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Supertall Building Pile-Raft Foundation Designs on Soft Soil
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Abstract

The design improvements and optimizations of super high-rise building pile-raft foundations
on soft soil have been made as below: considerations of the impact in the whole construction
process on the upper structural system, consideration of combined actions of pile-raft
foundations in analytical methods; adoption of variable rigidity concepts to control raft
differential settlements; analysis and calculations of different pillars forms and core tube
punching lines. According to the analysis of temperature and stress fields, reasonable control

Si Chao CuiYong methods can be applied for internal and external temperature differences in a thick raft of mass
concrete construction.
Keywords: Pile-Raft Foundation, Combined Action, Variable Rigidity, Punching Lines,
Interior and Exterior Temperature Differences
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Introduction

Pile-raft foundation is a major arrangement
type for supertall building foundations in
soft soil areas. This paper introduces research
on pile-raft foundations frequently used for
supertall buildings in soft soil areas in order
to improve design approaches for pile-raft
foundations.

The Shanghai Tower, still under construction,
will be the case study used throughout the
article (see Figure 1). The tower is composed
of two parts — a 124-story tower and a five-
story commercial annex. The completed
structural height of the tower will be 580
meters while the completed construction
height of the tower will be 632 meters along
with a five-story basement with a 30-meter
deep foundation. The upper structure utilizes
a‘core mega frame” while the underground
structures employ shear walls that connect
the core and the mega frame together.
Foundation construction utilizes pile-raft
foundations where the raft under the tower
has a thickness of six-meters with a total of
955 piles, each with a diameter of one-meter,
and the piles are distributed by stiffness in

a spatial way. Based on different foundation
arrangements, the entire raft area can be
divided into four zones: Zone A and C using a
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plum flower arrangement [five wings with a center core] while Zone B
and D use a rectangular distribution. The piles produced in zone A are
56-meters long and the piles for the other zones are 52-meters long
(see Figure 2).

Combined Action Analysis of the Pile-Raft Foundation of Supertall
Buildings - Iteration Method of Variable Coefficients of Subgrade
Reactions

Combined Action Analysis of the Pile-Raft Foundation of Supertall
Buildings Method

By adopting the FEM [Finite Element Method], the combination of the
upper structural system, raft foundation, and foundation soil completes
the entire modeling system. The upper structure is modeled by shell
elements and beam elements, the raft foundation is modeled by shell
elements, and the foundation soil uses three-dimensional solid models,
and the combined action equation is shown as below:

In this equation: k ~upper structure stiffness matrix; k -rafted
foundation stiffness matrix; kp—pile foundation stiffness matrix; k -soil
stiffness matrix; U—-node displacement vector; P-load vector.

In actual supertall building designs, the distribution of the pile-raft
foundation is usually dense. Assuming that the foundation is only
contacting the raft while neglecting the interaction between the
foundation soil and rafts, the action of pile on raft should be equivalent
to that of the vertical spring on the top of the pile and this combined
action can be expressed by a basic formula:

In this equation: kps—spring stiffness matrices stand for the equivalent
stiffness of the entire pile-raft system.

The action of pile on raft is equivalent to that of the vertical spring on
the top of the pile. Spring stiffness matrices [Kps] can be gained by a
variable coefficient of the subgrade reactions'iteration method.

The value of the top of the pile stiffness (such as determining the
initial pile stiffness by an average pile reaction and basic settlement
calculation method or by the pile testing method) is assumed to be
a constant normal stiffness in order to obtain the formation of pile
soil stiffness matrix [K . By using this iteration method and taking
considerations of the Mindlin-Geddes method, the values of the
reaction on the top of the pile, settlement deformation, and spring

stiffness matrices [Kps] can be obtained in its relative order.

Case Study

In the FEM model of the Shanghai Tower, the shear walls and mega
columns are using shell elements, the regular beams and columns use
beam elements, the foundation uses thick shell elements, and the pile-
soil system uses vertical spring elements.

The identification of stiffness iterative convergence during the iteration
of vertical spring of the column is shown in the equation below:

Figure 1. Shanghai Tower Rendering (From: Cui, Yong)
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Figure 2. Pile-raft distribution zones of the tower (From: Chao, Si)
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Figure 3. Ultimate spring stiffness distribution (kN/mm) (From: Chao, Si)
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In this equation: e-Exponential Convergence; k, kp;the i-th [i.e. Tst,
2nd, 3rd, 4th, etc] spring stiffness value of the i-th spring before and
after the first iteration; n —the spring number.

The assumed initial stiffness value for the pile-soil system spring is set
to be at a constant normal stiffness of 50kN/mm during the iteration
process while the maximum value, minimum value, and € -value will be
obtained (see Table 1).

Based on the previous calculation, the final value of the spring stiffness
has an equivalent value to the combined action effect of the upper
structure, foundation, and pile-soil (see Figure 3).

Adjusted Pile-Raft Foundation Stiffness Design for Supertall
Buildings

Design Methods

The initial vertical support stiffness of the natural foundation and
uniformly arranged pile-rafts are evenly distributed. When setting up
the raft plates above the foundation and pile-rafts with limited stiffness
and uniformly distributed loads, the pile-raft and soil interaction should
lead to the changes in vertical support in the stiffness distribution

of the foundation or pile group. The changes in stiffness are weaker
inside and stronger on the outside. The subsidence deformation
presents itself in a butterfly distribution — smaller on the outside and
larger on the inside — and the substrate reaction proposes as a saddle
distribution — smaller on the inside and larger on the outside.

In order to even out the deformed settlements, adjustments should
be made to the vertical stiffness distribution of the foundation or
foundation piles such as changing the pile diameter, pile length,
minimizing the differential settlement, or significantly reducing the
foundation and capping internal forces.

Case Study

The pile-raft foundation in the Shanghai Tower controls the raft center
and periphery differences by changing the length (52m/56m) and the
distribution of foundations (plum flower profile/rectangle profile). This

Figure 4. Isopleth comparison of settlement (From: Jiang, Wenhui)
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Initial Value | 1stIteration | 2nd Iteration 10th Iteration | 20th Iteration 29th Iteration 30th Iteration
i lE BRER | FoRER BrrER FoTRER | FoTARER | F=TRER
Max 50 84.2 90.2 110.1 134 143.6 144
Min 50 56.1 50.8 314 258 229 23
€ 0.816% 0.257% 0.150% 0.083% 0.047% 0.045%

Table 1. The value of spring stiffness in the iteration process (kN/mm)
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paper separately calculates and compares the 52-meter equal length
piles with the 52/56-meter stiffness changing piles and the results are
shown in the settling isograms (see Figure 4).

The calculation results can clearly illustrate that, with the use of variable
stiffness design, the settlement can be reduced by approximately 10
mm. There is also an equivalence to approximately 20% in reduction

in the differential settlement and reduces backplane bending that are
caused by the differential settlements. From the absolute values of the
settlement calculation, the maximum settlement is 124 mm, the pillars
at the settlement are 80 mm, but the final settlement value is subject
to long-term observations for verification.

Supertall Building Construction Process Analysis

It will take a fairly long time from the beginning of construction to the
completion of a supertall building. Throughout the entire process, the
geometry of the structure, strength of the materials, structural stiffness,
and loading levels will be constantly changing.

Case Study

This article’s non-linear analysis of supertall building construction is
mainly focused on the changes in raft moments during the whole
construction process and the raft movement differences between a
construction analysis and a one-time load. Take the Shanghai Tower as
an example, the loading process can be divided into ten phrases (see
Figure 5) and the working conditions are as follows:

« Operating condition 1: The final result of construction analysis;
» Operating condition 2: One-time loading;

« Operating condition 3: Construction analysis phase |;

» Operating condition 4: Construction analysis phase Il;

» Operating condition 5: Construction analysis phase |ll;

« Operating condition 6: Construction analysis phase IV;

« Operating condition 7: Construction analysis phase V;

» Operating condition 8: Construction analysis phase VI;

» Operating condition 9: Construction analysis phase VI;

« Operating condition 10: Construction analysis phase VIII;
» Operating condition 11: Construction analysis phase IX;
» Operating condition 12: Construction analysis phase X;

The calculations provide the raft foundation’s raft moment changes
during the whole construction process and the final movement in the
one-time load and the construction load raft (see Figure 6).

Choosing Supertall Building Pile Foundation Raft Punching Lines

The core of the supertall building takes most of the loads while the
number of piles arranged in some areas underneath the core cannot
stabilize the structural loads from above. Therefore, the selection

of punching lines and resistance are crucial factors in selecting the
thickness of the base plate.

Case Study

Connecting the core tube to the mega columns by the wall of the
wings improves the punching shear resistance. However, since the
selection of punching lines varies and is complicated, the quantity of
the selected punching lines may be more than one.
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Figure 5. Construction phase illustration (From: Chao, Si)
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Figure 6. Construction analysis of the raft's bending moment (From: Chao, Si)
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This paper selected four different forms of punching lines for testing
(see Figure 7). Based on the code ¥ requirements for the punching
lines, three punching lines are selected between the first row of the
column (wall) and the 45 degree bevel line within the pile boundary
to obtain forces against punching shear of the three punching lines
within the four groups of punching forms (see Table 2).

Reasonable Construction Temperature Control of Supertall
Building Rafts

During raft constructions in supertall buildings, controlling harmful
fractures caused by temperature differences is a key issue. Engineering
practices illustrate that the main reason for the fracture is due to the
temperature differences between inside and outside that causes
volume deformations due to the energy release from the heat

of hydration during the mass concrete hardening process. These
fractures can become safety risks in the structural components during
construction.
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Figure 7. Selection of four different punching lines (From: Jiang, Wenhui)
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$ituation Punching | 1t Form (Unit: MN) | 2nd Form (Unit: MN) | 3rd Form (Unit:MN) | 4th Form (Unit: MN)

., BB GRI/ARRD | AF CRI/RRD | BB GHIRRD | BB GRI/ARD
- Total (punching/pile Total (punching/pile Total (punching/pile Total (punching/pile

Punching Line reaction) reaction) reaction) reaction)

F—it 2457 (1271.6/1185.4) | 2471(1399.4/1071.6) | 2484 (1250/1234) 2732(1735.1/996.9)

First

H-% 2343 (839.9/1503.1) 2404 (1051/1353) 2394 (841.4/1552.6) 2573 (1307.4/1265.6)

Second

P 2460 (675.3/1784.7) | 2379 (707.6/1671.4) 2409 (599.6/1809.4) | 2459 (899.9/1559.1)

Third

Table 2. The calculated punching resistance result of each punching line (From: Jiang, Wenhui)
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Figure 8. Temperature measuring points in the foundation raft (From: Chao, Si)
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Case Study

In the pile foundation of the Shanghai Tower, there is a total raft
concrete volume of 60,000 m? adopting pumped commercial concrete
with C50R90 strength level. The construction period takes place at the
end of March with a disposable continuous casting of 15°C average
temperature and 20°C molding temperature.

In the temperature measurement point layout of the foundation
concrete slab (see Figure 8), there are a total of 80 temperature
measurement points distributed in the concrete foundation slab. This
paper only examines the temperature changing curve at three points,
1D, 1F, and 1K (see Figure 9). At the same time, the finite element
software illustrates the pile-raft foundation model of the Shanghai
Tower in order to simulate the temperature distribution field in the
pile-raft foundation construction. The software also obtains the
measured value of the raft temperature and compares the results
between the actual and calculated raft temperatures (see Table 3).

In the stress distribution field of the raft, maximum tensile stress
values in critical time intervals are extracted in order to graph the raft
concrete maximum tensile stress versus time curve (see Figure 10). The
maximum tensile stress in the construction process cannot exceed the
concrete tensile strength.

Summary

Multiple solutions can be adopted in the construction process to
control mass concrete interior and exterior temperature differences:

Figure 9. Temperature changing curve of measuring points 1F, 1K and 1D (From: Chao,
Si)
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Testing Points | Max. Temperature (C) In-Out Temp. Max. Temperature (°C) | In-Out Temp. Max. Temperature Inside-Outside
9 Difference (°C) Difference (°C) Error Temperature Error
715 427 737 39 3.00% 8.67%
1D
1F 715 384 73.7 37.7 3.00% 1.82%
1K 66.1 41 68.4 39 3.48% 4.88%

Table 3. The comparison of temperature of the actual raft value and finite element calculation (From: Chao, Si)
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Keep track of the concrete temperature from both the
inside and outside while utilizing effective techniques and
maintenance measures.

During the design phase, distribute steel bars appropriately
on the outside of the concrete to increase the concrete tensile
strength.

During the concrete proportion design phase, use the post-
strength of the concrete, e.g. replacing R28 with R90, can
reduce the amount of cement used and decrease the total heat
of hydration value.

« Use cement with a low rate of heat of hydration with the
consideration of mixing active agents to replace some cement
parts which could reduce the heat released from the hydration
process. This can also decrease the heating rate of hydration,
thereby, delaying the emergence of the concrete temperature
peak time.

 Adding the appropriate amount of superplasticizer can reduce
water consumption, reduce concrete shrinkage, and reduce the
heat of hydration at an early stage.

» Maintain proper work habits while a protection layer is required
on the concrete surface to reduce the temperature differences
that may occur between the surface and internal concrete.

Conclusion

Using the Shanghai Tower as a case study, this paper analyzes design
methods related to pile-raft foundations for supertall buildings in soft
soil areas. This paper introduces the iteration method of the variable
coefficient of the subgrade reaction and analyzes the combined action
on foundations that are conducted based on the iteration method. The
analysis results verify the rationality of the stiffness modification theory
and examine the entire construction process of the supertall building;
With the calculation and analysis of different punching lines in the pile-
raft foundation, results provide the regular distribution and the most
unfavorable punching lines of the lower punching lines in the core and
mega columns of supertall buildings; By investigating the temperature
and stress distribution fields during the mass concrete construction
period, rational temperature control methods can be obtained.
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