider increased future 
loadings. Close interaction between field 
staff (Sault Ste Marie), and engineering and 
analysis staff (Toronto/Hamilton), was esta­
blished so that the controls and safety factors 
could be upgraded following monitoring for each 
load increment. The contingency plan was simple: 
diversion of the next ship or rapid unloading

The test loading plan, profile and inclinometer 
response at the location with greatest lateral 
movement are shown in Figure 5. Test loading 
consisted of placing a 26 m high pile of lime­
stone over three days (4 ship loads totalling 
70,000 ’t) which generated pore pressures in the 
varved clay of up to 0.73 times the applied 
pressure (Figure 6A), maximum lateral movements 
of 13 mm (Figure 5C), and stress relaxation in 
the anchor rod of up to 55 MPa that decreased 
with time. Pore pressures dissipated by 50 
per cent of maximum observed values within 
one month and this is significant in terms of 
repetitive loading and future loading plans.
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I N S T R U M E N T A T I O N  R E S P O N S E  C R I T E R I A

TABLE 1

I N S T R U M E N T A T I O N

I N C L I N O M E T E R

A L I G N M E N T

- S take s

- B r as s  Plugs 

E L E V A T I O N S  

E X T E N S O M E T E R S

P I E Z O M E T E R S  

(F igure 4)

A L L GO

<50 mm

<25 mm 

<13 mm

C A U T I O N

50 mm

25 mm 

13 mm

R E S P O N S E *

O F F I C E  A N A L Y S I S

1 0 0  mm  or one 

d i f f i c u l t  to read

1.2 FS 1 .2 FS

50 mm 

25 mm

one rod of pa ir 

y i e l d i n g

1.1 FS

C R I T I C A L

(Unload)

>150 mm or too d i f ­

f i cu l t to read  or 

a c c e l e r a t i o n  af te r  50% 

of load in c re m en t

>75 mm 

>38 mm

>13 ram u p wa r d

two rods of pair 

yielding

<1 .05 FS

* R e s p on s e:

All Go - p r o c e e d  w i t h o u t  d i r e c t i o n  f r o m  T o r o n t o ,  r e p o r t  daily.

C a u t i o n  - p e r m i s s i o n  to p r o c e e d  r e q u i r e d  fr o m  T or o n t o ,  r e p o r t  daily.

O f f i c e  A n a l y s i s  - im m e d i a t e  r e po rt  r e q u i r e d ,  p e r m i s s i o n  to pl ace  

ne xt  load mu s t be o b t a i n e d  fr o m  To ro nt o .

C r i t i c a l  - f ie l d d e c i s i o n  to i m m e d i a t e l y  r e mo v e load, i m m e di a te  

r ep o r t  to Tor on t o.

FS = F a c t o r  of Sa f e t y .

E f f e c t i v e  str es s  s t a b i l i t y  a n a l y s e s  ( M o r g e n s t e r n  

and Price ) b a s e d  on the m o n i t o r e d  pore p r e s s u r e  

i n d i c a t e d  a m i n i m u m  safe ty f a ct or  of a p p r o x i ­

m a t e l y  1.2 d u r i n g  test lo a d i n g  (Figure 6 B) that 

w o u l d  d e c r e a s e  to less than un i ty  if the p r o ­

p o s e d  20.7 m hi gh  ore pile full l o a d i n g  was 

app li e d.  The she ar r e s i s t a n c e  c o n t r i b u t i o n  

fro m  the b u l k h e a d  s t r u c t u r e  was not c o n s i d e r e d  

in these a n a l y s e s .  (Since the b e r t h  d ep t h had 

a l r e a d y  bee n i n c r e a s e d  up to 1 m by scour, 

this p a r a m e t e r  was no lon g er  i nv o lv e d. )  P re c i s e  

s u r v e y i n g  d u r i n g  test lo ad in g , such as time- 

a l i g n m e n t s  (Figure 3), we r e over a short time 

p e r i o d  c o m p a r e d  to the ov e ra l l time sca l es  of 

c o n c e r n .

W h i l e  el a s t i c  a n a l y s e s  are not fu lly  a p p l i c a b l e  

for the so ils  in v ol v ed ,  e l a s t i c  f i ni te  e l e m e n t  

a n a l y s e s ,  b a s e d  on m e a s u r e d  m o d u l i  w h e r e  a v a i l ­

able f r o m  p r e s s u r e m e ter te st in g , we r e  used  to 

study d e f o r m a t i o n  t r e n d s ( F i g u r e  7). T h e s e  p r o ­

v i de d  a v a l u a b l e  i ns igh t into the a n t i c i p a t e d  

do c k r e s p o n s e  d u r i n g  test l o ad i ng ,  and were 

fo u nd  to bot h p a r a l l e l  the o b s e r v e d  b e h a v i o u r  

and i nd i ca t e r e l a x a t i o n  of the a n c h o r  rods.

The m o n i t o r e d  and c o m p u t e d  d e f o r m a t i o n  leve ls 

were  c o m p a r a b l e ,  and i n d i c a t e d  that e s s e n t i a l l y  

el a s t i c  r e s p o n s e s  we re  i n v o l v e d  (i.e., low 

strai n le vel s) rat he r  than p la s t i c  and cr eep  

d e f o r m a t i o n s .

S T A G E D  L O A D I N G

The test l o a d i n g  p r o g r a m m e  i n d i c a t e d  that the 

full l o a d i n g  co u ld  not be a p p l i e d  w i t h o u t  some 

s t re n gt h  i m p r o v e m e n t  in the v a r v e d  clay. Also, 

a r e v i e w  of the l a b o r a t o r y  data, soil r e s p o n s e  

and te ch n ic a l l i t e r a t u r e ,  i n d i c a t e d  that w h i l e  

i n c r e m e n t a l  l at e ra l  s p r e a d i n g  w ou l d co n t i n u e ,  

stra in s o f t e n i n g  and i n c r e m e n t a l  pore  p r e s s u r e  

b u i l d  up due to r e p e t i t i v e  lo a d i n g  w o u l d  not 

be a p r ob l em .  On this bas is , and us in g  the 

m o n i t o r e d  pore p r e s s u r e  r e s p on s e,  the p o s s i b l e  

sta g ed  l o a d i n g  s t r a t e g y  in three in cr e m e n t s  

over one ye ar  giv en on F i g u r e  6 , wit h d e t a i l e d  

m o n i t o r i n g  co n t r o l  was r e c o m m e n d e d .  It sho uld  

be n o t e d  that in the a n a l y s e s  s u m m a r i z e d  on 

F i g u r e  6 , there is no shear r e s i s t a n c e  c o n t r i ­

b u t i o n  f r o m  the b u l k h e a d  st r u c t u r e  and the 

p o t e n t i a l  s t r e n g t h  i m p r o v e m e n t  in the v a rv ed  

clay is also n e g l e c t e d .  O b v i o u s l y ,  the safety 

f ac t o r s  i n v o l v e d  will be s om e w h a t  g r e a t e r  than 

un i ty  wh e n these fa c t o r s  are c o n s i d e r e d .

C O N C L U S I O N

It was c o n c l u d e d  that: the test l o a d i n g a p p l i e d  

a g r e a t e r  p r e s s u r e  on the v a r v e d  clay than any 
p r e v i o u s  loads; stage lo a d i n g  c o ul d  inc re as e

2 8 4
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the strength of the varved clay within one 
year so that full ore pellet loading could be 
applied; stage loading would initially cause 
relaxation of anchors; and, significant lateral 
movements of the structure and settlements of 
the ore yard would follow, resulting in in­
creased anchor stresses within acceptable limits. 
The overall test loading programme indicated 
that such dock structures can be operated at 
low safety factors (i.e., 1.1 to 1.2 acceptable) 
and tolerate relatively large deformations.

3 0 -ui
»E*
I-

I5OT

-10® 
5 S

o *

P IE Z O M E T E R

No. ELEV . D EP T H

A 178.4m 6.1 m

B 177.0m 7.5m

C 175.7 m 8.8 m

IN IT IA L  R IV E R  L E V E L

17 ' 18 1 19 ‘ 20  ' 21 1 22 ' 23  1 24 1 25 ' 2 6  '  27 ' 20 ‘ 29 ' 30  

SEPT. SEPT. _
è 12 ¿ 2  

OCT.

^ SC A LE  

CH A N G E '

I

TIME -- —

A . PIEZO M ETER RESPO N SE BH 303- D

303-A 303-B 303-F 303-C 303-D
$ ® ® ® «

EXCESS EXCESS EXCESS EXCESS
PP=l.2m P.R(A)=2.8m P.P = l5.4m P.P.(A)= 16.3m 
(LOAD 4) (LOAD 4 ) (LOAD 4 ) ru=0.83 (LOAD 4 ) ru =0.45

CTU A L 

T E S T  LOAD

ST A B IL IT Y  S A F E T Y  FACTOR = 1.034 to 1.052 

BY EFFECT IVE  S T R E S S  A N A LY S IS

SURFACE FOR M IN IM U M  

SA F E T Y  FACTOR SC A LE  IN M ETR ES

B. ACTUAL TEST LOAD (LOADS I to 4 )

303-A 303-B 303-F 303-C

Fig Finite Element Method Mesh

ACKNOWLEDGEMENT

The permission of the Algoma Steel Corporation 
Limited to present this paper based on the re­
port "Ore Dock Test Loading - Timber Cribs and 
Steel Sheet Pile Extension" is gratefully 
acknowledged.

C PO SSIBLE STAGED LOADINGS

C A SE  I 4 .6 m  R O A D , 12.2 m H IGH S . F :  0 .9 3 9

C A S E  2 7.6m  R O A D , 12.2m H IGH  S.F.= 0  9 4 4  • ------------ • C A SE  I

C A SE  3 7,6 m ROAD, 10.7m H IGH  S .F =  0 .961  ■ ------------ ■  CASE 2

CASE 4  7. 6 m RO A D , 9.1 m HIGH S.F. = 0 . 9 7 7  A ------------ A C A S E 3 & 4
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F ie 6 Piezometer Responses and 
Stability Analyses
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