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Abstract. This paper focuses on characterizing the volumstiffness behavior
of fine-grained subgrade soil at three differentishoe states using a newly
proposed hydrostatic compression test procedure déformation properties
obtained from a laboratory testing program werelusedetermine bulk modulus
at varying hydrostatic stress states, and moissiates chosen at optimum
moisture content, 3% below and 3% above the optimlihe test results are
analyzed, and used to develop regression correlatiodels for the soil sample
tested. These models can be used for evaluatingrtpact of moisture on bulk
modulus of fine-grained soils with similar charaistécs for their sustainable use
in foundation applications under off-road constiartiand compaction equipment.
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Introduction

The routine operations of large capacity off-roazhstruction equipment on fine-
grained cohesive soils have become a concern toctistruction and equipment
manufacturing sectors. A major problem is the mgbfiltrafficability) of large haul
trucks and shovels during field operations on thesiés. Cohesive fine-grained and
cohesionless granular soils constitute the foundatf highway and airport pavements
as well as railroad track. These materials wouldildk different load bearing
capacities at different stress and moisture statefer construction equipment. To
understand behaviour of these foundation matetaler large capacity construction
and compaction equipment it is important to propextidress the true volumetric
deformation characteristics under all-around umniferormal stress conditions.

Bulk modulus is an important material property tdascribes the resistance to
volume change when an element of soil is subjettesll-around hydrostatic loading
[1]. In this paper, bulk modulus is determined e tlaboratory for a selected fine-
grained cohesive soil using a newly developed hstdtiw compression test procedure
[2]. The test procedure considers field loadingrabgeristics of off-road construction
haul trucks and shovels to determine bulk modutusaeying hydrostatic stress states,
and moisture states chosen at the optimum moistunient, 3% below and 3% above
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the optimum. The bulk modulus together with sheaduatus will be used to obtain the
elastic modulus and Poisson’s ratio of the soilgam

1. Laboratory Testing Program
1.1. Properties of Soil Sample

The fine-grained cohesive soil investigated in ffaper was obtained from Caterpillar
Inc. field demonstration test sections in lllincégd was shipped to the University of
lllinois Advanced Transportation Research and Eegiimg Laboratory (ATREL) for
testing. The sample was a clayey soil, a “CL” adowy to the United States unified
soil classification system or an “A-6" accordingttee American Association of State
Highway and Transportation Officials (AASHTO) cldisation, with a liquid limit
(LL) of 27.2, a plasticity index (PI1) of 13.1, ammposition of 0.3% gravel, 29.5%
sand, 40.9% silt, and 29.3% clay. Accordingly, o sample was designated herein
as SA-6. From the standard Proctor [3] test prosedthe maximum dry density
obtained was 18.4 kNfmat an optimum water content 4wy of 14.3 %. The dry
densities at the moisture states of 3% below and &%%bve the optimum were
18.0 kN/n?, and 17.6 kN/r) respectively

1.2. Laboratory Testing Procedure

The loading characteristics of off-road large céyaconstruction and compaction
equipment dictate field loading stress states damatefore directly influence the
volumetric deformation and stiffness behavior dfssm the field. For instance, Joseph
[4] noted from field studies that a Caterpillar BI@ff-road haul truck could produce
vertical stresses of about 800 kPa with confiniligsses ranging between 250 and 300
kPa. He also observed that the P&H 4100 type BO®S8eds generated a static vertical
loading of up to 220 kPa, and could induce a grocotfinement of about 70 kPa [4].
It is expected that the soil would undergo anigaitrdoading conditions. However,
under the laboratory triaxial testing conditioms € o3), thus, an isotropic conditions
was used in this study to simulated the volumédtaicening of the SA-6 soil.

An innovative advanced triaxial testing device, tiversity of lllinois FastCell
(Ul-FastCell) integrated with an Universal Testikgchine (UTM) loading device at
ATREL could be used to achieve the field loadingditions. The Ul-FastCell offers
unique capabilities in laboratory material charazggion including measurement of
on-sample vertical and radial displacements, abld@der type horizontal confinement
chamber with a built-in membrane which can be teflato apply hydrostatic stresses
to simulate high field loading conditions on graarudnd bituminous materials in the
laboratory [5]. Figure 1 shows the Ul-FastCell tsiup.



Figure 1. Ul-FastCell test setup.

1.3. Hydrostatic Test Procedure

The Ul-FastCell was used for applying hydrostatiesses on the fine-grained soil
specimens. The hydrostatic compression test waductad on 150 mm diameter by
150 mm high pneumatic vibratory compacted specimBusing testing, compacted
soil specimens were subjected to a sequence efreliff applied hydrostatic (isotropic)
compression stresses of 20.7, 41.4, 69, and 138ukBar drained conditions, with
volumetric change measurements. Specimens weredofdm zero stress conditions
to these individual hydrostatic stresses, unloddexdro, and then, reloaded to the next
stress state until the maximum hydrostatic stré256 kPa was reached (i.e.;©20.7
kPa— 0— 41.4 kPa— 0— 69 kPa— 0—138 kPa— 0).

A pulsed wave shape with 60-second loading and e60r&l unloading was
applied on the test specimens at each stress $taeloading rate was maintained in
such a way that no pore pressure was induced. fihesatic loading was controlled
by the vertical load cell, and the radial loadingswneasured by a pressure transducer.
To achieve isotropic condition, the UTM softwareswadjusted to ensure that equal
radial and vertical loads were applied to the samBbth axial and radial deformations
were measured by two symmetrical linear variab$pldicement transducers (LVDTS)
for each load cycle and the corresponding axial eadial strains &; and ¢3) are
computed for the test specimens. Two replicatestestre performed for the soil
sample at three moisture states of 11.3%, 14.3%1an8P6. Overall, 12 tests were
conducted on the soil sample at the three moisioielitions.

2. Analyses of Test Results

The applied hydrostatic stresses and measured edligmstrains obtained from
hydrostatic compression tests are used to calcbldiemodulus. A plot of the applied



isotropic compression stress against volumetrairstgives a nonlinear curve for soils
[6-8]. Vesic and Clough [7] suggested that the 'soglastic properties could
conveniently be obtained from the nonlinear curyestoaight line approximations that
linearly relate increments of both the isotropicess and volumetric strains. In this
study, the straight line approximation concept wsed for analyzing the test results of
the samples. The bulk modui of the soil sample was calculated from the rafithe
incremental hydrostatic streds to the incremental volumetric straifa,. Eq. (1) was
used to define the bulk modulus of the soil santedted:
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where the volumetric strai) is computed from the axial straipand radial strain; as
&y = &1+ 2e5; for triaxial compression tests, hydrostatic trissgiven byr = o1 =0, = 03.

A total of about 270 stress-strain data sets fohdast were analyzed for the bulk
modulus of the soil sample at one moisture staéehElata set represents an average
value from the two replicate specimens. Figure &wsh a plot of the applied
hydrostatic stress against the total volumetriaistfor SA-6 soil sample at the three
moisture states. It can be demonstrated from figutkat the behaviour of the SA-6
soil could be linear (i.e., constald) up to a hydrostatic stress of about 80 kPa, and
therefore, complying with Eq. (1). However, it ca@ seen from the figure that above
certain threshold hydrostatic stress states, th& bonodulus—hydrostatic stress
relationship presented in Eqg. (1) for soils may netessarily be applicable under
certain conditions. The straight line approximatieas used to obtain the incremental
hydrostatic stresses and corresponding volumetidins. The bulk modulus was then
computed at each hydrostatic loading stress using1.
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Figure 2. Variation of stress with strain.



Table 1 lists test results of the SA-6 soil at timee moisture states. As expected,
the soil sample at dry of optimum gave the highesk modulus values whereas the
lowest bulk modulus values were obtained at wetopfimum. The average bulk
modulus value increases by 1.1 MPa from optimurg @@msity of 18.3 kN/M) to dry
of optimum (dry density of 18.0 kN/y and decreases by an average of 1.2 MPa from
optimum to wet of optimum (dry density of 17.6 kNJmThus, a change in water
content of 3% below the optimum resulted in ab@&#3ncrease in the bulk modulus
of the soil sample, whereas a change in water nobragé 3% above the optimum
resulted in about 42% decrease in the modulus salliee high lubrication of soil
particles at wet of optimum water content weakdres $0il sample. Therefore, the
modulus of the sample becomes low at wet of optimunen compared to dry of
optimum, or the soil becomes less sensitive abfigptimum.

Figure 3 shows the correlations between bulk madwals linear functions of
hydrostatic stress for the soil sample at the thmegsture states. The significantly high
coefficients of correlation values indicate thate ttstraight line incremental
approximation concept (Eg. 1) used for the analyse$ormed well for the SA-6
sample at all three moisture states.

Table 1. Test results for SA-6 soil at three moisture state

w=11.3% Wo = 14.3% w=17.3%
Ao (kPa)
25, (%) K (MPa) 25, (%) K (MPa) 25 (%) K (MPa)
20.7-41.4(207)  0.68 3.15 0.88 2.43 1.35 1.58
41.4-69.0 (27.6)  0.62 4.45 0.82 3.36 1.65 1.67
69.0-138.0 (69.0)  1.00 6.90 1.60 4.31 2.60 2.65
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Figure 3. Correlations between bulk modulus and hydrostatess at three moisture states.



3. Summary and Conclusions

Hydrostatic triaxial compression tests were perfminon a fine-grained cohesive soil
sample in the laboratory using a newly developedrdstatic loading test procedure.
The laboratory tests were performed to determirke tmodulus at three moisture states
of 11.3%, 14.3% and 17.3%, representing dry of nopth, optimum and wet of
optimum, at dry densities of 18.0 kN¥ni8.3 kN/n and 17.7 kN/r respectively. The
test procedure applies low to high hydrostaticsstievels on the specimens to simulate
the laboratory loading behavior of fine-grained Isounder construction and
compaction equipment.

Moisture content affected the bulk modulus propsrtf the soil sample as it was
evident that at the high moisture state, the saraplebited low bulk modulus when
compared to low moisture state, at which the sarhptk high bulk modulus. The test
results provide a database of bulk modulus progeftir the soil at the three moisture
states.

Based on the test results, bulk modulus correlatiorthe form of linear functions
of the applied hydrostatic stress were establishedhe soil sample at the different
moisture states. The anticipated use of the reigressorrelation equations would
provide essential guidelines for predicting volurizetleformation behavior of the fine-
grained subgrade soil in the field. In additiorg thulk modulus data obtained through
this study will be useful for engineers and congton equipment manufacturers to
estimate volumetric loading characteristics anfirgtss behaviour under construction
haul trucks and shovels in the field for the segdtéd, and other fine-grained cohesive
soils with similar characteristics.
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