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Design and Construction of a Partially Piled Raft Foundation
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Abstract The paper describes the design and construction of a Partially Piled Raft Foundation ( PPRF) adopted
under complex geotechnical conditions in the City of Toronto, Canada. The design of PPRF was governed by
lateral soil pressure, unevenly distributed building loads, and nomuniform bearing capacity of foundation soils.
Piles were distributed in the area with excessive settlement. Most of the supporting piles were located in the
northwest portion of the raft foundation where high bearing pressure and low soil bearing capacity were
encountered. A unit criterion of the proposed settlement has been applied in the design of the raft slab and the
piles in order to keep the integrity of the PPRF. Global stability, including sliding and over turning of the PPRF
were an integral part of the design. A state of the art computer analysis was utilized.
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0 Intro du ction Bloor Street West

The High Park project is a medium-density
condominium development located in Toronto,
O ntario, Canada. Site elevations varied from 101 6

to 102 1 m, along Bloor Street West/ Ellis Park Road
and step down by approximately 11 m towards the

Fig. 1 Site Plan and Borehole Locations

south eastern portion of the site(see Fig. 1).

A three level underground parking was con- vation was about 12 m in depth at the north/west

structed under the entire property. General exca- side and about 1 m along southeast boundaries.
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Since there were no permanent tiebacks/soil an-
chors allowed to be installed along Bloor Street
West and Ellis Park Road, soil pressure of about
140. 4 kPa was distributed on the basement wall,

along north and west sides.

1 Subsurface Conditions

Fieldwork for geotechnical investigation con-
sisted of drilling 4 boreholes to maximum depth of
37 4 m. Soil samples were taken using the stand-
ard penetration test (SPT) method. A further ex-
amination and characterization of soil samples was
carried out in laboratory!" . Borehole locations are
shown in Fig. 1.

Soil conditions of the project site can be sum-
marized as follows: Fill, about 14 0 to 14 2 m at
north side and 1. 7 to 7 0 m at south side, of dark
brown silty sand to sandy silt was detected on top
of loose to compact fine to medium sand. Very
stiff, grey silty clay extended to depths ranging
from 14 6 to 30. 0 m. Compact to very dense
sandy silt till, grey and moist to wet, with inclu-
sions of clayey silt/silty sand and gravelly sand
layers, continued to depths ranging from 21 9 to
329 m. A lower layer of hard clayey silt, grey
and moist, was encountered at the top of weath-
ered shale at depths ranging from 22 6 to 34 3 m,
see Fig.2. The grey shale of Georgian Bay Forma-
tion, inter-bedded with limestone, extended to the

maximum depths of borehole explorations.
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Fig. 2 Stratigraphic Profile of Subsurface Conditions

Groundwater encountered in open boreholes
on completion of drilling, was monitored in obser-
vation wells. The depth from surface grade to
groundwater, on July 17, 1998, ranged from 10 to
18.3.m,(Kley. 80 2 m to 82 4 m).

2 Partial Piled Raft Foundation

Based on the encountered subsurface condi-
tions, the partially piled raft foundation was to be
constructed on undisturbed native soil and/or on
engineered fill, and designed for an allowable
bearing capacity of 250 kPa. The strategic use of
piles can reduce raft settlements and lead to con-
siderable economy without compromising the safe-
ty and performance of the foundation'” .

The raft slab rests on undisturbed natural
sand and lean concrete for an area disturbed during
the process of fill removal. The underside of the
raft slab elevation varies from 87.90 m at the east
end of the raft to 92.00 m at the west end, and
has been accomplished by series of steps along the
length and width of the raft.

Footing Pressures g of the raft, during pre-

liminary design, were computed as

D

Y £
Where P is the vertical load combination; A4 is the
area of raft slab; My and M, are the bending mo-
ments around x and y axles, respectively; [» and
Iy are the moment of inertias around x and y ax-
les, respectively. To define the total building load
P, six load combinations were analyzed for the ul-
timate and working state of considered dead, live
loading and lateral soil pressure.

Potential settlement of the raft slab (AS) was
computed as the total of elastic settlement (ASE)
and consolidation settlement (AS.) generated from

sandy and clayey soils, respectively.

z1 z2
AS = LJ mﬁj my Ao, dz &)
EJo 0

Where z1 and z2 are the thickness of sandy and
clayey soil layers; E and m. are Young s modulus
and the coefficient of volume compressibility; o,
and o. are load bearing stress acting on sandy soil
and clayey soil layer, respectively; z is soil depth.
About 80 nodes were laid out on the proposed raft

for footing ,pressure and settlement analysis.
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Without piling, the computed settlement for raft 2P 2 ¢ 9 ® ® o o
foundation was the highest in the northwest cor- AVEl B | K =

. ] ° B A A =5 it
ner-about 94 7 mm projected over 20 years. This 8 \
was due to the footing pressure of about 391 kPa, AW
8 T

which was the highest for the entire site.

Piling area was laid out by the comparison of
footing pressure and computed potential settlement
with the criteria of allowable soil bearing capacity and
expected total settlement. The tolerable magnitude of
long term settlement was limited as less than 25 mm
for 20 years after completion of construction.

Authors then back calculated, footing pres-
sure & of the raft foundation, with 25 mm total
settlement limit. When comparing the required
soil bearing pressure resistance ¢ with o, the
difference Ac =6—o00 will need to be supported by
piles and the area, where Ac>0 will be the antici-
pated piling area 4. In piling area, the total de-
sign load O will be shared by the raft slab and the

driven piles 0= Qv+ Q», and further
A A
0= JO Goda—|—L Aoda 4

Where, ais per unit area of soil. Amount of
piles n was defined by total required load Q» for
piles in the piling area, divided by single pile bear-
ing capacity Qu, and expressed as n=0Q»/ Qu.

Here, it has to be noted that the piles have to
be designed with tolerable settlement equivalent to
the tolerable settlement of raft slab. Allowable

bearing capacity Os single pile was designed as:

!
Qh: Z()a’shAZ+Alq_W1) (5)

Where [ is the soil depth in the research; o, is the
shear stress along the shaft of driven pile; & and
Avare the toe bearing capacity and toe area of the
pile, and W, is the gravity weight of the pile.

The total required load is about 30 000 kN
and the computed bearing capacity for a single H-
pile is about 1 000 kN. Hence, 30 piles were re-
quired and were installed on the construction site.
Piling area basically is located at the zone of north-
west corner. Piling area and pile locations are
shown on Fig.3.

Piles were driven into a very dense sand or sandy

Fig. 3 Piling Area and Pile Distributions
silt with blow count (N) more than 50 per every
300 mm. The in situ pore pressure build up/ dissipa-
tion was relatively rapid in the encountered cohesion-
less soil. To reduce potential impact of pile driving on
subsurface soil conditions, vibration monitoring was
carried out by McClomnt and Rak Engineers.
Monitoring results show that there was no adversely
side effect on soil bearing capacity, as pile driving

further compacted subsurface sandy soil.

3 Geotechnical Parameters

Geotechnical parameters for raft foundation

design were modulus of subgrade reaction,
Young s modulus and coefficient of consolidation
settlement'” .

The modulus of subgrade reaction is a conceptual
relationship between soil pressure and deflection'
Considering the encountered consolidation defo rmation
of clayey soils the modulus of subgrade reaction ks,

was defined as; ks=0/AS and we have;

. o
k= Bsi T A ©
k= Bse T As. @

Where k.z is elastic subgrade-reaction.

Young s modulus E is a function of N value
of standard penetration test (SPT) data, and va-
ries with soil type and soil structures. To the
same type of soil, Young’ s modulus’ change al-
ways follows the N value of SPT. The em pirical
equation and the correlation with SPT data, for
glacial till in the area of Great Toronto Area
(GTA), are shown in Fig.4" .

Coeffident of consolidation settlement mv is also
defined as coefficient of volume compressibility' ;

1l _&— e (8)

my= T — T T
1+ e 6,— 0,
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Fig.4 Correlation of Young's Modulus vs SPT data 5!
Where e and er are void ratios prior to and on comple-
tion of settlement; 6o and 01 are stresses before and
on completion of settlement. If my and As'= 61— a0
are assumed to be constant with depth, then consoli-
dation settlement can be calculated as:

se=mDs H (C)
With units of m. are inverse of pressure (m’/

MN ). Where H is soil thickness.

4  Foundation Design

Detailed foundation design was carried out in
close cooperation with the project’ s structural en-

. 16]
gineers

Based on the results of preliminary
foundation design, a total of 30 H-shaped piles
was required in the northwest portion of the raft
to reduce potential settlement. The total load
shared by piles was 30 000 kN, and was to be
spread over 30 piles, each of them with bearing
capacity of 1 000 kN.

The amount of long-term total settlement,
expected to be in the range of 20 to 25 mm with
differential settlement to be in the range of 5 to 10
mm, was the focus of the design. It was assumed
that approximately, 60% to 80% of the expected
settlement would occur within the first 2 years.

A commercial software (SAFE), specifically
developed for concrete raft system, was utilized in
the PPRF design. Results from the vertical and
lateral load analysis were used as input into the

SAFE model.

walls were incorporated in the safe analysis.

Structural foundation and shear

Since the piles were distributed throughout
the area where excessive settlement was expected,
settlement of the proposed PPRF varied, along

with the various. load distribution configurations

between piles and raft; hence the modulus of sub-
grade reaction had to be varied.

Subgrade response was modeled by the varia-
tions of footing pressure and settlement distribu-
tions. To determination the proper magnitude of
the modulus of subgrade reaction, at different lo-
cations within the raft footprint, required a very
close collaboration of the structural and geotechni-
cal enginee re

Computer analysis for bearing pressure distri-

bution was conducted by structural engineer

through ¢ SAFE’ /finite element method (FEM).
Initial modulus of subgrade reaction ks was sup-
plied by geotechnical engineer according to soil
conditions:

_ ., mt0.5
ke =k 1.5m

Where ks is desired value of modulus of subgrade

aom

reaction for the full-size (or prototype) founda-
tion; ki is value obtained from a plate-load test u-
sing aQ 3mX Q 3 m or other size of load plate;
m is the ratio of length to width of a rectangular
footing on stiff clay or medium dense sand.

Using computed bearing pressure, soil settle-
ment was calculated without considering the stiff-
ness of raft foundation. Subsequently, the sub-
grade reaction was updated based on the footing
pressure computed by FEM and calculated raft
settlement.

By using the updated modulus of subgrade re-
action computed for each node, a revised analysis
was carried out and a corresponding bearing pres-
sure distribution was laid out. It should be noted
that in the updated analysis, the modulus of sub-
grade reaction variation within the raft founda-
tion, and the effect of piles were coupled - see the
simplification in Fig.5.

Again, using the revised soil bearing pres-
sure, an updated settlement calculation was ob-
tainedand new “ks” value was generated at each
node. Using the new modulus of subgrade reac-
tion an updated distribution of bearing pressure

was computed (see Fig.6).
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Fig. 5 Plate on-spring Approach of Piled Raft Foundation

® ® ©) ©

In essence, the modus operandi was that by
using the soil bearing pressure to compute settle-
ment, and then updating the modulus of subgrade
reaction, and repeating the procedure till the com-
puted soil bearing pressure and expected settle-

ment were brought to acceptable range-see Fig.7.
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Fig. 6 Computed Footing Pressure by Using FEM Program SAFE
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Fig. 7 Computed Potential Settlement by Using FEM Program SAFE

This convergence was achieved when the soil
pressure and displacements, predicted by the finite el-
ement analysis, matched the soil bearing capacity and
the settlement predicted by geotechnical engineer ¥ .

Global stability for the critical sections, in-
corporating lateral pressure and the proposed
structure, was analyzed using the simplified bish-
op method for circular slip surfaces. A licensed
commercial program, SB-slope, developed by Von
Gunten Engineering Software, Inc., Fort Collins,
Colorado, was primarily used for the two-dimen-
sional analyses. Deep seated failures were evalua-
ted using radius options with minimum depth and

elevation-search.. The minimum factor of safety

(FS) calculated was about 2 95, which was ac-
ceptable according to Canadian Foundation Engi-
neering M anual. Results of global stability com-
putation are shown in Fig. 8.
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Fig. 8 Gldbal Stability by Using Simplified
Bishop Slope Stability Analysis
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5 Foundation Construction

The general sequence of construction opera-
tions has an important influence on the soil dis-
placement and the corresponding pile movement.
The sequence of pile installation was arranged as
those piles along the perimeter of the foundation
were driven first. As the result, the heave of the
soil surface in the central area of the foundation
was increased and that of the surrounding area
correspondingly decreased.

In addition, the piles installation was carried
out at a virtually uniform spacing throughout the
foundation area, hence the stresses produced by
pile driving were distributed uniformly throughout
the foundation area, and the soil displacement had
been minimized.

In-situ monitoring of vertical and horizontal
foundation soil movement was carried out during
pile driving/foundation construction. The local-
ized depression surrounding the H pile has a circu-
lar or an oval shape, with a diameter of about 600
to 900 mm. The dimensions and the shape of de-
pression “doughnut” change with the soil com po-
sition/ density.

Results of the on site monitoring and experi-
ence of pile foundation construction show that in
fine grained/ cohesive soils (such as the lower de-
posits on site, i.e. in the silts and clayey tills),
approximately half the volume of displaced soil ap-
peared as surface heave, within the area of the pile
foundation, while the remaining half was took
place outside of the building area. However, in
the upper sands, the volume displacement within
the building area was reduced by about 20% due
to the sand densification.

Pile driving was governed by the encountered
foundation conditions and the large difference in
elevation, between the northern and southern site
boundary, the actual pile driving could typically
displace soil laterally towards the lower elevation
(open slope). However, the preferred sequence of

pile driving on the subject site was arranged that

the piles along the perimeter of the building had
been driven first. This assured that the heave of
the bottom of the excavation in the central area of
the site was increasing and that of the surrounding
Gi.e. build up) area correspondingly decreased.

The surface heave of the bottom of the exca-
vation and the surrounding area (prior to, during
and upon completion of pile driving) was esti-
mated by the following steps[q :

(1) The volumetric displacement ratio (V)
was calculated by dividing the total volume of the
inserted piles by the volume of soil enclosed by the
pile foundation.

(2)The normalized soil heave (h:), equal to
the soil heave divided by the pile length, was esti-
mated empirically. For the low displacement H
piles used on this project, the pile dimensions and
the proposed foundation plan, the normalized soil
heave was as expected, approximately one-half the
volumetric displacement ratio obtained in step A
(see Fig. 9). This can be described by an em pirical
equation fn= 0.5V:.
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Fig. 9 Normalized Soil Surface Heave vs
Volumetric Displacement Ratid”!

(3)The heave of the soil surface was esti-
mated to be the product of the normalized soil
heave and the average length of the piles.

In order to monitor the soil displacement/
heave during the pile driving, precision survey and
monitoring work Cincluding cyclops type total
work station system) was carried out. The moni-
tored maximum heave, settlement/deflection and
bearing pressure, both in magnitude and range of
distribution, for the PPRF were all in acceptable

range based on the reference criteria derived from

the initial foundation analysis and design.
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Vibration monitoring was carried out during
pile installation and foundation construction by the
measurement of peak particle velocity (PPV).
State-of-the-art equipment measurement and preci-
sion survey-such as the cyclop type total work sta-
tion, was used. Great care was used in the selec-
tion of monitoring locations and sensor/target
placement as they are important factors in site mo-
nitoring/vibration measurements. Ground vibra-
tion trigger levels was programmed, in the practi-
cal range, to eliminate the readings outside the
pre-set lower and the upper acceptable limits.

In consultation with the pile driving contrac-
tor, the actual pile installation technique was dis-
cussed and verified in the field during the initial
work phase. The type/weight of hammer and
driving energy selection were based on the results
of pile analyzer test and the results of vibration
monitoring. The measured peak particle velocity

versus distance is plotted in Fig. 10.
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Fig. 10 Peak Particle Velocity Versues
Distance from Driving Piles

6 Discussion and Conclusion

As soil composition was non uniform and
bearing pressure from the structure varied, the
computed settlement distribution was also varia-
ble. Adding piles, in a critical/ heavily loaded area of
raft foundation, was an effective way to limit the dif-
ferential settlement within a tolerable criterion.

Soil conditions, load distribution, quantity
and location of piles were important factors in raft

foundation design. Subgrade reaction, Young s

modulus and coeffident of consolidation settlement
prove to be very sensitive parameters in the computer
modeling for partial piled raft foundations.
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