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Soil

Category 1(a), 

1(b) or 1(c) Rock

Step 4:

Grouting

Pile Shaft

Rock Socket

Step 1:

Boring in Soil with 

Temporary Casing

Step 2:

Boring in Rock 

without Casing

Step 5:

Extract 

Temporary Casing

Step 3:

Insert Pile Shaft

Temporary Casing

Common Construction Method
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Category Subdivision Characteristics Examples

1 - Empirical – not based on Soil Mechanics 

Principles

Correlation with CPT, SPT, a-

method, PRESUMED VALUES

2 2A Based on Simplified Theory of Charts – Uses 

Soil Mechanics Principle. Theory is Linear 

Elastic (Deformation) or Rigid Plastic  

(Stability)

b-method, Elastic solutions

2B As for 2A. Theory is Non-Linear (Deformation) 

or Elasto-Plastic (Stability)

Effective Stress Method, Elastic 

solutions

3 3A Based on Theory using Site-Specific Analysis. 

Uses Soil Mechanics Principles.

Theory is Linear Elastic (Deformation) or Rigid 

Plastic (Stability)

Finite Element Analysis

3B As 3A, but Non-Linearity in allowed for in a 

Relatively Simple Manner.

Finite Element Analysis

3C As 3A, but Non-Linearity is allowed for by way 

of Proper Constitutive Models of Soil Behaviour

Finite Element Analysis

Pile Behaviour – Theory and Application (Poulos H G 1989)
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Soil

Category 1(a), 

1(b) or 1(c) Rock

Grout

Pile Shaft

Ps =Asts

(Assume = 0) 

Pt =Atqt

(Assume = 0) 

Pile Capacity = 

Lesser of Qult and Pult

Ps =Asts

Generalized Design Equation

In the design of this pile type, Pt is ignored.

For the calculation of Ps, the grout shall have a

minimum characteristic strength of 30MPa.

The design ts between soil and grout is also

ignored, while that between rock and grout

shall not exceed the allowable value and may

be estimated from Table 2.2, which is equal to

700kPa under compression or transient tension

and 350kPa under permanent tension for

category 1(c) or better rock. The design ts

between grout and steel H-pile shall not

exceed the allowable value and shall not

exceed 400kPa, or increase to 600kPa if shear

studs are used. The ultimate ts between steel

and grout, and grout and rock, shall be taken

as 2 times the allowable ts.
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Socketed H-Pile

Mini-Pile

305x305x180kg/m UC

305x305x223kg/m UCGrout

Rock

Bundle of Reinforcing Bars

of Various f and Grade

Grout

Rock

610mm f hole

219mm f hole 273mm f hole

Common Types of Pile Shaft 
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Question

The pile capacity is commonly

calculated by the engineers as the

lesser of its structural capacity and

the ultimate resistance of ground

supporting it using a generalized

equation irrespective of the shaft

type, socket diameter, socket

length, rock type and grout

strength.

This equation may be over-

simplified and risky if the

pile/grout/rock interaction is not

considered.

AKOS

Innovation of the Like with 

Different Shaft Type, Socket 

Diameter, Socket Length, Rock 

Type and Grout Strength

Commonly used 

H-Piles and Mini-Piles 

in Category 1(a), 1(b) 

and 1(c) Rock, and 

now 2 as well
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Hooke’s Law



Load-Transfer Mechanism
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AKOS

Schematic Idealized Socketed H-Pile 

(Johnston and Lam 1989)

1. Load-transfer from 

pile shaft to cement 

grout

2. Load-transfer from 

cement grout to 

surrounding rock

3. Brittle behaviour of 

cement grout under 

load
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Typical Stress-Strain Behaviour of 

Steel
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Typical Stress-Strain Behaviour of 

Soils

A: Fine Grain Soil

B: Loose Coarse Grain Soil

C: Dense Coarse Grain Soil

s = c + stan(f)

S
tr

e
s
s
  
 

Strain



Typical Stress-Strain Behaviour of 

Rocks
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Strain
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Ultimate ts = tu

Fracture and 

Slip start at 

about 0.7tu

Stage III

Stage II

Stage I     

0                     0.002                  0.004                  0.006                 0.008                 

Strain

1.0

0.8

0.6

0.4

0.2

0.0 

R
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iv

e 
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iv

e 
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es

s

Limiting ts 0.7 tu

AKOS

Schematic Stress-Strain Behaviour

of Grout (Kyriazopoulos, 2009)
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Cohesive-Elastic Crack Model 

(So and Karihaloo 1993)

(a) Equilibrium of Bond Forces 

around a Deformed Bar

(b) Longitudinal Section with Secondary Cracks, 

(c) Cross Section indicating Material State, 

(d) Stress Distribution in Concrete Ring



Revisit of 6 Axially Loaded 

Instrumented Socketed H-Piles
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Location of the Sites
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Load-Deformation Responses of 6

Instrumented Socketed H-Piles (Wang(2006) and Liu(2008))
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Load-Deformation Responses of 6

Instrumented Socketed H-Piles (Wang(2006) and Liu(2008) 

Cont.)



Soil Profiles and Variation of Shaft Resistance subjected to 

Compression Load (prepared after Wang (2006) and Liu (2008))
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Strain gauge measurement shows that a

substantial amount of axial load was

transferred to the soil layers, which could be in

both fill and completely decomposed tuff as in

SP1 or mainly in fill as in SP2. This indicates

that the shaft and surrounding grout in soils

might not always bond together behaving as a

composite body and slippage and breakage of

bond could occur. The axial load transferred to

the rock socket is small with max ts = 312kPa

in SP1 and 304kPa (at 75% proof load only)

inSP2, both of which are less than the

permitted ts (=700kPa).



Soil Profiles and Variation of Shaft Resistance subjected to 

Compression Load (prepared after Wang (2006) and Liu (2008))
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Strain gauge measurement shows that the

ts in alluvium was small, probably due to

slippage and breakage of bond, thus

transferring a large part of the axial load to

the rock socket with max ts=348kPa in

HP19 and 940kPa in HP31. Despite this, the

hysteretic loses and Sres are less than that

of SP1 and SP2 (Sres/L=0.009% in both

HP19 and HP31, but 0.034% inS P1 and

0.025% in SP2), while ts can reach 940kPa

in HP31.



Page 23 AKOS

Soil Profiles and Variation of Shaft Resistance subjected to 

Compression Load (prepared after Wang (2006) and Liu (2008))

Cont.

Strain gauge measurement shows that a large part of the axial load was transferred to the soil layers,

which were fill, alluvium and completely decomposed granite as in SP3 and fill, alluvium and karstic

surface deposits as in HP37, with a little part of the axial load to the rock socket. This indicates that the

length of pile shaft in soils could significantly affect the amount of axial load transferred to the rock socket,

and also explains the small hysteretic loses and Sres of the piles.



Case Study on Performance of 

35 Non-Instrumented Piles
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Existing Ground LevelCarriageway Carriageway

Diaphragm Wall Diaphragm WallFill

Marine Deposits
Marine Deposits

Alluvium Alluvium

Weathered Soils

Category 1(c) or Better Rock

Seawall

mPD
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Sea Water Level

Soil Profiles along Site 4 (Vertical Exaggeration = 4)
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560mm

610mm

Soil

Category 1(c) 

or Better Rock

R
o

ck
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et
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th

Founding Level

305x305x223kg/m 

Grade 55C Steel H-Pile

22mm Diameter 100mm Long 

Shear Studs @ 200mm c/c 

on Both Sides of the Web 

(Total 24 Nos.)

Rock Head Level

30MPa or Better Cement Grout

Planar Arrangement 

Details of the Socket and Anchorage
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Concrete Blocks

2 Tiers of Concrete Blocks

Secondary Beams

Primary Girder

Hydraulic Jack

Dial Gauges

Reference Beams Test Pile

Set Up for Test Pile in Compression
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BB

A

A

Section A-A Section B-B

Bottom Tier of 

Concrete Blocks

Middle Tier of 

Concrete Blocks

Top Tier of 

Concrete Blocks

Steel Truss

914x419x431kg/m Girders

A Pair of Hydraulic Jacks

Support Girders

Concrete Blocks

Reference Beams
Test Pile

Load Test Kentledge

Dial Gauges

Set Up for Test Pile in Tension



Piles in Compression with Small Hysteretic Response 
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Their load-settlement curves were almost linear with small hysteretic response even at proof load 

indicating that these piles behaved very elastic. The linear elastic behavior might imply that the cement 

grout was stressed to the second stage of the stress–strain curve only.
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Piles in Tension with Small Hysteretic Response 



Piles in Tension with Small Hysteretic Response (Cont.) 
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Piles in Tension with Small Hysteretic Response (Cont.) 

10 piles had their load-elongation curves almost linear with small hysteretic response at proof load 

indicating that these piles also behaved very elastic. 



Piles in Tension showing Large Hysteretic Response
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Piles in Tension showing Large Hysteretic Response (Cont.) 



Piles in Tension showing Large Hysteretic Response (Cont.) 
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Piles in Tension showing Large Hysteretic Response (Cont.) 
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Piles in Tension showing Large Hysteretic Response (Cont.) 

21 piles behaved very elastic with little residual elongation in the first load cycle at 50% proof

load, but the rate of deformation increased at 75% proof load, indicating that interfacial bonds

might have started to slip, resulting in larger hysteretic response. This behavior is consistent with

the observation of Li (2005) that a sudden drop in pile stiffness began to occur when the test

load was increased to 70–80% yield stress. The non-linear inelastic behavior might imply that

the cement grout was stressed to the third stage of the stress–strain curve.



Piles in Tension exhibiting Large Plastic Deformation 
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Among them, 4 piles exhibited very large plastic deformation at 100% proof load indicating that 

internal micro-cracking progressed and some bond failure might have taken place. 



Physical Meaning of Side Resistance Distribution Factor as
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as = 0.5 may be

perceived as the Ps is

evenly distributed

along the shaft in soil

and to the upper half

of the rock socket;

while as = 1.0 may be

interpreted as there is

no Ps along the shaft

in soil and upper half

of the rock socket due

to complete bond

breakage and the

load is resisted by the

Ps along the shaft in

the lower half of the

rock socket.



Side Resistance Distribution in Piles
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At 50 % proof load (5,965 kN), as were

equal to 0.46, 0.51, 0.66 and 0.71. This

indicates that 2 piles with as = 0.46 and

0.51 derived their resistance with

uniform ss along the shaft in soil and

the upper half of the rock socket, while

the other 2 piles with as = 0.66 and

0.71 had a substantial amount of load

transferred to the lower half of the rock

socket. When the load was increased

to 100 % proof load (11,930 kN), as

increased slightly to 0.49. 0.64, 0.70

and 0.71 respectively, indicating that an

increased portion of load was

transferred to from the shaft in soil to

the shaft in rock.



Side Resistance Distribution in Piles
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At 50 % proof load, as varied from

0.18 to 0.48 (average 0.36). as < 0.5

seemingly implies that the loaded

length of the pile was shorter than L

which is measured to the centre of the

rock socket. This shows that only the

top most part of the rock socket was

loaded first, and the lower part of the

socket would not be mobilized when

the socket is long. At 100% proof load,

as of all piles increased slightly to

0.25–0.46 (average = 0.40).This

indicates that an increased portion of

load was transferred to the rock

socket, but still only the topmost part of

the rock socket was loaded and the

lower part of the socket would not be

mobilized when the socket is long.



Side Resistance Distribution in Piles
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At 50 % proof load, 4 piles had as < 0.5, 9 piles had 0.5 < as < 0.6 and 8 piles had as > 0.6. This

indicates that substantial amount of load could still be transferred to the lower half of the rock socket at

this load despite the rock socket is long. When the load was increased to 100 %proof load, the as of all

piles except 4 piles with large plastic deformation, increased slightly from 0.37–0.70 to 0.43–0.81.

Likewise, this indicates that an increased portion of load was transferred to the rock socket when the

applied load was increased. Of the 4 piles with large plastic deformations, pile T31 with 11.47 m rock

socket had as = 0.96. This might imply that complete breakage of bond between pile and grout and/or

grout and rock close to the upper half of the socket occurred.
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Effect of Socket Length to Side Resistance Distribution Factor as

For piles with little hysteretic

responses, as appeared to be

insensitive to the socket lengths with

an average as = 0.36 at 50 % proof

load but increased to an average as

= 0.40 when the loads increased to

100 % proof load. This again shows

that the ts was transferred from the

surrounding soil to the rock socket

when the applied load was

increased. This also proves that for

piles with small hysteretic

responses, the bond at the interface

of pile and grout and/or grout and

rock remained intact even at 100 %

proof load, and only the topmost half

of the rock socket was loaded and

the lower half of the socket would

not be mobilized.



Page 44 AKOS

Effect of Socket Length to Side Resistance Distribution Factor as

For piles exhibiting larger hysteretic

responses/plastic deformations, as

were >0.5 at 100 % proof load and

tended to decrease as the socket

lengths increased. This indicates that

when the axial load was increased to a

certain point, some breakage of bond

and slippage between pile and grout

and/or grout and rock could occur, and

deeper volumes of the surrounding

rock mass were loaded. The portion of

load transferred to the rock socket

tended to decrease as the socket

length increased, seemingly indicating

that critical socket length exists



Page 45 AKOS

Variation of ts with Socket Length 

The as of piles T27, T28, T30 and

T31 were close to or >1.0, seemingly

implying that theoretically there was

no Ps along the shaft in soil and

upper half of the rock socket due to

complete bond breakage, and the

load was resisted by the Ps along the

shaft in the lower half of the rock

socket. The average ts reduced as

the socket length increased. This is

explainable because cementitious

grout is quasi brittle with tension

softening behavior. The residual ts

would diminish rapidly after the bond

has slipped. This may also be caused

by the degree of stress rotation along

the interface which will differ because

of different magnitude of slip at the

interface with depth.
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Variation of ts with Pile Length 

as appeared to be very scattering, likely

because the load-transfer mechanism is

affected by many factors. However, if the

piles with exceeding large as were

discarded, as tended to decrease with

increased pile length. This is reasonable

as the instrumented piles showed that the

ts along pile shaft in soils could be

significant such that the pile length in soils

could affect the amount of axial load

transferred to the rock socket, thus

reducing the portion of load transferred

from the shaft in soil to rock (i.e. as) with

increased pile length. Furthermore, grout

bond strength can increase with increased

confinement. If overburden pressure to the

rock socket is perceived as a form of

confinement and may be taken as the

average soil pressure at the centre of the

rock socket, i.e. to the pile length L of the

Code, the bond strength is expected to

increase with pile length as well.
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Variation of as with Sres

For piles in tension with small hysteretic response, Sres tended to increase with an increase in as

despite of some scattering. This is reasonable as increase in as implies an increased portion of load 

is transferred from the shaft in soil to the shaft in rock. This means that an increase in deformation, 

and deeper volumes of surrounding grout and rock mass are loaded hence larger slip and/or bond 

failure at the interfaces. For piles in tension exhibiting larger hysteretic response, the trend of Sres

increasing with increased as becomes more obvious, and piles T27, T28 and T30 with as close to or 

greater than 1.0 have large plastic deformations. 



Variation of Creep Settlement with Socket Length 
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dc,72Hours appeared very scatter as it

is largely affected by the properties

of the grout mix. It tended to

increase with increased rock

socket length Ls, and the increase

appeared to be similar for piles in

tension irrespective of the amount

of hysteretic responses, but was

smaller than that of piles in

compression.
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Conclusions
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1. The load-transfer mechanism in long rock socket is found

dependent:

1.1 not only on the mobilization of shear resistance in soil

and rock layers,

1.2 but also largely on the steel/grout bond behavior.
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2. A side resistance distribution factor as is introduced as a

simple and practical index to represent the load-transfer

mechanism along the pile shaft and to the socket.

3. It would increase with an increase in loading and pile length

in soils,

4. but decrease with an increase in socket length

5. indicating that critical socket length does exist which is likely

depending on the grout bond strength.
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6. Average bond stress reduces with increased socket length

when the critical socket length is exceeded.

7. Residual settlement is largely due to the slip and bond

failure at the interface.

8. Creep settlement is largely affected by the properties of

grout mix and tends to increase with increased socket

length.



Page 53 AKOS

Q & A


