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Analysis of Pile Foundations and Load Tests
PR % 5 AR T

Jiangbin Wu, Weidong Wang, Yuting Huang, Xiangjun Wang & Shubo Nie, East China Architectural Design & Research Institute Co,, Ltd.
AIR, EIHK EER TOEREHE, FAZAR AL L

This chapter describes the pile design and the static loading tests of the megatall Suzhou Zhongnan Center tower and its deep basement.
Large-diameter and super-long bored piles were adopted to support the main tower. Full-scale loading tests of four piles embedded in two
different bearing strata were carried out. For the two piles embedded in the 13-2 fine sand layer, the pile toe depth is 110 meters from grade
level, and the maximum test load is 40,000 kN. For the other two piles embedded in 13-1 silty sand layer, the pile toe depth is 95 meters.
Punching failures were observed after the test loads reached 26,000 kN and 32,000 kN, respectively. Tension piles were used to resist the
buoyancy at the podium basement space area. The tension capacity was enhanced by post-shaft grouting. Testing results show that the
ultimate tension capacities of three test piles with shaft grouting are 6,600 kN, 7,800 kN and 9,000 kN respectively. The design, construction and
loading of test piles provided technical support information and guided the pile foundation design of this project.
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Introduction

Suzhou Zhongnan Center has a 5-level basement with an embedment depth of around 35
meters. The structural system of the tower consists of reinforced concrete core-tubes, steel-
reinforced concrete megacolumns, belt and outrigger trusses, and a composite floor system.
The vertical gravity load of the tower is up to 9,300,000 kN, with 50% of the total load resisted
by the core-tube. The load in each megacolumn is 360,000 kN and the load in corner column
is about 240,000 kN. The projection area of the core-tube in horizontal plan is around 1,250
m? and the average sub-grade pressure is 3,270 kPa. The area of the tower raft is 6,460 m?
and the average sub-grade pressure is 3,270 kPa. Under such a load, the bearing capacity and
deformation control of the main tower pile foundation are vitally important. In addition, due
to the embedment depth of basement and high phreatic water levels, the foundation endures
gigantic buoyancy. Handling buoyancy at the podium basement area is a primary challenge.

Considering the pile foundation development in recent years and the soil properties of the site,
engineers studied the bearing pile types in the tower area and the tension piles in the podium
basement area. Afull-scale field test including the bearing capacity and bearing behavior of
test piles was conducted. The test provided reference for the design and construction of
engineering piles for the Zhongnan Tower and other similar high-rise building pile foundations.

Site Soil Conditions

Suzhou Zhongnan Center is located in the Suzhou Industrial CBD. The construction site is in a
river delta and a lacustrine deposit plain landform. The grade level is flat and the elevation is
around 4.0m (above sea level). From ground surface to 218 meters below grade, soils pertain to
quaternary early Pleistocene Q1 and later sedimentary layers, consisting of saturate clay, silt and
sand. The soils can be divided into 13 main layers according to sediment age and physical and
mechanical properties, shown in Table 4.5.
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The soils from grade to a depth of 90 meters
below grade are mainly composed of silty
clay and silt interbedded with silty clay. Due
to the high clay content, those layers are not
adequate to be the pile foundation-bearing
stratum of the main tower. The dense (13-1)
silty sand layer and (13-2) fine sand layers are
good bearing strata.

Selection of Pile Types

Steel-pipe piles have typically been used for
such supertall buildings as the 420-meter Jin
Mao Tower and the 492-meter high Shanghai
World Financial Center in the 1990s. Due to
the limitation of construction equipment
ability, it is difficult for steel pipe piles to
penetrate through the deep and thick sand
layers to reach soils of high bearing capacity.
Therefore, the ultimate bearing capacity of a
single pile used in those two high buildings is
not more than 10,000 kN. Moreover, the cost
of steel piles is very high. To attain the same
capacity as bored piles, the cost of a steel-pipe
pile is about 50% more expensive. Compared
with the steel-pipe piles, bored piles have the
advantages of controlling soil compaction
and reducing construction noise. Since 2000,
the development and improvement of the
design and engineering methods of bored
piles with post-grouting has meant that the
bored pile has become the most popular pile
type used for the supertall buildings.

The total load of the Zhongnan Center core
required the bearing capacity of a single pile
to be more than 15,000 kN. In the history of
previous high-rise construction in Suzhou
and other areas with similar soil conditions,
the diameter of piles had been no more than
1,100 mm and the length had been no more
than 90 meters from grade level. Further, the
allowable capacity had been no more than
12,000 kN. Although, the large-diameter and
super-long bored piles with post-grouting
were clearly the necessary choice, the choice
of the bearing layer for the bored pile was still
difficult. Based on the geological conditions
of the site, layer 13-1 and layer 13-2 were
possible candidates to be the bearing layer
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Table 4.5. Soil properties of the site
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Figure 4.14. Profile of soil and compression pile
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for the bored piles. With a buried depth of about 90 meters, layer 13-1 consists of dense silty
sand, and the Pc value of a cone penetration test is about 16 MPa; whereas the standard
penetration test value is about 68. Layer 13-1 is a good supporting layer for the pile foundation.
Underneath the 13-1 layer is a silty clay layer, whose cone penetration test Pc value is only
about 4 MPa, where the standard penetration test value is about 25. The existence of a soft layer
brings uncertainty to the choice of 13-1 as a supporting layer for the tower pile foundation.
When the layer of 13-1 was chosen to be the supporting layer, according to local experience,
the bearing capacity of a single pile with normal diameter would be unlikely to reach 15,000kN.
Furthermore, the existing soft substratum will have negative influence on the group piles’
settlement. The 13-2 layer consists of dense fine sand and the Pc value of its cone penetration
test is about 24 MPa. Situated at 105 meters below the grade and with a thickness of about 40
meters, the 13-2 layer is a better bearing layer than the 13-1layer. The disadvantage is that the
bored pile would have to be prohibitively long, with a drilling depth of 110 meters from grade
level. Based on the above analysis, layers 13-1 and 13-2 are two candidates for pile bearing
layers. The pile-loading comparison tests were developed to provide valuable results to help
engineer the selection of the supporting layer.

Pile Selection of the Podium Region
The five-story tall podium has a 30-meter-deep basement. The water table is about 0.5 meters
below the ground surface, which necessitates anti-buoyancy structural interventions. It is
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estimated that uplift force due to buoyancy could reach 10,000 kN for the typical column bay
of 84 m x 8.4 m. The tension force in single piles is about 2,500 kN when four tension piles are
placed in a typical bay.

Itis known that the tension capacity of a normal bored pile is provided by the skin friction
of the pile. Compared with driven prefabricated piles, the tension capacity of bored piles is
smaller because of the slurry protection drilling method, in which the mud paste weakens
the skin friction. As there will be a large quantity of tension piles, the owner and engineers
had an extensive discussion about how to improve the tension pile capacity and reduce the
construction cost.

The pedestal pile changes the cross-section of the pile tip to increase the tension capacity. The
pile with shaft-grouting can increase the tension capacity by changing the interface property
between the pile and the soil. Engineering practice has shown that both types of tension piles
can increase the uplift bearing capacity significantly with limited construction cost increase.

For example, the tension piles with shaft grouting were used in the 606-meter Wuhan
Greenland Center. The diameter of the side-grouting uplift piles on that project was 700 mm
and the effective pile length was 22 meters. It is estimated that without grouting, the pile
length would have to have been more than 29 meters. The savings from pile-length reduction
are significant.

At the Suzhou Zhongnan Center, the buried depth of the basement is about 30 meters.
Experience has shown that, when the pile bearing layer is deep, the pedestal tension pile is not
always the best choice, because it is hard to control. The formation of the expanded head is
imprecise and the construction efficiency is low. Comparatively, when the pile length is long,
itis a better choice to use the tension pile with grouting, because it is more feasible to control
construction quality and cost. Consequently, tension piles with side grouting were the better
choice for this project.

Design of Test Piles

Test Piles of Tower Building

According to the calculated building loads of the Suzhou Zhongnan Center tower, the required
bearing capacity of a single pile is more than 15,000 kN. Whether the supporting layer is 13-1
or 13-2, the bored pile would still have to be very long. Constructors in Suzhou have little
experience of bored piles with such high capacities. Therefore, a pile loading test should be
done first to test the feasibility. Pile tests may reveal some technical problems, which include
the borehole quality. Pile tests also reveal the construction efficiencies of large-diameter and
super-long bored piles in the deep and thick sand layers, the quality of high-strength concrete
constructed underwater, the technique of toe-shaft post grouting, and the bearing capacities
and settlement properties under loading.

The diameter of the test piles and reaction piles is 1,100mm. Full-scale loading tests of four piles
embedded in two different bearing strata were carried out. Type A piles, labeled SYZA1 and
SYZA2, are embedded in the 13-2 fine-sand layer. The pile toe depth is 110 meters. Type B piles
labeled SYZB1 and SYZB2 are embedded in the 13-1 silty-sand layer. The pile toe depth is 95
meters. All four test piles are post-grouted, bored piles. The predicted maximum testing load

is 40,000 kN. Grade C55 concrete was used first for the test piles to ensure the pile body would
not be crushed under such a large testing load. The arrangement of the test piles and reaction
pilesis shown in Figure 4.15. Sections of the soil profile and the test pile are shown in Figure 4.14.

Grade P42.5 fresh Portland cement was used for post-grouting. A total of 3,500 kg of cement
was used for toe post-grouting of single piles. The water cement ratio is 0.5-0.6. There were
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three grouting pipes fixed on the pile reinforcement cage for post-toe grouting. There was one
grouting section about 30 meters above pile toe for shaft-side post-grouting. A total of 1,500 kg
of cement was used for this shaft-side post-grouting. The water-to-cement ratio used for shaft-
side post-grouting was 0.6-0.7. Post grouting should be operated after the strength of the pile
concrete reaches 70% of the design strength. Pile shaft grouting should be operated earlier than
toe post-grouting to prevent the cement slurry from escalating along the shaft and weakening
the effect of toe grouting.

In order to directly measure the bearing capacity of the pile within the effective length, double
steel sleeves were used to separate the pile shaft from the soil above the final excavation
elevation of the foundation pit. As shown in Figure 4.14, the diameters of external and internal
sleeves were 1,310 mm and 1,200 mm, respectively. The thickness of both the external and
internal sleeves was 14 mm. Steel ring ribs were installed every 5 meters along the external
surface of the internal sleeve. The net distance between the ring ribs and the internal surface of
the external sleeve was about 9 mm. It was necessary to seal the bottom between the external
and internal sleeves to keep the slurry out.

Test Piles at Podium Basement Area

The diameter of the podium tensile pile was 800 mm. There were three test piles and four
reaction piles in the loading test. The pile length is about 60 meters, and Grade C35 concrete
was used for the test piles. All three test piles were shaft-grouted bored piles. There were three
grouting locations along the pile shaft, and the lowest grouting location was 3 meters above
the pile tip. The other two grouting locations were spaced at 12 meters. A total of 600 kg of
cement was used for each grouting location. The interface between pile and soil is the channel
of shaft grouting. Because the pressure of the upper part of the shaft is less than the lower part,
the cement slurry will always escalate along the shaft upwards. In order to restrict the extent of
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Figure 4.15. Arrangement of test piles and reaction piles
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rising cement slurry, the grouting sequence
is top-down, because the condensation of
upper grouting may prevent the escalation
of lower grouting.

As with the tower pile tests, double steel
sleeves were used in podium pile tests to
separate the pile shaft from soil. Above the
final excavation elevation was the foundation
pit. The external and internal sleeves

were 1,000 mm and 900 mm in diameter
respectively. The thickness of both the
external and internal sleeves was 10 mm.

Results and Analysis

Construction Implementation

The test piles and reaction piles were
constructed by a GPS-20 boring machine.
The boreholes were formed by a normal-
circulation rotary drilling method. The
methods to scour the boreholes were

pump suction and reverse-circulation
washing. During the piles’construction,

the pile boreholes were supported using
high-quality bentonite slurry. In order to
maintain the bentonite support capabilities,
a decontamination plant was used to filter
the silty sand. The sand ratio of the slurry
should be lower than 4%. This is beneficial for
controlling the whole diameter and feculence.
Three-ring and double-waist hoop bits were
used to improve the quality of the boreholes.
The average construction time to complete
one borehole was 70 hours. The average time
to place one reinforcement cage of a test

pile into the borehole was eight hours. The
average time to fill the borehole with concrete
was 4.0 hours. The total time to construct one
test pile was five days. Concrete consumption
of one pile was 70 m®. The minimum
diameters of the piles lay between 1,100 mm
and 1,108 mm. The maximum diameters of
the piles lay between 1,259 mm and 1,503
mm. The average vertical deviation of the
piles was 1/300. The feculence thickness at
the bottom of the boreholes lay between 6.0
cm and 10.0 cm with an average of 7.33 cm.
The filling coefficients (the ratio of the actual
concrete volume to theoretical volume) lay
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Figure 4.16 Profile of soil and tension pile
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Pile number | Pile toe Effective Pile | Maximum | Pile head | Pile toe resilience | Resilience | Ultimate

burying depth | Length load movement | movement ratio load
5 B

AR R AR BAKR | HLTE | EREE B REHR

/kN /mm /mm /kN

SYZA1 110 75 40,000 83.17 8.4 57.77 69.46% >40,000
SYZA2 110 75 40,000 101.88 11.12 67.65 66.40% 36,000

95
SYZB1 60 30,000 154.46 68.57 47.89 31.00% 32,000
SYZB2 95 60 34,000 159.07 78.66 48.96 30.78% 27,000

Table 4.6. Settlement and resilience of compression piles under the maximum load

4.6, 7 JEAEAE T A AP HAR T B SIS A0 [E]

between 1.02 and 1.05 with an average of 1.03, which means the drilling hole quality was very
good and there was no large-diameter expansion or shrinkage.

The tension piles were constructed by a GPS-15 boring machine. The boreholes were formed by
the normal-circulation rotary drilling method. The methods to scour the boreholes were pump
suction and reverse-circulation washing. The average time was 50 hours to form one borehole.
The minimum diameter of the piles was 800 mm. The maximum diameters of the piles lay
between 901 mm and 1,038 mm. The average vertical deviation of the piles is 1/400. The filling
coefficients lay between 1.07 and 1.12, with an average of 1.09.

Loading Test Results of Tower Compression Bearing Piles

Load-settlement curves of the four test piles are shown in Figure 4.17. With the increase of the
test load, the settlements of piles SYZA1 and SYZA2 grew slowly and firmly. Under the load of
40,000 kN on the top of the piles, the pile top of SYZAT settled 83.17 mm and the pile bottom
settled 8.4 mm. The SYZAZ2 pile top settled 101.88 mm and the pile bottom settled 11.2 mm.
In each stage of loading, the settlement of the pile top changed smoothly without punching
failure. Punching failure occurs when the settlement under the current loading stage is five
times that of settlement under the previous loading stage. Both SYZA1 and the SYZA2 did not
fail. The pile self-deformation under compression is the chief component of pile-top settlement,
and it accounted for more than 80% of total pile-top settlement in this experiment. After
unloading the piles, the rebound ratios of both piles were over 65%.

According to the specifications, when the Load-Settlement Curve is slowly changing, the
bearing capacity of the pile is equal to the test load when the pile-top settlement reaches 40
mm. The elastic compression deformation of piles should be considered when the length of
the pile is over 40 meters. Although the settlement of the actual pile top of SYZAT is under

a maximum load of 40,000 kN, it is 46.64 mm, greater than 40 mm or the effective length of
the pile. SYZAT1 is 75 meters and pile compression is about 38 mm. Therefore, the ultimate
bearing capacity of pile SYZAT1 is determined as 40,000 kN. The actual settlement of the pile top
of SYZA2, under a maximum load of 40,000 kN, is 63.4 mm, greater than SYZA1.The ultimate
bearing capacity of pile SYZA1 was determined to be 36,000 kN.

40000kN o SYZA2 K £ A /i 2 1E40000kN 1F
T, R £101.88mm, TREAETA
M 4163.4mm, BB KT SYZAT, SYZA2
FE36000kN1E Bl TR AE T 7% 485.79mm,
5SYZATARYT, BUE MR A E A #4736000kN

wE4.17@). (b)FTa~, RAESYZB1. SYZB2
T AE TRAT 538 Am 2 30000kN #234000kN F
WAL 2 B A EREFEAIN, H AR
TR, AEw . MRk = MBS BRI,
FOAMEAR L A RINBIR, RAESYZBIRI A
B HA5mm, RAESYZB2RI N
' 4 78mm, #1185 E 5 X 430%,
FOAAE B RO £ R AE A LB IR. B
It P A2 4 8 KT R BT SO AR IR AR AT
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BEIMESF, HA MK mi0m, HAHKA
REFEE, XA TEANEERA,
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Pile number | Pile toe Effective Maximum | Pile head | Pile toe resilience | Resilience | Ultimate Displacement
burying Pile load movement | movement ratio load corrisponding
i3] depth Length 2 e to Ultimate
; BAKE | HLTE | RTE lid2d B IR & load
ERER | mpmk
/kN /mm /mm /kN AR IR o ¢
AL /mm
SBZ1 60 30 9,000 42.45 10.03 29.7 69.96 >9,000 4245
SBZ2 60 30 8,400 104.93 75.45 22.85 21.78 7,800 32.86
60
SBZ3 30 7,200 104.68 74.88 22.28 21.28 6,600 26.92

Table 4.7. Settlement and resilience of tension piles under the maximum load
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Figure 4.17. Q-S curves of compression piles
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As shown in Figures 4.17a and b, the load-settlement curves are almost linear before the piles
are loaded to reach failure. The settlements of pile SYZB1 and SYZB2 increased rapidly after the
failure loads were reached. The settlement values at three locations (the pile top, the middle
and the toe) are almost the same. This indicates that punching failures occurred. The punching
settlements of pile SYZB1 and SYZB2 are 45 mm and 78 mm, respectively. The rebound ratios
are about 30%. The ultimate bearing capacity of piles SYZB1 and SYZB2 were determined as
27,000 kN and 32,000 kN respectively.

Test results show that pile A, embedded in layer 13-2, did not fail under the maximum 40,000
kN load and that the ultimate bearing capacity was not less than 36,000 kN, according to
deformation control. Pile B, embedded in layer 13-1, failed in the process of loading and the
ultimate bearing capacity was 27,000 kN. Because pile A is supported on a better bearing
stratum and its effective length is 10 meters longer than pile B, the bearing capacity of pile
A'is better. Pile A was therefore chosen as the main pile to support the tower. Pile B may be

placed in the area where the pile load is relatively small according to foundation analysis at
the detailed design stage.

Loading Test Results of Tension Piles

With the increase of loading, the settlement of pile SBZ1 grows slowly. Under the load of

9,000 kN, the upward movement of SBZ1 is 42.56 mm, and the the ultimate tension capacity

is determined as 9,000 kN. When the load on SBZ2 and SBZ3 grows to 8,400 kN and 7,200 kN,
respectively, the upward movements increase sharply and exceed 100 mm. Rebound ratios are

(d) SYZB-2
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about 20%. The ultimate tension capacities of
pile SBZ2 and SBZ3 were determined as 7,800
kN and 6,600 kN

The test results show that the ultimate tension
capacity of all bored piles with shaft grouting
can meet the requirements of 5,000 kN. The
length of a pile can be further optimized at
the detailed pile-design stage. The test results
of three piles vary greatly. Great attention
should be paid to the quality control of shaft
grouting during the construction.

Conclusion

Suzhou Zhongnan Center is one of the tallest
buildings under construction in China. The
bearing capacity and deformation control

of pile foundations are strict because of the
large building loads. The buoyancy problem

is serious because of the dilemma of having

a deep basement and a high water table. It

is a difficult task to find the pile foundation
solution that is suitable for a site with soft soils
highlighted by clay and silty clay. Based on the
geological conditions of the site and the local
experiences, the large-diameter and super-
long bored piles with toe-shaft grouting

were used for the tower. The shaft-grouting
uplift piles were used in the podium of the
underground space region.

Static load tests of the piles with diameters
of 1,700 mm showed that when the pile
with 75 meters'effective length is supported
on the 13-2 fine sand layer, the ultimate
bearing capacity is more than 36,000 kN.
When the pile with 65 meters’effective
length is founded in the 13-1 silty sand
layer, the ultimate bearing capacity is about
27,000 kN. The bearing capacity of the pile
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Figure 4.18. Q-S curves of tension piles
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is greatly impacted by its supporting soil
layer. Further, it is necessary to consider the
requirements of the force and deformation
control for the selection of the pile bearing
stratum. The ultimate bearing capacity of the
tension pile can be enhanced significantly
by shaft grouting. While the tension pile with
shaft grouting is 800 mm in diameter and

30 meters in effective length, the ultimate
bearing capacity is more than 6,600 kN.

Engineers verified the feasibility of pile
construction and acquired the bearing
capacity through pile tests. The results
provided valuable information for the
detailed design and construction of the pile
foundation of this project, and can serve as

guidelines for other similar high-rise buildings.
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