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Abstract. Several factors influencing the wetting-induced collapse (hydrocompression) of auvium soils are
investigated by oedometer and plate load tests. Factors include wetting period, staged luading duration,
plate size, overburden pressure, and soil thickness. Circular plates of S cmand 7 cm diameters were employed.
Soil samples collected from Al Helwah region in Central Province of Saudi Arabia were statically compacted
in 45 cm diameter and 35 cm height steel container. Surcharge pressures of 5, 7, and 9 kPa were considered.
The load-settlement were modeled under dry and soaked conditions of soil at natural water content of 2%
and dry density of 1.4 gfce. Oedometer and plate load test resulis are presenied and their capability in
collapse characterization and evaluation are compared.

Results of this research program indicate that Al Helwah soil is highly collapsible and has a collapse
potential of 12% under 200 kPa pressure. The plate settlement continues for 3-5 min under dry load increment
and 120 min under soaked load increment. Soil stiffness and bearing capacity degraded due to wetting. The
reductions are a function of the overburden pressure and plate size. A collapsive sirain extending 4 times the
plate diameter is observed upon wetting. Also the load step duration and the extent of effective wetting front
have significant effects on the test results and interpretation; therefore, they should be considered in the
planning, design, and analysis of plate load and full scale footing tests.

Intreduction

Wetting induced collapse settlement (hydrocompression) is one of the major geotechnical
problems in arid and semi arid regions. Collapsible soils exist in abundance in Riyadh,
Hutat Bani Tamim, Al Helwah, and Al Delam among other parts in the Central Province
of Saudi Arabia. Fast development and massive boundaries expansion of urban area have
led to the construction of many structures and infrastructeres with an increase in water
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consumption. Distress to structures founded on either natural or compacted collapsible
soils are caused by wetting-induced collapse upon the increase of moisture content by
such means as excessive irrigation of green lands and leakage of sewage and drinking
water pipe systems. '

Natural collapsible soil have relatively low density and low moisture content with
loose structure. These soils posses relatively high apparent stiffness and strength at dry
condition but these properties undergo substantial decrease upon wetting, leading to high

“volume changes and hence large deformations. The deterioration in the characteristics of
collapsible soil is mainly due to the loss of binding agents which can be meniscus, calcite,
or clays. Many researchers have investigated the collapse behavior of natural and
compacted collapsible soils using oedometer tests world wide for examples in the U.S.A
[1], former USSR [2], China [3], Germany [4], Czechoslovak [5], Thailand [6], South
Africa [7], Saudi Arabia [8] ameng others,

It has been demonstrated that laboratory collapse tests can be used to obtain reasonable
estimates of footing collapse settlements [9]. However, the major difficulties in cedometer
tests are sample disturbance and degree of saturation. Sampling of cemented collapsible
soil may be possible, but very lightly cemented sand or gravely soils are difficult to sample
and may exhibit substantial disturbance [10]. Therefore, it may be more direct, in some
cases, to circumvent shortcoming of laboratory testing and its difficulties by using an in.
situ tests,

Full-scale field tests on collapsible soils (e.g. [11] [12]), with practical foundation
size and load intensity, could provide a reliable information on load-settlement response
and collapse potential. This alternative is expensive and time consuming. However, it is
the most appropriate approach for calibration, verification, and modification of laboratory
and numerical models.

Plate load test has been commonly used in the foundation highway design on collapsible
soils by many investigators including Clevenger [13]; Clemence and Finbarr [14]; Chen
et al. [15]; Houston et al. [16]; Yakov [17]; Yakov [18]; Ferreiran [19]; and Rainobvich
[20]. A major shortcoming of plate load test for foundation design is the extrapolation of
plate test results to prototype. Empirical extrapolation formulas are not fully justified.
Therefore, researchers from Russia have suggested that a series of large plates arc used on
collapsible soils [17][18]. Recently, Houston et al. [12] developed an in-situ collapse test
and a method of interpretation that empirically lead to define stress-strain relationship for
soil. A circular plate with 7 cm diameter was loaded down-hole and collapse was measured.
The extent of the wetting front was also determined. Then, plate load test results were
used with stress distribution curves generated by simple linear finite element program to
estimate the settlemient of prototype footing.
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This paper investigates the collapse potential of Al Helwah soils and evaluates the
effects of plate size, overburden pressure, and thickness of wetted soil on the load-settlement
and collapse responses. Tests performed include consistency limits, modified Proctor
compaction, in-situ density, moisture content, single and double oedometer, and model
plate load tests under dry and soaked conditions.

Experimental Work

Materials

The alluvial soils used in this experimental program were obtained form Al Helwah
located 190 km south of Riyadh, Saudi Arabia. Soil samples of 800 kg were collected
from a trial test pit in a newly developing district where the presence of collapsible soil
layers was detected by previous investigations. The range of grain size distribution curves
for Al Helwah collapsible soil (HCS) is shown in Fig. 1. The modified Proctor compaction
curves are shown in Fig. 2. The in-situ moisture content and dry density after a dry
summer session are shown in Figs. 3 and 4; respectively. The engincering properties arc
listed in Table 1. It seems that the material is slightly inhomogeneous with depth.
According to the criteria given by Clemence and Finbarr [14], the soil has a collapse
potential as reflected by low density and low moisture content.

A sand bed was placed below the soil to allow an easy up ward seeping of water
during soaking and to induce a uniform wetting front throughout the plate load tests. The
sand used was a crushed sand commercially available in Riyadh, Engineering properties
of the sand are also listed in Table 1.

Table 1. Engineering properties of soils
Alluvial seil (HCS)

Specific gravity : 2.75-2.77
Liquid limit (%) 20-27
Plasticity index 1-6
Soil classification {USCS) ML
Permeability coefficient
Arnatural dry density and water content (cm/s) 1.31 x 10
At 95% maximum dry density on dry side of compaction curve (cm/s) 1.83x 108
Sand bed
% passing No. 4 US sieve 97.66
% passing No. 200 US sieve 0
Gravel (%) 2.34 D10 (mm) 0.33
Maximum dry density (gm/cm?) 1.960
Minimum dry density (gm/cm’) 1.627
Uniformity coefficient (Cu) 5.45
Curvature coefficient (Cc) 0.95
Dry density (gm/em®) 1.786

Permeability coefficient (cmv/s) 9.5x 102
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Test equipment

Static plate-load tests were conducted in a rigid cylindrical steel container of 45 cm
outside diameter, 1 cm wall thickness and 35 cm height with two drainage valves at the
base of the container. Laboratory models used in this experimental program were rigid
aluminum circular plates with 50 mm and 70 mm diameters and 50 mm thickness. The
loading and geometric axisymetry will simplify further modeling and analysis using the
non-linear numerical tools. Settlement was measured by means of two dial gauges with a
range of 50 mm and an accuracy of 0.01 mm. A schematic representation of the plate-
load test model is presented in Fig. 5.

Tests program

The soil collapse characteristics are evaluated by oedometer and plate load tests. Table
2 shows the oedometer test program. The plate load test program is shown in Table 3.
One of the features of this testing program was the employment of small diameter plates
which is identical to the plate diameter used in the in-situ collapse test developed recently
by Houston et al. [12]. Soaking period and loading/unloading duration were experimentally
determined. In addition, the water content was measured at the end of each soaked test to
assess the extent of wetting front.

Table 2. Oedonteter test program

Test Depth P, (kP3) In-situ conditions 98%;, MDD

type (m)  at soaking Y @ee)  w(%) v, @0) W (%)
Single Qed. 1.2 200 1.344 1.86 - -
e 1.7 25,50, 100, 200 1.25 325 - .

— s 2.2 200 1.245 336 - -
Double Qed. 0.7 - 1.332 2.34 1.872 7.7
e 1.2 - 1.344 1.8¢ 1.91 1.7
e 22 - 1.245 3.36 1.9 8.6
e 2.9 - 1.327 2.2 1.862 8

Table 3. Plate load test program

Test type P, (kPa) D (mm) Sail thickness (cm)
Double (Dry & Soaked) 5 70 15
~~~~~~~~ 7 70 15
~~~~~~~~ 9 70 15

Single (Soaked at 100 kPa) 7 50 5,10, 15,20
~~~~~~~~ 7 70 5,10, 15,20

Specimen preparation - ,

For model plate load test, sand bed was first compacted at the bottom of the test
container. A predetermined weight of sand needed to produce a dry density of 1.786 g/
cny’ was compacted in one 20 em thick layer. The sand bed is considered highly permeable
relative to the soil to assume uniform and continuous wetting during soaking; it is aiso
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Fig. 5. Schematic of plate-load test model.

thin and dense to ensure it does not contribute to plate settlement and can be assumed a
rigid layer during strain calculations.

Al Helwah soil taken from 1.7 m depth was used in its natural water content, and any
lumped soil was broken into its original grain sizes such that the soil passes sieve No., 10
(2 mm opening). The soil was compacted to 1.4 g/cm? dry density in layers of 50 mm
thickness. The final depth of the soil in the container varies from one to four times the
plate diameter, D. The depth variation was considered small enough to assume a finite
soil medium for collapse strain calculation, and the final total depth was considered large
enough relalive to the plate diameter to assume a semi-infinite soil medium.

Tests procedures

The double oedometer test consists of two oedometer conducted simultaneously on
two identical samples; one test is being at dry (as compacied) condition, and the second
testis under soaked condition. The test follows in general the procedure given by Alawaji
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and Alwail [21]. Loads were applied in cumulative increments prescribed as following:
7, 25, 50, 100, 200, 400, 800 kPa. During each load stage, the cumulative load was
maintained for at least 24 hours and until the rate of deformation reaches less than 0.001
mm/min.

The single oedometer test procedure employ one oedometer test loaded initially dry
up to a prescribed pressure, soaked under a constant pressure until the deformation ceased,
then loaded under soaked condition in a similar manner to the previous double oedometer
test.

The plate load test follows in general the procedure given by Alawaji [22]. Load was
applied in cumulative increments such that the net pressure follows, in general, the
following path: 0.0, 13, 25, 50, 100, 50, 25, 50, 100, 200, 300 kPa, etc. After the application
of each load increment, the cumulative load was maintained until all settlements and
collapse had ceased when the rate of deformation reaches less than or equal to 0.001 mm/
min. over the last 10 to 15 minutes. It was generally noticed that equilibrium was reached
after 15 min for the dry loading increments and after 2 hr for the wet loading increments.
During soaking the pressure was kept constant for at least 12 hr and until collapse settlement
had ceased according to the above rate of deformation criteria. For soaked samples,
water inlet was open and water was allowed to flow into the sand layer at an initial pressure
head of 15-30 ¢cm. The net pressure was maintained constant during each loading,
unloading, and reloading steps, and displacement data were collected at increasing time
intervals. The final loading stage was terminated at a displacement approximately 50 to
60 mm. Plate was unloaded, then test apparatus was disassembled at the completion of
final unloading stage, and samples were obtained for moisture content determination.

Results and Analysis

Oedometer tests

Figure 6 depicts the results of single cedometer tests carried out on remolded samples
from various depths compacted to the in-situ density (Fig. 3) at natural moisture content
(Fig. 4). The samples were first loaded dry up to 200 kPa vertical stress, then soaked, and
the collapse magnitudes were observed. Collapse potential (CP) is defined as the collapsive
strain due to wetting at applied pressure of 200 kPa (Jennings and Knight [23]). Figure 5
indicates that the CP ranges between 8 and 12%. The variation in CP are mainly due to
variations in the fine content and density with depth as shown in Figs. 1 and 4.

Figure 7 shows the results of a series of single oedometer tests carried out on remolded
samples taken frem 1.7 m depth and compacted to the in-situ density at natural moeisture
content. The samples were first loaded dry incrementally up to various vertical stresses
of 25, 50, 100, and 200 kPa; then saturated, and the collapse magnitudes were observed;
after that, samples were loaded then unloaded under soaked condition. All specimens
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Fig. 6. Single oedometer tests on samples from Fig. 7. Single oedometer tests on samples from
various depths soaked at 200 kPa. 1.7 m depth snaked at various pressures.

that were subjected to wetting at different levels of stress showed a unique post-wetted
relationship between stress and volumetric strain as demonstrated by Phien-Wej ef al. [6].
The post-wetted cocfficicnt of compressibility (C,) is defined as the slope of the straight-
line portion of the loading curve and is determined as C, = (De,, / log(p,/p,), where (D,
is the change in volumetric strain under stress changes from p, to p,. For soil at 1.7 m
depth, C_ equals to 0.111.

Figure 8 shows the results of two sets of double oedometer tests carried out on remolded
samples from various dcpths. One set was compacted to the in-situ density at natural
maisture content. The other set was compacted to 95% of maximum dry density (MDD)
on the dry side of the corresponding compaction curve (Fig. 2). Dense specimens swell
slightly when soaked under 7 kPa. At this low pressure the swell was in the range of 1-
2%. Therefore, when excavation and recompaction is possible, the collapsible soil at Al
Helwah region can be improved by compaction to 95% MDD at optimum moisture content
{OMCQ),

Plate load tests

Water content was measured at 9 points, uniformly distributed in the bottom, middle,
and top of soil, at the end of each plate load test. Measured water content was around 28-
30%, which is highly sufficient for the soil to collapse.

Effect of overhurden pressure (p,) on load-settlement response of the 70 mm diameter
plate was investigated under dry and soaked conditions. Figure 9 shows the variation of
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net pressure-settlement curves under 5, 7, and 9 kPa overburden pressures. It is evident
that the range of overburden pressure used here cannot permit a clear determination of the
effect of overburden pressure, since the maximum to minimum pressure ratio is 2 (i.e. 9/
5). However, for low overburden pressure level, the effect on bearing capacity and stiffness
can be evaluated. For comparison, the ultimate bearing capacity (q,,) was determinced by
the slope tangent method (Ismael, [24]; Adams and Collin [25]. From the net pressure-
settlement curves in Fig. 9, the bearing capacity is determined at the intersection of the
tangents to the initial linear portion and the steeper linear portion following failure on
cach curve. Soil modulus (E) is calculated from the theory of elasticity (Timoshenko and
Goodier [26]), for a rigid circular plate on homogeneous soil with Poisson’s ratio of 0.3 as
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Fig. 9. Pressure-settlement curves of 7 cm plate on Al helwah soil of L5 cm thickness, compacted at
natural conditions, under various overburden pressures.
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E=0715*D*(dq/ds) 1)

where q = contact pressure intensity, s = settlement, D = plate diameter. The soil is
nonlinear; therefore, for comparison and simplicity, the secant soil modulus (E) is
calculated as the secant modulus in the stress range 0-100 kPa. Moreover; the initial soil
modulus (E,) is calculated using the initial linear portion of the net pressure-settlement
response. The bearing capacity and moduli values under dry and soaked conditions are
given in Table 4. Results indicate that g,y, E, and E, increase non-linearly with
overburden pressure. It also reflects the significant reductions in the moduli and bearing
capacity upon wetting.

Table 4. Soil bearing capacity and deformation modull under dry and wet conditions

P, Dry Wet Dry/Wet Dry Wet Dry/Wet Dry Wet Dry/Wet
(kPa) Quie Gy Qe E. E- En Eo En Eu
(kPa} {kPa) ratio (kPa) (kPa) ratio (kPa) (kPa) ratio
5 118 16.4 7.2 1233 92 14 3403 606 5.6
7 123 17 72 1854 126 15 4895 666 74
9 139 16.4 8.5 2002 165 12 5405 2412 2.2

The rate of deformation under constant applied pressure is investigated under dry and
soaked conditions. The dry state deformation ceases after 3-5 min. and the wet state
deformation ceases after 120 min. Upward wetting under a constant pressure is also
investigated. Itis noticed that complete wetting under a hydraulic head of approximately
10-15 cm, takes about 2 hr and the deformation ceases after 4 hr. These time periods can
be considered as a minimum criteria for load stepping and soaking duration at this region.

The effects of soil thickness and plate size on the collapse variation with depth are
also investigated. Figures 10 and 11 show the variation of net pressure-settlement curves
for the 50 mm and 70 mm plates; respectively. These tests were conducted under 7 kPa
overburden pressure and soaked under 100 kPa net pressure which is close to the bearing
capacity commonly used locally for 1-2 story buildings on collapsible soils. The dry then
wet loading condition was chosen since it simulates closely the wetting conditions of a
real loaded footing. The collapse increases with soil thickness in a decreasing rate. Figure
12 shows that the collapse extends to a depth of 4 times the plate diameter, which is far
beyond the 1-2 plate diameter zone commonly used in practice for soaking and analysis
of plate load tests. However, it is consistent with the well known theoretical stress influence
zone of 4-5 plate diameter.

The range of size used here can not permit a clear evaluation of the effect of plate size
on the collapse settlement, since only two plates are used and their diameter ratio is 1.5
(i.e. 7/5). Figures 10 and 11 also show that for the 5 cm and 7 cm plates on soil of 20 cm
thickness, soaking induced around 4.3 cm collapse. This was mainly due to the use of
limited plate size and finite soil thickness. Theoretically, larger footing experience a
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larger collapse at the same pressure. Both the dry and wet moduli increased with plate
size. For example, the dry and soaked sccant moduli, for plate of 7 cm on soil of 20 cm
thickness, are 1754 kPa and 107 kPa; respectively. Whereas, the dry and soaked secant
moduli, for plate of 5 cm on soil of 20 cm thickness, are 1289 kPa and 78 kPa; respectively.
Finally, additional centrifuge and/or field tests are needed to establish the influence of
plate size and overburden pressure on the deformation moduli, collapsc, and bearing
capacity of collapsible soils.
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Fig. 12, Variation of collapse settlement with soil thickness for
varinus plates soaked under 100 kPa.
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Collapse Prediction

A comparison was made between the collapse found from the plate load test (D = 5 cm),
soaked at 100 kPa, and that predicted based on the oedometer test. In the collapse calculation,
stress increase in the subsoil due to load from a circular area were assumed to follow the
linear elastic solution. It can be seen from the comparison shown in Fig. 12 that the prediction
based on the oedometer test results underestimate the collapse settlement. The discrepancy
was partly attributed to the deformation constraint in the oedometer test (one dimensiona),
the more sever loading conditions in the plate load test (shear stress and stresses concentrations),
and the continuous penetration of the plate with follower load.

In practice, allowable bearing capacity of collapsible soil is considered settlement
control criterion, corrections are needed for actual size of footings and overburden pressure
if the load settlement result from a plate load test is to be used. Houston ez. al. [16]
suggested conducting tests using a plate size comparable to the actual footing size.
However, that approach is expensive. Therefore, there is a need to develop a constitutive
driver with collapse strain capability and implement it in a numerical tool { FEM), that
program can be calibrated and verified using simple oedometer, triaxial, and plate load
tests on collapsible soil, then employed for foundation modeling and analysis.

Conclusion

Based on the results presented in this paper, the following conclusion remarks can be
derived:

1. The Al Helwah soil was found to have a relatively high collapse potential of 12%
under 200 kPa overburden pressure. Therefore, severe trouble to foundations is
expected upon wetting [14].

2. Samples compacted at 95% MDD on dry side of optimum have negligible collapse
potential compared to samples compacted at the in-situ conditions.

3. AlHelwah soil stiffness and bearing capacity increase with plate size and overburden
pressure under both dry and soaked conditions.

4. The wetting of Al Helwah soil decreases soil stiffness and bearing capacity.

5. The ratio of dry to wet secant deformation modulus at 100 kPa net pressure was
found to be in the range of 10 to 20.

6. The ratio of dry to wet plate bearing capacity was found to be about 5.

7. The influence zone for collapsive strain due to wetting front propagating upward
towards the loaded plate, which is practically similar to rise of ground water table,
was found to be far larger than the double plate diameter which is a commonly used
criteria in data reduction and analysis. The influence zone was in the range of 4 plate
diameter,

8. The deformation ceased after about 5 min of load increase for the dry stage of plate
loading, and after about 2 hrs for the wet stage.
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9. The deformation ceased after about 4 hr of wetting initiation for the soaked plate test
under a constant net pressure.

10. Collapse prediction based on oedometer test underestimate the measured plate collapse
settlement.
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