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Riyadh Office -KSA: P.O. Box 18927, Tel: +966 1460 3301, Fax +966 1460 3302
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Specially Designed Thermal Insulation
Products and Systems
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Dow Buildings Solution

*Trademark of The Dow Chemical Company
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Arabian Chemical Insulation Co. Arabian Chemical (Polystyrene) Ltd.
Juffali / Dow Chemical Co. JV Juffali / Dow Chemical Co. JV
Dubai, UAE " Saudi Arabia
Tel: 00971-4-8861233 Jeddah Riyadh Dammam

Fax: 00971-4-8861234 Tel: 6674818/ 6674620 Tel: 4655272/ 4655274 Tel: 8271652/ 8272077
Fax: (012) 6609028 Fax: (011) 4655274 Fax: (013) 8273623

Toll Free No.: 800-244-0010 (Saudi Arabia)
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UNIVERSAL BUILDING MATERIALS MERCHANTS CO. LTD. and Beyond...

Committed to Serving Customers

UBM's commitment to customers extends by reaching out to
them efficiently through modern retail showrooms showcasing
and selling door hardware and mechanical products.

Specializing for more than three decades in Door hardware and
Mechanical products, UBM provides 'Total Solutions' from
engineering design to delivery of products and support
services.

UBM - From Concept to Delivery and Beyond...
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The admixture can cause a reduction in
water content of as much as 40%. Generally
this chemical exhibit good slump retention
characteristic and do not cause any delay
in the gain of strength of concrete. PCE
can work at lower dosage than SNF and
Lignosulphonate. In this study, it is aimed to
investigate the effect of GGBFS as mineral
admixtures on the fresh and hardened
properties of SCC. Fresh concrete tests
such as slump-flow, L-box, T500, U-box.
Also, the resilience study for SCC after
28 days curing was done by conducting
some of the tests such as saturated water
absorption, porosity, carbonation depth and
alkalinity measurement.

* For 30% GGBFS replacement, the
compressive strength observed higher as
compared to 10%, 20%, 40% and 50%
GGBFS replacement.

* The SCC mixes shows higher value of
ultimate capacity of about 1.33 times than
the control mix.

+ The SCC beam-column failed due to
crushing of concrete with an explosive sound.
The load carrying capacity of the beam-
column increases up to 30% replacement of
GGBFS mix, then decreases.

* The maximum ultimate load was obtained
for MGGBFS-30%.

* Increasing the replacement rates of mineral
admixtures have decreased compressive
strength and increase both split tensile
strength and Flexural strength.
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3.5 Behavior of specimens

In all specimens, cracks appeared near the
joint after the first crack load. With further
increase in loading, the cracks propagated
up the beam and initial cracks started
widening. A large number of closely spaced
finer cracks appeared in the SCC beam-
column joint specimens, and the width of
such cracks was smaller than the crack-
width in the 40% and 50% replacement of
GGBFS beam-column joint specimens. The
ultimate load and corresponding deflection
of specimens were found to increase as the
admixture replacement increased. The typical
failure patterns of SCC beam-column joints
are shown in Figures of next chapterwas
smaller than the crack-width in the 40%
and 50% replacement of GGBFS beam-
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column joint specimens. The ultimate load
and corresponding deflection of specimens
were found to increase as the admixture
replacement increased. The typical failure
patterns of SCC beam-column joints are
shown in Figures of next chapter.

a0
35
E = —a—CONTROL MIX
E :: = MGGRFS-10%
E = MGG BF5-20%
5 1t == MGG BFS-30%
5 i GG BFS-40%
o —a—MGGBF5-50%

EUERTE A S
Deflection at jaint (mm)

Fig.14. Beam Load Vs Deflection
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3.4 Crack pattern

Mixture no | 28 days | 56 days PO days
Control 3.12 3.82 | 437
GGBFS-10 3.29 394 | 452
GGBFS-20 | 3.44 4.18 | 4.68
GGBFS-30 | 3.32 452 | 490
GGBFS-40 | 3.18 432 | 4.82
GGBFS-50 | 3.06 4.18 | 4.78
Table 4. Flexural strength results

Fig 11

In all specimens, cracks appeared near
the joint after the first crack load. With
further increase in loading, the cracks
propagated up the beam and initial cracks
started widening. A large number of closely
spaced finer cracks appeared in the SCC

Fig 12

Fig 13

beam-column joint specimens. The typical
failure patterns of SCC beam-column joints
for Control Mix, MGGBFS-10%, MGGBFS-
20%, MGGBFS-30%, MGGBFS-40%,
MGGBFS-50%, are shown in Fig 8 to Fig
13 respectively.
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3. Results
3.1 Compressive streng

From the results shown above it is clear that
that mix containing less replacement (30%)
showed better compressive strength than
mix containing higher amount of replacement

(50%). The compressive strength for various
mixes at 28, 56 and 90 days are shown in the
Table 2. Also the variations of the strength of
mixes are shown in the Fig 5.

B
S0 ' wip | Mixno 28 56 90
a5 days | days | days
£ E . w28days | 045 Control | 44.34] 46.84 | 49.06
35 wsodays | 045 | GGBFS-10 | 458 [ 49.14 | 51.94
L L 0.45 | GGBFS-20 | 464 | 51.64 | 53.14
& g‘zﬁ"}iﬁ “90days 45| GGBFS-30 | 45 | 53.14 | 55.34
(?j‘ & 0.45| GGBFS-40 | 42 | 52.14 | 54.34
5CC MIX 0.45 | GGBFS-50 | 40 | 50.68 | 52.72
Fig.5. Mix vs Compressive Strength Table 2. Compression test results
3.2 Split tensile strength test
L 35 28 days
2,31 56 days Mixture no | 28 days | 56 days | 90 days
E 2 1§ : 90 days Control 1.75 2.05 2.35
EE 1 GGBFS-10 | 1.88 | 222 [ 252
&Y% GGBFS-20 | 196 | 246 | 276
I GGBFS-30 | 1.74 2.68 2.88
FFFL IS S GGBFS40 | 148 | 252 | 272
SCC MIX GGBFS-50 | 1.20 2.36 2.64
Fig.6. Mix proportion vs Split Tensile Strength Table 3. Split tensile strength

From the results shown, it can be concluded
that there is no much difference exist between
7days and 28days strength of mixes. However
with the increase in replacement the split
tensile strength of the mix decreases. The
variations of the tensile strength for various
mixes are shown in the Table 3. It is also
represented in a pictorial graph as shown in
the Fig 6.

ILE)E) v
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3.3 Flexural strength test

From the results shown it is clear that, the
flexural strength decreases with the increase
inreplacementpercentages. Itisalsoclearthat
thereis novastdifference in values for 7 and 28
days strength. The values of flexural strength
for various mixes are as shown in the Table
4. Also the variation of the flexural strength
for the various mixes is shown in the Fig 7.



controlled loading phase. In the first phase of
loading, two load cycles at approximately 10%
of the estimated strength of the specimen
were applied to check the test setup and
ensure that all data acquisition channels
were functioning properly. This was followed
by two load cycles reaching the concrete
cracking load in the beam. These in turn were
followed by two cycles at the load causing
initial yield of the bottom longitudinal steel

bars in the beam. The displacement at initial
yield of the steel was recorded and used in the
subsequent displacement-controlled phase
of loading. The second phase of loading after
first steel yield was displacement-controlled
and consisted of applying incremental
multiples of the yield displacement. The test
was stopped when the load carrying capacity
of the sub assemblage dropped to about 50%
of its maximum value.

-3 POATTRALL TR AMDLOAD TELL
I BEAM-OOLTWN IODNT LRSI
1 LV

# LD ATTNG FRaLY

3 POLMDATION BLOOK

[\

Fig.3. Schematic diagram of test setup

2.6. Test acimens

Specimens were tested in a universal testing
machine of 294.3 KN (or 30 t) capacity. A
constant load of 15.7 KN (or 1.6 t), which is
about 20% of the axial capacity of the column,

was applied to the columns for holding the
specimens in position and to simulate column
axial load. A hydraulic jack of 4.9 KN (or 0.5 t)
capacity was used to apply load at the beam
as shown in Fig 3. Aload cell of 4.9 KN (or 0.5
t) capacity was used to measure the applied
load accurately. Adial gauge with a least count
of 0.01 mm was used to measure the beam
tip displacements. The increment of loading
was taken as 0.5 KN. The beam was loaded
up to the first increment, then unloaded and
reloaded to the next increment of load, and
this pattern of loading was continued for each
increment. One number of linear variable
differential transducers (LVDTs) was used to
measure the deformations. The gauge length
of each LVDT was 200 mm. The location
of the LVDT is shown in Figure 5 and the
photograph of the test setup is shown in Fig.4.

'-I-:

X



Avrticle

In the present investigation, four exterior
beam-column joints were cast and tested
under under monotonic loading in which
reinforcement designed as per IS 4562000-
& SP 34. The overall dimensions and the
details of the reinforcement of the beam-
column joints are given in Fig.1. The column
was reinforced with four 10 mm diameter
high yield strength deformed (HYSD) bars
and the beam were provided with four 10 mm
diameter HYSD bars at the top and bottom.
All the beam-columns were tested under

I--— 200 —--I
|

o

loading monotonic loading frame of capacity
1000kN. These beam-columns were tested
with simply supported conditions under two
point loading. HYSD bars of 8 mm diameter
were used for transverse ties in the columns
and stirrups in the beams. Three different
replacements of GGBFS as 10%, 20%, 30%,
40% & 50% were used. At 10% and above
50% of replacement of admixture, concrete
mix became less workable, and hence, only
the above mentioned mixes were considered
in this study.

e

I—

i._ 150 _...|

—

I

Fig.2. Section AA, BB, CC & DD c/s details

These beam-columns were tested with simply
supported conditions under two point loading.
Deflections were measured under the loading
point and at the mid span using Linear
Variable Differential Transducers (LVDTs).
A typical two point loading experimental set
up is shown in the Fig 4. The crack patterns
were also recorded at every load increment.
All the beam-columns were tested up to
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failure. The beam-column joint specimens
were tested under monotonic loading applied
at the beam tip. The selected loading pattern
is intended to cause forces that simulate
high levels of inelastic deformations that
may be experienced by the frame during a
severe earthquake. The selected load history
consisted of two phases. The first phase was
load-controlled followed by a displacement-



2.3. Casting

Wood molds were used for casting the
specimens. Reinforcement cages were
fabricated and placed inside the molds.
Required quantities of cement, sand and
coarse aggregate were mixed thoroughly
in a concrete mixer machine, and 50%
of water was added to the dry mix. The
remaining 50% water, mixed with the super

2.4. Specil 3

200

plasticizer and VMA, was added later along
with the mineral admixtures GGBFS. Mixing
was done till a uniform mix was obtained.
The mixes were poured into molds in layers.
Immediately after casting, specimens were
covered with wet gunny bags to prevent
loss of moisture. After 24 hours, specimens
were de-molded and cured under wet gunny
bags for 28 days.
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Fig.1. Exterior beam- column joint reinforcement detail
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the use of mineral admixtures, such as could
increase the fluidity of the concrete, without
any increase in the cost. The incorporation of
FA, or GGBFS or SF reduced the requirement
of SP necessary to obtain a similar slump flow
compared with the same concrete containing
only cement.

Strength  and  ductility of structures
depend mainly on proper detailing of the
reinforcement in beam column joints. The
flow of forces within a beam-column joint
may be interrupted if the shear strength of
the joint is not adequately provided. Beam
column joint is an important part of reinforced
concrete (RC) moment resisting frames in the
earthquake prone areas. The cross sections
of beams and columns close to the joints in RC
structures are critical, and under the effect of
strong earthquake motion they are subjected
to large bending moments and shear forces.
Beam column jointin moment resisting frames
are crucial zones that control the effective
transmission of forces in the structure. The
beam column joint is the crucial zone in a

2.1. Mix Proportions

reinforced concrete moment resisting frame.
The functional requirement of a joint, which
is the zone of intersection of beams and
columns, is to enable the adjoining members
to develop and sustain their ultimate capacity.
The demand on this finite size element is
always severe especially under seismic
loading. The joints should have adequate
strength and stiffness to resist the internal
forces induced by the framing members.
Multi-store reinforced concrete structural
frames are among the most congested
structural elements. Placing and consolidating
concrete in such structural frames imposes
substantial technical challenges. This offers a
uniqueareaofapplicationforself-consolidating
concrete because of its inherent ability to
flow under its own weight and fill congested
sections, complicated formwork and hard to
reach areas. However, research is needed
to demonstrate the ability of SCC structural
frames to adequately resist vertical and lateral
loads. In the present study, full-scale 1-m
high beam-column joints reinforced as per IS
4562000- & SP 34. They were tested under
monotonic loading applied at the beam tip and
at a constant axial load applied on the column.

Table 1. Procedure adopted to arrive at mix proportion

TRIAL CEMENT | GGBFS | C.A | WATER | SP | VMA MIX RATIO
Kg Kg Kg Kg ml ml
1 3.25 4.94 4.55 1.46 28.30 | 2.66 1:1.52:1.4
2 342 4.86 4.10 1.54 29.75 | 2.80 1:1.42:1.30
3 3.62 5.14 3.98 1.63 3149 | 297 1:1.42:1.10
4 3.50 5.08 442 1.58 3045 | 2.87 1:1.45:1.26
5 3.58 5.23 3.94 1.61 315 | 295 1:1.46:1.10

SCC mix proportions for M40 grade concrete
were obtained based on the EFNARC
guidelines. The details of mix proportions
thus obtained are given in Table 1. Part of the
cementwasreplaced by admixture as GGBFS.
In this study 10%, 20%, 30%, 40% & 50%
replacementofcementby GGBFS considered.

2.2 |

Ordinary Portland Cement (43 grade)
conforming to IS: 12269 — 1987 was used
for the investigation along with the Ground
granulated blast-furnace slag conforming to
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ASTM C 1240 as mineral admixture in dry
dandified form. The fine aggregate used
was river sand passing through 4.75 mm
IS sieve and having a fineness modulus
of 2.25 conforming to Grading zone Il of
IS: 383 —-1970. Coarse aggregate used
was locally available crushed blue granite
stones conforming to graded aggregate of
nominal size 12.5 mm as per IS: 383 — 1970.
Commercially available polycarboxylic ether
based new generation super plasticizer
(GLENIUM B233) was used.



1. Introduction

Concrete is the most extensively used
material in civil engineering construction
so that considerable attention is taken for
improving the properties of concrete with
respect to strength and durability. Numerous
types of concrete have been developed to
enhance the different properties of concrete.
So far, this development can be divided into
four stages. The earliest is the traditional
normal strength concrete which is composed
of only four constituent materials, which are
cement, water, fine and coarse aggregates.
With a fast population growth and a higher
demand for housing and infrastructure,
accompanied by recent developments in
civil engineering, such as high-rise buildings
and long-span bridges, higher compressive
strength concrete was needed. Thus, here
comes a concrete that meeting special
combinations of performance and uniformity
requirements that cannot be always achieved
routinely by using conventional constituents
and normal mixing called high performance
concrete (HPC). HPC is of five type’s namely
high-early strength concrete, high-strength
concrete, high-durability concrete, self-
compacting concrete and reactive powder

concrete. in spite of different types of concrete
available like high strength concrete, high
performance concrete, air entrained concrete,
light weight concrete, pervious concrete
etc., self-compacting concrete has its own
advantages and applications in the field of
civil engineering. Self-compacting concrete
(SCC) first developed in Japan, represents
one of the most significant advances in
concrete technology for decades. It can
flow and compact in the formwork under
its own self weight without the need for
vibration. Use of self-compacting concrete
offers substantial benefits in enhancing
construction productivity, reducing overall
cost, improving working environment and in
sustainability. The first generation of SCC
used in the UK and Europe, such as the one
developed in a large European research
project, which investigated the practicability
of using self-compacting concrete in both
civil engineering and in building structures,
contained a high dosage of powder, as well
as a high dosage of super plasticizer (SP),
to ensure adequate filling ability and passing
abilities and segregation resistance. Savings
in labor costs might offset the increased cost
related to the use of more cement and SP, but
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BEHAVIOR OF EXTERIOR BEAM-

COLUMN JOINT

SELF-COMPACTING CONCRETE.

Sabeer Alavi.C

Structural Design Engineer
(M.Tech in Structural Engineering)

Abstract

Self-compacting concrete (SCC) is a
highly flowable concrete which is able tofill
the formwork and the areas of congested
reinforcement completely under its own
weight and without the need for vibration.
Here Portland cement (PC) is replaced
with 10%, 20%, 30%, 40% and 50% of
GGBFS. The w/p ratio is kept constant
throughout the investigation as 0.45.
Super plasticizer known as Glenium B233
is used. The mix proportion is obtained
as per the guidelines given by European
Federation of producers and contractors
of special products for structure
(EFNARC). Marsh cone test was used

m U"J.l@.a No.:(96 ) Jumada | 1436 h - February 2015

GGBFS BASED

[

to find the saturation point of different
type of cements by adding the dosage of
super plasticizer accordingly. This paper
presents an experimental investigation
on the mechanical properties like
compressive strength, flexural strength
and split tensile strength for 28, 56 and 90
days curing. The performance of exterior
beam-column joint under monotonic
loading is studied. Also, the crack pattern
and ultimate load carrying capacity of
beam-column joint noted.

Key words: Self compacting concrete,
Ground Granulated Blast Furnace slag,
Super plasticizer, compressive, flexural
and split tensile strength.
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Tunnel, which will broadly follow to participate n inspirational com www.pilingevent.co.uk

the route of the river from west o
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numerical mode] using the back- - Z =
ﬂn“.ﬂﬂhwﬂhum plotted in Figure 12, The back- _I e
comstruction tement for all three  figured stiffness profile is compared 45 nlﬂﬂ"ﬂ.m &y
Figure 12 SIRgex, v e u; to the site fy ;rn&“ﬂu.,_m';* oo | :
12. Interestingly, " X 5 | |
figpared stiffeess profile was the same 20 ® HPD - BHT iy
: of stiffness back-figured design Fi

the prediction from the numerical  suggests that the moduli derived Figure 13: Comparison of back analysed stiffness profile, design
mode] uging the stffness back-  from the unload/reload cycle of profile and S data
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of stiffness assumed for back analysis of shaft load test

“"“I ‘“d“"dmhﬁ 'h‘ ’“""":i Material e ) UCS (Mpa) | Poisson’s | Density

::I:gdl.d. 'I‘b::.rw:ndum WOLCUr Al peterence == (MPa) raio (hg/m®)

(Figure 4) with a thickness of 0.25m UCS | pressuremeter | Geophysics

and 12m respectively. In the  Mudstone | 0.67 1.01 5.00 1.00 0.23 2,040
original design, gypsum bands were

not modelled. The adopted stiffaess Gypsum 5.00 5.00 10.0 8.00 0.24 2,240
values for the matenials along the  Concrate 35.0 350 35.0 nia 0.15 2,450

Figure &: Comparison of shaft respense from load test CP8 and
numerical modelling

T), matched the predictions from the

numerical model using the stiffvess E'zﬁ & Load tast ICP19)
pml‘il:buad_m ﬂiemmm — Modeling with UCS data
Itr:ben_ﬂnmnmdhuﬂu. 2 it daa

F
8
g
3
2
g

m
8. As would be expected the 18 2
response of CP8 is stiffer than that Load (MN)
of CP19, because it tested a larger
rtion of pile below the hydraulic
g‘lo;d cell, To match the base Figure 7: Comparison of shaft response from load test CP19 and
response of both load tests it was  numerical modelling
necessary 10 feduce the Young's
modulas ufd‘-l:;eﬂldl d;;"—"ﬂar Load (MN)
> ' 12 14 16 18 0

0.1GPa respectively. 10
represented a decrease by a factor of °
2.5 and 10 from that assumed in the 15 .
design for load test CP8 and CP19
respectively. g ® Load test (CPE)
Simiia i e gtk Lol wa P15k
B i B 25 = Mumerical medeling of CPA
susceptible to softening if subjected _
to stress relaxation and molsture, If, gp — Mumerical modeling of CP19
during comstruction, there was &
delay in pouring the concrete, or the

drilling fluid was not completely Figure 8: Comparison of base respanse from load tests and
mmmmm numarical modelling
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from the pile load tests (Figare 10)
were used in the three dimensional
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Figure 4: Variation of unconfined compressive strength with elevation

identifying the stiff gypsum layers  surface (-TmADD). For CPE the
As shown in Figore 4, there i good  jack was positioned 3m from the
correlation  betweenn the material  pile toe, whereas for CP19 the jack
give & low estimate of the true insim~ from  the UCS tests and those identified as gypsum in the UCS  was positioned 1m from the pile oe
stiffness. derived from the pressuremeter tests  fests, and the strength at mié:.: (Figure 5). The location of the jacks

Haberfield et al (2011) showed  assuming a Tresca failure criterion.  depths  predicted  from was chosen to separate the base and
that #f the small strain values The estimate of the strength from  pressuremeter data. shaft response of the pile. Load was
obtained from the peophysics are  the pressuremeter is generally closer applied i up 1o a value
reduced by a factor of fve to  to the higher values of strength of 18.3MM and to 16.2MN in each
account for the strain level, good predicted by the UCS tests As  Working plle load tests weme direcion for CPR and CFI?
agrecment with the values of  shown by Clarke (1995) it is usual conducted on two piles (CP8 and Movement  was
Young's modubus cbiained from the  for stength estimated from the CFI9). Both load tests  were measured against a reference frame,

pressuremeters could be achicved,  pressusemeter to be higher than that conducted before the basement was  using extensometers installed ar the
This data shows a similar trend. predicted from laboratory testing.  excavated, using a ! i
lppmm],lh:Yumg'smodnlu The pressuremeter proved useful in  jack operated from the ground  assemibly.

derived from the UCS tests (which is The working load tests were back
likely to have positive bias as only analysed using a three-dimensi
the strongest samples would have CPé CPL19 ¥ -TmADD momerical mode]l iIn the finie
survived conng) are marginally element software Abagus CAE 6.7-
smaller than those determined from 1. A linear elasie constitutive model
the pressuremeter data_ This may be with a Tresca faflare critedon was
because of sample disturbance B ¥ -19.2mADD adopted for the weak rock. “K," was
caused by retrieval and handling, assumed 1o be unity and the indtial
although the agreement between insitu vertical stress profile was
UCS and pressuremcter data does created based oo each of the
improve with depth. material's densities multiplied by
Both the UCS tests and the i 1 the gravitational force,

pressuremeter indicate a zone of Three different stiffness profiles
high  compressibility  around Fytrauie jack were used along the shaft of the pile
20mADD  (Pigure 3). It was in the numerical model. All three
hypothesised that the zone of high _ ] profiles assumed a constant vahse of
compressibility was caused by T B c stiffness along the pile shaft that was
drilling as stress relaxation and hL; e et based on the of stiffness
potential softening of the mudstone L 2] TR 2 o, ; predicied by the UCS data, the
can oocur due to avaiability of pressuremeter, and the geophysics
maisture. However, this could not data.

be confirmed and therefore an  Figure 5: ilustration of pile load test The borehole records indicated
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Stiffness parameters for
the foundation design of

The Landmark tower
Jonathan Dewsbury, Buro Happold/University of Southampton

(Figure 1). It consksts of five storeys
of basement and 71 stoneys
ground. It is supported on a
assisted raft (Figure 2
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sandstone bands.  Uncoofined
compressive strength (LPCS) tests on
mﬂmnﬂmhmﬁgm
high-quality coring mnged from
0.53MPa to 4.8MPa, bulk density
varied between 1,900kg/m' and
2,100kg/m". The gypsum bands are
stronger than the mudstone with
unconfined

|
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[a] Plan view of raft, n#':..nﬂplnl.lﬂx

182m

Flgure 2: Foundation layout of The Landmark

The Young's medulus estimated
from dumhd:wmm
pressuremeters pressune
dilatometer), and laboratory UCS
tests  (instrumented with strain
gauges) are compared in Figuare 3,
The stiffness determined from the

UCS tests Is the secant Young's
modulus at 50% of the maximum
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The field tesis comprised standard peneiration tesis (SPTs),
permeability, pressuremeter and seismic geophysical methods
including PS5  suspension down-hole  techniques. A
comprehensive laboratory testing program was carried out to
determine the ground material characteristics, including
unconfined compressive strength (UCS) tests and consolidated
drained triaxial compression tests, among others. The stiffness
values from the pressuremeter (reload cyele) compared
relatively well with those obtained from the UCS and triaxial
tests. The stiffness values from the seismic testing were about
6-10 times those of the pressuremeter and UCS tests.
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VII. COoMPARISON OF FIELD AND LABORATORY
MEASUREMENTS
Fig. 11 presents and compares the elastic Young's modulus
values from field and laboratory measurements. The modulus
derived from the uniaxial compressive strength results was
estimated using: 1) direct measurement from instrumented
UCS tests on intact samples; and 2) Hoek and Brown [10]
empirical relationship. The laboratory Young Modulus was
also measured from consolidated-drained triaxial tests, The in-
situ pressuremeter modulus presented in Fig. 11 represents the
reload cwele carried out during the test. The seismic
geophysical down-hole surveys were carried out 1o obtain the
dynamic modulus of the in-situ rock mass,

Young's Medubus, E (MPs)

Depth (m)
£
ravel

Sa

1240 4

Sandstone

|80 4
| = = = P suspension.BHH001
. UCS-Hock & Browm
A CD Trisxisl .
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] Imstrumented LTS
Pressuremeter { Reloadingh

Figure 11, Comparison of Young's Modubus Values from Field and
Laboratory Measuremenis

In general, the dynamic small-strain stiffness is expected to
be higher than those obtained from the static tests. In addition,
the in-situ rock mass stiffness ought to be lower than intact
values due to the presence of joints and other defects in the
overall rock mass. One of the main factors controlling the
stiffness is the strain level, where stiffness parameters may be
considered constant (i.e., lincar) at very small strains (<
0.001%), but can be expected to reduce from the maximum
value as strains increase above this level (Fig. 12). Note that
the strain levels around well-designed geotechnical structures
such as retaining wall, foundations and tunnels are generally
small [12].

The stiffness results from the laboratory and field
measurements show that there is some scatter in data especially

in the Sandstone layer at depths -~ 52-122m due to the
variability of the ground materials, The stiffness values are also

somewhat lower in this layer than the Coral above and
Sandstone below. There is generally fair comelation between
the estimated stiffness profiles from the pressuremeter and the
laboratory UCS and specialist triaxial testing. The values from
the seismic testing were generally about 6-10 times those of the
pressuremeter and UCS tests, a similar finding to that of Poulos
[2] and Abdulhadi & Barghouthi [13].
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Figure 12, Nonlinear Deformation Charcteristics

VI ComcLusion

A detailed and comprehensive site investigation and testing
m was carried out by Arab Center for Engineering
Studies (ACES) for the ultra-tall Kingdom Tower, which is set
to become the tallest building in the world. The site
investigation comprised 81 borcholes where the deepest
borehole was drilled down o 200m. Modern methods of in-situ
and laboratory lesting were carried oul to characterize the
ground materials at the tower site.

The design of foundations for high-rise buildings in the
Middle East involves a number of challenges from a
geotechnical viewpoint, The foundation system is subjected 1o
large vertical, lateral and moment loadings, which incorporate
eyelic and dynamic components. The nature of soil and rock
deposits in the Middle East gives rise to additional potential
problems, including generally weak to very weak foundation
ground, a greater tendency for ewclic degradation, the
possibilities of cavilies within some of the deposits, and the
absence of hard rock layers on which end bearing piles can be
founded.

The subsurface conditions at the Kingdom Tower site are
quite complex and highly variable, The sound rock ling is
estimated in the underlying Sandstone layer at depth of 122m
below ground level. The exploration reveals about a 50m thick
Coral Reel formation (very weak to weak) under 1.5m thick
soil cover. Underlying the Coral, a 75m thick pile of poorly
consolidated  (poorly  lithified) Sandstone/Sand  with  an
intervening poorly consolidated Conglomerate/Gravel beds at
different depths. This layer is underlain by consolidated
Sandstone formation until the end of the borehole (~ 200m
depth). The Sandstone between depth 181 and 200m is less
lithified/consolidated and may contain some solution cavities in
the formation.
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The figure shows graphs of P & 5 velocities, dynamic
moduli (shear and Young), and Poisson’s ratio versus depth.
The variation of results was noticed to be based on the
materials type and degree of weathering as well as presence of
voids and/or fractures. The succession layer (Sandstone/Sand-
Giravel) has showed the lowest shear velocity values especially
at zones where silty sand-gravel intedayers and  Csoft”
destructed sandstone were encountered. The bottom Sandstone
layer has showed relatively high velocity values and thus the
highest modulus values,

VI. LABRATORY TESTING PROGRAM

A, Uniaxial Compressive Strength (UCS) Tesrs

Uniaxial Compression Strength (UCS) lest was carried oul
on intact rock specimens retrieved from the drilled boreholes in
accordance with ASTM D 7012 [9]). Fig. 9 shows the
compressive strength results from uniaxial compression tests,
The UCS values in the Sandstone/Sand-Gravel layer (52-122m
depth) are scattered and somewhat lower than the other layers.
In general, the tested material can be classified as extremely
weak to weak based on the UCS results,
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Figure 9, Results of Uninxinl Compressive Strength

It is possible to obtain an ‘indirect’ estimaie of the
deformation modulus of a jointed rock mass from empirical
relationships with the uniaxial compressive strength of the
intact rock. Reference [10] proposed a relationship between the
in-situ modulus of deformation (Em) and uniaxial compressive

strength  employing Geological Strength  Index  (GSI)
classification system as lollows:
P 51—
En(GPa) = %mf—ﬂ" o )
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Instrumented compressive strength tests provide a direct
measurement of the strain and hence the elastic Young's
modulus of the intact sample, The instrumented UCS tests were
carried out in accordance with ASTM D 7012-07 Method D
[9]- Four strain gauges were fixed on each sample for lateral
and vertical strain measurements in which two gauges were
installed on opposite sides near the mid-height of the sample
for wertical strain and the other two for lateral strain
measurements (hence, Poisson ratio values can be directly
estimated), The axial load was measured with a load cell.

The direct measurements of the intact Young's Modulus
values from the instrumented UCS tests as well as the rock
mass deformation modulus values estimated using equation 4
above versus depth are presented in Fig. 10. Based on the rock
type and mass structure GSI values in the range of 35-45 were
used in equation 4 for the Coral and Sandstone/Sand layers.

B, Consolidated-Drained Triaxial Compression Tests

Consolidated-Drained (CD) triaxial compression tesis were
carried out on selected samples of Coral and Sandstone from
various depths to determine the strength and deformation
propertics of the material, The tests were performed by a
specialist laboratory in the UK (Sumey Geotechnical
Consultants Limited) in accordance with ASTM D 7181 [11].
The specimens were isotropically consolidated and then
sheared with drainage at a constant rate of strain
{~0.006%/min). A total of three specimens were sheared per
test. The measured values of the drained Young's modulus
from the CD triaixal tests are presented in Fig, 10,
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Figure 10. Results of Deformation Modulus from UCS and Triaxial Tests



B.  Permeability Packer Tesis

Double packer tests were performed at the project site at
various depths ranging from 3 to 18.5m in the Coral
materials for in-situ determination of formation permeability.
The test was performed in accordance with BS 3930-1999
[7]- The test comprises the measurement of water volume
that can escape from an uncased section (~1m) in borehole at
a given time under a given pressure. The flow is confined
between known depths by means of two packers to seal the
test section from bottom and top. The test is carried out in 5
stages, being cyeled up to a maximum head and then down
again (1/3, 2/3, 1, 2/3, and 1/3 of the maximum pressure).
The permeability value is determined from the slope of flow
versus pressure graph,

In total, 40 packer tests were performed in the three
investigation phases. A graphical presentation of the test
results verses depth is shown in Fig. 5. The permeability
values ranged from 1.23%107 to 8.38=10° m/s.
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Figure 5. Permeability Packer Test Results

C. Pressuremeter Tests

Borehole expansion (High Pressure Dilatometer-HPD)
tests were conducted in Coral and Sandstone/Sand at depths
ranging between 3 and 149m  below ground level in
accordance with ASTM D 4719 [8]. The tesis were
conducted at 5m intervals down to 120m, and at 10m
intervals thereafter until reaching 150m depth. MNote that it
was not possible to perform the test at areas where soil
materials (sand or gravel) were encountered al relatively
large depths due to the instability of the test pocket.

The tests were performed using OYO Elastmeter 2 HO
Sound (Model-4180), which has 0-20 MPa pressure range.
The test probe has expandable length of 700mm and deflated
diameter of 74mm whereas the test was performed in a
borchole section with nominal diameter of Tamm (prepared

using smaller core barrel - T2-76 series). The test pressure
(applied in equal increments) was held for a minimum period
of 60 seconds at cach increment to allow for the deformation
to stabilize. Loading was done using the high-pressure hand
pump and the displacement for the pressure applied was
recorded. Two unloadireload cycles were performed before
reaching the maximum pressure (~7 MPa) after which the
membrane was deflated (end of test). The internal
displacement calipers and the rubber membrane were
calibrated as per the manufacturer’s instructions and relevant
standards. The instrument was calibrated before each use for
both pressure and volume losses.

The typical parameters generally obtained from
conventional pressuremeter  tests  include modulus  of
deformation, coefficient of lateral earth pressure, vield and
limit pressures, among others. The modulus can be
determined from the initial loading, unloading and reloading
portions of the stress-strain graphs. Figs. 6 and 7 show a
graphical presentation of the calculated reloading and
unloading moduli, respectively, from the various cveles
performed during the test. The initial modulus is generally
found to be significantly lower (about 5-10 times less) than
the unload and reload modulus. On the other hand, the
unload modulus is fairly higher than the reload modulus, as

might be expected.
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Figure 6.  Reloading Moduli from Pressuremcter Tests

A total of 232 pressuremeter tests were performed during
the site investigation campaign for the Kingdom Tower, The
results presented in Figs. 6 and 7 show that there is scatter in
data, especially in the Sand/Sandstone layer encountered
between 52-122m depth due to the variability of the material.
The modulus values are generally lower in this layer than the
Coral above and Sandstone below, The Sandstone layer
encountered below depth of 122m showed relatively higher
modulus values than the other layers.

Wl oy A o w
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B, Permeability Packer Tesis

Double packer tests were performed at the project site at
various depths ranging from 3 to 185m in the Coral
materials for in-situ determination of formation permeability.
The test was performed in accordance with BS 5930-1999
[7]. The test comprises the measurement of water volume
that can escape from an uncased section (~1m) in borehole at
a given time under a given pressure. The flow is confined
between known depths by means of two packers to seal the
test section from bottom and top. The test is carried oul in 5
stages, being cycled up to a maximum head and then down
again (1/3, 2/3, 1, 2/3, and 1/3 of the maximum pressure).
The permeability value is determined from the slope of flow
versus pressure graph.

In total, 40 packer tests were performed in the three
investigation phases. A graphical presentation of the test
results verses depth is shown in Fig. 5. The permeability
values ranged from 1.23x10 1o 8.38=10"° m/s.
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Figure 5. Permeability Packer Test Resulis

C.  Pressuremeter Tests

Borehole expansion (High Pressure Dilatometer-HPDY)
tests were conducted in Coral and Sandstone/Sand at depths
ranging between 3 and 149m below ground level in
accordance with ASTM D 4719 [B]. The tests were
conducted at 3m intervals down to 120m, and at 10m
intervals thereafter until reaching 150m depth. Note that it
was not possible to perform the test at areas where soil
materials (sand or gravel) were encountered at relatively
large depths due to the instability of the test pocket.

The tests were performed using OYO Elastmeter 2 HQ
Sound (Model-4180), which has 0-20 MPa pressure range.
The test probe has expandable length of 700mm and deflated
diameter of 74mm whereas the test was performed in a
borehole section with nominal diameter of 76mm (prepared
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using smaller core barrel - T2-76 series). The test pressure
{applied in equal increments) was held for a minimum period
of 60 seconds at each increment to allow for the deformation
to stabilize. Loading was done using the high-pressure hand
pump and the displacement for the pressure applied was
recorded. Two unload/reload cycles were performed before
reaching the maximum pressure (~7 MPa) afier which the
membrane  was  deflated (end of test). The internal
displacement calipers and the mubber membrane were
calibrated as per the manufacturer’s instructions and relevant
standards. The instrument was calibrated before each use for
both pressure and volume losses,

The typical parameters generally obtained from
conventional  pressuremeter  tests  include modulus  of
deformation, coefficient of lateral earth pressure, yield and
limit pressures, among others. The modulus can be
determined from the initial loading, unloading and reloading
portions of the stress-strain graphs. Figs. 6 and 7 show a
graphical presentation of the calculated reloading and
unloading moduli, respectively, from the various cycles
performed during the test. The initial modulus is generally
found to be significantly lower (about 5-10 times less) than
the unload and reload modulus. On the other hand, the
unload modulus is fairly higher than the reload modulus, as

might be expected.
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Figure 6. Reloading Moduli from Pressuremeter Tests

A total of 232 pressuremeter tests were performed during
the site investigation campaign for the Kingdom Tower. The
results presented in Figs, 6 and 7 show that there is seatter in
data, especially in the SandSandstone layer encountered
between 52-122m depth due to the variability of the material.
The modulus values are generally lower in this layer than the
Coral above and Sandstone below., The Sandstone layer
encountered below depth of 122m showed relatively higher
modulus values than the other layers.
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Figure 4, Generalized Columnar Section for Subsurface Stratigraphy

The poorly consolidated Sandstone/Sand layers (551 &
§5.2) encountered between the Conglomerate/Gravel beds are
composed of reddish-grayish brown, fine to medium grained,
poorly  consolidated  (poor  lithification),  calcareous
Sand/Sandstones  with  gravels of basic rocks and coral.
Intermittent core recoveries indicate local patches/pockets of
consolidated/lithified sands (especially in  S35.1 layer).
Interlayers of Gravels/Conglomerates of about 1m thickness
were observed at different depths in the 55.2 layer.

The late Tertiary Sandstone encountered under the poorly
consolidated sediments are composed of grayish to greenish
gray, compact, medium to coarse, gritty, calcarcous Sandstone
with many voids and solution cavities/channels ($5.3 ~ 60.5m
thickness), The embedment of coral fragments was observed
profusely between approximate depth of 153-169m and 176-
1%1m in the deep borehole. A free fall of drilling rod in this
layer was encountered at approximate depth of 172.9-173.3m
indicating the possibility of cavities in the rock mass. The
coarse gritty calearcous Sandstone (55.3) grades to fine grained
poorly consolidated dark grey to greenish grey sandstone (55.4
~ approximate depth 181-200m [end of borehole]). The 55.4
Sandstones are embedded profusely with fragments of broken
shells and corals at 181m and 191m depths. In general, the
sound rock line is estimated in the underlying gritty Sandstone
layers at depth of 122m.

Groundwater table was encountered at approximate depths
ranging from 3.6m to 5.26m in all drilled boreholes.

V. FIELD TESTING PROGRAM

A, Standard Penetrarion Tests (SPT)

Standard Penctration Tests (SPT) were performed to assess
the relative densities of the ground materials. The tests were
carried out mostly in the upper 1.5m depth of the boreholes and
at various depths thercafter particularly in the weak zones
(where core recoveries were low) based on the encountered
materials at the site (reached 140m below ground level). The
lests were performed in accordance with ASTM [ 1586-08a
[&].

The SPT values ranged between 12 and 50 in the upper 1.5m,
increasing to =50 at depths greater than 20m (some random
‘low" values were encountered in the Coral material). The
nature of the ground material at the project site is somewhat
complex as poorly consolidated (unlithified) Sand was
encountered at great depths, Although the SPT resulls indicate
“dense™  material, the test  itself  is  considered
unrepresentative/unreliable at such depths as the weight of the
rods becomes significant and hence, the impact of the SPT
hammer reduces.
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IV, GEOLOGY AND SITE CONDITIONS

The project area is located in the southern part of the Hijaz
geographic province, close to the rified western margin of the
Arabian Shield at the coastal area [3]. The coastal area of Saudi
Arabia has been essentially a broad structural terrace,
associated with the rifting event that led to the development of
the Red Sea during the Tertiary period. Consequently, marine
sediments were deposited during the intermittent submergence
of the area throughout that period [4]. In the Quaternary period,
Pleistocene 1o Holocene reef grew along the seaward edge of
the coastal plain and was partly raised during the second stage
of Red Sea uplift movement [5]. Alluvial, eluvial, and eolian
sands and gravels of variable thicknesses were deposited in
Holocene times, which included at least two periods of
increased run-off. Tectonically, the Arabia Sheild has not been
stable since its formation in the Precambrian due to the plate
movement, The project site is considered to be located within a
seismically active area.

The subsurface conditions based on the site investigation
for the Kingdom Tower have shown a horizontally stratified
profile of marine sediments which are complex and highly
variable (see Fig. 3). The deep drilling for the proposed project
has revealed an approximately 50m thick Quaternary Coral
Reef formation under ~1.7m thick fossiliferous silty sand, soil
cover. The Coral Reef is underlain by a 70m thick succession
of mid to late Tertiary deposits consisting primarily of poorly
consolidated Conglomerate/Gravel beds interbeded with poorly
consolidated/lithified, calcarecus Sandstone/Sand  deposits
down to a depth of 120m. This layer is underlain by early

Tertiary sediments composed of gritty calearcous Sandstone o
a depth of 200m (end of boring).

The main stratigraphic units are described briefly below,
and a generalized columnar section is illustrated in Fig. 4. The
project site is totally covered by soil deposits composed of light
brown, medium 1o fine fossiliferous silty sand with many
fragments of broken shells, corals. The fossiliferous sand is
rich in gastropods and is a mixture of wind-blown sand, beach
sand, and back-reel lagoonal fauna. The Coral Reefs are
generally very weak to weak, light brown to buff white,
unweathered to partly weathered. The Coral is intermittently
fractured, porous and wvuggy (cavernous), with occasional
solution channels. Destructured weathered zonmes of
decomposed Coral are seen at various depths in the form of
pockets. Partial to complete water loss was encountered during
drilling indicating the fracture and porous nature of the
formation.

The mid to late Tertiary sediments encountered under the
Coral Reef are composed of variable Conglomerate/Gravel
interlayers ranging in  thickness between 4.0m 1o 13m
alternated with poorly consolidated (poorly lithified)
Sandstones/Sand layers with approximate thicknesses ranging
from 13m to 44m. The Conglomerale/Gravel interlayers (G1,
G2 & G3) are composed of subrounded to subangular gravels
of basic rocks, coral and sandstone/quartizite within sandy
matrix. Local inter-layers of Siltstone and Sand/Sandstone
were encountered at various depths within these layers. The
core recoveries of the Conglomerate beds indicate highly
weathered nature,

(5] Tograoil

(Cr) Corsl Reel

(1) Poorly consolidated Conglomerste/ Gravel
{551} Poarly consolidated SandstoneSand

{632) Poorly consalidated Conglomerate! Gravel
(552} Paorly consolidated SandsioscSand

{G3) Poorly conselidated Conglomernie/Gravel
{553) Dark grey, compact, gritty Sandsione

{554) Dark grey, poarly consolidsied SandsloncSand

Borehole
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Figure 3. Generalized Subsurface Profile
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Figure 2. The Kingdom Tower versus other Well-Known Buildings

Super-tall buildings are presenting new challenges 1o
engineers, particularly in relation to structural and geotechnical
design. Many of the traditional design methods cannot be
applied with any confidence since they require extrapolation
well beyond the realms of prior experience, and accordingly,
structural and geotechnical designers are being forced to utilize
more  sophisticated methods of analysis and  design. In
particular, geotechnical engineers involved in the design of
foundations for super-tall buildings are leaving behind
empirical methods and employing state-of-the art methods
increasingly [2]. All this necessitates rigorous proeess of
foundation design, which starts from a thorough desk study and
comprehensive site imvestigation (including elaborate in-situ
and laboratory testing programs) to the formulation of a
geotechnical model and detailed foundation analysis and
design. In-situ foundation testing and monitoring of
performance are also important with such tall buildings.

Some of the characteristics of tall buildings that can have a
significant influence on foundation design include the building
weight (substantial vertical load), differential settlement (as
high-rise buildings are often surrounded by low-rise podium
structures), lateral forces and moments imposed by wind
loading as well as cyclic and dynamic loading. The nature of
soil and rock deposits in the Middle East gives rise to
additional potential problems, including generally weak to very
weak founding conditions, a greater tendency for cyclic
degradation, the possibilities of cavities within some of the
deposits, and the absence of hard rock lavers on which end
bearing piles can be founded. Because of these difficulties,
piled raft systems, with their high level of redundancy, have
proved to be an effective and relatively economical foundation
solution [2].

As for the Kingdom Tower, the structure for the tower will
use predominantly reinforced concrete elements with the
inclusion of structural steel elements for the spire portion of the
tower, The podium and tower level structures will utilize
reinforced concrete construction. The foundations system for
the tower will include a reinforced concrete mat supported by
high capacity large diameter, deep reinforced concrete
piles/barrettes (foundation system similar to Burj Khalifa, but
larger). Special considerations will be required for the control
of ground water conditions and most importantly the protection
of all reinforced elements against the corrosion potential of
existing ground water and subsurface soils.

HI.  GOTECHNICAL INVESTIGATION AND TESTING

The ground investigation was undertaken by ACES and
consisted of drilling 81 boreholes, field and laboratory testing
{including specialist testing) on selected samples. The
investigation was carried out in three phases as follows:

o Phase [ 17 boreholes (1490 linecar meters), in-situ
SPT’s, 16 packer tests, 95 pressuremeter tests (down to
150m depth), installation of 7 standpipe piezometers, 2
P8 suspension down-hole tests (down to 179m depth),
laboratory  testing (including  specialist  laboratory
testing) — 3rd May to 22nd June 2010,

¢ Phase 2: 34 boreholes (1780 linear melers), in-situ
SPT’s, 12 packer tests, 92 pressuremeter tests (down to
120m depth), installation of 6 standpipe piczometers, |
PS suspension down-hole tests (down to 100m depth),
laboratory  testing (including specialist laboratory
testing) — 15th June to 22nd July 2010.

o Phase 3 30 borcholes (680 linear meters), in-situ
SPT’s, 12 packer tests, 45 pressuremeter tests (down to
30m depth), installation of 3 standpipe piezometers,
laboratory testing — 24th August o 25th Sepltember
2010,

The drilling was carried oul using cable percussion
techniques with follow-on rotary drilling methods with
water/mud circulation to depths between 20-200m  below
ground level. Disturbed, undisturbed and split-spoon samples
were oblained from the boreholes for logging and laboratory
testing. Continuous coring was carried out in rock and hard
materials whereas SPT was conducted in  soils. The
‘undisturbed’ core samples were obtained using conventional
double tbe (T2-76 series [core diameter ~ 62mm]; PWF series
[core diameter ~ 92mm]) and wireline (HQVHQ3 series [core
diameter ~ 61-63mm); POQPQ3 series [core diameter ~ 83-
&5mm]) core barrels.

Standard Penetration Tests (SPTs) were camied out at
various depths in the boreholes and were generally carried out
in the overburden soils and weak rock. In-situ permeability
tests in rock were carried out at specified depths using double
packer system. Pressuremeter testing, using an OYO
Elastometer, was carried out down to depths ~ 150m below
ground level. Down-hole suspension P-5 seismic tests were
carried out down to 180m below ground level to acquire
compression (P) and shear (8) wave velocities through the
ground profile.

The laboratory testing included the following standard and
specialist tests:

« Standard classification and index tests, including
moisture content, Atterberg limits, particle size
distribution, specific gravity, bulk density, unconfined
compressive strength (including instrumented tests),
point load index, and chemical test.

+  Sophisticated tests, including consolidated drained
triaxial (with volume change measurements) and
repetitive cyelic tests, These tests were carried out in
approved specialist testing laboratory in the United
Kingdom,

Wl s Y E
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Site Investiagtion for Kingdom Tower

Maeem O. Abdulhadi & Emad Y. Sharif
Arab Center for Engincering Studies (ACES)

Abstract— This paper describes the site investigation campaign
carried out for the Kingdom Tower in Jeddah, Kingdom of Saudi
Arabia. The height of the tower is expected to exceed 1,000m,
which will make it the tallest building in the world. The site
investigation was carried out in three phases and included 81
horeholes in which the deepest borehole was drilled down to
200m. Extensive field ftests were carried out including
permeability  packer, high-pressure  dilatometer, and PS8
suspension down-hole geophysies. The laboratory tests ranged
from routine index and classification tests to more complex tesis
like instrumented unconfined compression and advanced
consolidated drained triaxial tests. The site-specific ground
conditions will be addressed and discussions on field and
laboratory tests results will be made, in particular variations of
resulis with depth and comparisons between ficld and laboratory
test resulis.

Keywords; Kingdom Tower; elastic modulus; in-sifue  teses;
laboratory tests; site investgation; tall buildings

I.  INTRODUCTION

The Kingdom Tower site is located in the coastal city of
Jeddah near both the Red Sea and the mouth of the Obhur
Creek where it widens as it meets the Red Sea. The proposed
mixed-use development project consists of an ultra-tall tower
of over 1000m above grade {around 167 floors), surrounded by
a podium structure consisting of 4 levels of basements for
parking, services, ete. [f completed as planned, the tower will
reach unprecedented heights, becoming the tallest building in
the world, as well as the first structure to reach or exceed the
one-kilometer-high mark (the final exact height is kept private
while in development). The tower was initially planned 1o be
1.6 kilometers (1 mile) high, however, it was then scaled down
mainly due to the geology of the area as well as other
operational factors. Fig. 1 shows an impression of Kingdom
Tower when complete.

The project developer is Jeddah Economic Company (main
partner includes Kingdom Holding). The architect is Adrian
Smith + Gordon Gill Architecture (Architect of Record is Dar
Al-Handasa Shair & Pariners). The structural engineer is
Thornton Tomasetti and the civil/geotechnical engineer in
Langan Intermational. The main contractor is Saudi Bin Laden
Group.

This paper describes the comprehensive and integrated
geotechnical investigation works carried out by Arab Center
for Engineering Studies (ACES) for the Kingdom Tower
{client at the time of investigation was Emaar Properties PISC).
The sile investigation was carried out in 3 phases and
comprised 81 boreholes ranging in depth from 20-200m. The

n U!!JJ.@Q No.:( 96 ) Jumada | 1436 h - February 2015

field tests comprised standard penetration tests (SPTs),
permeability, pressuremeter and seismic geophysical methods
including PSS  suspension  down-hole  technigues. A
comprehensive laboratory testing program was carried out to
determine the ground material characteristics. Some geological
and geotechnical characteristics  will be  discussed.
Comparisons between field and laboratory test results will be
presented,

Figure 1. Impression of Kingdom Tower when Complete

II. TaLL BUILDINGS=GEOTECHNICAL CHALLANGES

There has been a remarkable increase in the rate of
construction of tall buildings in excess of 150m in height in the
past two decades. The total number of “super-tall™ buildings
{over 300m) was 15 in 1995 and expected to reach 116 in
2015, whereas the total number of “mega-tall” buildings (over
600m) was nil in 1995 and expected to reach 5 in 2015 [1].
Fig.2 shows a comparison in height between the Kingdom
Tower and other well-known tall buildings. A significant
number of these tall buildings have been constructed in the
Middle East. Dubai has now the tallest building in the world,
Burj Khalifa, which is about 828m high. It should be noted that
ACES was also involved in the site investigation campaign for
Burj Khalifa.
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Therefore, the maximum mobilised skin fric-
tion values as measured from the preliminary
pile testing have not been adopted in the final
design to allow for any potential degradation
effects due 1o cyclic loading,

In acldition, during the preliminary pile festing
progromme, ten oycles of kading were applied o
cich pile to determine whether evclic degradation
at the pike-rock interface occurmed. Through a
Timeset anuhysis™ of the nesults obmined, which
cim be used po assess bongterm degrkkaion,
it ws inclicated that no degradation had been
observed, These resulis are also compared with
those From the constant nonmal esting above,

Cyelic tripxial sesting and cvelic simple shear
testing were conducted on samples of the soil
mass collected during the ground investiga-
tion works. From the cyclic triaxial testing, it
wis determined that after cvelic loading, the
stiffness of the samples was similar to those
samples tested monotonically during the stness
path triaxial testing. This can be observed from
Frgure 4 where stilfness volues from the cvclic
trigxial testing and monotonic stress path trax-
ial 1ests have been determined ot the same strain
level of 0-1% and it is shown that the stffness
villues from both tests were similar The esclic
simple shear tests, which were carricd ou at a
higher struin level, indicated that some degrada-
tion due 1o cyclic boading could occur at these
larger srains, Youngs modulus design values at
smaller sirain have thus been determined based
an a lower bound 1o take sccount of any degra-
dtion of the soil mass,

Overall stability assessment

The mininmum centre-to-centre spacing of the
piles adopted in the design is about 2<2-3 times

the pile dismeter. Therefore, one of the failure
mechanisms of the piles could be a block move-
et of the piles and soil.

Taking into account only the side frictional
resistance along the perimeter of the soil-pile
hkack to the depth of the pile toe levels, an
aceeptable lactor of safety of 2-5 was achieved
agninst upplied vertical loading. When the later
all resistance of the block is considered, the slid-
ing [rictional resistance between the ruft and the
underlying rock was found 1o be Far in excess of
the applicd lateral loading.

Considering the overtuming failure mecha-
nikam aned sszuming the most onerous point of
rotation of the block, o factor of safety of 2 s
achieved, Therelore, it is considered that the
overtumning block moverment of the piles is
critical to the design of the pile kength. Hence,
dexpite the possibility for reducing the factor of
safiety on the ultimate skin friction capacity of
an individunl pile, o5 discussed previously, this
has not been implemented and the pile kengths
were nol shorened due 10 the concern of over-
turming block movement failure.

Effect on adjacent structure

The Pentominium tower is being constructed
immeedintely adjpcent to the Marina 23 tower,
which iz currently under construction. A plan of
the locarions of the vwo sinuciires is shown in
Figure 13, A siudy was carried oul to determing
the effect of the two structunes being con-
struscted concurrently. The two foundations were
modelled using the equivalent rafit rechmigue
in Vidisp and the construction susging was esti-
mated as presented in Table 3. A cross-section
of the estimated setibement of the foundations of
both structures is shown in Figune 14,

13 Marina
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Figure 13 Plan of Pentominism and adjacent Marina 23 iowers

As construction of the Maring 23 superstruc-
ture i significantly ahead of the Pentominium
structure, @ large smount of settlement will
occur belore the superstructure construction of
the latter commences. Therelore in terms of tilt
ol the strocture, Pentominium may tilt towards
Maring 23, however, this can be addressed
during the construction of Pentominium. The
Marina 23 ower does not il towands Pento-
minium and the differential setthament for both
towver Toundations 1= shmificantly reduced mt the
boundan:

It should be noted that a number of simplifi-
cations have been mude during the nssessment
as the stiffness of rafts and superstructure wene
nod inclieded in the analysis, The bored pile
shoring wall which has been installed at the
boundary of the Pentominium and Marina 25
siles 10 enable excavation of the basement bevels
has also not been included in the analysis. These
elements will assist in reducing the differential
settbement.

Final pile design

The final pile design was determined based
on an assessment of all the ground nvestigo-
tion and preliminary pile data as well as all
the results from the equivabent raft analysis,
the stanlard pile group analysis and the goo-
technical and structural finite-clement analysls
models. From the preliminary design carried
aut, the maximum pile axial working loads
were 36 000 kN and the proposed pike lengths
were 56 m long, However, as a result of the
detailed structural and geotechnical design
through assessment of the geotechnical param-
elers and finite-clement analvses, the working
load was reduced 1o 32 500 kN, In addition,

Tahba 5. Construction staging of Pentominium and
Warina 23 towers
Pentominism n

i % 3 basement bevels and
3 moreys
3 Rafe coemelate 48 storeys above
69 groneyy above
3 & basoment levels 4
29 ahove Eﬂmhﬂsﬂm
SIOrEys
% basement {comstruction
complete)

5 52 storeys abave
basement

T4 srereys shave
] basamseng

97 storeys above
7 bassment

120 storey

[eenstruction

complene)
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working load of the pile of 32 5K kN, the set- Tahle 3, Prefiminary test pile (PTP) configuration
tlements caleulated from theory are very similar g L _. PTP3 PTPS PTPS

tor these measured during testing, iy i p o pro e
Swrain gwupes were insialled m cight levels F Decionh 0 ad 2‘.'!

along the length of cach pile such that the skin | Vororled M 3" %0 1 0

friction mobilised along each section of pike Dottt 1 b 150 150 150 |
could be caleulmed. The skin friction values Ground elevatian: m DMD +450 *350 +350 +350

were originally coloulated using theory bused on Top-of concrete- m OMD —I5¥1a -1515 -1540 -I523 |
the design recommendations given by Horvarth Design cut-cff level: m DMD -1 10 -1%10 —1%10 -1%10 |

and Kenney'' as

H £,=0:25 10033 {g,)"

Tasbie 4. Pile ullimate compressive skin friction values (see Table 1 for strata details)

ey e T Y I:E.... .
whene [, i the ultimite unit shaft resistance : 4 m m i

and g, & the unimxial compressive strength in 1 25 115

MN/m® 3 218 215
The skin friction values from theory are 45 205 25

compared with those caleulined from the pre- . a5 415

liminury pile testing in Table 4. Based on resulis % m 415

from the prefiminary pile nesting, the idealised . m o8

rock profile has been simplified which also

takes imto scoount potential pile-rock interface : :T: :::

degradation. The skin friction values have been
improved from those caleulted from theory and
the factor of zafety used for design was 2.5, It is
noted that, due to the number of consistent pile
test results received, the Tactor of safety could
have been reduced 1o 2, however the pile-scil
block mechanism proved to be critkcal to the
design and therefore the factor of safety wis
maintained m 2.3,

The rezults from the preliminary pile tests one
shown in Figure 12, Ultimate skin friction has
not been mobilised, ot the pile locations furthest
from the Osterberg cell and as such nome of the
piles were tested 1o failure, =

Substuntial movemnents at the base of the
pile would be requined before the ultinuate base Y e (e e S T e St N S B e Py
bearing capacity can be mobilised, particutarly if
relatively solt muterials are left at the base of the
piles, From previous experience in the region it o
has been found that it is very difficult 1o clean %
sulficiently the base of such lorge diometer
long piles. Therefore, waking this imo acoount, i

together with the strectural serviccability limits
in terms of setbements, the pile base resistance
contributions were excluded in the estimate of
the pile bearing capacity.

¢ Cmm——

Cyclic loading analysis

L E _.i.-.-.-i.-,—.- nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
Several cyclic loading tests were carried out e -l--- —T—-— —————————————————————————————————————
on both the rock mass and the pike—rock inter- -0 3
fuce. Inench case, in sity stresses were appliad, |

Constant normal testing was carried ol i
on samples of the rock mass sheared agninst Il
concrete that had been profiled by a water- =80 i
jet technique to simulate the in situ pile-soil i
interfoce, Samples were sheared both monot-
onically and cyclically, From the resulis, it was
indicated that the peak shear strength was

resklisal shesi sivengih wes reduced by 15%. Figurs 12 Pile skin friction values trom theory and pile testing
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Pile setelement: men

Cross section -1

Figure 8, Contour plol of sattiemont under dead and live lading from MidesGTS

is presented in Figure 9, A cross-section of set.
thement through the foundation is presented in
Figure 10, which compares the settlements from
the Midda=GTS modke Tor lincar and non-lincar
soil stiffness profiles,

Pile minl forces were determined by come-
paring the results from the MidasGTS maodel,
structure’s Strand model and Repute, The
resultant contour phots of the pile axial koods
are presented in Figure 11, The standard pile-
group analysis program, Repute, assumes that
the pile cap k= infinitely Agid and therefore, the
pile loads are concentrated towards the outside
of the group, The pile axinl boad distribution
obtained from MidosGTS and Strand, on the
other hand, are similar and both programs ke

3
:
3

g
4

1 Piles

5 m thick raft

2 8B B 3 43 B E B 8 &

account of the stilfness of mit and superstruc-
ture a5 well as the wall and column locations at
which the foundation is loaded. From the con-
toar plots, it s observed that the pile axial loads
are concentrabed twards the outer lelt and
right sides of the foundation as this is where the
inclined columns in the superstruciure spreacd
the applied lond.

File load testing

Four prefiminary trial pile tests were carried
oul as summarised in Table 3. In additicn, siati
and dynamic working pile tests are specified to
be carmied out en the piles prior (o construction
of the raft in accordance with Dubai Munici-

Length along section Y=Y m
n 0 40 50 &0 T

5 m theck raft

Fgure 10t Cross sechon Y=Y of settlemeni under doad and lve loading from

* i{
MidasGTS

pality regulntions, The purposes of the tests
were 1o validate the design assumptions made
during the design including the load-settlement
response of the piles and the ultimate =kin fric-
tion mabilised along the pile shafi.
Loading of the piles was achicved using
Osterberg cells installed part-way down the
pibes. Pile displacements wene mensured above
and below the Osterberg cells and an cquiva-
lert top-boaded pile load-setthement curve was
wezessed, The single-pile load—=etthement curves
from the preliminary pile testing are comparsd
with those determined lrom theory on Figure
6. It is noted that the singhe-pile behaviour
observed from the preliminary pike westing is
stiffer than that predicted, However, a1 the

AR REE

Figur 11. Comparison of pile axial leading under dead and live loading
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the plant for the construction of the required
lengths of 2:2 m diameter piles or barrettes was
ot casily ovailuble in Dubai.

The adopiod pile layout is shown on Figune 7
The raft within the tower rea is 3 m thick and
1-2 m thick within the podium ans. Prelimi-
nary analyses determined tha the bongest piles
proposed wene 36 m long, however after vilue
engineering: theze pile kngths were reduced
significantly resulting in an optimised design.

The entire ralt plan area for the Pemominium
tower is approximately 60 m by 33 m and the
resulting finite-clement anplysis model was
250 m x 250 m in plan and 220 m vertically
1o avoid boundary effects. Within the rafit, the
averuge mesh size was 1-3 m with the mesh sisae
increasing to 30 m ot the model boundary, A
summiry of the set up of the moded is as follows.

W Soil srrata - modelled as solid clements
with parameters defined for £' ond Pois-
son's ratio for the elastic linear runz and
using a vser-defined material within Midas-
GTS for the non-linegr runs.

B Files = modelled as beam clements with
each node of the beams connected o the
neerest =oil =olid elements using pile inter-
Face clements,

B Superstruciure — modedbed os beam and plate
clements 1 represent the columns, walls
and skabs. The six basement levels wene
included o= well as mine kevels of structure
above ground level, Within the structure,
there are lirge inclined columns to spread
the load Trom the centre of the tower to the
culer edges. The superstructiure included in
the model is presented on Figure &,

B Loudings, These were applied at kevel 9
due 1o the presence of the large inclined
columns such that the distribution of load
through these cofumns could be simulated,
Selfweight of the superstructure clements
were inchuded 1o level 9, Hydrostatic Toad-
ing was inclsded as an uplilt pressure on
thee rafi foundation.

The foundation was aleo assessed by structur-
al engineers throwgh modelling the soil as brick
elements in Strand 7. The settlements obiained
from the geotechnical MidosGTS model were
incorporited mte the Strand model to calibrate
the pile stiffness values such that the behaviour
of the raft could be determimed and its effect on
the superstrecture above,

Foundation design results

The estimated settlements from the finite-
element analysis model and from Vdisp have
been converted from those for a flexible pile cap
1o those for o nigid pile cap for comparison with
the Repute model cutputs using the Tollowing
general equation for a rectangle

' B = 13 (2B + Bt

The computed scitbements from all the
analyses are presented in Table 2, I is indicaed
that the results from the finite-element analysis,
Repute and Vdisp comelae relatively well for
the same soil profile wsed, It is noted that large
differential settlements have been calculated
from the Vidisp analy=is, however this does nod

include the 5 m thick mft or the effect of the
superstruciure above and therefore the valuss
are ol realistic,

From the geotechnical finiie-clement analysis,
when non-lincar soil is assumed, it &5 indicatod
that while the overull setthement increases by
15 mim, the differentinl settlement only increases
by 3 mm, which is within toderamces for design
of the raft, A contour plot of the settlements
under dead plus live load from the MidasGTS
run using the smaller strain soil stiflness profile

Bagement structune
(mcluding diaphragm walls)

Figurs 8. Tha finite-element mode] included nine levels of the superstuches as woll as the six bassmont loels

Table 2. Computed settiernents under dead and lve lodaing from analyses

| Mikas GTS Linear, small strain ” L) it
| MidasGTS Mon-finesr 2 Bs n
| Yisp Linear equivalent raft. u7 198 n
| large strain

| [[i7] w
[ . "

| Vdap t;..hm 47 s 57
| Repure Linear, larpe strain = 166 -

| Rapuite Linear, srall mrain - 87 -
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presented in Figure 5.

The singhe-pale load-settlement behaviour was
estimated using the Cemset method as developed
by Fleming’; experience was also utilized from
previous pile tests carried out and assessed in the
region, which includes tests around the Dulbai
Marina arca as well as the redt of Dubai. The
estimuted Jood-setlement behavicur & shown
in Fignire 6 and i compared with the measured
results from the preliminary pike westing.

The groundwater kvels emcountered in the
boreholes varied widely between =591 m DMD
to —1457 m DM, However, o large number of
projects are under construction in the adjecent
area and it i considered that the associated
dewatering has anificilly lowered the ground-
watcr, The site is sufficienily remote from Dubai

Marina gnd the main coast for this w be pos-
stble. Information from other ground investigs-
tion works in the mghbouring sites indicated

o groundwater level ranging between =241 and
=24 m DMD, Taking into account the informa-
tion from adjscent sites and the foct that no ten-
sion kading is applicable for the development, a
conservative groundwater level of =1-5 m DMD
was taken for design purposes,

Geortechnical models and analyses

A number of analysis techniques have been
usex] 1o assess the piled raft foundation response
fier the Pentominium tower. The foundation
design methodology has been developed using
proviows expericnee in Dubai and a number of

Load: kN

] 20 000 40 000

0 000

W6

B0 000

9
a - —=
{ 7
E g
E 5
4 —— Tranam 3 -
3 —a— Sorptuen 4o e b
—a— Sermtm 4
e —=— Stratum 5
| —o— Seraum &
1]
L'} i 4 & B 4] 1 4 I 18 o

Strain

Figure 5. Hon-linear stress strain curves for rock strata

results from projects completed or under con-

struction, such as the Burj Dubai as presenied

by Poulbos and Bunce® amd the Emintes wowers
a5 presented by Poulos and Davids,”

The main model was set up using the geo-
technical finite-chement anolysis program Midas-
GTS" with the model being developed by TNO
Diana in the Netherlands, Other models were
run 10 cormelate and validaie the results from the
finite-clement analysis including standard pile-
group analysis using Repute” and equivalent raft
analysis using Viisp.™ In addition, the resulis
were compared with those obtained from the
model set up in Strand T which was used for
the structunl design,

A number of foundation options were consid-
ered for the Pentominium tower including 15 m
and 2:2 m diameter pile systems and a barrette
solution. The basement levels extended to 23 m
below existing ground level, However, due 1o
the presence of the relatively high groundwater
bevel, it was proposed that the piles/hameties
were installed nom approximotely =4 m DMD,
1o reduce flow of water from the pile bores dur-
ing construction. This was approximately 10 m
bebow existing ground level ond 15 m above
pike/barrette formation level, From a prelimi-
nary assessrment of the generated pileametie
boad distributions, it was determined that the
1-3 m diameter pile solution would be the most
ellective interms of constructability as well az
load distribution, particulardy considering that

100000 120000

O seeseseeee O
LA R N NN NN NN NN N

L)

Shoring and cuser wal

: Figure 7. Layout of the 1:2-1-5 m diameter 32-42 m deep pies under the
Figure 6. Single-pile load-settiement bahaviour fowndation refi (see Table 6 for pile details)
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diameters were recovered. The laboratory

stress path triaxial testing
resonunt column
constant normal stiffness westing.

S . # Pressuremeter inical o Resonant cohumn 0HO0% wahazy
testing included the following standord and 4 Preuurermetor reload | ® %l;c wrineial O 1% relate to the level
saali = Pressurermeter reload 2 —— s-hobe peophysics  of strain at which
specilist tests B Strens path 0-01% === Strama the samples are
@ Soress path O 1% — Du.lgn line at small sorain
W standard classification testing B
B chemical westing E
B unconfined compression lesis E
B cyclic undrined trinsiol e
B cyclic simple shear
| |
B w
]

The standard ground investigation westing
was carried out following British standards BS
5930" and BS 13777

Four preliminary trial pile tests were also
carried oul to determine single-pile load-
setthement behaviour and 1o essess the pike
capacity in skin friction,

Geotechnical conditions and parameters

The ground conditions comprise o horzon-
tally stratified sub-surface profile, Three layers
of sand, varying from very boose to medium
dense o dense as elevation decresses, overlie
lvers of very weak 1o wesk sendstone, gyp-
siferous sandstone, calcisiltite, conglomeres
and cabcaireous siltstones,

An idealised ground profile used for the
whole =ite is presented in Table 1 and o sec-
tion through three of the boreholes is shown

in Figure 3,
The peatechnical stiffness parmeters for o 1000 2000 3000 4000 5000
the design of the foundation were determined EMstichey modwin bifs

5 Figure 4. Young's modules E' values derived Irom geotechnical testh
ferent strain levels, 1t is presented in Mayne o I 230 i ™

and Schneider® that rock behaviour for defor-

mation analyses, which would include piled Tabde 1. ideadised ground profie and gooloch paramaters
rafts, ringes between strain vahues of approxi- | e | - Lewla nl Undrained | Drained
mately 0:01-0-1%, which correlate with m strata  Material g OF W SOMPrEsve | modub® | modulus®
testing results from the pressunemater, stress [umber | L MPa  EsMPa EiMPa
path iriaxial, resonant column, cyelic iriaxial Vorylossamooose | g0 |
testing and geophysics which are presented on i mﬂ“;‘f:‘ | +=5 270 | = b z
Figure 4. ; Medumdensetovery | g0

It should be noted that the design line I :;- silty to +559 #50 = =
shown on Figure 4 is for small struin design B ]
at 0-1% strain, The stiffness values provided I s i;'_;-gg || 0 - = 2
in Tabde 1 are for the larger strain levels of Wery witak to weak
approsimately 19 determined from standard 2 2 sarclicans bl =Ips0 220 o8 125 100
correlations with unconfined compressive with of saned
ﬁ:&“ﬂ'h ft"ﬂ;[: f:-J F';—‘ﬂ"dm;ﬂ in Tﬂm::;]m 3 3 [Voyweskowad | _pp 530 o8 15 100
und Woodward:* drained Young's modulus at : ipwthaspdions | ! s
lnrge sllrnin E'=M,j i where M, if the rallu 4 %_I o fopersin '_‘;g: ig : ﬁ I;:
of elustic _mudubus uﬁlﬂaﬂ rock toits uniaxdal P | ~3000 00 24 150 00
wmmssn:u s’Tngth. jis [hc n:uss Tactor and 3 5 WVl saneision T ea00 240 24 250 m
1, is the unioxial compressive strength. Vary wi b oderaoly | .

Mom-linear stress-struin curves were devel- $ s strong calkchdtios s iy . i i
oped for the rock steata based on all the "‘*"""""I“’M": >3800
ground investigation data. The curves were T ? r_wﬁm ~8400 to b of » 0 00
finted 1o the date using hyperbolic funclions os z layers ! boreholes) |
presented by Mayne and Schneider” and are * Mote that E, and E" values refate to large strain level (about |%) of the strac
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and pssocimted podivm strecwre (Figure 2). 1t
is 5ot 10 be the milest residential building in the
world when completed in 2012,

All site bevels are related to Dubai Municipal-
ity chatum (DMEY and orgingl ground level is at
about 5 m DMD. There are six hasement kevels
and the structune is supported by a piled @i
system comprising large-dmeter bored pikes
ciiat in sitg. The pile cur-off levels ane founded
about 24 m below existing ground level st an
clevation of =194 m DMD.

The aren of the site is very imited with the
structure extending 1o all boundarics. In addi-
tion, construction on the adjecent Marina 23
tower is underway, with a number of levels of
superstruciune completed before piling started
on the Pemominium tower in 2008,

The cliemt for the project is Trident Inier-
national Holdings and the architect is Acdos.
Hyder Consuhing carried out the detailed design
of the foundation, substructure and superstruc-
ture, Arab Centre for Engineer Siudics (ACES)
carmied out the ground imvestigation ond Swiss-
boring Limited was the piling contractor.

Fgur: 2. Artist's impression of e Pentominium e, vhich, 2t over 100 storeys
tall, wll be: the highest residentiad building in the word when completed in 2012

Geology

Geotechnical investigation and testing

The geology of the UAE and the Persian
Gull area has been substantinlly influenced
by the deposition of marine sediments associ-
ated with numerous sea level changes during
relatively recent geological times, With the
exveption of mowntainous regions shared
with Oman in the north-sast, the country is
relatively low-lying, with near-surface geol-
ogy dominated by deposits of Cuaternary to
late Pleistocene age. including mobike Acclian
dune sands, sabkafevaporite deposits and
maring sands.

Dubai is situated towards the castern extrem-
ity of the geologically stable Arabian tectonic
plate and is separated from the unstable Tranian
fold belt to the north by the Persian Gulf. It
is therefore considered that the site is locoed
within a moderately seismically active anca.
Huowever, it was indicoted from the structuml
analysis that the wind cffect was mone critical
than the seismic effect as is tvpical for structurcs
of this stze in Dubai,

554
100
1054
-1104
=115
1204

= = Agsumed Wa} wnic based
on existing boreholes

= Base of borehole data
¥ Groundwater strike

The ground investigation was undertaken
by ACES and consisted of sinking cight cable
percussion boreholes with rotary follow-an
methods, in-si testing and laborntory testing
(including specialist testing) on selected sam-
ples. The borcholes were drilled to 8B0-125 m
deep with standpipe plezometers installed 1o
monitor the groundwater table, The scope of
in-situ testing is summarized s follows

B standard penctration festing

B packer permeability wsting

B pressuremeler testing at 3 m intervals in
three af the boreholes

B geophysics (cross-hole, cross-hole tomog-
raphy and down-hale testing),

Digturbed, undizsturbed and split-spoon
samples were obtained from the borehwles for
laboratory testing purposes. The undisturbed
samples were obtained using double-tube-
core barrels rom which 92 mm nominal core

Very loose to boose sand_ BHID
BHO: e |
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Foundation design
for the Pentominium
tower in Dubai, UAE

The Pentominium tower in Dubai, UAE will be the tallest residential
building in the world at over 100 storeys tall when completed

in 2012 This paper desaibes the design of the tower’s piled raft
foundation in the local carbonate solls and rock. Geatedhnical
investigations are outlined, along with how the effect of the
proposed tower on neighbouring structures, single-pile response
and impact of cydic degradation were assessed. A desaription

of the numerical analyses used to evaluate the overall piled raft
response under vanous static and wind loading combinations is
presented as well as some of the techniques used to optimise the
foundation design, induding preliminary pile testing

the Jumeira Palm in the United Arah Emirstes

{UAE) (Figure 1) The development comprises
the construction of o lower over 100 storeys fall

The Pentominium residential development is
Toented approximately 500 m o (e enst of
Dubai Maring and south of the besch near

Figure 1. Location of the Pentorminium fower on the Dubai wisterfrond
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