Variation of small strain stiffness for piping-influenced Toyoura sand
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ABSTRACT: Landslides triggered by piping are frequently reported during stormy periods. Despite large
amount of model tests related with internal erosion, there is little research on the mechanical properties of dis-
turbed soil by means of element experiment. In this paper, an attempt was made to create artificial piping by
dissolving water soluble material (glucose) in sand. Chains of voids were generated when water was infiltrat-
ed and drained out through the specimen. Small torsional cyclic loadings were conducted on the hollow cy-
lindrical specimens in order to obtain the small strain stiffness of the soil before/after piping erosion. Accord-
ing to the results, reduction of shear modulus was found in specimen with internal pipes after water
infiltration, and piping-induced anisotropy was found to be obvious.

1 INTRODUCTION

1.1 Background

Piping occurs when water flows through a cavity,
crack or other continuous void within the soil. Inter-
nal erosion in the form of piping is found to be re-
sponsible for a larger number of cases according to
the statistics of dam failures (Foster et al., 2000;
Uchida et al., 2001; Wilson et al., 2007). Recently,
evidence that piping flow had taken place subsurface
was often noticed by the collapses of macropores
along the slopes in landslides reports. Such unstable
soil structure with internal defects would have sig-
nificant impact on the hydraulic conductivity of the
ground, even lead to the recurrence of another land-
slide.

In order to obtain a more precise prediction on the
behavior of soil subjected to internal erosion, quanti-
tative evaluation of its mechanical properties is es-
sential. Previous investigations related to piping al-
ways focus on the factors governing its initiation by
means of model test (Wan et al., 2004; Bonelli et al.,
2006; Lin Ke & Akihiro Takahashi, 2012), including
geometric conditions, loading conditions and hy-
draulic gradient. Besides that, there still exists a gap
between the erodible particles and the geotechnical
properties of the soil.

Inspired by the practice of using water soluble
material (sugar, salt and glucose) to create loosened
sand, proposed by Kuwano and Renuka (Renuka et
al. 2011, 2012) in the study of ground cavity, the au-
thors came up with the idea of recreating piping ef-

fect in laboratory with glucose pipes. With the dis-
solving of the erodible particles (glucose), a prefer-
ential water path will be generated, simulating the
piping formation. In this way, not only the sand
loosening associated with piping propagation can be
captured using local strain measuring devices, also
the variation in the stiffness characteristics of the
disturbed specimen could be obtained by experi-
mental techniques.

1.2 Small strain stiffness

Under piping erosion, it is foreseeable that a new
soil structure would be induced due to the particle
detachment. Although it has been identified by many
researchers that piping loosens the soil structure and
reduces the soil’s shear strength, how the pre-
existing defaults influences the soil stiffness and
how the anisotropy brought from the weakened
plane have still remained in question. In this study,
besides the progression of the piping process, anoth-
er primary concern will be the small strain, elastic
shear modulus, which is of great importance not on-
ly in the ground deformational predication under
earthquakes, machine foundations and other dynam-
ics loadings, but also in the numerical modeling of
slopes with potential erodible plane.

Techniques currently used to measure the small
strain shear modulus in the laboratory include reso-
nant column test, the bender element method and
torsional shear test. With the development of accu-
rate measurement of local strains, in triaxial appa-
ratus or torsional shear apparatus, devices including



the non-contact proximity transducer (Gap sensor),
the LVDT, local deformation transducer (LDT), and
pin-typed local deformation transducer (P-LDT) et
al. were widely used (Hird and Yung, 1987; Cucco-
villo and Coop, 1997; Goto et al., 1991; HongNam
and Koseki, 2005). In the current research, shear
modulus was obtained with the help of gap sensors
by conducting small torsional cyclic loadings. The
stiffness characteristics of soil at the initial dry state,
after the piping formation, and during the rotation of
major principal stress were investigated. Hollow cy-
lindrical specimens with vertical pipe or horizontal
pipe were made. Properties of the disturbed sand,
which possesses a special anisotropic fabric formed
during internal erosion, were studied in detail.

2 TRIAXIAL TESTS
2.1 Apparatus

In this study, a high-capacity torsional shear test ap-
paratus developed at the Institute of Industrial Sci-
ence, University of Tokyo was employed.

The apparatus mainly consists of a cell, loading
system and measurement devices. The loading sys-
tem is composed by an AC servo-motor, a reduction
gear system with two gears, electronic magnetic
clutches and brakes, which is controlled automatical-
ly by a computer. As shown in Figure 1, the vertical
load F and torque 7 were applied on the hollow cy-
lindrical specimen simultaneously and independent-
ly by two servo-motors and measured through a two-
component load cell. Cell pressure is applied
through an electro-pneumatic transducer (E/P) with
a capacity of 1000 kPa, and measured by high ca-
pacity differential pressure transducer (HCDPT).
Low capacity differential pressure transducer
(LCDPT) is used to measure the volume change of
inner hollow, which is fully filled with de-aired wa-
ter, by the difference in water heads between two
burettes with one collecting water from inner hollow
and the other as a reference. Throughout the tests,
the cell and LCDPT are connected by a stiff nylon
tube. Thus, inner and outer cell pressures are equal
to each other, i.e., the radial stress o, is equal to the
circumferential stress op.

2.2 Specimen preparation

Toyoura sand from batch J was used in this study,
which is uniformly graded sand with sub-angular
particles. The index properties of the sand are G, =
2.64, emax = 0.992, enin = 0.678. Hollow cylindrical
specimens (outer diameter D, = 10 cm, inner diame-
ter D;= 6 cm and height H = 10 cm) were prepared
by air-pluviation method.

Glucose pipes both in wvertical and horizontal
were prepared in this study. For vertical glucose
pipe, a plastic straw of 6.0 mm in diameter was

placed in advance and fixed by iron wire, with the
other end fastened to the four steel poles of the appa-
ratus. After completing the sand pluviation, the dry
glucose powder was filled into the straw. Then spe-
cial care was taken to remove the straw so as to min-
imize disturbance of the surrounding sand. In this
way, erosion could be induced only in the preformed
cylindrical path in order to simulate the piping phe-
nomenon. As for the horizontal pipe, small glucose
blocks were made by mixing the powder with ap-
proximately 5% of water. After compacted into the
mould of a hollow steel pipe with 5.5 mm in diame-
ter, the mixture was pushed out and cut into small
blocks with 1 cm in length. These blocks would be
placed at mid-height of specimen in a circle during
pouring of sand. Figure 2 shows the top view of the
two types of samples.
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Figure 1. Hollow cylindrical specimen and transducers.

Figure 2. Specimen with internal glucose pipes.

2.3 Test procedure

After setting up the specimen, the effective pressure
was increased to 80kPa and the specimen was iso-
tropically consolidated for around 12 hours to dissi-
pate the creep effect. Then small torsional cyclic
loadings with peak to peak stress amplitude of 3 kPa
were conducted in order to obtain the initial shear
modulus Gy at dry state. After that, 1300 ml of de-



aired water was infiltrated into the specimen from
the bottom pedestal to completely dissolve the glu-
cose and induce the erosion. The inflow rate, meas-
ured by the two load cells hung upon the upper and
lower water tanks, was controlled at around 12
ml/min. Then the specimen was sent to another
creep state under drained condition for 10 hours, fol-
lowing by the second small cyclic loadings to exam-
ine shear modulus of the disturbed specimen G;.

The next step was to increase o, while decreasing
o; and gy to keep the mean effective pressure con-
stant, and the direction of o; from vertical was 0.
Later, with the separate control of o, ¢; and 7, dlrec-
tion of major principal stress was changed from 0 to
180°". For every 10 interval, small torsional cyclic
loadings were conducted under the constant normal
stresses. Figure 3 presents the measured stress path
for the case of “NP_10” (referred Table 1).
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Figure 3. Variation of normal stresses.

As summarized in Table 1, six tests in total were
conducted, which could be divided into Group 1 and
Group 2 based on the stress ratio during rotation of
principal stresses. Here “NP”, “HP” and “VP” stand
for no-pipe, horizontal-pipe and vertical-pipe respec-
tively; and the subsequent “10” and “15” represent
moblhzed angle of internal friction ¢, at 10" and
15, corresponding to the stress ratio R of 1.42 and
1 70 The computation of ¢, is presented in Equa-
tion 1. By keeping p’ and R constant, the evolution
of shear modulus due solely to the rotation of princi-
pal stresses could be investigated.

Table 1. Test conditions.

Drini Pipe Pipe ’ ’
TestID o e e direction  (kPa) V7
NP 10 72.0 0.711 0 - 80 1.42
HP 10 74.7 0.707 4 Vertical 80 1.42
VP 10 78.9 0.691 1 Horizontal 80 1.42
NP 15 73.0 0.713 0 - 80 1.70
HP 15 729 0.713 4 Vertical 80 1.70
VP 15 78.0 0.694 1 Horizontal 80 1.70

Bunap = sin”~* (252) (1)

O'1+0'3

3 STRESSES AND STRAINS IN TORSIONAL
SHEAR

Four stress components on the specimen in hollow
cylinder torsional shear apparatus, namely axial
stress (o,), radial stress (o;), circumferential stress
(0p) and shear stress (7.9) can be defined by control-
ling the vertical axial load (F,), the torque (7), outer
cell pressure (p,) and the inner cell pressure (p;). The
relationship among the above stress and loading
components are as follows (Hight et al., 1983):

__F n (p1, = pi1) )
T =) =)

_ (1, +pi1) (3)
' (r,+r)

_ (poro _pzrz) 4
O 4

T, o=—"—= =
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where r, and r; are the outer and inner radius of
the specimen. 7; is calculated by the data collected
from LCDPT, and r, is obtained by averaging the re-
sults from three clip gauges. As is shown in Figure
4, they are fixed at the outside the specimen with the
support of aluminum blocks glued on the membrane.

Figure 4. Arrangement of clip gauges.

As mentioned above, the vertical strain g, is
measured by the external displacement transducer
(EDT), and shear strain y,4 is obtained by one pair of
gap sensors (GS1 and GS2) with capacity of 4mm.
In order to calculate the radial strain ¢, and circum-
ferential strain gy, two assumptions were made: 1) the
specimen remained right cylinder for the inner hol-
low, and ii) the sand influenced by piping effect is



1/4 of the total volume for vertical-pipe-specimen
and 1/5 for horizontal-pipe-specimen for simplicity.
Figure 5 shows an example of the calculation of
G measured by gap sensors from the 10" small
clockwise/anticlockwise torsional cycles.
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Figure 5. Evaluation of G measured by GS1 from the 10™ cycle
out of 11 during isotropic consolidation in NP_15.

4 RESULTS

4.1 Volumetric strain

Figures 6-7 showed the volumetric strain variation
during the whole test for all the specimens. It should
be noted that the volume proportion of glucose to the
total specimen is about 2.22 % for four vertical glu-
cose pipes and 1.17 % for horizontal glucose pipe.

When the confining pressure was increased from
30 kPa to 80kPa, larger compression took place in
the vertical-pipe-specimen for both of the two
groups. For the horizontal-pipe-specimen and no-
pipe-specimen the increments in volumetric strain
were nearly the same. One possible reason may lie
in the more vulnerable structure in VP-specimen un-
der the combined effect of bedding plane (in hori-
zontal for air-pluviated sample) and vertical piping
plane.

During water infiltration, the growth in volumet-
ric strain was 1.34% for VP-specimen, 0.42% for
HP-specimen and 0.12% for NP-specimen in Group
1 where ¢, = 10, and for Ground 2 they were
1.78%, 0.47%, and 0.04%. These differences ob-
served between specimens with the same amount of
initial glucose indicated the unpredictable manner of
the disturbance during the generation and propaga-
tion of piping. For VP-specimen, Aeyol/€glucose Was
between 60% ~ 80%, while for HP-specimen, the
value was around 36% ~ 40%, indicating that loos-
ening effect was more uniform in VP-specimen. In
other words, a larger ratio of voids was left inside
the HP-specimen given the initial proportion of glu-
cose. This implies the higher risk on the stability of
the slope when the direction of weaken planes coin-
cide with the orientation of the layer.

For simplicity, volume of void induced by the
glucose was calculated by Equation 6.

- Agvol (6)

Although void ratio near the initial glucose pipe
was much different from the surrounding part due to
the non-uniformity caused by the dissolution of glu-
cose, change of the average void ratio could be cal-
culated based on the data from local sensors. As is
shown in Table 2, the proportion of voids left inside
(A&yoiq), which also implying the degree of piping,
was positively associated with the variation of void
ratio.

gvoid = gglucosc

Table 2. Volumetric variation during piping generation.

N
HP 10 117 042 075 _ 0.012
VP 10222 134 088 0015
HP 15 1.7 047 070 0011
VP 15222 178 044 _ 0.008
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Figure 6. Variation of volumetric strain for Group 1.
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Figure 7. Variation of volumetric strain for Group 2.



4.2 Reduction of shear modulus due to piping effect

The initial shear modulus of the dry sand under iso-
tropic consolidation of 80 kPa was denoted by Gy,
and G, stood for the shear modulus of the disturbed
specimen after water infiltration. Figure 8 shows the
change of G values before/after water infiltration,
normahzed by the void ratio function f'(e) = (2.17 —
e)* / (1 + ) (Hardion, B.O. and Richart Jr., F. E.,
1963) .

Smaller G values were observed for all the spec-
imens after water injection, and a more obvious re-
duction was found in specimens subjected to piping
effect. In average G, is about 10.8 % lower than G,
for HP-specimen and 16.4 % for VP-specimen, indi-
cating that a larger range of piping-induced erosion
would cause the greater degradation in shear modu-
lus.
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Figure 8. Reduction of shear modulus after water infiltration.

4.3 Variation of shear modulus during triaxial
compression

Before the rotation of principal stresses, g, was in-
creased to the predetermined value, and o, as well as
op was decreased simultaneously, while keeping the
mean effective pressure constant. This could be tak-
en as the process of triaxial compression without ap-
plying of 7, seen in Figure 3. During this period,
small torsional cyclic loadings were applied for eve-
ry increment of 10 kPa of the vertical stress after a
creep around 15 minutes.

Figure 9 is the result of normalized shear modu-
lus aginst (o,.04)"" in the full logarithmic plot. Here,
the hypoelastic model named IIS model proposed
recently by HongNam and Koseki (2005) was
adopted, which was based on the regression results
collected from triaxial and torsional cyclic loadings
with the help of a newly developed pin-typed local
deformation transducer on the dense Toyoura sand.
The expression is:

e) Gl
G=3 5 (dio &Y (1-Cokd) 7)

In Equation 7, besides the void ratio and related
stresses, effects of damage to the soil structure dur-
ing shearing at high stress ratio were also considered
by adding the factor of 4, and the correction factor
Ce.

During triaxial loadings (Figure 9) without rota-
tion of principal stress axes, almost linear relatlon-
ships were found between G/f{e) and (o,.09)" on the
full-logarithmic plot. The average values of n varied
with the condition of specimen, and a smaller » was
obtained for specimens with vertical pipes, indicat-
ing the predominant role of the weaken planes in the
stiffness characteristics of soil.
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Figure 9. Shear modulus variation during triaxial compression.

4.4 Variation of shear modulus during rotation of
principal stresses

Figures 10-11 show the variation of the normalized
shear modulus against a durmg the rotation of prin-
c1pal stress from 0" to 180", « is the direction of the
major principal stress from vertical, calculated by
Equation 8.

2t

(07 - 0p)

tan 2a = ®

As illustrated in Figures 10-11, for all the speci-
mens, relationships between normalized shear
modulus and a during the rotation of principal
stresses were close to parabola. The value of G/f(e)
decreased first and showed a tendency of growing
again when shear stress was applied anticlockwise
(i.e. a over 90°). With more initial glucose inside,
VP-specimen revealed the smallest value of shear
modulus. For NP-specimen, a minimum value of
shear modulus appeared when a equaled 90°; while
for those disturbed specimens, more ﬂuctuatlon ap-
peared, indicating a more unstable structure. Particu-
larly, under the combined influence of existed piping
plane and bedding plane, VP-specimen behaved in a
more random manner.

When comparing the results between these two
groups, it could be found that the lower the stress ra-



tio was, the smaller reduction in the value of G/f(e)
at the same a.
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Figure 10. Variation of shear modulus against o for Group 1.
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Figure 11. Variation of shear modulus against o for Group 2.

Besides the triaxial loadings, dependency of
G/f(e) on (6°,0°9)™" was also observed during the
rotation of principal stress axes, seen in Figures 12-
13. The power n obtained in this study was in the
range of 0.685~1.051, while in the research of
HongNam (2005), n was found to be in the range
around 0.444~0.653, which might be attributed to
the disturbed specimen itself and the rotation of
principal stress axes.
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Figure 12. Relationship between G/fle) and (¢',:0°9)" during
rotation of principal stress for Group 1.
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5 CONCLUSIONS

In this study, loosening effect was successfully re-
produced by glucose in Toyoura sand, offering a
new method to investigate soils with defection.
Small strain properties of piping-effected Toyoura
sand were investigated for the first time, which is of
great importance in the deformation prediction of
slopes with interconnected open pores and planning
of preventative measures. The following conclusions
could be drawn.

1. Based on the initial glucose content, a higher
percentage of volumetric strain increment during
piping formation at isotropic stress state was ob-
served in specimen with internal vertical pipes
than the horizontal one under the vertical water
infiltration.

2. Reduction of shear modulus was caused by pip-
ing effect.

3. Degree of piping could be considered as the dif-
ference between the initial erodible particles and
the volume change of the specimen during ero-
sion, which was reflected in the variation of void
ratio e.

4. Reformed soil structure would induce an unpre-
dictable behavior, particularly when the orienta-
tion of the eroded plane is not inconsistent with
the material axes.

5. Besides triaxial loading, G could also be mod-
elled by (67,67)"" during torsional shearing
with rotation of principal stress.
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