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Anisotropic behavior of Compacted Decomposed granite soils
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1. Introduction

Artificial soil structures, such as riverbanks and embankments, including roads and railways, have
a stress history of compaction with their construction. In this process, the compacted soil possesses
an anisotropic property. Many laboratory works have been conducted to find the compressibility or
mechanical properties of compacted materials. For compacted specimens employed in conventional
triaxial tests, the direction of the compaction loading corresponded with the direction of the major
principle stress. However, the stress conditions in a soil structure caused by additional loading,
such as an earthquake, should varyin terms of the direction of the major principal stress. Therefore,
in order to study the detail stability and deformability of astructure using compacted materials, it is
necessary to understand the anisotropic properties for the compacted material. Although it has been
widely recognized, study of the anisotropicproperty of compacted materials has been limited to
clayey soils (Livneh and Komornik, 1967 Onitsuka and Hayashi, 1979). Conversely, saturated clay
and soil has been studied by many researchers (Oda et a., 1978;Tatsuoka et al., 1990). Therefore, it
is necessary to collect substantial data in order to understand the mechanical properties.

A series of unsaturated—drained triaxial compression tests were performed on compacted
materials. Decomposed granite soil was used as this type of material has generally been adopted
previously as a construction material. The tests were planned to find not only the degree of
anisotropy for the sedimentation angle of the compacted material, but also the influences of the
confining stress, degree of saturation and specimen preparation method on the anisotropic
properties.
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2. Material Properties and Test Methods
2.1 Basic Characteristics

The physical properties of the sample are shown in Table 1, and the grain size distribution
curve of the materials in Figure 1.

The quartz, feldspar and colored mineral contents of this sample were about 23, 62 and
15%, respectively. Ignition loss of Toyoura sand, mostly composed of quartz, with a small
degree of weathering, 0.4. The ignition loss of the sample was 1.83.

Table 1. Physical properties of the the soil used

. e
Sample ramn size GS € max € min d50 smtion UC ID Wopt Pdmax
(mm) loss(%)
Shi ki d d
HHONOSERL decompose 2 2.685|1.116 | 0.613|0.555| 1.83  |7.14|N.P|13.24 | 1.783
granite soil

2.2 Sample Preparation

The decomposed granite soil with optimum moisture content(w=13%) was compacted in a
container(200 mmX100 mmX200 mm) by hitting with a 2kg rammer. The density of the
compacted materials was controlled by the relative compaction, Dc, to be 90%. The degree of
compaction was defined as the percentage of the density to the maximum dry density obtained
from the compaction test. The rectangular sample was frozen at under -20°C followed by
cylindrical triaxial compression of the specimens into a 50mm diameter and 100mm height using a
core bit machine, as shown in figure 2. The sample had three different angles of the axial(major
principal) direction to the sedimentation plane(compaction plane), O, 45 and 90 degrees.
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2.3 Test

Unsaturated—-drained triaxial compression tests were carried out on the specimens at a constant
strain rate of O.lmm/min. A double cell in the apparatus was equipped to measure the volume
change of the specimen. The axial strain was measured using the gap sensor of up to 2.0% during
the consolidation and initial part of the shear process.
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The specimens were set up under a 20kPa confining pressure, with melting for about 6-hours. After
this, confining pressures up to, 30, 60, 120 or 240 kPa were applied for times of 1 or 10hours, in order to
find the time dependency of the mechanical behaviour of the unsaturated compacted materials.

3. Test results

3.1 Effect of the sedimentation angle on thecompression settel-ment

Figure 3 shows the relationship between the elapsed compression time and the axial strain for a
sample subjected to a 60kPa confining stress. There were two compression processes one was the
primary compression process, from the beginning to the end of the confining pressure loading, and
the other the secondary compression process, after the end of the confining pressure loading. The
amounts of axial strain during the primary and secondary compressions were referred to as S; and
S, respectively, as shown in figure 3.

The isotropic compression behavior, Si, increased suddenly due to the immediate settlement
during the primary compression process, after then So showed only a slight non-linear relationship
with the function of the logarithm of time during the secondary compression process.

Figure 4 shows the relationship between the axial strain and time under the conditions of 60kPa
of confining pressure and 10 hours compressive stress. The arrow in the figure represents the
moment the load ended. As § of the specimen decreased from 90° to 0° the axial strain S

increased.
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Figure 5 shows the effect of the confining pressure on the relationship between the axial strain
and the duration of compressive stress for samples subjected to 30, 60, 120, 240kPa confining
pressures for specimens with §=90°. As the confining stress increased, the amount of axial strain S;
also increased. The arrows in the figure represent the moment the load ended. Then, the amount of
axial strain, S», was approximately the same for all confining stresses. The behaviour of
deformation during the secondary compression process was verified as not having any dependency
on the confining stress.

Figure 6 demonstrates the relationship between the duration and axial strain in the secondary
compression process from figure 4. From figure 6, with longer duration, the rate of decrease
became gentler. In addition, the behavior of deformation during the secondary compression process
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was dependent of §. The influence of the sedimentation angle did not appear in the secondary
compression process. Sy was considered to be related to the particle rearrangement and decrease
suction factors due to the compression.
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3.2 Effect of the sedimentation angle on the strength

In order to investigate the shear property of the compacted specimen with 90, 45 and O
degree sedimentation angles, drained triaxial compression tests were performed. The deviator
stress—axial strain and axial-volumetric strains diagrams for the specimen compressed at
120kPa are shown in figure 7. The deviator stress was defined by gq=(61-63).

In this result for the stress-—strain relation, the deviator stress showed a clear maximum
stress points, which then slowly deceased. As the value of § increased from 0° to 90° the
maximum value of the deviator stress gmax also increased, but the axial strain at gmax
decreased. In addition, the dilatancy rate at the point of failure increased with increasing §.
Figure 8 shows the change in the deviator stress obtained for strains upto 0.05 % for the
specimens the same relation as shown in figure 7.

If the strain behavior changed from a linear to a non-linear deformation, the initial tangent
modulus(Etan) is not the same as the Secant Young's modulus(Esec).In this paper, it was
assumed that the axial strain at Etan=Esec was the critical condition of elastic deformation.
Generally, the Etan of soil materials of no cementation are the same as Esec at approximately
less than 0.001% axial strain (Tatsuoka and Shibuya, 1992). The Secant Young's modulus(Esec)
was then investigated for the condition of less than 0.001% axial strain on the compacted material.
Figure 9 shows the relation between the Secant Young's modulus at 0.001% strain and the mean
principal stress, p. The modulus increased to a linear relationship, having a slope of 0.519.
Comparing the dependency for general soil(soil materials of no cementation), which is known to be
0.5 (for example, Hardin and Richart, 1963; Hardin and Black. 1969), the compacted material was
found to have approximately the same dependency.

In addition, the & had no influence on the dependency of Secant Young's modulus on p.
Tatsuoka(1990) and Kohata(1995) reported similar results for sand. Therefore, the compacted soil
also showed a small strain level(elastic deformation), which was not enough to affect the

sedimentation angle. The Secant Young's modulus would only be related to the rigidity of a particle.
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Figure 10 shows the relationship between the secant shear resistance angle at peak shear
stress (ppeak) and §. The angle ¢ was calculated by the following equation.

(D

where 0, is the major principal stress and 6, is the minor principal stress.

As the value of § increased from 0° to 90° the angle(dpeak) also increased. The angle
(dpeak) of the 10-hours compressed specimens appeared to be approximately 2 degrees lower
than that of the 1-hour compressed specimens. The degrees of saturation of the 1-hour and
10-hour compressed specimens were approximately 60% and 65%, respectively. Thus, the
decrease in the strength over 10 hours would be related to the increase in saturation of the
specimen, which also caused the decrease in suction.

In figure 10, the strength data on Ube decomposed granite soils prepared by the air
pluviation method has been indicated(Nakata et al, 1998). The angle(dpeak) of Ube appeared to
be approximately 10 to 15 degrees lower than that of Shimonoseki. On the basis of this
comparison, the influences of the sedimentation angle appear to be similar, irrespective of the
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sample preparation method.

Figure 11 represents the effect of the sedimentation angle shown by Tatsuoka et al.(1990),
who proposed the normalization of the shear resistance angle to that of the shear resistance
angle 90° &, $(8)/¢(6=90°). The data for Toyoura sand, obtained by Oda et al, (1978) and
Tatsuoka et al.(1990), are also shown in this figure. All specimens shown in figure 11 appear
to have similar tendencies, in that the value of $(8§)/d(6=90°) increased with increasing &,
although factors relating to the specimens, such as the initial density, the confining stress, the
condition of sedimentation and preparation method, were different.

Figure 12 shows the relationship between the secant shear resistance angles at peak shear
stress(dpeak) and the mean principal stress, p. As the mean principal stress increased, ¢peak
decreased steeply. The slope became steeper as & became large. The effect of the
sedimentation angle on the strength of deformation was clear with low mean principal stress. In
the case of Ube, the tendency for a steep slope was shown to be very gentle with increases
in the mean principal stress, p, compare with the data of Shimonoseki.

It was thought that the initial fabric arrangement would remain nearly constant in alow
confining stress. As the confining stress increased, the particleswere rearranged by particle
breakage, such that the effect of the sedimentation angle disappeared under high confining

stress.
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3.3 Effect of the sedimentation angle on the dilatancy

In order to show the effect of the sedimentation angel on the dilatancy, the ratio of the volumetric
strain increment to that of the deviator under peak stress conditions, (~dev/dy)pear, Was examined.
Figure 13 shows the ratio of (=dev/dy)eax for an angle of sedimentation (=dev/dy)peax for a § of 90°.
The ratio (=dev/dy)peax /((=dev/d¥)pear at §=90°) was plotted against of §. So, when d was equal to
90°the ratio became 1. As the confining stress increased, the ratio, (-dev/dy)peax /((—~dev/d¥)pear at
d=90°),decreased. The (~dev/d¥)pear /((=dev/dy)pear at 6=90°) with a confining stress of 30kPa was
0.58. As the confining stress increased, the value of (=dev/dy)pear /((=dev/dy)peak at 6=90°) was
approximately 1.0.

The compacted decomposed granite soils had lower values of (=dev/dy)peax at §=0)/((=dev/d¥)peax
at 6=90°) than the data for the air pluviated decomposed granite and Toyoura sand.

Figure 14 shows the relationship between (ppeak-dpcv)/(dpeak—Pcv at §=90°) and §, where Pcv is
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the shear resistance angle at the constant volume condition and ¢peak-dcv is considered the
increment part of the strength due to dilatancy of the specimen. The value of ¢cv was defined as
the minimum value in all tests of the mobilized angle where the deviator strain reached 14%. As the
confining stress increased and the value of § decreased, the value of ¢peak—-Pcv became smaller.
Moreover, the tendency for the effect of the sedimentation angle at strength, as shown in figure 14,
agreed with the tendency of the effect of the sedimentation angle on the dilatancy, as shown in
Figure 13.

Figure 15 shows the relationship between the increment of strength due to dilatancy, ¢peak-Pcv,
and the dilatancy rate, (dev/dy)peax at failure. As (dev/dy)peax increased, dpeak-dcv, also increased.
The same tendency was obtained for all specimen used in this paper. It was also recognized that
although the sedimentation angle and preparation methods were different, the dilatancy rate at
failure was related to the increment of strength due to dilatancy. Therefore, it can be concluded that
the difference between the peak strength ¢peak and the residual strength ¢cv was dominated by the
dilatancy for compacted specimens, as with sand.

TN
% 55 —TTTTT T T o o ~ o i
) - onpiditon, ] o ]
5 I Shimonoeseki i & 1
g [ 0 s-0° ] {% b
® sk 0 s-45° ] ~ ]
%D E O s=00° A o 1
& N
5 B Air pluviation | = g
- Ube Dr=60-30% | =
g ? ® s-0° 1 1 Com paction 1
= 45 cimgne | | o] Shim onoseki B
g i 0 &9 B = O ©.=30kPa 2]
o L i A 0.7 0 c-60kPa |
o - - @ & o0,=120kPa 4
: - o g ¥ A o=240kPa  |]
< | 4 o g
8 40 o o 0.6 Air pluviation  |]
7 © © : 5 Ube Dr=60-80% [
i - - > ® Toyoura sand, o,=50kPa, D,=90% N
=} B LL\L&_& 1 = Air pluviation (O da et al,, 1978) V o.=30kPa i]
8 L ® ® o ~ 0 c.=50kPa B
(5] L 1 e bl 1 1 1 L i| ; M 0 5 1 1 1 1 T
40 100 1000 0 15 30 45 60 75 90

Mean principal stress p (kPa) 8¢ )

Fig 12. Relationship between secant shear resistance Fig 13. =(dey/dypeac(8) /=(dev/dy)peax(6=90°) and &

angles at peak shear and mean principal stress Relations

4 18 T T
1 I- Toyoura sand,, o=50kPa, D,=90% -
. g | Air pluviation (Oda et al., 1978) |
° ] 15 |- ®6=0" J]
(=} H I m&=30" -
E 2l A I ®5=60" 1
& J o 12 - as=s0° 30kPa 1
3 ] o L K
? 2= Com paction a e o E
4 0.90 S him onoseki L s 9l i
& O o.=30kPa u ? 2 ]
= 0 o.=60kPa g = L -
w O o.=120kPa |4 a & o
E A c=240kPa | io2 6 | S < H
L 0.85 Air pluviation | ] - Air pluviation 1monosb U
2 Ube Dr=60-30% |] 3k Ube Dr=60-80% 0o &0 ||
e°~ ® Toyoura sand, o,=50kPa, D =90% 5 " i ® 5=0° o 545" i
Air pluviation (O da et al, 1978) z :;ig:: i i & isant & e=s0" |]
1 1 1 1 I 1 1 |
0'800 15 30 45 60 75 90 %.0 05 1.0 1.5 20
8C ) ~(dev/dy)pea
Fig 14. dpeak—Pev (6)/ Ppeax—bev (at 6=90°) and § Fig 15. Relationship between (Ppeax—Pev)
Relations and —(de/dy)

3.4 Discussion on initial fabric of compacted material

Lambe(1958) started a way of thinking about the structure of compacted soil, and although many
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researchers have tried to examine the fabric(structure) of compacted soil (Seed, Mitchell, and Chan,
1960) no consensus has been completely established. Attempts to observe the fabric arrangement
of the specimens used in this paper using microscopy were made, but the fabric anisotropy could
notbe confirmed. Generally, the fabric anisotropy of saturated sand due to air—-pluviation
sedimentation has been known to develop in the direction of sedimentation.

Onitsuka and Hayashi(1979) pointed out that the strength anisotropy of compacted sandy soils
was caused by the direction of fabric arrangement, as the direction of the fabric arrangement was
willing to orientate perpendicularly to the compaction direction.

From the result of the unsaturated-drained triaxial compression tests on the compacted
decomposed granite soils in this paper, it can be concluded that the compacted specimen had
anisotropic mechanical properties the same as those initially found with sand. It would be
meaningful to take the anisotropy properties into account for a performance based design of a
compacted soil structure to an external force, such as a large earthquake.

4. Conclusions

A series of unsaturated-drained triaxial compression tests were performed on compacted
materials. The tests were planned to find the effect of, not only the degree of anisotropy for
sedimentation angle of compacted material, but also the influence of confining stress, saturation
degree and specimen preparation method on the anisotropic properties. The following conclusions
can be drawn from this study:

(1) The compression strains of specimens were strongly influenced by the sedimentation angle.

(2) The Secant Young's modulus showed the same behaviour for all specimens, even with different 6.

(3) The effects of the sedimentation angle on the triaxial compression strength and deformation

were clear with a low confining stress.

(4) Although the sedimentation angle and preparation methods were different, the dilatancy rate

was related to the increments in strength due to dilatancy.

(5) The compacted specimen can be considered to have anisotropic mechanical properties, the

same as the initial fabric anisotropy of sand.
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