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ABSTRACT   The new Hangzhou West Railway Station, which is currently in the early stages of 

construction, will be located in the city of Hangzhou, China. To accomplish the ambitious goals of the 

project, the construction work and station building was divided into three project areas. The original design 

utilizes 1,580 drilled shafts with diameters of either 800 mm or 1000 mm (32 or 40 inch) to support the new 

Station and its various ancillary structures. The drilled shafts will be tipped into the moderately weathered 

argillaceous siltstone a distance between 5 and 15 m (16.5 and 49 ft), resulting in an effective pile length 

ranging from 35 to 43 m (115 to 141 ft), respectively. For the first phase, approximately 550 production 

drilled shafts will be installed. Eight (8) sacrificial drilled shafts each with a diameter of 1000 mm (40 inch) 

were installed to a depth ranging from 50 to 57 m (164 to 187 ft), and were tested to confirm the design 

parameters used for the first phase, to evaluate the contractor’s installation means-and-methods, and to 

provide guidance whether redesign is warranted for the subsequent two phases. Bi-directional static load 

testing was performed using a donut-shaped Super Cell to apply unidirectional axial loads up to 13,200 kN 

(2,970 kip). This paper will describe the bi-directional testing and select results obtained therefrom. The 

axial compressive and uplift resistances determined from the testing verified that the available axial 

resistance of a single pile exceeded the minimum design requirements. 
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INTRODUCTION 
The depths and dimensions to which deep foundations (e.g., drilled shafts, continuous flight auger piles, 

and barrettes) are constructed have increased significantly during the past few decades due to increased 

design demands and due to advancements in equipment capabilities. Correspondingly, the need to ensure 

the integrity, quality, and performance of these constructed foundations has become ever more important. 

Given the limited volume able to be thoroughly sampled and tested during a site characterization program, 

full-scale load testing provides a direct means to validate design assumptions of resistance, assess load 

transfer behavior, and evaluate a contractor’s installation means-and-methods. Specific to bored pile deep 

foundations (e.g., drilled shafts), bi-directional static load testing (BDSLT) utilizes a device that is 

embedded within the constructed reinforced concrete element to apply large axial loads more economically, 

in less time, and in a much safer manner than conventional top-down static load testing methods. The 

pressure in the BDSLT device is measured by a pressure transducer and movements of the device are 

measured by displacement transducers connected to the load cell by telltale rods embedded in the cast 

concrete. In addition to the BDSLT device, embedded and surface-mounted instrumentation are utilized to 

measure and record the responses to assess end and side resistances of and load transfer (i.e., internal force) 

distribution along the drilled shaft. The location of the BDSLT device is determined to either balance the 

axial capacity above/below the device or to target the evaluation of resistance within a specific region. 

 

DONUT SUPER CELLS 
A Super Cell is a specially designed system that uses built-in hermetically sealed pressure cells, where the 

pressure is applied to the load cell through a flexible hose(s) from a hydraulic pump located external to the 

drilled shaft. The pressure cell is contained within the outer steel shell to protect the cell from damage 

during fabrication, lifting/placing, and installation in addition to providing a surface to which other 

components can be welded. A donut-shaped Super Cell (Figure 1) is used for a small diameter bored pile 

(i.e., less than 1.2 m or 4 ft). For these embedded cells, concrete flow around and through the device is 
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enhanced due to (1) the open nature of the device, (2) the device being secured to the reinforcement cage 

without the use of large bearing plates, and (3) the use of cone-shaped flow guides that facilitate concrete 

flow and reduce buildup of laitance below and above the cells. The design configuration of these devices 

transfers the force of each cell directly to the shaft, eliminating the need for large steel bearing plates. 

 

(a)  (b)  
Figure 1. Preparation of a Donut Cell: (a) as-manufactured with pressure cells inside and (b) after 
concreting of inner conical space or annulus 
 

Prior to affixing a device to the steel reinforcement cage, the inner conical space or annulus within a 

multiple or donut cell must be filled with concrete and let harden (Figure 1a). The infill concrete placed 

within the annulus between the outer shell and the pressure cell (Figure 1b) is used to transfer the 

pressure/load effectively and efficiently from the cell to and together with the concrete comprising the 

drilled shaft to the surrounding soil/rock. After the concrete has cured, the device can then be incorporated 

into the steel reinforcement cage (Figure 2). When installing a device into the cage, there is no direct 

welding to the pressure cell itself; welding is performed only to the brackets and frame supporting the 

pressure cell(s), thereby eliminating excess heat and contamination problems. Since the BDSLT device and 

steel reinforcement are cast together, measurements from embedded instrumentation have shown that there 

is little-to-no relative movement between the device assembly that is affixed to the steel reinforcement and 

concrete. 

 

(a)  (b)  
Figure 2. Photographs of a Donut Cell attached to steel reinforcement cage: (a) longitudinal view 
down the reinforcement cage and through the Cell and (b) transverse view of the reinforcement 
steel connected to the Cell 
 

PROJECT DESCRIPTION 
When the three construction phases are completed, the Hangzhou West Railway Station in Hangzhou, 

China, will occupy a plan area of about 167,000 sq m (1.8 million sq ft) with a basement area of about 

188,000 sq m (2.1 million sq ft), with five above ground floors and two subterranean levels. The overall 

dimensions of the new Hangzhou West Railway Station are about 450 m (1,475 ft) and 372 m (1220 ft) 

parallel and perpendicular to the track alignment, respectively, and will contain 11 sets of 20 rail lines. The 

future transportation hub comprises many smaller projects, including the construction of the Station 
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building structure, four metro subway lines, 20 new passenger railway lines, new urban and urban support 

development projects. The proposed foundation design incorporates 1,580 drilled shafts with diameters of 

either 800 mm or 1000 mm (32 or 40 inch) to support the new Station structures. This paper will focus 

solely on the axial compression BDSLT performed on eight, 1000 mm (40 inch) diameter, sacrificial drilled 

shafts during Phase I. A plan view of the building outline and the locations of the individual foundations 

(column footings and grade beam foundations) are shown in Figure 3. 

 

 
Figure 3. Plan view of the outline of the Station building and the locations of the individual 
foundations 
 

SUBSURFACE CONDITIONS 
The site characterization program performed at the site was extensive and consisted of the following 

activities and scope of work: 

• Drilling: 315 soil borings (1930 linear m or 6330 LF) 

• Sampling: undisturbed samples (1232 ea), disturbed samples (366 ea), rock specimens (618 ea), 

and water samples (30 ea) 

• Geophysical testing: shear wave testing (367 ea), borehole velocity testing (294 ea), resistivity 

testing (125 ea), geothermal logging (120 ea) 

• In-situ testing: standard penetration testing (3084 ea), dynamic penetration testing (1481 ea), and 

pressuremeter testing (122 ea). 

Based on the results and observations from the site characterization program, the subsurface profile was 

divided into 6 main layers, with a total of 18 sub-layers (Table 1). The shallow part of the soil deposit 

consists mainly of alluvial marine silty clay, which is relatively consistent in thickness, distribution, and 
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nature; deeper in the upper deposit is (silty) clay and silty fine sand formed by the alluvial lacustrine and 

marine deposits, which have a relatively consistent distribution. The middle of the deposit consists of clay, 

silty fine sand, and round gravel formed by alluvial lacustrine. The underlying bedrock is soft argillaceous 

siltstone. It was noted that the groundwater fluctuates with seasonal climate dynamics as well as the water 

level within the nearby rivers, communicated to the site through the sandy and porous layers. During the 

site characterization program, the measured/observed depth of the groundwater table was about 0.1 to 3.5 

m (4 inch to 11.5 ft) below the existing ground surface, correlating to an elevation ranging from El. +3.87 

m to El. -0.47 m (El. +12.7 ft to El. -1.54 ft). 
 
Table 1. Description of the subsurface layering (1) 

Layer 
No. 

Designation 
Layer thickness 

m (ft) 
Description & Characteristics 

①-0 artificial fill  
0.5 - 3.1 

(1.6 – 10.2) 
Clayey soil with a small amount of debris, gravel, and plant debris. 
Low strength, high shrinkage; poor compactness; poor uniformity 

①-1 Soft plastic silty clay 
0.5 - 4.7 

(1.6 – 15.4) 
Low strength; medium compressibility; low permeability 

② Soft plastic mucky clay 
0.5 - 8.0 

(1.6 – 26.2) 
High water content; high sensitivity; high thixotropy; 

low strength; low permeability 

④-1 Hard plastic clay 
0.8 - 11.5 

(2.6 – 37.7) 
Medium strength; low permeability 

⑤-1 Hard plastic clay 
2.2 – 23 

(7.2 – 75.4) 
Medium strength; low permeability 

⑤-1-1 
Silty fine sand, slightly 

dense 
0.5 - 2.5 

(1.6 – 8.2) 
Permeable stratum; high strength; low compressibility; 

high permeability 

⑤-2 Soft plastic clay 
1.5 – 5 

(4.9 – 16.4) 
Low strength; medium compressibility; low permeability 

⑤-3 
Silty fine sand, slightly 
dense to med dense 

0.4 - 4.3 
(1.3 – 14.1) 

Medium compressibility; high permeability 

⑥-1 Hard plastic clay 
0.6 – 11 

(2.0 – 36.1) 
Good strength; medium compressibility; low permeability 

⑥-1-1 
Silty fine sand, slightly 
dense to med dense 

0.9 - 6.2 
(3.0 – 20.3) 

High strength; low compressibility; high permeability 

⑥-2 Soft plastic clay 
1.9 - 3.4 

(6.3 – 11.2) 
Poor strength; high compressibility; low permeability 

⑥-3-1 
Silty fine sand, slightly 
dense to med dense 

0.5 - 7.4 
(1.6 – 24.4) 

High strength; low compressibility; high permeability 

⑥-3-2 
Round gravel, slightly 
dense to med dense 

0.2 - 9.3 
(0.7 – 30.5) 

High strength; low compressibility; high permeability 

⑩-1-1 
Completely weathered 
argillaceous siltstone 

0.4 - 3.6 
(1.3 – 11.8) 

High strength; low compressibility; complete rock mass; 
rock mass is broken; weathering is uneven 

⑩-1-2 
Highly weathered 

argillaceous siltstone 
0.3 - 6.5 

(1.0 – 21.3) 
High strength; low compressibility; complete rock mass; 

permeable; developed fissures 

⑩-1-3 
Moderately weathered 
argillaceous siltstone 

0.4 – 7.2 
(1.3 – 23.6) 

High strength; complete rock mass; sandy & layered structure; 
argillaceous cementation; soft; developed joint fissures 

⑩-2-2 
Highly weathered 
gravelly sandstone 

1.6 - 3.0 
(5.1 – 9.8) 

High strength; low compressibility; complete rock mass; 
very weathered; developed fissures 

⑩-2-3 
Moderately weathered 

gravelly sandstone 
1.5 –  

(4.9 – ) 
High strength; low compressibility; complete rock mass; breccia 

structure; argillaceous cemented; developed joint fissures 

Note: (1) The shading shown under “Layer No.” & “Designation” refer to the layering present at the test drilled shafts 
and as delineated on Figures 7 and 8 

 

LOAD TESTING PROGRAM 
For the production work, the drilled shafts will be tipped into the moderately weathered argillaceous 

siltstone (i.e., layer ⑩-1-3) a distance up to 15 m (50 ft), resulting in an effective maximum pile length of 

about 43 m (141 ft). For Phase I, 550 production drilled shafts will be installed along with eight (8) 
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sacrificial drilled shafts, each with a diameter of 1000 mm (40 inch). The depths of the sacrificial drilled 

shafts range from 50 to 57 m (164 to 187 ft), which will tip the shafts into the siltstone with estimated 

average unit side and end resistances of about 160 kPa (3.34 ksf) and 4000 kPa (83.5 ksf), respectively. 

BDSLT will be performed to confirm the design parameters used for the Phase I drilled shafts, to evaluate 

the contractor’s installation means-and-methods, and to provide guidance whether redesign is warranted 

for the subsequent two phases. The drilled shafts were constructed using the wet method (i.e., rotary drilling 

with the use of bentonite drilling support fluid and a surface casing) in general accordance with the project 

specifications and acceptance criteria (i.e., base cleanliness) that mandated the thickness of loose 

soil/sediment to be no greater than about 5 cm (2 inch).  
 

On each of the sacrificial drilled shafts, bi-directional static load testing was performed using a donut-

shaped Super Cell (Figure 4) to apply maximum unidirectional axial loads from 9500 to 13,200 kN (2135 

to 2970 kip). The estimated nominal axial resistance of the 1000 mm (40 inch) diameter drilled shafts was 

7000 kN (1575 kip) in compression and 2200 kN (495 kip) in uplift. Details and locations of the embedded 

strain gages used in the sacrificial compression shafts are shown in Table 2. The axial loading from the 

device was applied in 10 increments, where the first increment was twice that of the other nine increments. 

After each increment of loading was applied, the axial load was maintained and the displacement was 

measured recorded at times of 5, 15, 30, 45, 60, 90, and 120 min (and every 30 min. thereafter until the 

displacement stabilized). The criteria stipulated that loading could be terminated if the displacement of the 

upper or lower section of the device occurred at one of following conditions: 

1. The maximum applied load required by the design is achieved and the displacement of the upper or 

lower section of the load box has stabilized; 

2. At a given applied load, the incremental measured displacement of the upper or lower section of the 

device is more than 5 times than the incremental measured displacement from the prior load increment 

and if the total displacement is more than 40 

mm (1.6 inch); 

When the load-displacement curve indicates 

a gradual change between load increments, 

total amount of upward displacement can be 

loaded to 40 to 60 mm (1.6 to 2.4 inch); the 

total amount of downward displacement can 

be loaded to 60 to 80 mm (2.4 to 3.1 inch); 

when the end resistance has not been fully 

mobilized, the pile can be loaded to a total 

displacement of more than 80 mm (3.1 inch); 

3. At a given applied load, the incremental 

measured displacement of the upper or lower 

section of the device is 2 times larger than the 

incremental measured displacement from the 

prior load increment and has not stabilized 

after 24 hours; or 

4. The loading could be terminated if the load 

reached the practical load limit of the device 

or if the upper and lower displacement of the 

device exceeded the travel of the device. 

 

TEST RESULTS 
The Super Cell testing devices for the sacrificial 

drilled shafts SZH-2a,b,c,d and SZH-3a,b,c,d 

were sized for the anticipated maximum  

 
Figure 4. Schematic of a typical layout of sacrificial 
test piles, testing device, and instrumentation 
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Table 2. Details and test parameters for the sacrificial compression shafts 

Description 
No. of Strain Gages (SG) @ Elevation, m (ft) 

SZH-2a SZH-2b SZH-2c SZH-2d SZH-3a SZH-3b SZH-3c SZH-3d 

SG-1 
3 @ -0.66 

(-2.2) 
3 @ 0.92 

(3.0) 
3 @ 1.83 

(6.0) 
3 @ 0.49 

(1.6) 
3 @ 0.10 

(0.3) 
3 @ 0.96 

(3.1) 
3 @ 1.77 

(5.8) 
3 @ 0.32 

(1.0) 

SG-2 
3 @ -7.86 

(-25.8) 
3 @ -7.08 

(-23.2) 
3 @ 0.43 

(1.4) 
3 @ -8.30 

(-27.2) 
3 @ -8.30 

(-27.2) 
3 @ -8.30 

(-27.2) 
3 @ 0.37 

(1.2) 
3 @ -7.73 

(-25.4) 

SG-3 
3 @ -8.30 

(-27.2) 
3 @ -8.30 

(-27.2) 
3 @ -7.67 

(-25.2) 
3 @ -15.30 

(-50.2) 
3 @ -14.30 

(-46.9) 
3 @ -13.30 

(-43.6) 
3 @ -7.73 

(-25.4) 
3 @ -8.30 

(-27.2) 

SG-4 
3 @ -15.30 

(-50.2) 
3 @ -13.30 

(-43.6) 
3 @ -8.30 

(-27.2) 
3 @ -23.56 

(-77.3) 
3 @ -22.80 

(-74.8) 
3 @ -19.59 

(-64.3) 
3 @ -8.30 

(-27.2) 
3 @ -15.30 

(-50.2) 

SG-5 
3 @ -22.71 

(-74.5) 
3 @ -19.43 

(-63.7) 
3 @ -17.97 

(-58.9) 
3 @ -27.61 

(-90.6) 
3 @ -28.50 

(-93.5) 
3 @ -21.74 

(-71.3) 
3 @ -13.30 

(-43.6) 
3 @ -22.08 

(-72.4) 

SG-6 
3 @ -28.56 

(-93.7) 
3 @ -26.38 

(-86.5) 
3 @ -26.52 

(-87.0) 
3 @ -29.26 

(-96.0) 
3 @ -34.15 

(-112.0) 
3 @ -28.49 

(-93.4) 
3 @ -18.04 

(-59.2) 
3 @ -27.08 

(-88.8) 

SG-7 
3 @ -33.51 

(-109.9) 
3 @ -28.13 

(-92.3) 
3 @ -31.12 

(-102.1) 
3 @ -32.26 

(-105.8) 
3 @ -35.90 

(-117.8) 
3 @ -33.19 

(-108.9) 
3 @ -26.59 

(-87.2) 
3 @ -29.43 

(-96.5) 

SG-8 
3 @ -34.91 

(-114.5) 
3 @ -31.78 

(-104.2) 
3 @ -33.42 

(-109.6) 
3 @ -33.16 

(-108.8) 
4 @ -41.90 

(-137.4) 
3 @ -34.74 

(-113.9) 
3 @ -31.19 

(-102.3) 
3 @ -32.43 

(-106.4) 

SG-9 
4 @ -37.91 

(-124.3) 
3 @ -35.23 

(-115.6) 
3 @ -37.72 

(-123.7) 
3 @ -34.76 

(-114.0) 
3 @ -46.5 
(-152.5) 

3 @ -36.04 
(-118.2) 

3 @ -33.48 
(-109.8) 

3 @ -33.33 
(-109.3) 

SG-10 
3 @ -43.91 

(-144.0) 
4 @ -40.73 

(-133.6) 
4 @ -42.22 

(-138.5) 
4 @ -37.26 

(-122.2) 
3 @ -49.90 

(-163.7) 
3 @ -40.00 

(-131.2) 
3 @ -37.78 

(-123.9) 
3 @ -34.93 

(-114.6) 

SG-11  
3 @ -44.23 

(-145.1) 
3 @ -46.72 

(-153.2) 
3 @ -43.76 

(-143.5) 
 

4 @ -44.54 
(-146.1) 

4 @ -46.28 
(-151.8) 

3 @ -37.93 
(-124.4) 

SG-12      
3 @ -50.04 

(-164.1) 
3 @ -51.78 

(-169.8) 
4 @ -40.93 

(-134.3) 

SG-13        
3 @ -45.0 
(-147.6) 

SG-14        
3 @ -48.93 

(-160.5) 

Surface 5.09 (16.7) 5.07 (16.6) 3.93 (12.9) 5.34 (17.5) 3.90 (12.8) 4.76 (15.6) 3.77 (12.4) 5.07 (16.6) 

Bott Shaft 
-44.91 

(-147.3) 
-45.23 

(-148.4) 
-47.72 

(-156.5) 
-44.76 

(-146.8) 
-50.90 

(-167.0) 
-51.04 

(-167.4) 
-52.78 

(-173.1) 
-49.93  

(-163.8) 

Pile Length 50.0 (164) 50.3 (165) 51.7 (170) 50.1 (164) 54.8 (180) 55.8 (183) 56.5 (186) 55.0 (180) 

Super Cell 
-38.91 

(-127.6) 
-41.73 

(-136.9) 
-43.22 

(-141.8) 
-38.26 

(-125.5) 
-42.90 

(-140.7) 
-45.54 

(-149.4) 
-47.28 

(-155.1) 
-41.93 

(-137.5) 

Dist above 
base 

6.0 (19.7) 4.0 (13.1) 4.0 (13.1) 6.0 (19.7) 8.0 (26.2) 5.5 (18.0) 5.5 (18.0) 8.0 (26.2) 

 

 

unidirectional axial design test loads of 9500 kN (2136 kip) and 12000 kN (2700 kip), respectively. The 

load-displacement and equivalent top-down load-displacement responses for the tested shafts are shown in 

Figures 5 and 6, respectively. A summary of the test results is provided in Table 3. 

 

The following paragraphs provide a synopsis of the testing, observations, and responses for the eight 

sacrificial drilled shafts. 

• SZH-2a: The shaft exhibited gradual changes in displacement with increasing applied load up to the 

design test load of 9500 kN (2136 kip), and the response was relatively linear within this loading range. 

Then, the loading was increased to 11400 kN (2565 kip), which resulted in total upward and downward 

displacements of about 25.9 and 4.1 mm (1.0 and 0.2 inch), respectively. Although the last incremental 

displacement (from a load of 9500 to 11400 kN) was more pronounced, the side and end resistances of 

the shaft were not fully mobilized. The minimum axial resistance (lower bound) was computed to be 

about 22512 kN (5061 kip). 
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(a)  (b)  
Figure 5. Load-displacement responses for drilled shafts (a) SZH-2a,b,c,d and (b) SZH-3a,b,c,d 

 

(a)  (b)  
Figure 6. Equivalent top-down load-displacement responses for drilled shafts (a) SZH-2a,b,c,d and 
(b) SZH-3a,b,c,d 

 
Table 3. Summary of test results 

Pile No. 
Pile 

Diameter 
mm (inch) 

Pile 
Length 
m (ft) 

Embedment in 
Bearing Layer 

m (ft) 

Max. Unidirectional 
Axial Test Load 

kN (kip) 

Measured Axial 
Resistance, Compr. 

kN (kip) 

Max. Upward 
Displacement 

mm (inch) 

Max. Downward 
Displacement 

mm (inch) 

SZH-2a 1000 (40) 50.0 (164) 10.0 (32.8) 11400 (2565) 22512 (5061) 25.9 (1.0) 4.1 (0.2) 
SZH-2b 1000 (40) 50.3 (165) 10.0 (32.8) 9500 (2136) 19532 (4391) 11.7 (0.5) 44.7 (1.8) 
SZH-2c 1000 (40) 51.7 (170) 10.0 (32.8) 9500 (2136) 19575 (4401) 1.7 (0.07) 6.8 (0.3) 
SZH-2d 1000 (40) 50.1 (164) 10.0 (32.8) 10450 (2350) 20504 (4610) 2.1 (0.09) 2.9 (0.1) 
SZH-3a 1000 (40) 54.8 (180) 15.0 (49.2) 12000 (2700) 24198 (5440) 3.9 (0.2) 5.8 (0.23) 
SZH-3b 1000 (40) 55.8 (183) 15.0 (49.2) 13200 (2970) 26521 (5962) 9.3 (0.4) 8.5 (0.3) 
SZH-3c 1000 (40) 56.5 (186) 15.0 (49.2) 13200 (2970) 27005 (6071) 4.6 (0.2) 2.2 (0.1) 
SZH-3d 1000 (40) 55.0 (180) 15.0 (49.2) 13200 (2970) 26227 (5896) 6.0 (0.24) 5.2 (0.2) 

 

• SZH-2b: At a stabilized applied load of 9500 kN (2136 kip), the upward and downward displacement 

at the test device were about 11.7 and 44.7 mm (0.5 and 1.8 inch), respectively. Since the downward 

displacement was approaching the limit of 50 mm and because the design loading was achieved, no 

additional loading was applied to the shaft. One possible explanation for the large downward movement 

may be due to the amount of soft soil/sediment present at the base of the shaft, which can be inferred 

since there was notably less upward movement. The side and end resistances of the shaft were not fully 
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mobilized. The minimum axial resistance (lower bound) was computed to be about 19532 kN (4391 

kip). 

• SZH-2c: For the first six increments of loading, the response was relatively linear; then, the 

incremental displacement began to increase for the remaining three loading increments. At the design 

load of 9500 kN (2136 kip), the upward and downward displacements were about 1.7 and 6.8 mm (0.07 

and 0.3 inch), respectively. No additional loading was applied beyond the design load. The side and 

end resistances of the shaft were not fully mobilized. The minimum axial resistance (lower bound) was 

computed to be about 19575 kN (4401 kip). 

• SZH-2d: The shaft exhibited a stiff behavior in response to the applied loading up to the design load 

of 9500 kN (2136 kip). The applied loading was then increased to 10450 kN (2350 kip), which resulted 

in a total upward and downward displacements of about 2.1 and 2.9 mm (0.09 and 0.1 inch), 

respectively, and the response was still linear. The side and end resistances of the shaft were not fully 

mobilized. The minimum axial resistance (lower bound) was computed to be about 20504 kN (4401 

kip). 

• SZH-3a: The shaft exhibited gradual and linear changes in displacement with increasing applied 

load up to the design test load of 12000 kN (2700 kip), where the total upward and downward 

displacements were about 3.9 and 5.8 mm (0.2 and 0.25 inch), respectively. No additional loading was 

applied beyond the design load. The side and end resistances of the shaft were not fully mobilized. The 

minimum axial resistance (lower bound) was computed to be about 24198 kN (5440 kip). 

• SZH-3b: The shaft exhibited gradual and linear changes in displacement with increasing applied 

load up to the design test load of 12000 kN (2700 kip). The applied loading was then increased to 13200 

kN (2970 kip), which resulted in a total upward and downward displacements of about 9.3 and 8.5 mm 

(0.4 and 0.3 inch), respectively, and the response was still linear. The side and end resistances of the 

shaft were not fully mobilized. The minimum axial resistance (lower bound) was computed to be about 

26521 kN (5962 kip). 

• SZH-3c: The shaft exhibited gradual and linear changes in displacement with increasing applied 

load up to the design test load of 12000 kN (2700 kip). The applied loading was then increased to 13200 

kN (2970 kip), which resulted in a total upward and downward displacements of about 4.6 and 2.2 mm 

(0.2 and 0.1 inch), respectively, and the response was still linear. The side and end resistances of the 

shaft were not fully mobilized. The minimum axial resistance (lower bound) was computed to be about 

27005 kN (6071 kip). 

• SZH-3d: The shaft exhibited gradual and linear changes in displacement with increasing applied 

load up to the design test load of 12000 kN (2700 kip). The applied loading was then increased to 13200 

kN (2970 kip), which resulted in a total upward and downward displacements of about 6.0 and 5.2 mm 

(0.25 and 0.2 inch), respectively, and the response was still linear. The side and end resistances of the 

shaft were not fully mobilized. The minimum axial resistance (lower bound) was computed to be about 

26227 kN (5896 kip). 

 

The load transfer distributions (i.e., internal force profiles) for the tested shafts are shown in Figure 7. As 

expected, the majority of the end and side resistances were developed in the argillaceous siltstone layers 

(i.e., the sublayers within layer ⑩), especially in the moderately weathered argillaceous siltstone (i.e., layer 

⑩-1-3). Based on the recorded measurements at the upper strain gages, it was determined that for most of 

the tested shafts there was limited side resistance from the ground surface down to a depth of about 5 m (16 

ft). For test shaft SZH-3c, there was minimal-to-zero side resistance down through the clay layer down to 

a depth of about 27 m (88 ft), and the side resistance began to increase near and below the interface with 

the medium dense gravel (i.e., layer ⑥-3-2). The differences in responses within the same layer is likely 

due to localized differences in geology and possibly due to the installation process to construct the shafts. 

 

The unit side resistance profiles for each of the tested drilled shafts are presented in Figure 8. For the last 

increment of applied loading for each of the test shafts, the average unit side resistance was computed by 

considering a representative tributary surface area (i.e., between adjacent strain gages). Based on the  
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(a) 

 
(b) 

Figure 7. Internal force profiles for: (a) SZH-2a,b,c,d and (b) SZH-3a,b,c,d 

 

 

measurements and inferences thereof, the majority of the load carrying resistance was provided by the lower 

layers in the profile, namely the sand layer (⑥-3-1), gravel layer (⑥-3-2), and the weathered argillaceous 

siltstone layers (⑩-1-1, ⑩-1-2, and ⑩-1-3). In addition, it was apparent from the computations that the 

side resistances of the various layers were not fully mobilized during the testing. 

 

A comparative summary of the estimated and measured values of unit side resistance, along with the 

measured upward and downward displacements, are provided in Table 4. The computed values of unit side 

resistance for the silty clay and mucky clay layers (i.e., layers ①-1 and ②) were considerably lower than 

the estimates provided from the geotechnical report. The average computed values of unit side resistance 

for the upper clay layers (i.e., ④-1 and ⑤-1) were relatively in line with the estimated values, but the 

observed ranges of values contained considerable variability. For the middle clay layer (⑤-2) and those 

below, the lower bound of the range and the average value of unit side resistance were greater than the 

estimated values provided in the geotechnical report. The computed values of end resistance ranged from 

6100 to 9075 kPa (127.4 to 189.5 ksf) with an average of 7507 kPa (156.8 ksf), which are considerably 

greater than the estimated value of end resistance of 4000 kPa (83.5 ksf) 
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(a) 

 
(b) 

Figure 8. Unit side resistance profiles for: (a) SZH-2a,b,c,d and (b) SZH-3a,b,c,d, deduced from the 
measurements from the last increment of applied loading 

 
Table 4. Estimated and measured unit side resistance 

Layer No. 
& Description 

Unit Side Resistance, kPa (psf) 

Estimated Measured Measured Avg. 

①-1 Silty Clay 24 (501) 0 – 10.8 (0 – 226) 5.04 (105) 
② Mucky Clay 14 (292) 0 – 11.0 (0 – 230) 6.03 (126) 

④-1 Clay 30 (627) 13.1 – 43.8 (274 – 915) 30.7 (641) 
⑤-1 Clay 40 (835) 15.7 – 78.8 (328 – 1646) 51.8 (1082) 
⑤-2 Clay 34 (710) 40.0 (835) 40.0 (835) 
⑥-1 Clay 44 (919) 45.8 – 79.9 (957 – 1669) 59.9 (1251) 

⑥-3-1 Silty Fine Sand 38 (794) 43.0 – 63.0 (898 – 1316) 55.7 (1163) 
⑥-3-2 Round Gravel 70 (1462) 88.4 – 129.8 (1846 – 2711) 105.8 (2210) 

⑩-1-1 argillaceous siltstone 50 (1044) 68.7 – 98.4 (1435 – 2055) 83.7 (1748) 
⑩-1-2 argillaceous siltstone 100 (2089) 128.3 – 161.7 (2680 – 3377) 140.6 (2936) 
⑩-1-3 argillaceous siltstone 160 (3342) 260.0 – 358.0 (5430 – 7477) 288.1 (6017) 

 

CONCLUSIONS 
Axial compression load testing using donut-shaped Super Cells was performed on eight 1000 mm (40 inch) 

diameter sacrificial drilled shafts embedded into weathered argillaceous siltstone for the new Hangzhou 

West Railway Station. The results of the full-scale load testing indicated that the upper layers of the deposit 
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provided minimal side resistance whereas the majority of the load carrying resistance was provided by the 

deep layers, especially the gravel and weathered argillaceous siltstone layers. During each of the tests 

performed, the side resistance of the different soil layers and the end resistance of the weathered 

argillaceous siltstone layer were not fully mobilized. The computed axial compressive resistance ranged 

from about 19532 to 27005 kN (4391 to 6071 kip), which are all considerably greater than the nominal 

axial resistance of 7000 kN (1575 kip) predicted and required by the design. The axial compressive 

resistance for the drilled shafts computed from the bi-directional static load testing indicated that the 

available axial resistance of each individual drilled shaft embedded to its respective depth greatly exceeded 

the minimum design requirements. The contractor’s installation means-and-methods were proven to be 

satisfactory and provided a constructed product that was in conformance with the project requirements. 

Therefore, based on the load testing, the parameters used to design the drilled shafts for Phase I could be 

improved to modify the design of the drilled shafts for the remaining phases of the project.  

 


