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Abstract—The objective of this study is to evaluate the threshold
stress of the clay with sand subgrade soil. Threshold stress can be
defined as the stress level above which cyclic loading leads to
excessive deformation and eventua failure. The thickness
determination of highways formations using the threshold stress
approach is a more readlistic assessment of the soil behaviour because
it is subjected to repeated loadings from moving vehicles. Threshold
stress can be evaluated by plastic strain criterion, which is based on
the accumulated plastic strain behaviour during cyclic loadings [1].
Severa conditions of the al-round pressure the subgrade soil namely,
zero confinement, low al-round pressure and high al-round pressure
are investigated. The threshold stresses of various soil conditions are
determined. Threshold stress of the soil are 60%, 31% and 38.6% for
unconfined partially saturated sample, low effective stress saturated
sample, high effective stress saturated sample respectively.

Keywor ds—threshold stress, cyclic loading, pore water pressure.

|. INTRODUCTION

ESIGNING a more stable highway formation is needed

to facilitate increased efficiency in ensuring a longer life
with low maintenance costs, and smooth running for heavier
and faster vehicles.

Design of highway formations thickness can be determined
by several methods that are available [2]. The commonly used
design methods are AASHTO (American Association of State
Highway and Transportations Officials) method and Asphalt
Ingtitute method in the United States, and Arahan Teknik-
Jabatan Kerja Raya (JKR) manua for pavement design in
Malaysia. Highway construction is divided into two types,
namely, flexible pavement and rigid pavement. A flexible
pavement construction consists of several layers, that is, the
surface, base, sub-base and subgrade as the natura soil,
formed from top to bottom, respectively. Rigid Pavement
consists of surface and sub-base on top of the subgrade.
Subgrade soil, the lowest layer, provide a foundation for
supporting al the overlying pavement layers which is
considered as one of the most critical design factor in
achieving excellent performance in any pavement
construction. The need to develop a better highway design and
construction methods for the asphalt pavement layer is needed
beside the current available method of pavement design.
Threshold stress approach can be used as an alternative design
method for the highway formation design.
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II.LITERATURE REVIEW

A. Threshold Sress Definition

Larew and Leonard studied the threshold stress of soil
based on the tota stress cyclic tests [3]. Threshold stress can
be defined as the stress level above which the cyclic loading
caused rapid permanent deformation [4] and the increasing
pore water pressure build up leading to failure below the static
failurevalue[1].

Threshold stress of the soil can be defined as a deviator
stress equivalent to 50% of the soils' measured for design
purposes [5]. The threshold stress definition based on the
concept by ORE [6] investigation and carried out the threshold
stress studies based on this concept. Threshold stress of the
subgrade soil is maximum deviator stress that can be applied
to the sample that does not cause cumulative strain greater
than 10 percent in 1000 cycles. Moreover, for aternative
approach, threshold stress can also be recognized as a deviator
stress value at 1% permanent strain in the sample[7].

B. Cyclic Stress Ratio

The cyclic stress ratio (Ry) is defined for purposes of
analyzing threshold stress of the soil results. The cyclic stress
ratio is the cyclic stress level over the ultimate failure stress
level. Cyclic stress level is the stress level imposed during
cyclic loadings, while failure stress is the stress level at which
the samplefailed.

The cyclic stresses caused by stress pulses transmitted by
moving vehicles, creates vertical stress which can be
approximated by haversine or triangular functions[8].

Threshold stress was introduced in cyclic characterisation of
sand by Dobry et al.[9], is |ater termed as volumetric threshold
cyclic shear strain, vy, [10]. In addition, cyclic strength defined
as the number of cycles at a given cyclic stress ratio, to
generate a double-strain amplitude, epa of 5% [3].

The Unconfined Compressive strength test is defined the
cyclic stressratio, R; [10], as a percentage as:

R = (Z—u) x 100% (1)

Where, ¢, =thecyclic deviator stress
q,, = theunconfined compressive strength.

Knowing g, from the Unconfined Compression test on a
similar sample, g, may be obtained for the required R value
using Equation (1).

The threshold stress is defined as the deviatoric stress level
at which the rate of accumulation of deformation increased
exponentially [12]. The properties of the material which affect
the level of the threshold stress are its stress history, water
content, and therefore, shear strength.
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Furthermore, the cyclic stress ratio is also sulidiig using
of cyclic stress ratio developed [13, 14, 15]. Thisfined
cyclic stress ratio as the ratio between cycliciatev stresses,
Oeyciic tO the static deviator stress at failurgy,@, depicted as
follows:

Cyclic stress ratio =@ic / Gailure (2)
Where, gycic = cyclic deviator stress
Ghailure = Static deviator stress at failure

C. Threshold stress evaluation

Plastic strain or permanent strain may have muelatgr
role in the life and performance of flexible pavertsethan
designer currently recognizes [16]. It can also used to
model the response of the soil. When the soil inghaded
by vehicles traversing along the road in a cyading, there

Ill. METHODOLOGY

A. Material and Properties

Soils are local soil as subgrade soil used to deter its
threshold stress which can subsequently be usetthiftkness
design formation.

The highway formation is laid either in filling autting
area. When the formation is laid in filling, ité®@mpacted and
the pavement layers are constructed over it, butnwthe
formation is laid in cutting, the compaction of tfe@mation
may not be needed. To develop the methodology stintg
both proper control and sample reproducibility aeeded.
Due to the difficulties to obtain reproducible sdesp tests are
performed on compacted samples. The compactiomaidras
been specified in term of maximum dry density aebékusing
Modified Proctor Compaction.

B. Test Performed

will be a certain deformation occurred on the sampl

formations.

Based on the accumulatgthstic strain behaviour during
cyclic loadings in the triaxial test of subgradeils, the
equation for railway track can be developed [6].
developed the equation for undisturbed samples asfdon
Clays for the drained cyclic loading test, as seeRquation

A3).
Log (e,) = 1.39%, — 1.74 + 0.622 log N (3)

Where, &
N

= average elastic strain (%)
number of cyclic loadings

Thus, the real condition governing the performaaté¢he
railway track is the cumulative deformation whishindicated
in terms of plastic strain [6, 17, 18]. ORE [6] oceemended

Triaxial tests were carried out using Geotechniaaital
System (GDS) Triaxial Instruments, GDSLab V2, 2005
manual is for both static and cyclic triaxial tesfBhe

R Maximum frequency of cyclic loading is 1 cycle peinute.

All tests are performed in such a way that maxinpressure
capacity of GDS system (1700 kPa) should not beetked.

Sample is tested for 100 cycles in the cyclic taste
sample can be cyclic from 4 up to 10,000 cycles dore
pressure measurement [4, 18], where the first-cyale
deformation dominates the magnitude of plastidrs{i20].

Threshold stress of subgrade soil can be deterb@sed on
soil condition, namely, at zero confinement, lownfioing
pressure and high confining pressure. The testdwated are
as follows,

C.Unconfined Compression Test
Unconfined Compression test (UCT) in this study sists

thee, < 10%0i” 1000 cycles, while Shahu [10] recommendegk 14 steps during loading. Firstly the soil suig is loaded
the g, < 10% in 100 cycles as a failure criterion in th§y ¢y clic condition for 100 times at a low frequgraf 1 cycle

laboratory tests.

Shahuet al. [1] determined the cyclic stress ratiq, Rhich
is defined as the ratio at which a sudden increlse
incremental plastic strain occurred due to cyaiadings after
some cycles. The data is plotted in terms of inemal values
of the plastic strain in relation to; Ror the different confining
stress values. Thus, based on studies related &
development of plastic strain, the relationship wesn
cumulative plastic strain and cyclic stress raicevaluated.
Changes in plastic strain generation on cyclic ilogsl and
stiffness of the soil are relevant to highway anshway
pavement formations [11].

Threshold stress is a point beyond which plastrairst
occurs if the application of cyclic loads on theil sis
continued. The cyclic triaxial and simple sheatdese used
to obtain the values of the cyclic yield stress démeshold
stresses [19].
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per minute. Then secondly the sample is shearestdtic
loading at a rate of strain of 0.5mm/minute urttifails. The
tests are carried out at axial stress amplituden ftoe lower
stress to the higher stress in which the sample faibpefore
reaching the 100 cycles.

Sample is subjected to cyclic loading with cyclicess
P&tio, R, used the Equation (1). The cyclic deviator sttegsl
has been varied, while the frequency is kept condta all
tests.

D.Unconsolidated Undrained Satic and Cyclic Test

Unconsolidated Undrained (UU) triaxial test givesar
strength of soil at different confining stressesthese tests the
cell tube is filled with water in order to give artain pressure
to the soil.

In this test, the cell pressure is applied to arddsvalue
then the sample is allowed to settle down for ast& hours to
have evenly all around pressure. When the sampleaed
either in static or cyclic mode, the pore pressfrthe sample
is recorded, before it gets sheared and after r&ilThe
response of the partially saturated soils for hagmfining
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pressure can be investigated by raising the cefigure up to a
value where the air in the voids is totally dissaly and the
soils may behave like a saturated material. Thestiold
stress ratio can then be determined.

E. Consolidated Undrained Satic and Cyclic Test

In this test, the cell pressure and back pressweapplied
at the incremental value, in order to produce tlody f
saturation sample as nearly as possible by theasito stage
that is expressed in terms of the Skempton’s poesspre
coefficient, B. Since the B-value is defined as thio of the
induced pore water pressure to the applied alldqunessure,
it can be simply obtained in the triaxial test abdratory [21,
22]. The Skempton’s B-value method has been widsgd to
determine the state of saturation of laboratory spécimens
at the end of this stage the Skempton’s value (&8 whecked
whether it has achieved the value more than 95%nvithean

cyclic for 100 cycles at various cyclic stress lsvéhen
sheared in static loading until the sample fail.

A. Plastic strain devel opment for zero confining pressures

Cyclic loadings lead to the accumulation of defaiiora
that resulted in permanent deformation. The deftionaof
the sample after 100 cycles of loading is presemtdeig. 1,
where it illustrates the effects of the variouslicystress ratios
on the deformation generated by the Unconfined Geagon
cyclic triaxial test.

Fig. 1 presents the deformation of the sample dusytlic
loading. The deformation is developed quickly as dyclic
stress ratio is increased. It can also be noted tus figure
that at low cyclic stress ratios (R 50%), the deformation of
the sample, or axial strain, is still below 5% wéhdrcan still
sustain the cyclic-loading utilization up to 10Qckes. As the
cyclic stress ratio is increased; (R50%), the deformation of

be concluded that the sample was fully saturatede Tthe sample increased sharply. Eventually, it ledhto failure

minimum acceptable value of B in laboratory tesDig5 to
0.97. When the saturation is not satisfactory them back
pressure is raised to a higher value so that therasent is
expelled and the remaining size of air bubblesésrelased
[23]. After the sample is fully saturated the cditation stage
is then applied and the effective stress that etqudifference
between cell pressure and pore pressure is

completed the sample is sheared in cyclic loadimgntin
static loading.

F. Evaluation Methods

Threshold stress of the subgrade soils is defiredha
maximum cyclic stress level at which the cyclic doey
initiates rapid permanent deformation and cumuaiicrease
of pore water pressure leading to failure below #tatic
failure value. The threshold stress ratiog B the ratio of
threshold stress to the ultimate static failureesgr Cyclic

record¢
Furthermore, when the consolidation process hasn be

of the sample. In this study of cyclic stress atidove 60%,
the sample failed before 100 cycles of loading.

12 4
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0 20 40 60 80

Rf (cyclic stress ratio), %

Fig. 1 Deformation of the sample due to cyclic sHeading

stress ratio, Ris the ratios of the cyclic stress to the ultimate To determine the threshold stress value of thessdibrade

static failure stress obtained from cyclic triaxiedt.
Threshold stress determination is using the cur¥e

in an unconfined condition, Fig. 2 is drawn based the
eesults of the unconfined cyclic triaxial test. &arparameters

cumulative plastic strain,[lp as developed by Shahuwere studied, namely, axial strain before cycliading, axial

investigation [18]. He has used the cyclic streaSor R
parameter and threshold stress ratigs. Rhen proposed the
threshold stress ratio asmeasurement of the value of &
which sudden increase in incremental plastic stagours.
Moreover, has concluded that the threshold stessdritical
level of repeated loading at which soil failurelwiéver occur
or no more increase in plastic strain deformatiocues [24].

IV. RESULTAND DISCUSSION

Subgrade soils assumed to be laid in fill area ihateded
to be compacted. Samples are prepared by modifiedtd?
Compaction to derive its optimum moisture contehotal
sample tested for threshold stress determinatiorsisbof 8
samples for Unconfined Cyclic Compression testamhes
for Unconsolidated Undrained Triaxial test, ancaples for
Consolidated Undrained Triaxial tests. All samplesre
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strain after 100 cycles, and finally, axial strah failure,
where it is determined by monotonic shearing giegforming
cyclic loading [18]. It was found that the cyclioading at
stress level Raround 60%, led to failure.

Fig. 2 depicts data in terms of incremental valofeplastic
strain, g,, in relation to the cyclic stress ratio;. For higher
R;, the samples suffered high incremental deformatidme
value of the threshold stress ratiggRs indicated as a sudden
increase in incremental plastic strain [6, 17].
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Fig. 2 Plastic strain versus fr unconfined cyclic tests

It can also be observed from Fig. 2 that the astein
before cyclic loading was high for; Rbove 60%, and for;R
more than 60% (indicated with arrows), the samailed with
excessive strains in lower cycles, while the agtehin at 100
load cycles becomes very high, leading to failufethoe
sample. The corresponding value of the plastidrsteg, after
100 cycles, is of the order of 7% in the case afomfined
tests on soil samples compacted at the optimum tameis
content. In addition, this value is below the fedlstrength.

B. Plastic strain development for low confining pressure

The development of the cumulative plastic strajp,with
the number of load cycles during undrained sheathfe CU
cyclic triaxial test with saturated back presss@riesented in
Fig. 3 for effective stress,’ lower than 40 kPa.

25
20 { et

15 A

S
£
8 .
B . .-
2 o
5104 & - ===
o . / . ’/ T - - -

5 .

0 ;

0 20 40 60 80 100 120

N (number of cyclic loading)

-------------- sample M ( Rf >70% ; o'c = 20 kPa)
— « — - sample N (Rf = 44.38% ; o'c = 24 kPa)
— - - — sample O (Rf = 23.64% ; o'c = 26 kPa)
sample P (Rf = 34.56% ; o'c = 30 kPa)
— — — - sample Q (Rf = 31% ; o'c = 40 kPa)

Fig. 3 Increase in plastic strain with cyclic loaglic,’ < 40 kPa)

As can be observed from Fig. 3, the plastic stvaioie, g,
increased with the increasing. Rhe plastic strain valug,, at

application of cyclic loadings for these two sanspléoth
samples failed before they could achieve 100 laadirtles.

C. Plagtic Srain for High Confining Pressure

The development of plastic strain under high aund
pressure is presented in Fig. 4. Fig. 4 preseumtstkie rate of
accumulation of plastic strain increased as thdicyatress
ratio is increased. On the contrary, as the cysliiess level
decreased, the plastic strain is also decreasedn Ere two
Figures of Fig. 3 and Fig. 4, it can be observeat tine
application of cyclic loading assumes the power
correlation between plastic strain developments e
number of cyclesef vs N). Similarly with the Shahu’s
investigation where studied the compacted campid 8].

law

7 A ————"
"—_____-
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6 - Pl
° a" e
s s T
< ,I PPt P
© - . - PP
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o / z’/ .
2 it Sample F (Rf= 36.48% ; o'c = 445 kPa)
® 3 407"
o ," — .. — Sample G (Rf=24.97% ; o'c = 332 kPa)
(]
2 .
o Sample H (Rf = 38.64% ; a'c = 478 kPa)
1 _i
| —
0 T T T T T !
0 20 40 60 80 100 120

N (number of cyclic loading)

Fig. 4 Increase in plastic strain with cyclic loagli (high confining
pressure)

Assuming that the expected ratio of the threshatdss
ratio from Yudhbiret al. [24] investigation as,
Rrs=0.045 + 1.29 PI 4)

®)

and
Rf = RTS +0.1

Where,
Rrs = threshold stress ratio
R¢ = cyclic stress ratio
Pl = Plasticity Index

Thus, the relationship of, versus N can be evaluated in
order to determine the plastic strain at 100 cylamds. As
Plasticity Index (PI) equal to 28% in this typesobgrade sail,
thus the equation can be developed for two categoirie.,
below R and above R

the same number of cycles for sample M and N showed The equations for low confining pressure of theasie are

sudden increase in magnitude. It can be said bt tyclic
stress level is above the threshold stress ratios (R-s). The

plastic strain of the sample M withy’ = 20 kPa appeared to

exceed the threshold stress level as well as timplsaN with
plastic strain above 10% [6, 18]. In addition, dgrithe
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presented as follows,
a. Below cyclic stress ratio, 8

* o'.=26 kPa (R= 23.64%) Sample O

& = 1.3678In(N) + 1.7043 = 8.0 % (6)
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e o'c=40 kPa (R= 31%) Sample Q
gp = 1.892In(N) + 1.1967 = 9.91% (7
b. At threshold stress
¢ o'c =30 kPa (R= 34.56%) Sample P
gp = 2.1979In(N) + 0.5956 = 10.7%

c. Above cyclic stress ratio, R
¢ o'¢= 24 kPa (R= 44.38%) Sample N

gp = 3.0381In(N) + 0.3145 = 14.3% 9)
* ¢'. =20 kPa (R>> Rrg) Sample M
g, = 5.2149In(N) - 1.4737 = 22.5% (10)

While for high confining pressure, the equationseaieped
based on the Fig. 4 are as follows.

e 0. =444.92 kPa (R= 36.482%) Sample F

& = 0.995In(N) + 1.138 =5.7% (11)
* 0. =332 kPa (R=24.974%) Sample G

gy = 0.9018In(N) + 1.041 =5.2% (12)
* ¢'. =478 kPa (R= 38.638%) Sample H

g = 1.233In(N) + 1.523 = 7.2% (13)

to lower effective stress. The higher the confingmgssure or
effective stress the higher the threshold streBdwi

V.EVALUATION OF THRESHOLDSTRESSRATIO
Threshold stress is needed as a limit stress imdunte the

(8) highway pavement layers when designing the pavement

thickness for construction. The ratio of the thadhstress,
Rrs can be estimated based on Plasticity Index (P$podf[25]

for simplification evaluation (refer to Equationaéd 5). For
Pl equal to 28% for this subgrade soil, thug Rqual to
0.4062. It means that the threshold stress ratithisfsoil is
40.62% if predicted by PI value. The cyclic strestso, R is
any value in the range of 0.3062% to 0.5062%. Hawefor
thoroughly analyses of the threshold stress of gbié the
results from the triaxial testing, was utilized develop the
threshold stress which then used for design ofhigaway
formation thickness. By a complete evaluation eftifreshold
stress of the soil subgrade for formations highway
construction expectedly fulfil the construction \see life
satisfactionIn this investigation, the threshold stress is Hase
on the development of plastic strain with the numdieload
cycles set at different cyclic stress ratios. FBgshows the
plastic strains of the samples correspond to tliccgtress
level, R. The value of Rat which a rapid increasing of the
plastic strain occurs, is taken as threshold strate value.
Data from unconfined cyclic compression tests al&o a

samples during N cycles at a given cyclic stressllean be
determined. In addition, the plastic strain 10%=ft00 cyclic
loading can be shown.

This compares well with the failure criterion recoended

by ORE [6], who has defined the threshold stressaas

maximum deviator stress that can be applied taéneple that
does not cause cumulative strain greater than 1€eptin

1000 cycles. The 100 cycles seems can be accemed a

suggested by Wood [4] investigation that to obsehee soll
parameter only the first few cycles is importart. also
strengthens by Shahu [18] investigation that he alss able
to determine the threshold stress of the soil faitway
formations for 100 cyclic loads.

Shahu proposed that the value of Rt which sudden
increase in incremental plastic strain occurs,alkeh as a
measure of the threshold stress ratigs{R26], and the
threshold stress is represented as a critical le/ekbpeated
loadings in which soil failure will never occur [R3It can be
seen from Fig. 4 that at low cyclic stress level €RRys) for
o. < 26 kPa, the maximum plastic strain value is attdiat
approximately 60 to 70 cycles with no further irase in
plastic strain deformation. In addition, based aud&tion (9)
the plastic strain equal to 9.91% at 100 cyclegterratio of

the threshold stress; Bf 31%. Thus, based on this test result, 4 20 40 0 B0 100

the Rsis 31% in the case of . <40 kPa.
The plastic strain for high confining pressure saihdition
achieve the plastic strain less than 10% axialirstesa 100

specimen will failed before 100 cycles. On the adichange
point for partially saturated soil at zero confirem the
threshold stress was located at=R560%.

15 N
A
13
11 ¢ unconfined
(partially
saturated)
\‘< 1 *  low
9 v confining
pressure
4 high

confining
pressure

plastic strainfp (%)
~

<
~—_
}\'\‘

L4

Rf (cyclic deviator stress), %

Fig. 5 Plastic strain versus cyclic deviator stress

cycles is for R= 38.6%. Its threshold stress is higher compare
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The line drawn through the low confining pressordow
all-round pressure point actually drawn on thergjtie of the [1]
three points corresponding to the test with= 26kPa, 30kPa
and 40 kPa. This is because these tests exhibirraatized [
behaviour and can be normalized into a narrow zenghown
in Fig. 6. The figure is the normalized behaviobitle pore [3]
water pressure development for low effective stregs
corresponds to the.' = 26kPa, 30kPa and 40 kPa. In addition,
the sample O, P and Q have been cycled in thettblicbstress
ratio range of predicted+R The remaining data do not fit in (5
this category and this data has also shown a sudderase in
incremental plastic strain foriR Rs and fail before 100

6
cycles. el
0.09 4
0.08 1 ] [71
il ST [8]
0.06 // [ ] )
§ o | A\ 7 [9]
5 004 ]
0.03 - ®low eff stress
0.02 4 [10]
0.01 4
° [11]
0 20 40 60
a'c
[12]
Fig. 6 Variations oAU ,/c'c with o' for low effective stress
Thus, based on plastic strain criterion, the thoks stress [13]
of the compacted clay with sand soil is 30% whée lbw
confining pressure is taken into account, due édbnfining
pressure for highway formation is commonly lesstB& kPa [14]
[15, 18]. As well as for high confining pressure tiireshold
stress ratio can also be determined. It is equaBt638% as [15]
shown also in Fig. 5.
[16]

VI. SUMMARY

The threshold stress has been determined for tigrmay; 7
consolidated clay as subgrade soil that have thesion, c'=
92.98 kPa and the angle of friction, @ <3Rased on plastic
strain criteria to evaluate the threshold stresthefsubgrade
soil, the results can be concluded as follows.

- In the case of the highway formations design thgprmaent [19]
which commonly having lower confining pressure from
Consolidated Undrained test, the ratio of threststidss, Rs  [20]
value obtained equal to 31%, as can be seen in3and
Equation (7).

- For Unconfined condition of the partial saturasddgrade
soil is having the ratio of threshold stressg Ralue equal to
60%. The response of the partially saturated soils fighh [22]
confining pressure is equal to 38.638% as showrign4 and [23]
based on Equation (13).

(18]

[21]

[24]
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