FHRERTPELE CLET TS AR

REFFEA2IERA 2 HAESID
Py aEFELHH>)

e T B Y

B+ F % 5 ¢ NSC 99-2221-E-009-105-

#HoF HOF 1 99& 087 01 px 100#&07" 31p
HoFHE = WA AR A RS L ()

SN R
HESE AR D ALl EMIE AR R

o= A R O100# 10 % 26 P



AT ELIR ¢ AHLEF IS
+ 5472
BEIEFEA2Z IR 2 R (D)
FEAEE o BRAE 0 FeAY R

234 %%l I NSC99—2221—E—009—105—
FEAHPEF 99 & 082 01 p % 100# 077 31 R

> B . = v 2 7 1<
G SERE S P RE R
VERFEAR T mEF FRI FRN Rl

S EFEFUZELR P UFERLTAL) o L mrFERL

j‘*%fﬁééif YU R 2 i

mENE ROIHE S e i

Di{-';—'\}‘ BEROIANFEY O lp_ﬂz’ N

m R ERCFEHRL IR R W®/Y Lo
DW%QWF“#%H*F“ﬁ?% >

TR E CBRAAEFHIEAARTEY
511%5‘:‘ 3 E T AEAE ) I"/fgiz—:’lv/é}}:’gﬁga
[ B s FFEMAE - FoZ 227 o R 43

REFHEZ Wzrd A2 i85

PoE AR 100 =& 8 3 1 p



REZFES2ZIERES 2 HRET ()

#e

% 24 R Blien® it o AL 0L
G2 B EHLYHED AT EBEIT _M/é]i‘ c AR IESEFK03m B
S5me w2 &”izpﬁﬁﬂ?r'fim342%’ FlaipHBR S 73.8%
i#ﬁ%?’l el 2P T BRF ERE A kTR ME 2 o
24 o AT T - 7115’5@’#%2%%%%»?%%, A A i

*%%gé# ﬁﬁQ¢74%@*%ﬂﬂﬁﬁ@@*&@oﬁ%?$%
1

f =i
B

4
e
S5
-l
Pl
kil
k-
=
bt
I
‘D.

\
W

i

2

YR

FRAPEPEHRTIRA o RIF LR RGP R BRI e

PR 2R GRESRS Rk o FFRIFREHAF

FRARIE ST "Q\iﬁ%*‘ﬁﬁgr“m%%ﬁ

Wk 2RI e BREFR AR RN BSR4 RIS

P Acle 25 Gk o f R4 IP‘J““,&"‘/‘%‘K RE K 2o

4. Ap#>t Broms #1971 & 2 Ae -2 4 RIS AF R E RN A BT
FLi 22 Broms 0l 4 BLIZ UG (% DA R oo Broms Pt el 4 BT AL
A A - BEEE T GRBF DR A ARG - BEE R
TR kb T R A LR RF T RATFIZAFRING 2

Eparsd o PTG gk 4 2Bk g dw gk 4

B i (e 4 g S 2R AR P

i

F_k

@;
fn

Mats SRR R S RS 2R



CHANGE OF SOIL STRESS AND DENSITY DUE TO
VIBRATORY COMPACTION (11I)

Abstract
This report presents experimental data on the variation of earth pressure and dynamic
stress path against a non-yielding retaining wall due to vibratory compaction. The
instrumented non-yielding wall facility at National Chiao Tung University was used
to investigate the effects of vibratory compaction on the change of dynamic stress in
the soil mass. Air-dry Ottawa sand was plated in five lifts and the height of backfill
was 1.5 m. The initial relative density of the backfill was 34.2 %, and the compacted
relative density of the backfill was 73.8 %. To simulate a plane strain condition in the
laboratory, the friction between the soil and sidewalls of the soil bin was reduced with
a lubrication layer. The variation of dynamic stresses was measured during
compaction with a vibratory compactor. Based on the test results, the following

conclusions were drawn.

1.  For a loose backfill, the horizontal earth pressure in the soil mass was in good
agreement with Jaky’s solutions. The vertical earth pressure in soil was near to
the equationo, =)z

2. As the compactor approached the soil pressure transducer in x-direction
(perpendicular to the wall face), the dynamic stress became more obvious when
the compactor moved to the lane near the wall. For a transducer at a lower
elevation, when the area of compaction rose with the elevation of the lift surface,

the compaction-induced stress path became less significant.

3. The dynamic stress path of a soil element under vibratory compaction had the
shape of a comet. The shape and size of the dynamic stress paths obtained at five
different lifts was quite similar. The stress paths were bounded by the at-rest

Ko-line and passive K,-line.

4. The measured dynamic stress path was quite different from the stress path
proposed by Broms in 1971. The stress path reported by Broms was induced by a
static heavy compactor. The vibratory compactor used in this study vibrated and
generated cyclic forces in three direction. This was probably the main reason
why the dynamic stress path due to vibratory compaction was different from

Broms’ finding.

Keywords: sand, model test, compaction, stress path, earth pressure.
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1. INTRODUCTION

In the construction of highway embankments, earth dams, and many other
engineering structures, engineers will compact loose soils to improve its engineering
properties, such as increasing the fill bearing capacity and reducing settlement. In
various compaction methods, vibratory compactions are used mostly for the
densification of granular soils. Figure 1 illustrates the vibratory compactor used for
this study. Chen and Fang (2008) reported that the increase of horizontal pressure was
more significant than the increase of vertical pressure due to compaction. In this study,
the dynamic stress path was measured and compared to the theoretical stress path.

To analyze the residual lateral earth pressure induced by soil compaction, several
methods of analysis have been proposed by Broms (1971), Duncan and Seed (1986),
Peck and Mesri (1987) and other researchers. However, little information regarding
the dynamic stress variation during compaction in the fill was reported. To gain a
better understanding of the topic mentioned above, experiments were conducted with
the National Chiao Tung University (NCTU) model wall facility. This paper presents

experimental data associated with the horizontal and vertical stresses action on the

non-yielding wall during soil compaction.

Fig. 1. Compaction of sand with a vibratory compactor



2. LITERATURE REVIEW

Mesri and Hayat (1993) reported that Jaky (1944) established a relationship between
Ko and maximum effective angle of internal friction ¢' by analyzing a talus of granular
soil freestanding at the angle of repose. Jaky (1944) supposed that the angle of repose
is analogous to the angle of internal friction ¢. This is reasonable for a sedimentary,
normally consolidated material. Jaky (1944) reasoned that the sand cone OAD in Fig.
2a 1s in a state of equilibrium and its surface and inner points are motionless. The
horizontal pressure acting on the vertical plane OC is the earth pressure at-rest. Slide
planes exist in the inclined sand mass. However, as OC is a line of symmetry, shear
stresses can not develop on it. Hence OC is a principal stress trajectory. Based on the
equations of equilibrium, Jaky expressed the coefficient of earth pressure at-rest K,
with the angle of internal friction,

1+zsin¢

K, =(-sing)—>——— (1)

1+sing

In 1948, Jaky presented a modified simple expression given by Eq. (2):
K, =1-sing (2)

Duncan and Seed (1986) presented an analytical procedure for evaluation of peak
and residual compaction-induced stresses either in the free field or adjacent to vertical,
non-deflecting soil-structure interfaces. This procedure employs a hysteretic K,
-loading model shown in Fig. 2b.The model is adapted to incremental analytical
method for the evaluation of peak and residual earth pressures resulting from the
placement and compaction of soil. When the surcharge is applied on the soil surface,
it will increase the vertical stress and the horizontal stress. In Fig. 2b, as the virgin
loading is applied on the soil, both 6, and o, increase along the K, -line (K, =
1-sing). Nevertheless, when the surcharge is removed, 6, and o, would decrease
along the virgin unloading path. As virgin reloading was applied again, the increment
of earth pressure is less than that induced by the first virgin loading.

The hysteretic model may be applied to the analysis of compaction as represented
by a transient, moving surface load of finite lateral extent by directly modeling
loading due to increased overburden as an increase in vertical effective stress (c’y). To
model compaction loading in terms of the peak virgin, compaction-induced horizontal

stress increase (AG hycp) is defined as the horizontal effective stress which would be



induced by the most critical positioning of the compactor. The Ac’hycp could be
evaluated by the simple elastic analysis if the soil had been previous uncompacted (if
the soil had no “lock-in” residual stresses due to previous compaction). While the
hysteretic model is applied to the analysis of compaction loading cycle, the Ac’h ¢ p
should be transformed to an equivalent peak vertical load increment (AG’ye )
calculated as

' AO-h,vc,p
AO_V,E,P = K

0

3)

It is important to note the peak compaction loading must be based on directly
calculated lateral stress increase rather than directly calculated peak vertical stress
increase multiplied by Ko, K, or some other coefficient. Seed and Duncan (1983)
concluded that either in the free field, or at or near vertical, non-deflecting
soil/structure interfaces, AG’h cp resulting from surface compaction loading can be
calculated directly by simple elastic analysis. The parameter of Poisson’s ratio,

for surface compaction loading may be chosen according to the empirically derived

relationship
1
v=vo+5(0.5—vo) 4)
where v, = Ko
1+ K,
Ko = 1-sin ¢

Chen and Fang (2008) reported some experiments in non-yielding retaining wall at
National Chiao Tung University to investigate influence of earth pressure due to
vibratory compaction. Air-dry Ottawa sand was used as backfill material. Vertical and
horizontal stresses in the soil mass were measured in loose sand and compacted sand.
Based on his test results, Chen and Fang (2008) proposed the following conclusions:
(1) after compaction, the lateral stress measured near the top of backfill is almost
identical to the passive earth pressure estimated with Rankine theory. The
compaction-influenced zone rises with rising compaction surface. Below the
compaction-influenced zone, the horizontal stresses converge to the earth pressure
at-rest, as indicated in Fig. 3 and Fig. 4;

(2) when total (static + dynamic) loading due to the vibratory compacting equipment
exceeds the bearing capacity of foundation soils, the mechanism of vibratory

compaction on soil can be described with the bearing capacity failure of



foundation soils;

(3) the vibratory compaction on top of the backfill transmits elastic waves through
soil elements continuously. For soils below the compaction-influenced zone, soil
particles are vibrated. The passive state of stress among particles is disturbed. The
horizontal stresses among soil particles readjust under the application of a uniform
overburden pressure and constrained lateral deformation, and eventually converge

to the at-rest state of stress.



Principal Stress Trajectories
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Fig. 2a. Jaky’s formulation of the relationship between K, on OC and mobilized in

OAB (after Mesri and Hayat, 1993)
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3. EXPERIMENTAL APPARATUS

To investigate the effects of vibratory compaction on the vertical stress o, and
horizontal stress oy, in a cohesionless soil mass, the instrumented non-yielding model
retaining wall facility at National Chiao Tung University (NCTU) was used. This
section introduced the NCTU non-yielding retaining wall facility and the vibratory
compactor. Chen and Fang (2008) described the facility consist of three components:
(1) model retaining wall; (2) soil bin; and (3) data acquisition system. The details of

the foregoing apparatuses are described in the following sections.
3.1 Model Retaining Wall

The model wall shown in Fig. 5 is 1,500 mm-wide, 1,600 mm-high, and 45 mm-thick.
To achieve an at-rest condition, the wall material should be nearly rigid. It is hoped
that the deformation of the model wall could be neglected with the application of
earth pressure. As indicated in Fig. 5, twenty-four 20 mm-thick steel columns were
welded to the four sidewalls to reduce any lateral deformation during loading. In
addition, twelve C-shaped steel beams were also welded horizontally around the box

to further increase the stiffness of the box.
3.2 Soil Bin

To simulate a plane strain condition for model test, the soil bin is designed to
minimize the lateral deflection of sidewalls. In Fig. 5, the soil bin was fabricated of
steel plates with inside dimensions of 1,500 mm x1,500 mm x1,600 mm.

Assuming a 1,500 mm-thick cohesionless backfill with a unit weight 17.1 kN/m’, and
an internal friction angle 41° was pluviated into the soil bin. A 45 mm-thick solid steel
plate with a Young’s modulus of 210 GPa was chosen as the wall material. The
estimated deflection of the model wall would be only 1.22 x 10~ mm. Therefore, it
can be concluded that the lateral movement of the model wall is negligible and an
at-rest condition can be achieved.

The end-wall and sidewalls of the soil bin were made of 35 mm-thick steel plates.
Outside the steel walls, vertical steel columns and horizontal steel beams were welded
to increase the stiffness of the end-wall and sidewalls. If the soil bin was filled with
dense sand, the estimated maximum deflection of the sidewall would be 1.86 x 107
mm. From a practical point of view, the deflection of the four walls around the soil
bin can be neglected.

To investigate the development of vertical stress o, in the backfill, another series of

11



soil pressure transducers (Kyowa BE-2KCM17, capacity = 98.1 kN/m?) were
arranged behind the model wall. The transducers were used to measure the variation
of vertical earth pressure o, during the filling and compaction process. The soil
pressure transducer buried in the backfill is shown in Fig. 6. The diameter of the SPT

sensing area is 22 mm.
3.3. Data Acquisition System

A data acquisition system was used to collect and store the considerable amount of
data generated during the tests. In the Fig. 7, the data acquisition system is composed
of the following four parts: (1) dynamic strain amplifiers (Kyowa: DPM601A and
DPM711B); (2) AD/DA card (NI BNC-2090); and (3) Personal Computer. The analog
signals from the sensors were filtered and amplified by the dynamic strain amplifiers.
Then, the analog experimental data were digitized by an A/D-D/A card. The digital

signals were then transmitted to the personal computer for storage and analysis.
3.4. Vibratory Compactor

To simulate compaction of backfill in the field, the vibratory compactor shown in Fig.
8 and Fig. 9 was made by attaching an eccentric motor (Mikasa Sangyo, KJ75-2P) to
a 225 mm %225 mm steel plate. The mass of the vibratory compactor is 12.1 kg. The
eccentric force can be controlled by adjusting the number of eccentric steel plates
attached to the rotating shaft of motor. For this study, a total of sixteen eccentric plates
(8+8) were used. The technical information regarding the eccentric motor is listed in
Table 1. It should be mentioned that the distribution of contact pressure between the
foundation and soil varies with the stiffness of the footing. If the footing is perfectly
rigid, the static contact pressure on the footing increases from zero at the edge to a

maximum at the center.

12



Model Wall

Unit : mm

Fig.5. NCTU non-yielding retaining-wall facility (after Chen and Fang, 2008)

Fig. 6. Soil-pressure transducer (Kyowa BE-2KCM17) (after Chen, 2003)
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Fig. 7. Data acquisition system
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Fig. 8. Side-view of vibratory soil compactor (after Chen, 2002)
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Fig. 9. Vibratory soil compactor (after Chen, 2002)

Table 1. Technical information of the eccentric motor

Manufacture Mikasa
Type KJ75-2P
Power (Watt) 75
Voltage (Volt) 220
Frequency (Hz) 50/60
Vibration per Minute 3000/3600
Mass (kg) 6.2
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4. BACKFILL AND INTERFACE CHARACTERISTICS

4.1. Backfill Properties
Air-dry Ottawa silica sand (ASTM C-778) was used as the backfill material in all

experiments. Physical properties of the soil were summarized in Table 2. Grain-size
distribution of the backfill is shown in Fig. 10.

To establish the relationship between unit weight of backfill y and its internal
friction angle ¢, direct shear tests have been conducted. The shear box used has a

square (60 mm x 60 mm) cross-section, and its testing arrangement is shown in Fig.
11. Before shearing, Ottawa sand was pluviated into the shear box and then
compacted to the desired density.

Chang (2000) established the relationship between the internal friction angle ¢ and
unit weight y of Ottawa sand as shown in Fig. 12. It is obvious in the figure that soil
strength increases with increasing soil density. For the air-pluviated backfill, the
empirical relationship between soil unit weight y and ¢ angle can be formulated as
follows:

o= 6437 - 68.99 (5)
where
¢ = angle of internal friction of soil (degree)
7 = unit weight of soil (kN/m’)
Eq. (5) is applicable for 7 = 15.45 ~ 17.4 kN/m’ only.

4.2. Reduction of Wall Friction

To constitute a plane strain condition for model wall tests, the shear stress between the
backfill and the side walls should be minimized to nearly frictionless. To reduce the
friction between side wall and backfill, a lubrication layer fabricated with plastic
sheets was furnished for all experiments. Two types of plastic sheeting, one thick and
two thin plastic sheets, were adopted to reduce the interface friction. All plastic sheets
were hung vertically on the side walls before the backfill was deposited as shown in
Fig. 13.

As the inclination of the plate is increased, based on the equilibrium of forces,
the sliding resistance T also increases until the driving force overcomes the resistance
and the soil box starts to move. At this moment, the inclination angle of the plate to

the horizontal is the interface friction angle 6 that represents the characteristics of the

16



lubrication layers. Fig. 14 shows the variation of side-wall friction angle sy as a
function of the normal stress op for the plastic sheet method (1 thick + 2 thin sheeting)
used in this study. The measured side-wall friction angle with this method is about
7.5°. Itis clear in Fig. 15. that the wall friction angle sy is nearly independent of the
applied normal stress on. This constancy is an important advantage in establishing the
input soil properties for analytical models that might be used to analyze the
experimental results. For all experiments in this paper, the lubrication layers were
wall applied on two side walls as indicated in Fig. 13. The plastic sheets not only can
help to reduce the friction force between the side walls and the backfill, but also can
help to reduce the reflection of elastic waves transmitted to the soil-wall boundaries

during compaction.
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Fig. 10. Grain size distribution of Ottawa sand (after Chen, 2003)
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Fig. 11. Shear box of direct shear test device (after Wu, 1992)
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Table 2. Properties of Ottawa sand (after Chen, 2003)

Shape Rounded
€max 0.76
€min 0.50

Gs 2.65
Dgo (mm) 0.39
Dy (mm) 0.26

Cu 1.5
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5. TEST RESULTS
5.1. Stresses in loose sand

The method of air-pluviation was adopted to prepare the backfill and the relative
density D, achieved for the loose sand was 34.2 %. Fig. 16 illustrated stress Gy
showed the location of soil pressure transducers to measure the distribution of vertical
and horizontal earth pressure oy, with depth. SPT102, SPT105, SPT108, SPT111, and
SPT114 were buried in the soil mass to measure c. The vertical earth pressure Gy
measured in the soil mass was illustrated in Fig. 17. In this figure, the vertical
pressure oy increased linearly with increasing depth z and the test data were in fairly
good agreement with the traditional equation oy = yz. In this study, unit weight

was 15.6 kN/m® for the loose sand. The distribution of horizontal earth pressure oy,
with depth was illustrated in Fig. 18. In the figure, the earth pressure profile induced
by the 1.5 m-thick loose backfill was approximately linear and was in good agreement

with the Jaky’s equation.
5.2. Vertical and Horizontal Stresses in Sand during Compaction

Fig. 19 showed the vertical pressure o profile after the vibratory compaction. In the
figure, the measured vertical stresses increased with increasing depth. It is clear in the
figure that the vertical overburden pressure o, can be properly estimated with the
equation Gy = yz.

The distributions of horizontal earth pressure against the non-yielding wall after the
compaction of soil from lift 1 to lift 5 were shown in Fig. 20 (a) to (e). The test results
reported by Chen and Fang (2008) were also plotted in the figure. Each compacted lift
is 0.3 m-thick after compaction. The variation of lateral earth pressure was monitored
by the soil pressure transducer mounted on the wall. Before compaction, the earth
pressure at-rest can be properly estimated with Jaky’s equation. However, after
vibratory compaction, it is clear in Fig. 20 (d) that an extra horizontal stress Gy ¢ was
induced by compaction. The compaction-influenced zone indicated in Fig. 20 (d)
extended from the compacted surface to the depth of approximately 0.7 m. In Fig. 20
(c) to (e), the compaction-influenced zone rose with rising compaction surface. It was
interesting to note in Fig. 20 (e) that, below the compaction-influenced zone the
horizontal stresses converged to the earth pressure at-rest based on Jaky’s equation.
The lateral stress measured near the top of backfill was almost identical to the passive
earth pressure estimated with Rankine theory. It should be emphasized that the

influence of vibratory compaction on the horizontal earth pressure oy, in the soil mass
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was quite significant.

5.3. Stress Paths for Filling and Compaction of Backfill

The stress path (o, versus oy) for a soil element under the filling and compaction of
the backfill for Test 0812 was shown in Fig. 21. Chen and Fang (2008) reported that
the compaction process would not result in residual stress in the vertical direction. On
the other hand, horizontal earth pressure near the top of the wall increased
significantly due to compaction. The test data shown in Fig. 21 (a) to (e) were
measured by SPT2, SPTS, SPT8, SPT11, and SPT14 respectively. In Fig. 21, the
stress path F represented the stress variation due to the filling of the 0.3 m-thick
Ottawa sand. Stress path C represents the stress variation due to the vibratory
compaction on the surface of the lift. From these figures, it was clear in Fig. 21(a) that
at SPT2, compaction of lift] caused the ¢ , to increase as shown in stress path C1. The
compaction of lift 3 to lift 5 gradually brought the oy, back to an at-rest stress
condition indicated by the Ko-line. The Rankine passive pressure (K,-line) was
apparently the upper bound of the induced lateral earth pressure. The path C2 in Fig.
21(b), path C3 in Fig.21(c), path C4 in Fig. 21(d), and path C5 in Fig. 21(e) indicated
that the variation of lateral stress was mainly caused by the compaction of backfill
near the pressure-transducer, not soil filling. Similar stress variation of stress path

could be shown in Fig. 22.

5.4. Dynamic Stress Paths during Compaction

In Fig. 21(a) the stress path F1 represented the stress path due to the Filling of Lift 1.
The F1 stress path basically followed the K,-line as expected. The stress path C1
represented the Compacting of Lift 1. It should be mentioned that the loose backfill
was placed and compacted in five Lifts, from Lift 1 to Lift 5 as shown in Fig. 23(d).
Each compacted lift had a thickness of 0.3 m.

In Fig. 23(a) showed the soil surface of each lift was divided into six lanes parallel
to the face of the model wall. Lane f compacted first and Lane a was compacted last.
Each lane was densified with a pass having duration of 70 seconds.

In Fig. 21(a), the stress path C1 was approximated with a straight lone. However
the dynamic stress path from point A to point B was much more complicated than a
straight line. As illustrated in Fig. 23, the dynamic stress paths in the sandy backfills
were discussed in three conditions: (1) compaction approaching SPT in x-direction; (2)

compaction passing SPT in y-direction; and (3) compaction rising in z-direction.

23



5.4.1. Compaction Approaching SPT in x-direction

The dynamic stress path due to the compaction on Lift 2, 3, 4, and 5 were illustrated
in Fig. 24, 25, 26 and 27, respectively. In three figures, with the approaching of
compaction toward the earth pressure transducers, the stress paths became more

significant. No stress beyond the kj-line had been observed in the experiments.

5.4.2. Compaction Passing SPT in y-direction

The dynamic stress path due to the passing of compactor on Lane a of Lift 2, 3, 4 and
5 were indicated in Fig. 28, 29, 30 and 31, respectively. In three figures, as the
compactor moved toward the SPT in y-direction, the stress paths became more

apparent. No stress below the K,-line had been observed.

5.4.3. Compaction Rising in z-direction

The stress paths due to compaction measured with SPT5 and SPT105, SPT8 and
SPT108, SPT11 and SPT111, and SPT14 and SPT114 were shown in Fig.32, 33, 34

and 35, respectively.

5.5. Comparison among Lifts and Tests

Fig. 36 (a) to (e) showed the stress paths due to the 1-second compaction at the center
of Lane a for Lift 1 to Lift 5. It was observed in these figures that the shape and the
size of the dynamic stress paths obtained at five different lifts were quite similar. The
dynamic stress path had the shape of a comet. The comet moved between the K,-line

and K¢-line. Fig. 37 showed similar experimental results was obtained from Test 0805.

5.6. Comparison of Theoretical and Experimental Stress Paths

Fig. 38 showed the theoretical stress path of hysteretic model proposed by Broms
(1971). For a soil element existed at some depth of backfill, the initial vertical stress
due to the overburden soil was Gyi. The initial horizontal stress was op; = K0y, which
was represented by the point A in Fig. 38. When a heavy compactor was positioned
immediately above the soil element, following the K,-line, an increase of the vertical
stress resulted in an horizontal stress increase based on the assumption of no lateral
yield. The stress state can be expressed as Gym = Ko oym (point B). As the heavy

compactor moved off the fill, a subsequent decrease in o, (unloading) resulted in no
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on decrease until a limitation (K;-line) was reached (point C). The assumption was
made that the maximum horizontal stress induced by compaction Gy sustained until
the vertical stress is reduced below a critical value at point c. After that, further o,
unloading resulted in a decrease in o}, following the K;-line as opr = K; oy (point D)
until the original vertical stress G,; was reached. Broms (1971) assumed that K, =
1/K,,

The experiment stress paths due to the filling of backfill of Lift 2 (F2) and the
compaction of Lift 2 (C2) were shown in Fig. 38. It is interesting to note that the
starting point A and ending point D lased on Brown’s theory, was similar to the
starting point A and ending point E of the stress path C2. It was indicated that
compaction would result in an increase of stress only in the horizontal direction, but
not in the vertical direction.

The dynamic stress path due to on-cycle of compaction at the center part of Lane A
was also illustrated in Fig. 38. It was obvious that the comet-shaped dynamic stress
path was quite different from the stress path proposed by Broms. It should be
mentioned that the stress path AB in Fig. 38 indicated the heavy compactor generally
5~15 ton applied a large static vertical pressure o, on the surface of fill. However,
stress path BC represented the removal of the heavy compactor. The mass of
hand-operated square-plate compactor used in this study was only 12.1 kg (W=119
N). The peak dynamic force applied on the surface of fill was Fy, =+ 280 N, F, =+
1320 N, and Fz = 1690 N. The vibratory compaction was 3-dimentional and was
controlled by the cyclic loading instead of the dead-load of the compactor. This was
probably the main reason why the dynamic stress path due to vibratory compaction

was so different from Broms’ finding.
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6. CONCLUSIONS

This research studied variation of earth pressure and dynamic stress path in

compacted sand. Based on the experiment results, the following conclusions were

drawn.

1

. For a loose backfill, the horizontal earth pressure in the soil mass was in good

agreement with Jaky’s solutions. The vertical earth pressure in soil was near to the

equation Gy = yz.

. After compaction, the lateral stress measured near the top was almost identical to

the passive earth pressure estimated with Rankine theory. The effect of vibratory

compaction on the vertical pressure was insignificant.

. After compaction, the thickness of the compaction-influenced zone rose with the

elevation of the compaction surface. Below the compaction-influenced zone, the

horizontal stresses converged to the earth pressure at-rest based on Jaky’s equation.

. As the area of the compaction approached the soil pressure transducer (SPT) in

x-direction (perpendicular to the wall face), the dynamic stress path became more

obvious when the compactor moved to the lane near the wall.

. As the area of compaction passed the SPT in y-direction (parallel to the wall

surface), the maximum dynamic stress path was obvious when the compactor was
right in front of the SPT.

. For a SPT at a lower elevation, when the area of compaction rose with the elevation

of the lift surface, the compaction-induced stress path became less significant.

. The dynamic stress path of a soil element under vibratory compaction had the

shape of a comet. The shape size of the dynamic stress paths obtained at five
different lifts was quite similar. The stress paths were bounded by the at-rest

K,-line and passive K,-line.

. The measured dynamic stress path was quite different from the stress path proposed

by Broms (1971). The stress path reported by Broms was induced by a static heavy
compactor. The vibratory compactor used in this study vibrated and generated cycle
force in three direction: Fy, Fy, and F,. This was probably the main reason why the
dynamic stress path due to vibratory compaction was so different from Broms’
finding.
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# < ! This report presents experimental data on the variation of earth
pressure and dynamic stress path against a non-yielding retaining wall
due to vibratory compaction. The instrumented non-yielding wall facility
at National Chiao Tung University was used to investigate the effects of]
vibratory compaction on the change of dynamic stress in the soil mass.
Air-dry Ottawa sand was plated in five lifts and the height of backfill
was 1.5 m. The initial relative density of the backfill was 34.2 %, and the
compacted relative density of the backfill was 73.8 %. To simulate a
plane strain condition in the laboratory, the friction between the soil and
sidewalls of the soil bin was reduced with a lubrication layer. The
variation of dynamic stresses was measured during compaction with a
vibratory compactor. Based on the test results, the following conclusions
were drawn. (1) For a loose backfill, the horizontal earth pressure in the
soil mass was in good agreement with Jaky’s solutions. The vertical
earth pressure in soil was near to the equationo, =z. (2) As the
compactor approached the soil pressure transducer in x-direction
(perpendicular to the wall face), the dynamic stress became more
obvious when the compactor moved to the lane near the wall. For a
transducer at a lower elevation, when the area of compaction rose with
the elevation of the lift surface, the compaction-induced stress path
became less significant. (3) The dynamic stress path of a soil element
under vibratory compaction had the shape of a comet. The shape and
size of the dynamic stress paths obtained at five different lifts was quite
similar. The stress paths were bounded by the at-rest Ky-line and passive
K,-line. (4) The measured dynamic stress path was quite different from
the stress path proposed by Broms in 1971. The stress path reported by
Broms was induced by a static heavy compactor. The vibratory
compactor used in this study vibrated and generated cyclic forces in
three directions. This was probably the main reason why the dynamic
stress path due to vibratory compaction was different from Broms’

finding.
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Case Study of Shield Tunneling through Gravelly Soils
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Department of Civil Engineering, Chiao Tung University, Hsinchu
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Abstract

In this paper, the difficulties encountered and solutions for shield tunneling through gravelly soils
are reported, and the ground settlements due to tunneling have been summarized and discussed. To
investigate the maximum grain size and the distribution of particle size of the gravelly soil at Taoyuan,
1.2 m-diameter boring holes were drilled and samples at different depths were obtained and tested. For the
excavation of small-size electric-cable tunnels in Taichung, since the gravel content of the soil was high, the roller
bits and cutter bits on the cutter disk were severely worn. On the average, the cutting bits needed to be replaced for
every 110 m of face advancing. In general, the replacement of cutting bits would take 7 to 10 days and it would
significantly slow down the speed of tunneling. Based on the field data monitored at 17 different cases, it was
concluded that the maximum surface settlement due to shield tunneling through gravelly soils varied from 11 to 28
mm. This settlement is much less than the surface settlements due to shield tunneling through sandy and clayed
soils reported by Fujita (1982). With the increase of gravel content, the maximum surface settlement decreases
slightly. With the increase of gravel content, the internal friction and shear strength of the gravelly soil increase.
The soil arching effect in the overburden above the tunnel becomes stronger, and the ground settlement

due to tunneling decreases.
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Predicted Maximum Surface Settlement and Errors (mm)
Additional Measures Type of Soil : ) )
Open Shield Slurry Shield EPB Shield
Not Adopted Gravelly Soils 22+6 (2 cases) 13 (1 case) 17+6 (4 cases)
Adopted Gravelly Soils N. A 20+8 (2 cases) 16+6 (8 cases)

p.s.: Additional methods: chemical grouting method; jet grouting method; ground freezing method
Gravelly Soils: gravel content > 50%
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Fujita, K. (1982). “Prediction of Surface Settlements Caused by Shield Tunnelling.” Proceedings of International
Conference on Soil Mechanics, Mexico City, Vol. 1, pp. 239-246.
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