INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

SIMSG [} ISSMGE

s

This paper was downloaded from the Online Library of
the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The library is
available here:

https://www.issmge.org/publications/online-library

This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.



https://www.issmge.org/publications/online-library

Effect of Moisture on Volumetric Behaviour of Compacted Laterites

P. Osele & G. J. Kasangaki

Department of Civil and Environmental Engineering, College of Engineering, Design, Art and Technology
(CEDAT), Makerere University, Kampala (Email: ospaitesot@gmail.com)

ABSTRACT: A number of studies have been conducted to assess the volumetric stability of compacted soils
including lateritic soil when subjected to moisture variations. Whereas it is now recognized that depending on
the degree of compaction and initial moisture content most lateritic soils are susceptible to collapse when suf-
ficiently wetted, it is not yet clear whether or not within the densities recommended for flexible road pave-
ment construction the likely collapse is insignificant. Any significant and/or differential collapse is a nuisance
to flexible pavement works. This paper presents experimental results of water retention behaviour and col-
lapse of lateritic soil typical of those recommended for construction of improved flexible pavement subgrade
and subbase. The contact filter paper method was deployed to measure matric suction while the single oedom-
eter method was used to determine collapse. The results indicate that matric suction is higher for soils com-
pacted dry of optimum regardless of the value of density achieved. Collapse was equally a function of com-
paction moisture content and hence realized density with its value tending to zero as compaction moisture
content approached optimum moisture content. Given the levels of collapse observed, it is risky to rely on

specifications based on the degree of compaction alone without specifying moisture content range.
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1 INTRODUCTION

Lateritic soils are residual soils which are usually
reddish to reddish brown in colour (Emeso, 2013).
They are the most common reddish colour weath-
ered pedogenic surface deposits occurring in the
tropical and subtropical regions of the world (Eber-
emu, 2011). In tropical regions, lateritic soils are in-
tensively used in road works (Meissa et al, 2011)
for construction of flexible pavement layers includ-
ing the subgrade, subbase and base. Their selection
and use in road works is guided by specifications
which are employed to ensure a quality road is con-
structed. However, road pavements and embank-
ments constructed with laterites have experienced
structural failures in form of collapse, compression
and cracking as a result of variations in moisture
(Wen et al., 2015). Of these forms of failure, col-
lapse was of particular interest in this study.
Following periods of especially sustained rainfall,
moisture content of the pavement layers may signif-
icantly increase depending on drainage conditions
of the surface while it may reduce during the dry
season. Such soil moisture changes have considera-
ble effect on the volumetric stability of soil (Fred-
lund & Rahardjo, 1993; Pereira et al., 2000;
MdNoor et al., 2009; Adem and Vanapalli, 2015;
Jayasree, 2015) including lateritic soils that are sus-
ceptible to collapse upon wetting (Kholghifard et
al., 2014). The degree of collapse depends on de-
gree of compaction yet the degree of compaction

does not guarantee absence of collapse. According
to Elgabu (2013), compacted soils are invariably
unsaturated at the time of placement and possess
negative pore-water pressure or suction. Therefore,
synonymous to the soil-water retention curve
(SWRC), a relationship between compaction water
content and the associated matric suction is a cru-
cial tool in understanding the behaviour and re-
sponse of compacted soils (Fredlund et al., 2012).

2 MATERIALS AND METHODS
2.1 Materials

In this study, lateritic soil of the kind normally rec-
ommended for construction of road subbase and
improved subgrade in Uganda was used. Obtained
from Kigoma Borrow pit (KB) in the Central Re-
gion of Uganda (coordinates 00.35905° Northing
and 032.48191° Easting and an altitude of 1219m
above sea level), the tested soil was reddish brown
in colour. This soil was at the time of sampling be-
ing used in the construction of Kampala Northern
Bypass Project Phase 2 as both subgrade and sub-
base material.

Results from sieve and hydrometer analyses re-
vealed that the gravel, sand, silt and clay contents of
the tested soil were 72%, 14%, 11%, and 3%, re-
spectively as indicated in Table 1 together with oth-
er necessary index properties in the understanding
of the tested soil. According to BS classification
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system, the soil was well graded silty gravel
(GWM).

Table 1. Summary of measured index properties.

Index property
Standard compaction tests
Maximum dry density MDD (Mg/m?) 2.17
Optimum moisture content OMC (%) 10.5
Grain size distribution
Gravel content (> 2 mm, %) 72
Sand content (0.06<D< 2 mm, %) 14
Silt content (2 um <D< 60 pum, %) 11
Clay content (<2 pum, %) 3
Coefficient of uniformity 2143
Coefficient of curvature 23.8
Specific gravity Gs 2.94
Atterberg limits
Plastic limit PL (%) 222
Liquid limit LL (%) 46.5
Plasticity index PI (%) 243
California Bearing Ratio, CBR (%) 51

2.2 Specimen preparation

In order to realize the objectives of this study, the
test specimens were prepared at moisture and densi-
ties that corresponded to relative densities specified
and adopted in Uganda for construction of the lay-
ers for which the tested soil qualify namely roadbed
(93%), subgrade (95%) and subbase (98%). There-
fore, a density moisture relationship of the tested
soil was first determined. Figure 1 is a plot showing
the relationship together with the ranges of moisture
content over which the different layer specifications
could be realised. The compaction test was per-
formed on material passing the 20mm BS sieve in a
purposely made two-split mould of 160mm internal
diameter and 50mm height fabricated using 10mm
thick steel plates. Detachable collar of similar di-
mensions and slightly wider base plate made it pos-
sible to have a full mould height compacted speci-
men. The compaction energy was calculated to give
density similar to the one achieved when a 1.0 litre
mould was deployed in accordance with BS 1377-
4:1990 clause 3.5.

After knowing the range of water contents over
which the target relative densities could be
achieved, amounts of water corresponding to com-
paction moisture contents were added to pre-
determined amounts of prepared soil and the soil-
water thoroughly mixed before compaction into the
split mould. Prior to placement of the soil-water
mixture into the mould, a thin layer of oil was ap-
plied to the sides while 150mm diameter Whatman
No. 42 filter paper was placed at the bottom of the
mould to prevent sticking of the specimen on to the
mould sides and base plate respectively. Soil com-
pacted in one mould (in 2 layers using 4.5kg, 68
blows per layer falling through 450mm) formed a
half of a test specimen for matric suction determina-

tion while it provided a disc from which an oedom-
eter test specimen was cored. The compaction water
contents reported herein were determined using
trimmings of the compacted material got in the pro-
cess of leveling it with the top of the mould.

It should be recalled that for effectiveness of the
contact filter paper method intimate contact is man-
datory. This may not be guaranteed when the filter
paper is placed on the rough surface left by the pro-
cess of levelling the compacted granular material
with the mould. In this study, therefore, the smooth
surface and contact created with the filter paper at
the bottom of the mould was taken advantage of as
the two discs sandwiched the filter paper system by
bringing the two bottoms together.
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Figure 1. Density moisture relationship and specified relative
compaction.

2.3 Determination of matric suction

Several methods have been suggested in the litera-
ture for determination of matric suction of soils: the
hanging water column technique (Vanapalli et al.,
2008; Azam et al., 2013), pressure plate apparatus,
tensiometers and filter paper technique (Fredlund
and Rahardjo, 1993; Elgabu, 2013). In this study,
the contact filter paper method was used in accord-
ance to ASTM D5298-96 test procedure. Whatman
No. 42 filter papers were used.

As illustrated in Figure 2, two initially dry
150mm diameter filter papers enclosing an equally
initially dry 90mm diameter filter paper formed the
filter paper system which was sandwiched between
identical specimens discs carefully prepared as de-
scribed in section 2.2. To ensure the necessary inti-
macy, the two halves of the soil specimen were
sealed with electrical tape to keep them tightly to-
gether. The system was then wrapped with alumi-
num foil to reduce moisture escape and then left in
a desiccator for 14 days for equilibration. The re-
sults (Figure 3) of temperature and humidity within



the specimen environment monitored using BTHO1
humidity-temperature data logger indicate that equi-
librium was achieved by the tenth day. Upon equi-
librium that was defined by constant temperature
and humidity within £0.3°C and £1% respectively,
the filter papers were removed and immediately
weighed to the nearest 0.0001g as recommended.
The filter papers were then oven dried at 105°C for
16 hours and weighed to determine the filter paper
water content. Care was taken to ensure that the fil-
ter paper was not contaminated in the process.

160mm
Compacted
50mm A soil disc
WM No. 42
FP WM FP dia.
No. 42, 90mm
dia. - C
pe ompacted
150mm Soil disc

Figure 2. Schematic for Measurement of Matric Suction.

236 100.0

! 95.0

| 900 &
3
850

800 B

TEMPERATURE “C
[ t

508

700
DI D2 D3 D4 D5 Do D7 D8 D9 DIO DII DI2 DI3 DI4 pays

Figure 3. Time history of temperature and humidity around the
specimen.

The water content of the filter paper was then used
to calculate matric suction using Chandler et al.
(1992) calibration equations (1) and (2).

logy =4.842 -0.0622w ;w, <47% (1)
logy =6.050 —2.48logw,;w, >47% ()

Where y = matric suction of the soil; wy = water
content of the filter paper. The procedure was re-
peated for specimens at different compaction water
contents.

With water content and matric suction of the as
compacted soil specimen known, a plot of gravi-
metric water contents versus matric suction was
made and the experimental data fitted using the van
Genuchten (1980) model shown in equation (3).
The fitting parameters were determined using the
solver function.

w = wr + ((ws Tw)/(1+(awp)")") 3)

Where w = gravimetric water content; wy = gravi-
metric water content at saturation; w, = the residual

gravimetric water content; o, = the fitting parameter
related to the air entry value; y = matric suction; n
and m = fitting parameters related to the pore distri-
bution and curve symmetry respectively.

2.4 Measurement of Collapse Index

The collapse potential test was carried out in ac-
cordance to ASTM D5333-96 procedure for single
oedometer test method. The test was performed on
75mm diameter by 20mm thick specimens hydrau-
lically cored from the discs prepared as described in
section 2.2. The test specimen 1n the ring was load-
ed into the oedometer cell and a seating stress of
S5kPa applied and subsequent deformations meas-
ured. After Smins of the seating stress, the loading
scheme was 12, 25, 50, 100, 200 kPa each loaded
after every one hour as the deformations were rec-
orded. The specimens were inundated in the oe-
dometer cell lhour after placement of 200kPa and
allowed to saturate for 24hours as deformations
were recorded. For purposes of defining the volume
change behaviour of the soil beyond saturation, the
stresses were increased stage wise up to a maximum
value of 1600kPa with deformations recorded every
24hours for each stress.

Collapse potential (CI) at 200kPa was computed
using equation (4).

CI = (Ah/ho)x100 ()

Where CI = collapse potential; 47 = change in
height of the compacted specimen upon wetting un-
der applied stress for 24 hours; 4, = initial height of
the compacted specimen before inundation at that
particular stress.

3 RESULTS AND DISCUSSION

3.1 Relationship between as compacted gravimetric
water content and matric suction

The relationship between water content and matric
suction of as compacted specimens are shown in
Figure 4. It can be observed from the scatter plots
that matric suction increased with decrease in grav-
imetric water content. This is consistent with the
findings of Miguel and Vilar (2009) on water reten-
tion behavior of lateritic soil and indeed all other
soils. The increase in matric suction as the water
content reduced is linked to the fact that at lower
water contents, the soil structure formed after dy-
namic compaction has liquid water which is dis-
connected and localized at inter particle contacts
(Fredlund & Rahardjo, 1993). Kasangaki (2012) re-
veals that at low water contents it is the liquid
bridge induced adhesive forces that are responsible
for soil matric suction. He further argues that at re-
sidual conditions, matric suction is due to only the
menisci of water and higher energy is needed to re-
move any further liquid from the voids.
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Figure 4. Graphs of gravimetric water content versus matric
suction for samples compacted at varying water contents.

Figure 4 seems to suggest that the scatter plots
could be well fitted using the bimodal function than
the unimodal function. However, when only the
same void ratio points were considered (Figure 5) it
was obvious that the behavior followed a unimodal
function and the van Genuchten (1980) unimodal
model described by equation 3 fitted the experi-
mental data well. This result is in tandem with the
outcome of the particle size and distribution analy-
sis given in Table 1 which reveals that the tested
soil was well graded. According to Zhang and Chen
(2005), well graded soils have one pore series and
its cumulative pore size distribution and pore size
density curves are unimodal. Note that points were
considered to have the same void ratio if their void
ratio was in the range +(0.05). According to Kasan-
gaki (2012), Elgabu (2013) and Pasha et al (2016),
void ratio influences the matric suction at any given
water content of a soil and this is evident in the cur-
rent study.

0.12

0.10

0.08

0.06
—e—DataSet3e=0.32

0.04 —e—Data Set 2 e =0.30

0.02 -e-DataSet1e=0.28

Gravimetric Water Content x102 %

0.00

10 100 1000 10000
Matric suction kPa

Figure 5. Water content and matric suction curves fitted with
VG (1980) unimodal model.

As shown in Figure 5, the curves for all the void
ratios tended to converge at matric suction of about
3Mpa which in the fitting process defines the start

of the residual zone as applied to SWRC. This
means that at higher matric suction as the residual
zone approaches, the effect of initial void ratio
starts to disappear. Kasangaki (2012) reported that
the water retention curve in the residual zone does
not depend on the initial void ratio.

The water content —matric suction curves were
obtained for samples compacted to relative densities
ranging from 90% to more than 100%. The full sat-
uration conditions of 100% as well as the residual
conditions were out of range of the relevant relative
densities considered in this study. The values re-
ported in Table 2 were thus estimated through the
curve fitting process. Table 2 shows the curve fit-
ting parameters for the three data sets with water
contents in gravimetric form. As shown in Table 2,
the residual water content w; is 1.4% and the satura-
tion water content ws is 15.7%.

Table 2. van Genuchten (1980) measured parameters for the
three data sets.

Parameter Tested Soil

DataSet1 DataSet2 DataSet3 Mean

Wr 0.020 0.010 0.013 0.014

Ws 0.165 0.141 0.165 0.157

o 0.055 0.057 0.167 0.093

n 1.237 1.189 1.202 1.209

m 0.192 0.159 0.168 0.173
SSE 0.00129 0.0007 0.00204  0.001

3.2 Volumetric behaviour of the tested soils

Figure 6 presents, as an example, the volumetric
behaviour of compacted lateritic soil passing 20mm
sieve. The compacted soil (with initial conditions of
2.27Mg/m? dry density, 9.1% water content and
0.30 void ratio) exhibited noticeable collapse fol-
lowing inundation at a pressure of 200kPa. This ef-
fect of wetting at a constant applied stress is at-
tributable to the destruction of a number of matric
suction related inter-particle contacts created in the
soil during compaction. In other words, the appar-
ent bridges created by matric suction reduced as
more water ingressed into the soil thereby altering
the configuration of the associated menisci of the
contact points. Overall, Figure 7 reveals that col-
lapse index was found to decrease as compaction
water content increased and hence as initial matric
suction decreased. Towards the optimum moisture
content, collapse index was insignificantly small
and tended to be constant with further increase in
moisture content into wet of the optimum. Table 3
gives the collapse indices on the dry and wet of
OMC. 1t is clear from this analysis that matric suc-
tion which is a function of moisture content has an
effect on the collapse of lateritic soil.

Figure 8 indicates that as matric suction in-
creased, collapse index as well increased within a
matric suction range of 50kPa to 1500kPa.
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Figure 6. Collapse behaviour of lateritic soil compacted to
2.27Mg/m? at water content of 9.1%.

10000 5.0
KB soil

—_— i i 4.0
£ 1000 Matric Suction, kPa ©
el —6— Collapse Index CI (%) 5
‘§ 100 S
] (]
e 2.0 §
..al —
= 1 10 S

1 T2 | o

8.2 8.6 9.1 10.2 12.2 13.1
Moisture Content w %

Figure 7. Relationship between water content, matric suction,
and Collapse Index.

Table 3. Degree of compaction and collapse.
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Figure 8. Collapse index versus Matrix suction.

In this suction range volumetric changes are high.
Sun et al. (2007) noted that collapse occurs at an in-
termediate range of suction levels that is neither

high nor low. This suggests that there is critical ma-
tric suction and hence moisture content below
which the soil will no longer collapse. Equation (5)
which was obtained by fitting the experimental data
shows that upon wetting, collapse is high for spec-
imen with high matric suction. It also reveals that
minimum collapse occurs at zero matric suction and
it tends to be asymptotic at matric suction of about
IMPa.

Clxg = 2x10%y +1.1x107° w+1.386x10"! (5)

Where Clgs = collapse index for soil from Kigoma
borrow pit; i = matric suction.

3.3 Practical implication of results

The specifications used in Uganda for construction
of road pavement layers were used to calculate the
allowable practical field densities based on the
maximum dry density. The computed densities in
Table 4 were used to determine the moisture con-
tent (dry and wet of OMC) from the dry density
moisture relationship curve shown in Figure 1. The
corresponding collapse indexes (CI) were obtained
(Figure 9). Based on ASTM D5333 (1996) criteri-
on, the layers constructed at 98% MDD on dry of
optimum moisture contents are moderately collaps-
ible (CI of 3.9%) while those constructed at opti-
mum and wet of optimum water contents are slight-
ly collapsible since their CI is in the range of 0.1 to
2.0. Jennings and Knight (1975) classifies the ob-
served collapse on dry of OMC as moderately trou-
blesome while collapse at OMC and wet of OMC as
none problematic.

At the present, compaction specifications in
Uganda are solely in terms of relative density. This
can be achieved over a wide range of moisture con-
tents implying that inherent in this specification is
the fact that initial moisture content has no signifi-
cant impact on the subsequent behaviour of the
compacted material. Findings of this study indicate
that when lateritic soil is compacted at different
moisture contents, different structures are generated
resulting in different collapse potentials. On the dry
of optimum, collapse on wetting can be destructive.
Thus relying on specifications based on degree of
compaction alone without specifying moisture con-
tent is risky.

Table 4: Degree of compaction and collapse.

Speci- Allowable Water Contents %  Computed CI %
fica-  Densities  Dryof Wetof Dryof Wetof
tion Kg/M? oMC oMC OMC OMC

90% 1953 <5.8 >15.6 >>>3 9 0.2
93% 2018 5.8 15.6 >>3.9 0.2
95% 2062 6.6 14.7 >3.9 0.2
98% 2127 8.2 13.2 3.9 0.2
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Figure 9. Collapse index against moisture content.

4 CONCLUSION

The dependence of matric suction on the compac-
tion water content of dynamically compacted well
graded silty gravel (lateritic soil) for relative densi-
ties between 90% and 110% MDD was determined
using the contact filter paper method. The compac-
tion moisture content increase resulted in decrease
in matric suction. The curves plotted within the
transition zone. The unimodal van Genuchten
(1980) function for water content —matric suction
curves fitted the experimental test data for the tested
soils with the fitting parameters as w; = 1.4%, ws =
15.7% a.=0.093, n =1.209.

Lateritic soils compacted to relative densities
recommended for flexible pavement layers are col-
lapsible under varying moisture conditions. The col-
lapse index of these soils decreases with increasing
compaction moisture content and hence reducing
initial matric suction except at OMC and beyond
where collapse on wetting becomes negligibly small
and asymptotic to compaction moisture content.
Thus relying on specifications based on compaction
alone without specifying moisture content is risky.
Sufficient wetting after compaction may detrimen-
tally affect the pavement structure.
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