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Abstract

Subgrade reaction modulus (Ks) is one of the main factors in evaluating en-
gineering properties of soils for structural calculations and operations. So,
many studies have been performed on the effect of other soil geotechnical
parameters on it. One is the effect of soil grains shape on engineering proper-
ties of soils, especially Ks. The aim of the present research is to evaluate the
effect of soil grains shape on Ks for coarse-grained soils of the west of Mash-
had, Iran. For this purpose, 20 PLTs were performed on coarse-grained soils
of the west of Mashhad and Ks amounts were determined. Then, flakiness
and elongation of the samples measured and changes of Ks by soil grain
shape were evaluated. The results showed the strength dependency of Ks to
grain forms which an increase in flakiness and elongation indices leads to a
decrease in Ks. Therefore, it is necessary to reduce Ks estimated form empir-
ical relationships for flaky and elongated soils. So, by writing a genetic algo-
rithm-based program to find the optimal relationship between the grain shape
and the subgrade reaction coefficient, a valid equation for correcting the re-
sults from previous empirical equations was presented.

Keywords
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1. Introduction

In granular soils, the overall geotechnical behavior is strongly affected by grain
properties such as size, shape and crushability. Among the properties, grain
shape has a considerable influence on the bulk of geotechnical properties [1] [2].

Particle shape description based on method of study (2D or 3D) can be classi-
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fied as flat, elongated, flaky, spherical, platy, elliptic and...

In coarse grain soil, size distribution and particle shape including sphericity,
angularity and roughness have pivotal role in determining soil behavior [3]. Fla-
kiness and elongation of particles directly affect permeability, strength, shear
strength, residual resistance, elastic modulus and Ks of the coarse-grained soils.
Ellipticity and plainness (as opposed to sphericity) promote inherent anisotropy
and affect the evolution of stress-induced anisotropy. Plainness decreases stiff-
ness and residual friction angle. Angularity and roughness promote a decrease in
small-strain stiffness, an increase in high strain strength and affect the evolution
of stress-induced anisotropy [4] [5] [6].

Ks is one of the most important soil engineering parameters which its accu-
rate determination leads to optimization of construction operations. Ks is a
conceptual relation between soil pressure and displacement, which has an im-
portant role in the calculation of the elements of strip and raft foundations and
piles [7].

Equation (1) is used to calculate Ks:

Ks == (1

where gis applied load and J'is the settlement rate caused by the applied load.

Recognizing the effect of grain shape on Ks not only can relate the soil geo-
metrical parameters, which can be evaluated in the first step, with engineering
properties but also it can present an accurate and initial recognition about the
process of performing construction activities and calculations to optimize the
construction operations.

Genetic algorithms are search and optimization algorithms based on the prin-
ciples of natural evolution, which were first introduced by john Holland in 1970
[8]. Genetic algorithms also implement the optimization strategies by simulating
evolution of species through natural selections.

Genetic algorithm is generally composed of two processes. First process is se-
lection of individual for the production of next generation and second process is
manipulation of the selected individual to form the next generation by crossover
and mutation techniques [9]. The selection mechanism determines which indi-
vidual are chosen for reproduction and how many offspring each selected indi-
vidual produce. The main principle of selection strategy is the better is an indi-
vidual; the higher is its chance of being parent.

Considering the influence of particle shape on soil engineering parameters
such as K, and lack of practical relations for mentioned corrections, there is a
need for accurate equation to determine real K; in flaky and elongated soils.

The present study focused on the evaluation of dependency of Ks values to
grain shapes for coarse-grained sediments in the west of Mashhad. The coarse-
grained sediments in the west of Mashhad originated from slate and phyllite
metamorphic outcrops and contain a large percent of flaky grains that affect the

soil properties as well as Ks [10].
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In this paper, after some experiments, the optimal relation between the shape
of the grains and Ks using genetic algorithm determined and an equation to

correct the subgrade reaction coefficient in elongated and flaky soils proposed.

2. Methodology

Plate load tests performed in this article were based on regulations of the Minis-
try of Energy of Iran due to compliance of devices and availability of equipment.
Also, flakiness and elongation tests, relative density (D,), and in situ density
(sand bottle test) were conducted according to American Society for Testing and
Materials (ASTM) because of its validity and generality.

At first, by 20 plate load tests Ks amounts were calculated. Figure 1 shows the
location of the test sites.

2.1. Plate Load Tests Methods

Table 1 shows several methods to carry out the Plate load tests [11]:
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Figure 1. Location of the test sites (Google Earth).

Table 1. Plate load test methods.

number

1

test methods

The constant settlement rate: in this method, the settlement rate is selected based on soil penetrability coefficient and the size of the

loading plate. As an approximate pattern, settlement rate can be considered to be 2.5 mm/min. This method is suitable for
fine-grained cohesive soils.

Loading for creep: This method is used when the creep behavior of the soil is of interest or the structure is very sensitive to
settlement.

Incremental loading: The final load is predicted as a multiple of allowable strength and loading stages are determined. In each
loading stage, the settlement rate is measured in minutes 1, 2, 4, and 8. This method can be performed on all types of soil.

Cyclic Loading: This method can be used when the cyclic performance is considered. For example, in the airport and main road
pavement, cyclic loading is performed to fix the settlement after applying the loading process several times.

Direct design loading: In this method, to consider the long-term behavior of the materials under foundation, the pressure applied to
plate is selected by modeling the conditions of construction and operation of the structure.
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In the present study, incremental loading was used according to the type of
soil and final goal.

To have more valid results, the PLTs were performed after removing surficial
soil and placing and leveling the plates on the subsoil [12]. In addition to per-
form PLT with the power of 500 KN jack and the circular rigid plate with di-
ameter of 30 cm, a loaded truck was used to apply the surcharge (Figure 2).

The device was calibrated by national standard organization with coverage
factor k = 2 correspond to confidence level 95%.

The required data were collected after installing equipment, applying load on
a steel plate and recording load and settlement rate simultaneously by load and
settlement gauges [13].

The loading process was incremental and its incremental steps were about
one-fifth to one-fourth of the final estimated load.

The load was controlled in the desired increment and the next load increment
was applied under the previous load after the settlement reached a stable state
[14].

2.2. Elongation and Flakiness Tests

Then, the grains shape factors including elongation and flakiness coefficients of
the grains of soil samples taken from each studied area were determined in the
laboratory. According to the definitions, the flakiness coefficient is the weight
percentage of grains that their thickness is less than 0.6 of mean grains size and
elongation coefficient is the weight percentage of grains that their length are
more than 1.8 of mean grains size [15]. It is of notes that mean grains size is the
average mesh size of two continuous sieves that are used for aggregates gradation.

For this, first, two sieves size of 1 inch and 3/4 inch were used for sieving the
studied samples. Then residual grains on 3/4 inch sieve were weighted. The same
process was done for sieves with sizes of 3/4 inch and 1/2 inch as well as 1/2 inch
and 3/8 inch.

Then, in order to determine flakiness and elongation indices, the remained
aggregates on 3/4 inch, 1/2 inch and 3/8 inch sieves were passed through a
wooden device with nails on it. The distance between two nails called specific

distance, which means 1.8 times of the mean size of that soil group in gradation.

Figure 2. Plate load test.
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The elongation index is calculated by Equation (2) as follow:

_ the weight of long grains y

elongation index (EI) 100 2)

overall weight of grains

In the next step, the aggregate were re-mixed and passed through the grooves
in the floor of a special metal frame and the weight of passed grains was calcu-
lated. The flakiness index is obtained by Equation (3) as follow:

the weight of passed grains through grooves

flakiness index (FI) = x100  (3)

overall weight of grains

Figure 3 shows the tests.

Moreover, for each of the studied areas, in-situ density test was carried out by
using sand bottle method and the dominant soil texture in the studied depth was
determined [16]. Considering the effect of soil hardness on Ks and in order to
determine only the effect of grain shape on this parameter, based on Equation 4
the amounts of y,, y,.. and y, . were specified in the laboratory and rel-

ative density quantities were calculated [17].

D, — 7d _ydmin x }/dmax (4)
}/dmax _}/dmin }/d

Then, a genetic algorithm based program in Matlab was written to calculate

the actual subgrade reaction modulus (ks) values according to the grain shape.

3. Results of Research

The samples were taken from about 0.2 m - 1 m depth that can be presumed as
load effect limit and bears only 5% of surficial stress based on boussinesq studies
by circularly load on the range of stress effect [7].

In spite of changing the soil properties in different directions due to the ani-
sotropy of the soil, in order to the loading of the structure in the vertical direc-
tion, the subgrade reaction modulus is also calculated in this direction, Sampling
and speculation were done in the same direction.

Table 2 presents the soil properties of 20 stations. As can be seen, the dominant

@
Figure 3. Tests steps and devices: (a) Flakiness test; (b) Elongation test; (c) Sand bottle method.
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Table 2. The properties of the studied soils.

Station

10

Ya

(gr/cm?)

1.81

1.82

1.77

1.81

1.75

1.81

1.78

1.80

1.75

1.72

Vdmax
(gr/cm?)

1.77

1.74

Vemin
(gr/cm

) D, Type Station (gr/}; ‘;nS) (gi// d’::;S) (gi// d’cnri;S) D, Type
50% SW 11 1.78 1.81 1.73 64% GM
75% SP 12 1.81 1.84 1.79 40% GW
67% GC-GM 13 1.79 1.82 1.74 64% GP-GM
60% SM 14 1.80 1.82 1.77 61% GP-GM
64% SM 15 1.76 1.78 1.73 61% SM
68% GC-GM 16 1.77 1.84 1.75 23% SP-SM
61% GC-GM 17 1.80 1.84 1.78 34% GC-GM
60% GP-GM 18 1.79 1.82 1.73 67% SP-SM
67% SP-SM 19 1.74 1.77 1.69 64% SM
61% SC 20 1.80 1.82 1.78 50% SM

texture of the soil is coarse-grained gravel and silty sand.

After performing PLTs and collecting the required data, by considering the
following items, the Ks was calculated for each station using the pressure-set-
tlement curve:
¢ Loading did not continue until the soil rupture.

e The amount of applied stress on plates and settlement were measured.
¢ Loading was performed on coarse-grained soils with low cohesion.

The amounts of Ks were calculated according to Wilun and Starzewski (1972)
method [18].

This method is applied when the unloading is done before reaching the final
strength of soil. In this process, equal intervals (3 to 4 intervals) are selected on
the vertical line drawn on a pressure-settlement curve. Then, horizontal lines are
drawn from the intervals to cross the curve. Next, vertical lines are drawn from
the intersection point to cross the horizontal axis (pressure axis) and the lines
with a 45° angle are drawn from the intersection point of vertical lines and pres-
sure axis to cross the adjacent vertical lines. Finally, from the obtained points, a
direct line is drawn to intersect the pressure axis. This point shows the final
strength of the soil (Figure 4).

For unsaturated soils such as studied samples, Equation (5) is used to calculate

effective stress [19]:
6,:(5_uﬂ)+x(ua_uw) (5)

The difference & —u, is referred to the net normal stress, the difference
u, —u, is matric suction and the effective stress parameter x is a material varia-
ble that is generally considered to vary between zero and unity.

Previous studies show low importance of suction in coarse-grained soils [20].
Due to the dominant texture of the soil (coarse-grained gravel and silty sand) in
approximately dried studied soils, suction was not considered and §'=6.

Table 3 presents the amounts of Ks for 20 studied points.
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Figure 4. Determining the subgrade reaction modulus using the pressure-settlement curve
(Wilun and Starzewski, 1972).

Table 3. Ks amounts for 20 points.

Sample No. Ks (kg/cm®) Sample No. Ks (kg/cm?)
1 7.2 11 8.2
2 7.3 12 7
3 7.6 13 7.9
4 7.3 14 7.6
5 6.4 15 8
6 7.4 16 6.2
7 7.6 17 6.3
8 6.8 18 6.9
9 8.5 19 7.1
10 7.3 20 7.2

After determining Ks, the flakiness and elongation coefficients of studied
grains were calculated to find the relation between the Ks and soil grains shape
(Table 4). Sieve 3/4 in, 1/2 in and 3/8 in are sieves which their hole diameters are
20 mm, 12.5 mm and 10 mm respectively.

The higher elongation and flakiness indexes indicate that the soils under study

are flaky and elongated.
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Table 4. The flakiness and elongation indexes of different sieves.

3/4in 1/2in 3/8 in
Sample No.
FI (%) EI (%) FI (%) EI (%) FI (%) EI (%)
1 26 73 20 84 22 76
2 40 83 24 73 25 81
3 26 78 25 72 26 73
4 28 78 29 78 26 82
5 39 84 40 82 38 85
6 22 81 25 75 28 70
7 31 72 24 73 28 63
8 26 85 42 82 45 79
9 17 62 16 71 19 69
10 25 85 20 71 33 74
11 20 70 20 60 21 67
12 24 83 28 77 35 80
13 20 76 26 68 21 71
14 20 79 21 72 24 70
15 20 67 26 66 26 61
16 32 90 37 87 44 81
17 36 85 38 89 42 86
18 28 90 35 81 36 82
19 22 81 28 76 22 76
20 23 82 28 63 28 74

4. Discussion

Due to the effect of soil hardness on the subgrade reaction modulus and focus on
the effect of soil elongation and flakiness on Ks, by calculating relative density
values, statistical fittings were taken only on approximately similar relative den-
sity specimens, That is, 15 samples with a relative density between 60% and 75%
and almost in the range of stiff soils [7] [21].

Figures 5-7 and Table 5 show the relationship of elongation and flakiness
indexes with Ks. Generally, the results demonstrate the effectiveness of soil grain
shape on Ks and an increase in elongation and flakiness indices leads to a reduc-
tion in Ks.

In Table 5, R* indicates the degree of correlation between parameters and sig.
amounts show if there is a relationship between parameters or not. Sig.2-tailed <
0.05 indicates that the variations of Ks by variables of elongation and flakiness
indices are well justified [22]. The negative line slopes also show a reverse rela-
tion of elongation and flakiness indices with Ks [23].

As seen in Table 5, the lowest R coefficient is for flakiness and Ks indices of
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Figure 5. The relation of elongation and flakiness coefficients with Ks for 3/4 in sieve.
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Figure 7. The relation of elongation and flakiness coefficients with Ks for 3/8 in sieve.

Table 5. Correlation coefficients for different sieves.

Correlations
Elongation (3/4) Flakiness (3/4) Elongation (1/2) Flakiness (1/2) Elongation (3/8) Flakiness (3/8)
R 0.75 0.45 0.71 0.67 0.60 0.61
Ks Sig.2-tailed 0.000 0.006 0.000 0.000 0.001 0.001
N 15 15 15 15 15 15
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3/4 inch sieve. It indicates more divergence relation of the flakiness of coarse
grains with reduction of Ks in comparison with fine grains.

The gradient of lines in Figures 5-7 show that although the overall trend of
reduction in Ks by increasing elongation and flakiness indices is almost the same
in all figures, but the high elongation and flakiness of medium grains leads to
more change in Ks compared to coarse and fine grains.

Finally, a genetic algorithm based program in Matlab was written to calculate
real Ks values according to grain shape. Figure 8 shows the most optimal corre-
lation between EI (average of three sieves), FI (average of three sieves) and Ks
based on the fitted genetic algorithm.

In Figure 8, it can be seen that by 40% increase in elongation coefficients,
about 20% reduction is observed in subgrade reaction modulus and the men-
tioned coefficients reach to almost 80% of their previous values. Although,
doubling flakiness coefficients leads to 15% reduction in Ks.

Figure 9 shows the results of fitted genetic algorithm on in-situ and laboratory

00
o
/

©
[

Ks (kg/cm?)

60

25

FI (%) 15 8 8s El (%)

Figure 8. The relation between the elongation and flakiness coefficients with Ks.
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experiments. Obtained coefficients (EI and FI coefficients) can be used to correct
and reduce Ks amounts from empirical equations in flaky and elongated soils.
Due to implement tests on 30 cm diameter plate (The standard one), results
generalizing can be done after correcting Ks obtained from empirical equations
on 30 cm diameter foundation.
The following equation based on the genetic algorithm is used to correct the
subgrade reaction modulus obtained from the previous equations for flaky and

elongated samples in coarse-grained soils (Equation (6)).

Ks = (-0.0487)EI+(-0.0411)FI+12.2188 (6)

As seen in Equation (6), 10% increase in EI and FI leads to about 1 kg/cm’

decrease in Ks values (based on tests on 30 cm plates).

5. Conclusion

The subgrade reaction modulus (Ks) is one of the most important elements in
soil engineering to perform structural calculations. Perusing the effect of grain
shape on Ks can present an accurate and initial recognition about the process of
performing construction activities and calculations to optimize the construction
operations. In the present research, 20 in-situ PLTs were conducted to deter-
mine Ks. Then elongation and flakiness tests were performed in laboratory and
the effect of being elongated and flaky of soil particles and the shape of grains on
Ks was analyzed. To take into account only the effect of soil elongation and fla-
kiness on Ks, only 15 specimens in the range of stiff soils were fitted statistical
correlations. The results showed that an increase in elongation and flakiness in-
dices leads to a decrease in Ks. Finally, based on the results of this study, a ge-
netic algorithm based program was written to calculate the real Ks for flaky and
elongated coarse-grained soils for future geotechnical calculations. The results of
tests and fitted genetic algorithm indicated that a two-fold increase in the aver-
age of flakiness coefficients results in about 15% reduction in Ks, which subse-
quently causes by 20% to 30% increase in elongation coefficient. The results of
the present study shows that when empirical relationships are used for estima-
tion of Ks for soils with elongated or flaky grains such as sediments of the west
of Mashhad, it is necessary to make correction of Ks based on the FI and EI in-

dexes in order to accurate structural calculations.
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