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Rationalised Settlement Criteria for
Pile Load Test

In Malaysia, pile load test settilement criteria are normally based on JKR’s Standard
Specification for Piling Works. The criteria recommended by JKR are as follows:
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pile tested shall be deemed fo have
failedif KR 1988

i.  The residual settlement affer removal of the
test load exceeds & 50mm

ii. The totalsetflement under the Working Load
exceeds 12 .80mm

ii. The fotal sefflement under twice the

Working Load exceeck 380mm. or 10% of

pile diogmeterfwidth whichever is the lower

value,

The criteria given by JKR hove senved the
industry well since its infroduction but the
sefflement criteric may produce dificulties
in situations where relatively long or large
diameter piles are gdopted. This is because the
elastic compression of long or large diameter
piles s signficant and wery often. the elastic
compression recorded durng  pile festing
exceeds the recommended criteria specified
by JKR. This may result in unreclistic design if
the criteria recommended by JKR are strictly
imposed.

In  addifion. strict adherence to  the
requirements of total setflement under twice
the Working Load not exceedng 380mm. or
10% of pile diogmeterfwicth whichewver is the
lovwervalue will also result in unduly conserdsative
pile design. This 5 because pile i traditionally
designed to global Factor of safety (FOS) of 20
which means the pile is expected fo fail with
excesshve seftlermnent much larger than 38mm
at twice the Working Load.

Therefore, if the pile sefflement under twice
the Working Load is within JKR's setflement
criteria. it means that the pile FOS is more than
20! This alko applies similarky to criterion on
residual settlermnent.

In this paper. some comparisons of
sefflemnent criteria of other countries and
published literatures are made and rationalized
settlement criteria for pile testing are proposed
bosed on the on the experiences of the authors
and results of recent research.

SETTLEMENT/FAILURE CRITERIA FOR PILE LOAD
TESTS

Table 1 summarises some of the sefflement/
failure criteria for pile logd tests from different
countries and published literctures extracted
from Mg et al (2004 and which are further
updated in this paper by the Authors.

From the fable. it can be observed that
recent  publications hove indicoted  the
importance ofincluding pile elastic compression
in determining seftlement criteria for pile load
tests. Some exam ples include:

o) Federation of Filing Specialists, FPS,

UK (20063

For insensitive buildings:

Pile sefflermnent af DYWL AW < 10mm + PL/AE

for piles less than 1000mm diameter.

Where:

P-loodon pile

L - pile length

A - cross-sectional area of pile

E - elostic modulus of pile
WL is the working load plus allowances for sol
induced forces such o downdrag or heove
and any particular conditions of the fest such s
variation of pile head casting lewvel.

For test piles greater than 1000mm diameter
o value in excess of 10mm may be appropriate.

Maximum sefflement at loads greater than
DYWL should not be specified for insensitive
buildings.
2y Housing Authorty, Hong Kong Special

Adrninistrative Region (HAY
Pile setflement, A, = PL/AE + D/30 dn mm) aR!
<0/50 or 10mm whicheveris smaller ARE = D/100
ar &mm whichever is smaller where AR is the
residual settlerment for pile embedded in soil,
ARE s the residucl seftlement for pile bearing on
rock.

Furthemore, B58004: 1984 Clause 7505
alzo  highlights  that the ultimate bearing
capacity of the pile may be taken as the force
at which the penetration is equal to 10% of the
diometer of the bose of the pile but elostic
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shortening will need to be taken into account for very long piles.
This is because the elastic shortening of the long pile itself may
reach 10% of the base diameter.

As such, from a review of current practices wordwide, it is
demonstrated that there is a need for Malaysian setflement
criteria for pile load tests be updated.

PROPOSED SETTLEMENT CRITERIA FOR PILE LOAD TEST - BORED
PILES

The proposed setllement criteria for pile load test for bored piles
are based on Ng et al. (2004) where test piles range from 0.6
to 1.8m in diameter and from 12 to 66m in length are used in
establishing the proposed criteria,

STUDY OF PILE TOE MOVEMENT FOR BORED PILES

In order to establish suitable sefiement criteria for failure load,
studies on the toe resistance-movement relationships have been
carmied out and the results are summarised in Figure 1. From
Figure 1, it can be seen that the full mobilisation of toe resistance
is difficult to achieve, as it may require extremely large toe
movements. However, a moderately conservative movement
for the mohilisation of toe resistance has been identified to be
4.5% of pile diameter (d), and this is consistent for both piles
founded on residual soils and piles founded on weathered rocks
(Ng et al. (2004)).

STUDY OF SHAFT SHORTENING FOR BORED PILES

In some of the sefflement criteria summarsed in Table 1 (e.g.
Davisson criteria and FPS Method), pile shaft shorfening equal
to PL/AE is included in defermining allowable sefflement. The
assumplion made is that no frictional resistance acts along the
whole pile length. However, the magnitude of pile shaft elastic
shortening is less than PL/AE due to resistance from the soil.
Measurement caried out by Ng et al. (2001) - Figure 2 shows
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Figure 1: Toe resistance-movement refationships for (a) piles embedded in
saprofites; (b} piles socketed in and founded on weak rocks (after Ng et al., 2007).
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Figure 2: Pile shaft shortening {after Ng et al., 2007).

that the elastic compression is less than PL/AE and a moderately
conservative estimate of shaft shortening are as follows:
a) For piles founded in soil,
Elastic shortening = 2 PL/AE
by For piles founded on rocks and/or with rock sockets and for
piles with slip liners Elastic
shortening = % PL/AE
In order to propose appropriate setflement criteria for pile
load test of bored piles, the design approach generdlly adopted
in Malaysia for design of bored piles is briefly discussed below.

DESIGN OF BORED PILES - MALAYSIAN PRACTICE (TAN & CHOW,
2003)

In conventional bored pile design practiced in Malaysia, the
Factors of Safety (FoS) normally used in static evaluation of pile
geotechnical capacity are parial Fos on shaft (Fs) and base (Fb)
respectively; and global Fos (Fg) on total capacity. The lower
geotechnical capacity obtained from both methods is adopted
as dllowable geotechnical capacity

Oy G

Qag (eq. 1)
F s Fb
. qu g8 Qbu
Qag == (eq.2)

F

b4

Note: Use the lower of Qag obfained from eq. 1 and eq. 2 above.
Bs8004: 1984, Clause 7.3.8 also states that:

“In general, an appropriate Factor of Safety for a single pile
would be between two and three. Low values within this range
may be applied where the ulfimate bearing capacity has been
determined by a sufficient number of loadings tests or where
they may be justified by local experience...”

Similarly, American Society of Civil Engineers (ASCE), 1903
also recommends a minimum global factor of safety of 2.0 for
compression pile where the pile capacity is verified by a sufficient
number of load tests on preliminary piles.
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Where:

Qe = Allowable geotechnical capacity (has not
included down-drag force, if any)

O = Ultimate shaft capacity = Z (Fux Ag)

i = Number of soil layers

O =  Ultimate base capacity = fi,, Ay

7 = Unit shaft resistance for each layer of
embedded soil

fi = Unit base resistance for the bearing layer
of soil

A, =  Pile shaft area

Ay =  Pile base area

£ = Partial Factor of Safety for Shaft
Resistance = 1.5

Fj = Partial Factor of Safety for Base
Resistance > 3.0

Fy = Global Factor of Safety for Total
Resistance (Base + Shaft) = 2.0

Assuch, bored piles are commonly designed to global FOS
of 2.0 Therefore, it s acceptable for bored piles to fail when
tested to twice the Working Load. Limiting the settlernent
criteria ot twice the Working Load is therefore irational and
leads to unduly conser/ative design.

CRITERIA ON RESIDUAL SETTLEMENT

Residual sefttlermment criteric os adopted in JKR's Standard
specification for Filing Works should be reviewed baosed on
the following discussion. Although the residual pile movernent
may give some indication of soil vield along the shaft and af
the pile tip. the magnitude of residual setflement is strongly
aoffected by ‘locked-in movement” of the pile. This is because
the anficipated elastic rebound of the pile may be affected
by side shear acting downward against the pile unloading and
preventing it from fully recovering the elastic compression.

This locked-in effect cannot be aocurately and reliably
ossessed (Ng et al, 2004, In addition, the residual mowvernent
is offected by any creep in the concrete pile. These two
phenomena are likely to be more prominent in long and
large-diarmeter bored piles and barrettes than short and smiall-
diameter driven piles (GEC, 1936, Ng et al, 20013, The residual
pile movement criterion is therefore irrational, unrelioble and
unsuitable for use as an acceptance criterion, espedially for
long piles and barrettes, and it always leads to unnecessarily
conser/ative design (GEC. 1976,

TEST LOAD FOR WORKING PILES

For working piles, it is adequate 1o test the pile up 1o 1.5 tirmes
instead of 20times theWorking Load. Thisisto prevent damaging
the working piles and is consistent with the recommendations
of ICE Specification for Filing and Embedded Retaining Walls
(CE, 2007y where proof test (equivalent to working pile test)
i5 reguired to be tested up to 100% DVL + 50% SWL which is

30

equivalent 1o 1.5 times the Working Load for piles not subjected

to downdrag. (Note: Design Verification Load, DVL - working

load plus allowances for scil induced forces such as downdrag or
heave, and any particular conditicns of the test such as varation
of pile head casting level, SWL - specified working load).

Therefore, the proposed settlerent criteria for pile load test
for bored piles are os follows:

a) The total settlement at Working Load does not exceed the
following magnitude or other suitable magnitude based on
structural considerations:

For piles founded in soils:

Ay =12580mm + 12 PL/AE

For piles founded on rocks and/or with short rock sockets and for

piles with slip liners:

Ay, =12580mm + % PL/AE

Mote: The 1280mm limit is o consersative limit 1o ensure
that differential settlement between colurmns of a building will
not affect its safety and serviceability. Typically, differential
settlerment between any two piled foundations is unlikely to be
greater than 75% of the maximum setflement (Craig, 1998). As
such, for medium-rise to high-rise buildings with colurmn spans
ranging from 5.0 tfo 85m where bored piles are typically
used, the maxirmum differential settlernent for a 25m long, 1.2m
diometer rocksocketed bored pie (Working load = 2800kMN)
wolld be approximately equal to 0.75*18.5mim = 14rmm.

The distortions due to the differential setflement will range
frormn 1/35010 1/600which is within the allowable limits 1o prevent
cracking in walls and partitions of 1,300 and well within the limits
for structural damage of 1/150 Gkempton & McDonald, 1956).
In the design of foundations, it is important 1o control distortions,
differential seftlernent rather than total settlement. Controlling
fotal sefflernent in order to reduce distortions/differential
seftlernent will lead to unduly conservative design. Understanding
this principle will produce better foundation design and is
consistent with intfernational practice where total settlement of
high+ise buildings exceeding 100mm has been rep orfed.

some recorded total settlerment of high-ise buildings of more
than 40-storey in Germany is shown in Figure 3.

b) The total setflement, at 1.5 times the Working Load does not
exceed the following values:

For piles founded in soils:

A, =0.045d + 12 PL/AE

For piles founded on rocks and/or with short rock sockets and
for piles with slip liners:

A, =0.045d + % PL/AE
where dis the pile diarmeter/size.

MNote: The above values were also proposed by Mg et al. (2004 os

foilure lood criterion for large diometer bored piles and barrettes. The

0045dlimit is bosed on a moderately consersative movement for the

mokiliszation of toe resistance (refer to Figure 1),

Criteria on setftlement at twice the Working Load and residual
settlerment are omitted based on the technical justifications
discussed earlier. In addition, the test load for pile testing shall be
as follows:

) Working piles - tested up to 1.5 tirmes the Working Load

by Preliminary piles - tested up to af least 2.0 times the

Working Load or unftil the test load cannot be sustained.



Figures 4 and 5 illustrate the difference between JKR's criteria
and the propcsed criteria for bored piles founded on rock.

Motes:
1. Figure dertved using 1200mm diagmeter bored pile founded

on rock
2 Bored pile constructed using Grade 35 concrete.

4. Pileworking load = 2800kMN.

5. Pileworking lood is assumed egual To structural capacity
of pile.

MNotes:

1. Figure dertved baosed on pile length of 25m founded on
rochk.

2 Bored pile constructed using Grade 35 concrete.

3. Pileworking load is assurned equal 1o structural capacity
of pile.

As can be seen from Figures 4 and 5, the prop csed criteria
are similar to exsting JKR criteria for small pile diometer and
relatively short pile length. However, with increasing pile
length and diameter, the propcsed criteria give more rafional
seftlerment criteria and will not result in overly conservative
design.

PROPOSED SETTLEMENT CRITERIA FOR PILE LOAD TEST - DRIVEN
PILES
Bosed on experence and findings on bored piles, the settlerment
criteria for pile load test for driven piles s propcsed based on
similar concept. The difference in lcad-transfer mechanism
between driven piles and bored piles can generaly be
surmmmarised as follows:
a) Magnitude of shaft friction
The mobilised shaft friction for driven piles 5 expected
to be higher compared 1o bored piles due to scil
displacernent during pile installation.
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by Mobilisation of end-bearing resistance
The reguired pie setflemment in order to mobilise
end-bearing resistance for driven piles is expected to be
sraller compared to bored piles due to comprassion
of ol at pile tip during installation and effect of residual
lood due to locked-in effect during pile installation.
Assuch, the proposed settlement criteria for pile load test for
driven piles are as follows:
a) The total settlement at Working Load does not exceed the
following magnitude or other suitable magnitude based on
structural considerations:
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For piles founded in soils and rocks:

Ay, = dN20 + PLAAE +4.0mm

Motes:

T

b)

The aobovecriteria are  similor fo Dovisson (1972
which is widely adopted.

The component for elostic compression used is similar to bored
piles. However, the actual magnitude of elostic compression is
expectedto be even smaller compared  to bored piles. This is
because the shaft friction in diven piles is expected to be higher
and so, the elostic compression is reduced due to resistance from
shaft friction.

The criteria d/ 120 is consistent with experience in dynamic testing
of piles, which is the recommended toe guake, i.e. displacement
at which the statfic soil resistance changes from elastic to plastic
behaoviour (Goble & Rausche, 12867).

The magnitude of 4 0rmm is consistent with the recommendations
of Davisson, 1972,

The total settlement at 1.5 times the Working Load does not
exceed the following values:
For piles founded in scils and rocks:

Motes:

1.

The obove criteria is bosed on the assurmption that the pile has
*failed” when pile top settlement equal to 10% of the pile base
diameter which is specified in BS8004 and Eurocode 7.

Cnly half of the elostic shortening component (PLAAE) s
consen/atively includedin the proposed criteria. Thisis o account
for load fransfer mechanism which will reduce the elgstic
shortening of the pile.

Figures 6 and 7 illustrate the difference between JKR's criteria andthe
proposed criteria for driven piles in soil.

Motes:

1. Figure derived using 200mm x 200mm RC Square pile with
Grade 45 concrete.

2 Pileworking load = 450k

Simnilar to bored piles, from Figures 6 and 7, it can be seen that the
proposed criteria give more redlistic sefflernent Criteria especially for
long piles exceedng 20m.

SUMMARY

Based on latest international practice, recent research carried
out and Malaysian practice in piled foundation design, the
following settlernent criteria for pile lood test are proposed:

a) BORED PILES

The tfotal settlement at Working Lood does not exceed the
following rmagnitude or other suitable magnifude based on
structural considerations:

For piles founded in soils:
Ay = 1280mm + ¥ PL/AE

For piles founded on rocks and/or with short rock sockets and for piles
with glip liners: A, = 1250mim + % PL/AE

The total settflement at 15 fimes the Working Load does not
exceed the folowing values:

For piles founded in soils:
Ay, =0.045d + 12 PL/AE

For piles founded on rocks and/or with short rock sockets and for piles
with slip liners:

Ay, =0045d + % PLAAE
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b) DRIVEN PILES
The total settlement ot Working Lood does not exceed the
following magnitude or other suitable magnitude based on
structural considerations:

For piles founded in soils and rocks:

A = d/ 120+ PLAAE + 4.0mim

The total settlement at 1.5 times the Working Load does not

exceed the following values:

For piles founded in soils and rocks:

AR =01d + ¥ PL/AE
The setflement criteria for driven piles can be further refined os
there is still some degree of empiricism in the proposed criteria (e.g.
40mm value). Further research can be caried out on driven piles to
determine more redlistic elastic compression of the pile taking info
consideration the effect of load fransfer to fadilitate refinement of
the settlement criteria.

Criteria on settlement at twice the Working Load and residual
settlerment are omitted based on the technical justifications
discussed abowve. In addition, the ftest load for pile testing shall
be as follows:

) Working piles - tested up to 1.5 tirmes the Working Load

by Preliminary piles - tested up to af least 2.0 times the

Worlking Load or unfil the test load cannot be sustained.
The proposed settlierment criteria are based on technical justifications
o prevent unduly conservative design and are consistent with
intermational gectechnical practice. A
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