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IMPROVING THE DYNAMIC PERFORMANCE OF PRELOADED AND PRESTRESSED
MECHANICALLY REINFORCED BACKFILL BY USING A RATCHET CONNECTION

MASAHIRO SHINODAY, TARO UcHIDAY and FuMIO TATSUOKAID

ABSTRACT

A series of laboratory model shaking table tests were performed to evaluate improvement of the dynamic per-
formance of mechanically reinforced soil structures that are vertically preloaded and prestressed by using a ratchet
connection for the tie rods. The preloading and prestressing (PLPS) procedure was originally developed to substantial-
ly decrease the residual settlement at the top of backfill subjected to long-term live load such as traffic load. It is shown
that the maintenance of high prestress in the backfill is also essential to substantially reduce the shear and bending
deformation as well as vertical compression of reinforced backfill subjected to dynamic load. For relatively slender re-
inforced backfill structures, the maintenance of high prestress is particularly important to restrain the occurrence of
large bending deformation of backfill. For these purposes, it is proposed that the top end of the tie rods be fixed to the
crest of the structure by using a ratchet connection, which allows free compression of backfill at nearly constant pre-
stress while mechanically not allowing any expansion of backfill. It is suggested that, to avoid a resonant or near-
resonant state during seismic loading, the initial value of the naturai frequency f; of a given structure be designed to be
sufficiently higher than the anticipated predominant frequency f, of given seismic load, while the f, value during
dynamic loading is maintained at a higher valve than the f, value by using a ratchet connection.

Key words: earthquake resistance, model test, preloading, prestressing, ratchet connection, reinforced soil, shaking
table test (IGC: E§8/E12/K14)

. ) However, despite this, it has been noted that simple
INTRODUCTION shear deformation with essentially zero horizontal nor-
When a mechanically reinforced backfill structure, mal strain, which is another fundamental mode of global
such as a geosynthetic-reinforced soil retaining wall (GRS deformation of reinforced backfill subjected to high seis-
RW), is subjected to seismic load, the active zone in the  mic load, should be minimised to achieve a high seismic
backfill, located adjacent to the wall face, displaces out-  stability of the structure. Horizontally placed tensile rein-
wards more than the more stable zone located in the back  forcement layers cannot efficiently restrain this mode of
of the potential failure zone. For this reason, horizontally =~ deformation even if the stiffness of reinforcement is very
placed tensile reinforcement layers extending from the ac-  high. One of the most efficient ways to avoid this mode of
tive zone into the stable zone can contribute to the seismic ~ deformation is to increase the shear stiffness of backfill by
stability of mechanically reinforced backfill structures. It  vertical prestressing (Tatsuoka et al., 1998).
is also very effective to use a full-height rigid facing or a In the meantime, a preloading and prestressing (PLPS)
segmental block facing, and to connect the reinforcement  construction procedure has been proposed to substantial-
layers to the back of the facing to increase the seismic sta-  ly reduce the transient and residual vertical compression
bility of reinforced soil RWs. Both techniques have been  of mechanically reinforced backfill structures subjected
validated by high seismic performance of a number of re-  to long-term live load such as traffic load (Fig. 1;
inforced soil RWs of this type during recent severe earth-  Tatsuoka et al., 1997a, b). In the PLPS procedure, a rela-
quakes, including the 1995 Hyogoken-Nambu Earth- tively high vertical preload is applied to reinforced back-
quake (Tatsuoka et al., 1996, 1997b, c) and the 1995 fill by using a set of tie rods (usually four), which is then
Northridge Earthquake (e.g. White and Holtz, 1997). partially unloaded to make the deformation of backfill
Results from a set of laboratory model shaking table tests  essentially elastic against external vertical loading at the
support the above (e.g., Murata et al., 1994; Koseki crest of the structure. A very high preload could be ap-
et al., 1997; Bathurst and Alfaro, 1998; Tatsuoka et al., plied as the backfill is reinforced. The bottom end of the
1998). tie rods are fixed to a RC reaction block constructed im-
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Fig. 1. Schematic diagram showing the behaviour of backfill during
preloading, unloading and cyclic loading at prestressed state

mediately below the bottom of the backfill or anchored in
the subsoil below the backfill, while the top ends are fixed
to a RC reaction block on the crest of the backfill, which
may also be used as a foundation for a bridge girder.
After this stage, the prestress remaining in the backfill is
in equilibrium with the tie rod tension. It was found that
relaxation of the tie rod tension could be made very small
by a relevant preloading procedure (Shinoda et al.,
2001a; Uchimura et al., 1998, 2001, 2002; Tatsuoka
et al., 2000, 2001a, b, ¢). The behaviour of a proto-type
preloaded and prestressed backfill bridge pier (Uchimura
et al., 1996, 1998, 2001) and results from comprehensive
model loading tests (Shinoda et al., 1999, 2001a) have
shown that the transient and residual compression of
backfill subjected to vertical cyclic loading can be made
very small when the initial prestress level is about half of
the preload level, while the difference between the preload
level and the initial prestress level is sufficiently larger
than the applied external vertical load, say by a factor of
two or more. It has also been found that to ensure a high
performance of PLPS backfill while the structure is in
service, prestress in the backfill should be maintained to a
sufficiently high level.

Shinoda et al. (2000a, b) showed that sufficiently high
prestress is also essential to keep the shear deformation of
backfill very small when subjected to seismic load. When
such a PLPS reinforced soil structure as above is slender
and the initial prestress is too low, the structure may
exhibit large bending deformation when subjected to a
high-level seismic load (Fig. 2(a)). In that case, the height
at both sides of PLPS reinforced soil structure may large-
ly increase and decrease cyclically. When the height of
backfill increases largely, the vertical stresses in that back-
fill may become temporarily very low or even nearly zero.
Then, the shear strength and stiffness in the backfill may
become very low, resulting in excessive shear deforma-
tion of backfill. For this reason, it is necessary to keep
sufficiently small the bending deformation of PLPS rein-
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Fig. 2. Typical deformation of PLPS reinforced soil structure: a)
bending deformation after prestress has decreased to a very low
level, and b) restraining of bending deformation by using ratchet
connections

forced backfill structure during seismic loading by some
measurcs.

In view of the above, a series of static cyclic lateral
loading tests (Kikuchi et al., 1999; Uchimura et al., 2002)
and shaking table tests were performed on scaled models
in the authors’ laboratory to evaluate the seismic stability
of relatively slender PLPS geosynthetic-reinforced soil
(GRS) structures and to find an effective method to sub-
stantially improve the dynamic performance of such
structures. These static and dynamic loading tests were
performed on the same types of models as those used in
another series of model tests performed to evaluate the
effects of the PLPS procedure on the transient and resid-
ual vertical compression of backfill subjected to vertical
cyclic loading with a large number of cycles, such as
traffic load (Shinoda et al., 1999, 2001a). Reported herein
are results from a series of shaking table model tests per-
formed using a well-graded gravel as the backfill. Results
from these model tests showed that to maintain as high as
possible prestress during dynamic loading and to prevent
the increase in the height of backfill, it is effective to use a
new device, called the ratchet connection, to fix the top
end of tie rods to the crest of the structure. Results from
similar tests performed using Toyoura sand have been
reported by Shinoda et al. (2000a, b).

TEST METHOD

Models and Measuring System
Models were 55 cm-high and 35 cm by 35 cm in cross-
section (Figs. 3(a), (b), (c)). Such relatively slender

NII-Electronic Library Service



a)
b)
c)
d)

Shaking direction

a)

PRELOADED AND PRESTRESSED REINFORCED BACKFILL

Measurement framework of
30 mm-thick duralumin platens

7 7\\ Shaking direction
~
=
. . Laser 1
Top reaction | _— displacement s
platen sensors T Laser
/‘/ / 2 b
| X /
Ratchet conections
- Accelerometcrsé - - 0" 10cm
i S PLIPSGRS [ -
: A model i ~ Pedestal
e | )
| Shaking table
b) Laser displacement sensors
Vertical Vertical
displacement 1 displacement 2
Ratchet
P 4~ connection
Tie rod 4 Load cell
Horizontal
= accelerometers
Horizontal \t :%; «+—Tierod 2
displacement HE™ Tierod 1
transducers § N Reinforcement
ssem A
B | [ —4.6cm
v
— /’ Sscm&%]haking
—35 Cm—"l r " direction
Vertical displacement
c) P!
transducers
Tie rod 3 \\ Ratchet conection
[ ()‘F\\ ~~Tie rod 2
_ &) \ _____ <'A
} N A R 17177 Backilt soil
i PUoa X e
I e 1 _Model
P a2l 54"’ gravel bags
45cm 35cm | 11 22.8cm v
; E ! \ . /[Shaking
I o L R
v v [ Ldlrectmn
i —— X [
| :i fffffffff R
—v b ] ! =
2 (C]
—y S| — >
/ .
Tie rod 4 ? i Tierod 1
Top reaction platen
d)
Tie rod 4 F;‘ rod 3
“a s
9
Model gravel
K" bags
35cm 30cm
®
7 o X
Tie rod 1 > Tie rod 2
Direction of shaking

Fig. 3.

PLPS GRS model with me
Top view of model

Arrangement of local two-component load cells at the bottom of

backfill

Grain size distribution curve of the gravel for the backfill
General view of a PLPS GRS structure model on a shaking table

asurement systems

35
100 } Well-graded gravel ®
- €. 0.986 /
= 80L  en=0481 /
5] U =5.407 /
2 U'=1325 /
>, 60r ¢ ®
N v
5 /!
= 40+ /
= /
- /
5 20} /
3]
$ot
L /
~  0Or ©o—0————p—0 —8@
1 L
0.01 0.1 1 10
Particle size (mm)
Fig. 4. Grain size distribution curve of the gravel for the backfill

dimensions as above were selected to critically investigate
the seismic stability of PLPS reinforced soil structures.
The backfill of the models was a well-graded gravel of
crushed sandstone (Ds;=2.52 mm; U.=5.41; zero fines
content; ey, =0.986; and e, =0.481; Fig. 4). The back-
fill was compacted by manual tamping to a relative den-
sity of 90% in 12 sub-layers and reinforced with 12 grid
layers at a vertical spacing of 4.6 cm. Each grid layer con-
sisted of 34 phosphor bronze strips (3.5 mm-wide, 0.2
mm-thick and 350 mm-long), 17 in each perpendicular
direction, with an aperture of 8 mm. The edge of each
sub-layer of backfill was protected with two layers of
small gravel-filled fabric bags having a diameter of about
2.3 cm. The end of each reinforcement layer was connect-
ed to the respective gravel bags. A square steel plate of 5
cm in thickness and 45 ¢cm by 45 cm in cross-section with
a weight of 282 N was placed on the top of the reinforced
backfill.

Horizontal accelerometers and displacement trans-
ducers were set with targets being located on the top plate
and the mid-heights of the second, sixth and eleventh
sub-layers from the bottom of the backfill (Fig. 3(b)).
Vertical displacements were measured at two places on
the top plate to obtain average height changes and rota-
tions at the crest of the model (Fig. 3(c)). Each tie rod was
equipped with a load cell to measure tension, while nine
two-component load cells were arranged to measure the
distributions of shear and normal stresses at the bottom
of the backfill (not including the gravel bags) (Fig. 3(d)).

Preloading and Prestressing of the Backfill

An average vertical stress of either 30 kPa or 60 kPa or
90 kPa as preload (PL) was first applied to the top of the
backfill by using four steel tie rods. The top and bottom
ends of the tie rods were fixed to the top reaction steel
plate and to the pedestal of the model. The average verti-
cal stress applied by using four tie rods was then
decreased to the prescribed initial prestress (PS), which
was either 15 kPa or 30 kPa or 45 kPa. The ratio of PL to
PS was equal to 2.0, which was found to be effective in
minimizing the residual vertical compression of backfill
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subjected to long-term vertical cyclic loading simulating

traffic load (Shinoda et al., 1999, 2001a). These PL and

PS levels were determined as follows:

1) It was assumed that the scale of model be smaller by
one sixth of magnitude than that of prototype PLPS
GRS structures.

2) To make the dynamic behaviour of the model
representative of that of the prototype structures, the
ratio of ““the vertical stresses applied to the model”
to ““the horizontal dynamic force acting on the model
responding to the input horizontal motion’” was set
similar to the corresponding ratio with the prototype
structures.

3) A horizontal acceleration level of a similar order of
magnitude as the highest peak horizontal ground
acceleration (PGA) recorded during the 1995
Hyogoken-Nambu Earthquake (i.e., of the order of
700 gals) was applied to the model.

4) From terms 1) through 3), ‘‘the horizontal dynamic
force acting on the model”” became one six of the
value of the prototype structures and, therefore,
“‘the vertical stresses applied to the model’’ should be
smaller by a factor of six than the values for the pro-
totype structures.

5) A prototype preloaded and prestressed bridge pier
was constructed in 1996 (Uchimura et al., 1996,
1998, 2001; Shinoda et al., 2001a). The dimensions
were 2.7 m high, 4.4 m by 6.4 m in cross-section at
the base and 2.4 m by 5.0 m in cross-section at the
crest. The PL value applied to the reinforced backfill
was 196 kPa when the applied load was averaged for
the cross-sectional area of the reaction block (equal
to 12m?) and 107 kPa when the applied load was
averaged for the cross-sectional area of the backfill
(equal to 22 m?), while the corresponding initial PS
value was 82 kPa and 45 kPa. It is preferred and
quite feasible to increase these PL and PS levels by a
factor of two to support heavier dead and live load;
i.e., PL =200 kPa and initial PS =100 kPa (averaged
for the cross-sectional area of the backfill).

6) Therefore, as PL and initial PS values, the vertical
stresses averaged for the cross-sectional area of the
backfill, equal to 30 kPa and 15 kPa, correspond to
180 kPa and 90 kPa respectively of the prototype
structures. To evaluate the effects of PL and initial
PS levels, PL and initial PS values higher than re-
spectively 30 kPa and 15 kPa were also employed.

On the other hand, to evaluate the effects of the PLPS
procedure on the transient and residual compression of
reinforced backfill by long-term vertical cyclic loading,

Shinoda et al. (2001a) performed another series of model

tests, in which model dimensions and other configura-

tions were the same as those in the present study. In those
tests, an average vertical stress ranging from 100 kPa to

250 kPa, which is higher than those employed in the

present study, was applied at the preloading stage. This is

because, in those model tests, the ratio of the cyclic verti-
cal stress to the vertical stress at the preloading and pre-
stressing stages which is similar to typical values of proto-

type structures was employed while using cyclic vertical
stresses which are typical of prototype structures.

Dynamic Loading
About 100 cycles of sinusoidal waves with a peak

horizontal acceleration of 700 gals and a frequency f; of

either 5 Hz or 10 Hz, having an initial stage where the in-
put acceleration level increased linearly up to the station-
ary value, were applied to the table. This high input
motion was chosen to examine whether PLPS GRS struc-
tures can survive without exhibiting serious structural
damage under such very high seismic load as experienced
during the 1995 Hyogoken-Nambu Earthquake. The
highest peak ground horizontal acceleration (PGA)

recorded during this earthquake was of the order of 700

gals (JGS, 1996), and this order of PGA is specified as the

design value in many aseismic design codes for civil
engineering structures in Japan.

The natural frequency f, at very small strains (smaller
than 0.001%) in the backfill of the prototype PLPS GRS
bridge pier described above was measured by giving later-
al impact to the structure (Nakarai et al., 2000). The f,
value was of the order of 7 Hz in the longer direction
(perpendicular to the bridge axis) and 9 Hz in the shorter
direction (parallel to the bridge axis). The f, value of such
structures decreases with an increase in the height-to-
width ratio of the structure. In the present study, proto-
type PLPS GRS structures that are more slender than this
prototype pier, were considered as typical ones. These
prototype structures should then have smaller f, values.
According to the theoretical analysis described later in
this paper, when the height increases to 3.3 m (with A=6
for the models in the present study), the f, value should
decrease to 4.6-6.2 Hz under otherwise same conditions.
These f, values are much larger than the predominant fre-
quency f, of the strong horizontal motions recorded at
the ground surface during the 1995 Hyogoken-Nambu
Earthquake, equal to the order of 1-3 Hz (JGS, 1996).
Therefore, it is very likely that these prototype structures
would not have exhibited a resonance if they had been
subjected to strong horizontal motions during the 1995
Hyogoken-Nambu Earthquake. In view of the above, in
the present study, the frequency f; of the input sinusoidal
motion was set to be smaller than measured natural fre-
quencies f, at small strains of the models, as in the case of
the considered prototype structures (i.e., f,= 1-3 Hz
versus f,=4.6-6.2 Hz).

The natural frequencies f, at small strains (of the order
of 0.01%) for the first mode of deformation of each
model were evaluated by performing sweep tests with an
acceleration of 100 gals at a changing rate of frequency
equal to 0.5 Hz/sec. The following f, values were ob-
tained under nearly constant prestress conditions (which
were realized by using the ratchet connection explained
below):

—f,=6.5 Hz when the tie rod tensions were zero (i.e.,
when PL =PS=0 kPa) (this model was not subjected
to an acceleration level of 700 gals);

—f,=10.5 Hz when PL =30 kPa and PS=15 kPa;
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—/fu.=11.4 Hz when PL =60 kPa and PS =30 kPa; and
—fu=12.3 Hz when PL =90 kPa and PS =45 kPa.
Therefore, a frequency fi=5 Hz of the input sinusoidal
motion, which was much smaller than ‘‘the natural
frequencies at small strains of the models’” (for PS=15
—45 kPa) f,=10-12 Hz, was chosen so that the model
would not resonate to the input motion as long as the
prestress did not become very small during dynamic load-
ing. Related considerations based on the similitude rule
are given in Appendix A.

On the other hand, when the initial natural frequency
Juof amodel is only marginally higher than the f; value of
the input motion, an increase in the input motion level
causes the f,, value to decrease and it can approach the f;
value due to effects of the strain-non-linearity on the stiff-
ness of backfill and a large decrease in the prestress dur-
ing shaking. A frequency fi= 10 Hz of the input motion,
which was only marginally smaller than these natural
frequencies f,, was also chosen to evaluate the dynamic
behaviour of PLPS GRS structures at the resonant condi-
tion (i.e., the worst scenario in terms of dynamic
response of structure).

The following remarks are relevant to present dynamic
loading tests:

1) With respect to the damage level caused by dynamic
loading for civil engineering structures, the input
sinusoidal motion with a peak acceleration of 700
gals used in the present study would be much severer
than a natural seismic motion with a PGA of 700 gals
(e.g., Bathurst and Hatami, 1998; Hatami and
Bathurst, 2001).

2) Resonance can also be avoided by making the initial
natural frequency f, of the structure sufficiently low-
er than the f, value of random input motion or the f;
value of sinusoidal input motion. However, the
efficiency of this method could be reduced by too
large cyclic deformation, which may damage the
structure seriously.

Two series of dynamic loading tests were performed
using input frequencies fi=5Hz and 10 Hz. In each
series, the following three types of tie rod connection
were used:

1) Rigid connection: The tie rods were fixed rigidly to
the top reaction plate by using nuts in place of the
ratchet connections shown in Fig. 3(a). Due to a rela-
tively high stiffness of the steel tie rods (K, =about
1,100 N/mm for a single tie rod), the tie rod tension
decreased at a very high rate when the backfill ex-
hibited vertical compression. For a model having an
initial natural frequency f, equal to about 10 Hz,
when f; =35 Hz, a rapid and significant decrease in the
Jn value during cyclic loading would result in a tran-
sient resonance, which could result in excessive
deformation of the model.

2) Constant stress connection: The top end of each tie
rod was fixed to the top reaction plate by using a
metal spring having a relatively low stiffness (K,=
about 5 N/mm for a single spring) to keep the pre-
stress as constant as possible even when the backfill

Expansion of the spring Constant le_ngth of the

b)

Unlocked

Increase in tie
rod tension

Nearly constant tie
rod tension

Compression of the
backfill

Expansion of the
backfill

Initial state

Fig. 5. Two different functions of the ratchet connection for tie rods

exhibits some compression in the course of shaking.
This arrangement allows for an increase in the height
of backfill, inducing some bending deformation of
backfill. As shown later, due to some viscous
resistance against deformation inside the springs, the
spring force increased and decreased to some extent
in each cycle of shaking according to trends of,
respectively, increase or decrease in the backfill
height.

3) Ratchet connection: The top end of each tie rod was
fixed to the top reaction plate by using a ratchet sys-
tem as shown in Figs. 3(a) and (b), which is explained
in detail below.

Ratchet Connection System (Fig. 5(a))

Figure 2(b) shows schematically the behaviour of a
backfill during dynamic loading when a ratchet connec-
tion system is used. When the backfill height tends to
decrease due to creep deformation or shaking-induced
transient and residual compression or bending deforma-
tion of backfill (Fig. 2(a)), the ratchet connection is un-
locked while the length of a relatively long and relatively
soft spring attached between the top end of each tie rod
and the top reaction plate increases (Fig. 5(b)). In this
way, the stiffness of each tie rod system becomes very low
while keeping the prestress level high, close to the initial
value. On the other hand, when the backfill height tends
to increase due to dilatancy (i.e., irreversible volume in-
crease by irreversible shear deformation) of backfill dur-
ing monotonic or cyclic loading or the bending deforma-
tion of backfill, the ratchet connection locks (Figs. 2(b)
and 5(c)), which makes the stiffness of the tie rod system
very high, exerting the original stiffness of the tie rods
while largely increasing tie rod tension. By the two func-
tions of the ratchet system described above, the bending
deformation of structure can be effectively restrained, as
illustrated in Fig. 2(b) (and as shown below). Shinoda
et al. (2001b) reported the mechanical details of the ratch-
et connection.

Figure 6 shows the relationship between the axial force
and the axial elongation of a single ratchet connection
system (without using a tie rod) used in the present study
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Fig. 6. Relationships between axial force and axial elongation of the
ratchet connection used in the present study

that was obtained from a stress-controlled calibration

test. This is equivalent to the relationship between the tie

rod tension and the vertical compression of the model
backfill equipped with a ratchet connection. The follow-

ing trends of behaviour may be seen from Fig. 6:

1) When the ratchet is unlocked (as shown in Fig. 5(b)),
the axial force decreases at a very low rate of about
5 N/mm with an increase in axial elongation, which
is nearly the same with stiffness K, (=5 N/mm) of
the spring.

2) When the ratchet is locked (as shown in Fig. 5(c)), the
axial force increases at a very high rate of 677 N/
mm, on average, as the axial length is forced to
decrease. When the axial length of the ratchet system
is subsequently forced to increase, the tie rod tension
decreases at a very high rate in the same way as when
the axial length of the ratchet system is forced to
decrease until rejoining the primary relationship that
is controlled by the stiffness of the spring.

In the model test, the stiffness K of the tie rod system is

also controlled by the stiffness of the four tie rods (K,=

about 1,100 N/mm for a single tie rod) and the stiffness
of the ratchet system (K;=about 5 N/mm for a single

spring in unlocked condition; K3 =about 677 N/mm for a

single ratchet system in locked condition). The theoretical

values of the stiffness of the tie rod system when the
ratchet system is locked and unlocked are therefore K=
4/(1/K,+1/K;)=1676 N/mm and K=4/(1/K,+1/Ky)=

20 N/mm.

TEST RESULTS (fi=5Hz)

Effect of the Use of Ratchet Connection

The top three records in Fig. 7(a) are the time histories
of horizontal acceleration at the top plate and input mo-
tion at the shaking table obtained from three tests with
PL =30 kPa and an initial PS =15 kPa performed at f,=
5 Hz. Figures 7(b) through e show the time histories of
averaged vertical compressive strain of the backfill, rota-
tion angle of the top plate, average shear strain of the

backfill (equal to lateral displacement at the crest of the
backfill divided by the backfill height), and average verti-
cal stress acting at the crest of the backfill. Note that the
average vertical stress values presented in Fig. 7(e) and in
the other similar figures are the values acting at the top of
the backfill, which is equal to the sum of the following

two components, such as 1)+2) or 1)+ 3):

1) the average vertical stress applied by using four tie
rods, equal to the total tie rod tension divided by the
cross-sectional area of backfill, which is denoted as
the prestress (PS);

2) the weight of the top reaction plate without a ratchet
system divided by the cross-sectional area of backfill,
which is equal to 3.5 kPa; or

3) the weight of the top reaction plate with four ratchet
systems divided by the cross-sectional area of back-
fill, which is equal to 4.3 kPa.

For this reason, the initial vertical stress when PS=

15 kPa is equal to 18.5 kPa for a rigid connection and

19.3 kPa for a ratchet connection. The following trends

of behaviour may be seen from these figures:

1) The behaviour of the model with a rigid connection
changed largely during shaking, as described below,
due to a large change in the natural frequency (f,) of
the model caused by a large loss of vertical stress and
an associated increase in the shear strain in the back-
fill:

a) At the initial stage before the elapsed time (¢)
became about 3.5 seconds, the average prestress
increased temporarily two times in each cycle of
shaking in a similar way to the test with a ratchet
connection (Fig. 7(e)). It is likely that this trend
of behaviour was due mostly to the bending
deformation of backfill and partly to the dilatan-
cy of backfill. This rather stable behaviour was
because the tie rods had not largely loosened yet
and therefore could effectively restrain the ex-
pansion of backfill. The vertical strain of backfill
(Fig. 7(b)), the rotation of the top plate
(Fig. 7(c)) and the average shear strain of backfill
(Fig. 7(d)) were kept relatively small.

b) The lower bound of the vertical stress started
decreasing immediately after the start of shak-
ing. By =5 seconds, both peak and lower
bounds of the vertical stress had become very
small, nearly equal to the value solely induced by
the weight of the top reaction plate (Fig. 7(¢)).
Correspondingly, by ¢=35 seconds, the rotation
of the top plate had become very large
(Fig. 7(c)), indicating that the bending deforma-
tion of backfill had become very large. This
behaviour was due to (1) the tie rods becoming
unable to effectively restrain the expansion of
backfill because of full loosening of the tie rods;
and (2) the stiffness of backfill becoming very
small due to a substantial decrease in the vertical
stress in the backfill. The second factor resulted
in very large shear strains of the backfill
(Fig. 7(d)). The large bending and shear defor-
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mation of backfill, which continued until the end
of the shaking, resulted in large ultimate residual
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vertical compression of backfill (Fig. 7(b)).

At t=3.6 seconds, the ratio of acceleration be-
tween the top and bottom of the model tem-
porarily exhibited a maximum value, showing a
transient resonant state. This was caused by a
continuous drop of the natural frequency of the
model due to a continuous drop in the vertical

stress (i.e., a continuous drop in the tie rod ten-
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Time histories of: a) horizontal acceleration at the top platen
(the top three) and the table (the bottom), b) average vertical strain
of backfill, ¢) rotation of the top platen, d) average shear strain of
backfill, and e) average prestress, from three tests with rigid, con-
stant stress and ratchet connection (PL =30 kPa and PS =15 kPa,
fi=5Hz)

sion) and an associated increase in the shear

strain in the backfill.
At the initial stage of shaking, the model with a con-
stant stress connection exhibited the largest rotation
of the top plate among the three models (Fig. 7(c)),
because the constant stress connection could not
effectively restrain the expansion of backfill. The
different trends of behaviour at the initial stage be-
tween the models with rigid and constant stress con-
nections indicate that the use of stiff tie rods is effec-
tive to restrain the bending deformation of backfill as
long as the tie rod tension is kept high enough. The
same conclusion was obtained from a series of static
cyclic lateral loading tests on the same type of models
using Toyoura sand backfill (Kikuchi et al., 1999;
Uchimura et al., 2002).
With a constant stress connection, the average verti-
cal stress was kept rather constant throughout the
shaking (Fig. 7(e)), while the rotation angle of the
top reaction plate (Fig. 7(c)) and the shear strain of
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Fig. 8. Relationships between horizontal acceleration at the top platen
and average prestress, from three tests (PL=30kPa and PS=15
kPa; f,=5 Hz) and the other two tests with a ralchet connection
(PL =60 kPa and PS =30 kPa, PL =90 kPa and PS =45 kPa; f;=5
Hz)

backfill (Fig. 7(d)) were also rather constant and rela-
tively large. Correspondingly, relatively large bend-
ing deformation of backfill associated with this be-
haviour resulted in relatively large ultimate residual
vertical compression of backfill (Fig. 7(b)). The verti-
cal stress decreased and increased in an unsystematic
way in each cycle (Fig. 7(e)), which was likely due to
a variable resistance of the spring against deforma-
tion. '

4) The model with a ratchet connection exhibited sub-
stantially smaller rotation of the top plate (Fig. 7(c))
and shear deformation of the backfill (Fig. 7(d))
throughout the shaking as compared with the other
two models. The ultimate residual compression of
backfill was also much smaller (Fig. 7(b)). Im-
portantly, the lower bound of the average vertical
stress did not become lower than the initial value
throughout the shaking, while the peak prestress
became temporarily very large two times in each cycle
of shaking when the expansion of backfill was
restrained by the tie rods having a high stiffness
(Fig. 7(e)).

To confirm the advantages of using a ratchet connec-
tion, the behaviour of the three models is compared in
more detail below. Figure 8 compares the relationships
between the horizontal acceleration at the top plate and
the average vertical stress at the top of the backfill, which
is indicative of the relationship between the shear and ver-
tical stresses acting inside the backfill (i.e., a sort of stress
path). For clarity, the relationship in each case is also in-
dicated in the respective inset small figure. The stress
paths from an other two tests using a ratchet connection
with PL =60 and 90 kPa are also presented in this figure,
which will be explained later. It may be seen that, in the
all the tests, the average vertical stress increased two times
as the horizontal acceleration at the backfill increased in
the opposite direction in each cycle of shaking. Im-
portantly, the average vertical stress in the model with a
ratchet connection did not become smaller than the initial

(=2
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Rigid connection

[\

Horizontal acceleration
at the top platen (G)
o

0 1000 2000 3000
Total tension on one side of the backfill (N)
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(W]
1

¥ >~
~ PL=90 kPa
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o

-2 PS= 45 kPa
PL=30kPa  PS=30kPa
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-4 : :
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Total tension on one side of the backfill (N)

Fig. 9. Relationships between horizontal acceleration at the top platen
and total tension in a pair of tie rods on one side of backfill: a) the
model with a rigid connection (PL =30 kPa and PS=15kPa; f,=5
Hz), and b) three tests with a ratchet connection (PL =30 kPPa and
PS =15 kPa, PL =60 kPa and PS =30 kPa, PL=90 kPa and PS=
45 kPa; ;=5 Hz)

value at any moment during shaking. The shape of the
stress path reflects the dilatancy characteristics of backfill
(like the one in undrained simple shear tests on saturated
sand).

Figures 9(a) and (b) show the relationships between the
horizontal acceleration at the top reaction plate and the
total tension in a pair of tie rods located on one side of
backfill obtained from four tests on the models with rigid
and ratchet connections. It may be seen that the variation
of the total tension in a pair of tie rods on each side of
backfill was not symmetrical about the axis of horizontal
acceleration. The tie rod tension on the backside of the
shaking direction increased largely by restraining the in-
crease in the height of backfill on the backside of shaking,
which was due mostly to the bending deformation of
backfill and partly to the dilatancy of backfill. On the
other hand, the increase in the tie rod tension was rela-
tively small on the front side of the shaking direction, be-
cause the dilatancy of backfill was suppressed by the com-
pression of backfill due to the bending deformation of
backfill.

These trends of behaviour described above can be seen
more in detail from Fig. 10, showing the behaviour of the
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Fig. 10. Detailed time histories of tie rod tension (7) and settlement
(D) at the top platen, on each side of backfill, average shear strain
(Yave) Of backfill and rotation angle (6,,,) at the top platen: model
with a ratchet connection time #=23.2 —3.4 seconds (PL =30 kPa
and PS=15 kPa at f;=5 Hz); elapsed

model with a ratchet connection for t=3.2-3.4 seconds

(note that the displacement D is positive for settlement at

the crest of the model). That is, on the backside of the

shaking direction, by the function of the ratchet connec-
tion, the increase in the height of backfill was very small
accompanied by a large increase in the tie rod tension. On
the front side of the shaking direction, on the other hand,
the height of backfill was nearly constant with essentially
no change in the tie rod tension. This behaviour was due
to that the trend of dilatancy of backfill that was weak be-
cause of relatively small shear strains of backfill was
balanced with the compression due to the bending defor-
mation of backfill. In this figure, the function of a rela-
tively soft spring which was activated when the height of
backfill decreases in each single cycle of shaking is not
apparent. However, this function was essential as the
backfill exhibited noticeable residual compression in the

course of shaking (see Fig. 7(b)).

Figure 11(a) and the top of Fig. 11(b) show the
relationships between the total tension in the two tie rods
and the settlement on one side of the backfill crest (at
I1.4 cm from the center of the model) obtained from
three tests on models with rigid, constant stress and
ratchet connections (PL=30kPa and PS=15kPa).
Figure 11(b) also shows similar results from two tests
with a ratchet connection (PL=60kPa and PL=
90 kPa), which are explained later. The following trends
of behaviour may be noted:

1) With a rigid connection, until the compression of
backfill became about 5 mm, the lower bound of the
tie rod tension decreased very rapidly with the com-
pression of backfill (Fig. 11(a)). This behaviour was
due to a relatively high stiffness of the tie rods. As the
compression of backfill increased more, the tie rods
loosened more, and the temporary increase in the tie
rod tension by the increase in the backfill height
became gradually smaller and finally became zero
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f;=5 Hz, Ratchet connection
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Fig. 11. Relationships between total tie rod tension and compression
of backfill on one side of backfill: a)two models with rigid and con-
stant stress connections (PL=30 kPa and PS=15kPa;f,=5Hz),
and b) three tests with a ratchet connection (PL =30 kPa and PS =
15 kPa, PL=60 kPa and PS=30kPa, PL=90kPa and PS=
45 kPa; fi=5 Hz)

with no contribution of the tie rods to the stability of
model.

2) With a constant stress connection, the average and
amplitudes of tie rod tension were kept nearly con-
stant throughout the shaking, irrespective of the
compression of backfill (Fig. 11(a)).

3) With a ratchet connection, the amplitude and
average of tie rod tension were also kept constant.
However, these values were respectively larger and
higher than those with a constant stress connection
throughout the shaking, while the ultimate residual
compression of backfill was much smaller
(Fig. 11(b)).

Figures 12(a), (b) and (c) show the relationships be-
tween the average vertical stress measured at the central
third of the bottom of the backfill by using a set of load
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. 12. Relationships between vertical stress at the central third of the

bottom of backfill and average vertical strain of backfill (PL =30
kPa and PS =15 kPa; f;=5 Hz): a) model with a rigid connection,
b) model with a constant stress connection, c) three tests with a
ratchet connection (PL=30kPa and PS=15%kPa, PL=60kPa
and PS=30 kPa, PL =90 kPa and PS= 45 kPa; f;=5 Hz)

cells shown in Fig. 3(d) and the average vertical strain of
backfill (positive in compression). With a rigid connec-
tion, the lower bound of the vertical stress dropped very
fast with the compression of backfill, becoming essential-
ly zero immediately after the compression of backfill
started occurring (Fig. 12(a)). With a constant stress con-
nection, although the average vertical stress was relatively
high, the lower bound became temporarily essentially
zero from a very early stage of shaking (Fig. 12(b)). With
a ratchet connection, on the other hand, the lower bound
of the vertical stress did not become zero at any moment
during shaking (Fig. 12(c)). These results indicate that the
use of a ratchet connection is essential to prevent the con-
fining pressure in the backfill from becoming nearly zero
during shaking. A gradual increase in the peak value of
the vertical stress in the central zone at the bottom of the
backfill during shaking when using a ratchet connection
infers load transfer from the outer to the inner zones of
backfill with progressive yielding in the outer zones.

Figures 13(a), (b) and (c¢) show the relationships be-

tween the average shear stress measured at the bottom of
the backfill by using a set of load cells shown in Fig. 3(d)
and the average shear strain of the backfill, which reflect
the cyclic shear stress-shear strain behaviour in the back-
fill. The following trends of behaviour can be seen:

1)

2)

3)

With a rigid connection (Fig. 13(a)), the behaviour
was stiff only at the initial stage, where the input ac-
celeration was increasing and the tie rod tension was
still high. Subsequently, the backfill started softening
largely due to; a) a large decrease in the vertical stress
in the backfill (i.e., the prestress); b) a large increase
in the shear stress by approaching a resonant state;
and c) increased effects of strain-non-linearity on the
stiffness of gravel associated with an increase in the
shear strain (e.g., Tatsuoka et al., 1999a, b, c). As
shown later, the natural frequency f, at the initial
stage of the model, which was larger than the input
frequency (f;=5 Hz), decreased approaching f; dur-
ing shaking. After having passed a transient resonant
state, where f, =f;, the f, value became smaller than
the f; value. Due to this non-stationary dynamic
response of the model, the sign of the apparent peak-
to-peak stiffness in each cycle in this figure changed
from positive to negative ones. Note that the local
peak-to-peak stiffness values in the backfill should
not exhibit such a change in the sign as described
above in the course of shaking. Three-dimensional
dynamic response analysis will be necessary to fully
understand this observed dynamic behaviour of the
model.

A similar trend of behaviour, but in a more compli-
cated manner, can be observed in the test using con-
stant stress connection (Fig. 13(b)).

With a ratchet connection, the hysteretic loops were
rather stationary showing only a small decrease in the
average slope with an increase in the shear strain
amplitude associated with an increase in the input
acceleration (Fig. 13(c)). A moderate decrease in the
apparent peak-to-peak stiffness was due primarily to
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13. Relationships between average shear stress at the bottom of
backfill and average shear strain of backfill (PL =30 kPa and PS=
15 kPa; f;=5 Hz): a) model with a rigid connection, b) model with
a constant stress connection, ¢) three models with a ratchet connec-
tion (PL =30 kPa and PS =15 kPa, PL =60 kPa and PS =30 kPa,
PL =90 kPa and PS=45 kPa; f,=5 Hz)

the effects of strain-non-linearity on the stress-strain
property of gravel associated with an increase in the
shear strain. It could also be seen that the resonant
state was not reached in this test.
These test results shown above indicate that the deforma-
tion of PLPS reinforced soil structures subjected to very
high seismic load could be kept very small by taking
advantage of the two functions of the ratchet connection
system, as illustrated in Fig. 5.

Effects of Initial Prestress Level When Using a Ratchet

Connection

Three tests were performed on models having a ratchet
connection at PS=15 kPa, 30 kPa and 45 kPa with the
preload level (PL) being twice the respective initial pre-
stress (PS). The following trends of behaviour may be
seen from the results of these tests (Fig. 14):

1) In all the three tests, the acceleration response was
rather constant throughout the shaking (Fig. 14(a)),
showing that the stress conditions in the backfill were
essentially constant throughout each test because of
using a ratchet connection.

2) The response acceleration at the crest of the model
decreased with an increase in the initial PS level. This
behaviour was due to the fact that the initial natural
frequency (f,) of the model, which was larger than
the input frequency f; (=5 Hz), became larger with
an increase in the initial PS level, making the
response state of the model more remote from the
resonant state.

3) The residual compression of backfill significantly
decreased with an increase in the initial PS level
(Fig. 14(b)). This behaviour was due to a decrease in
the shear strain in the backfill associated with an
increase in the shear modulus of backfill induced by
increasing the initial PS level (Fig. 14(d)).

4) The rotation at the top of the backfill was very small
in all the three tests (Fig. 14(c)), but the effects of the
initial PS level on this behaviour were not systematic.
The reasons for the above are not known.

5) The peak and minimum levels of the average vertical
stress at the top of the backfill were rather constant
during each shaking test (Fig. 14(e)). Interestingly,
the residual vertical stress at the end of shaking was
slightly larger than the initial value in the two tests
(PL=30kPa and PS=15 kPa, PL=90 kPa and PS
=45 kPa). This is due likely to the fact that part of
the dilatancy of backfill caused by shear deformation
remained at the end of shaking. This ‘“‘locked’’ be-
haviour is indicative of the advantages of using a
ratchet connection to fix the tie rods. The amplitude
of vertical stress during shaking decreased with an
increase in the initial PS level, which was due to a
smaller response acceleration of the model at higher
vertical stresses. .

The trends of behaviour described above can be seen
also from the behaviour presented in Figs. 8 and 9 and
Figs. 11 through 13. In summary, to attain a higher seis-
mic stability of PLPS reinforced soil structures, a higher
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Fig. 14. Time histories of: a) horizontal acceleration at the top platen (the top three) and the table (the bottom), b) average vertical strain of back-
fill, ¢) rotation of the top platen, d) average shear strain of backfill and e) average prestress, from three tests with the ratchet connection (PL =
30 kPa and PS=15 kPa, PL =60 kPa and PS=30 kPa and PL =90 kPa and PS =45 kPa; f,=5 Hz)

initial PS level is preferable as long as the structure is not
damaged during the preloading stage and the initial
natural frequency of structure (f,) is higher than the
predominant frequency of design seismic load (f},).

Simplified Analysis of Dynamic Response Characteristics

The dynamic response characteristics of the models ob-
served in the present study are very complicated, mainly
because they are not constant due to continuous changes
in the stiffness of backfill caused by changes in the tie rod
tension associated with shaking-induced changes in the
height of backfill. For the first approximation, these char-
acteristics were analysed in the framework of the theory
for a single degree of freedom (SDOF). In this frame-
work, the response ratio L between the acceleration levels
at the top and bottom of each model and the phase differ-
ence in ¢ (in radian) between the top and bottom of each
model are given as:

1+4-1*-(fi/fo)?
{1=(f/f 2 +4- - (filf)

Y

(1a)

2-h-(filfe)

1= (1—4nr%)-(filfo)
where 4 is the transient damping ratio of the model
(unknown); f; is the given input frequency (=5 or 10 Hz);
and f, is the transient natural frequency of the model
(unknown) (see Appendix C for more details). The theo-
retical relationships between L and the frequency ratio
fi/fn and those between ¢ and f/f, for different & values
are presented in Figs. 15(a) and (b) and other similar
figures.

Transient values of 4 and f;/f, at representative mo-
ments during shaking of each model (as a SDOF system)
were deduced by substituting measured values of L and ¢
into Eqgs. 1(a) and 1(b) and iteratively solving these equa-
tions. The results of analysis for the three tests using
different tie rods connection methods with PL =30 kPa
and PS=15 kPa performed at f;=35 Hz are presented in
Figs. 15(a) and (b). Figure 15(c) shows the corresponding
relationships between the measured single amplitude of

tan ¢ = (1b)
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Relationships: a) between L and f,/f,, b) between ¢ and f,/f,

for different & values by the theory for a SDOF system and those
from three tests with a ratchet connection and different combina-

tions of PL and PS kPa and ¢) experimental relationships between
V. of backfill and f£,/f, (f,=5 Hz)

passing a transient resonant state. In the two tests,
the y;, value became very large near and at the respec-
tive resonant state (Fig. 15(c)). As stated before, this
large increase in the fi/f, value when using a rigid
connection was due to a significant decrease in the
stiffness of the backfill caused: a) primarily by a sub-
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stantial decrease in the tie rod tension due to shaking-
induced vertical residual compression of backfill; and
b) partly by the non-linear stress-strain property of
the gravel. With a constant stress connection, only
the factor b) above was the major cause for the in-
creases in the f;/f, value. Therefore, the ultimate f;/f,
value when using a constant stress connection was
lower than the value when using a rigid connection.

f,=10Hz, PL=30 kPa & PS= 15 kPa
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Fig. 17. Time histories of: a) horizontal acceleration at the top platen
(the top three) and the table (the bottom), b) average vertical strain
of backfill, ¢) rotation of the top platen, d) average shear strain of
backfill and e) average prestress from three tests with rigid, con-
stant stress and ratchet connections (PL =30 kPa and PS =15 kPa;
fi=10Hz)

2) With a ratchet connection, the resonant state was not
reached and the ratio f;/f, was kept much lower than
unity throughout the shaking. The value of y.. was
therefore kept much smaller than in the two other
tests (Fig. 15(c)).

Figures 16(a), (b) and (c¢) compare the results from the
three tests using a ratchet connection with three combina-
tions of PL and PS levels, performed at fi=5 Hz. It may
be seen that with an increase in the initial PS, the
response state was kept more remote from the respective
resonant state with the largest values of fi/f, and y., being
kept smaller.

TEST RESULTS (fi=10 Hz)

To examine whether PLPS reinforced soil structures
with a ratchet connection could be very stable even at a
resonance, the same three types of the model described in
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Fig. 7, having rigid, constant stress and ratchet connec-

tions with PL =30 kPa and PS=15 kPa, were shaken at

fi=10 Hz so that the resonant state could be reached.

Figure 17 shows the results from these tests, while

Figure 18 shows the summary of the analysis of the test

results, similar to those presented in Figs. 15 and 16. The

following trends of behaviour can be seen from these
figures:

1) With a rigid connection, the average vertical stress at
the top of the backfill decreased at a very high rate
(Fig. 17(e)) as the backfill exhibited noticeable resid-
ual compression (Fig. 17(b)). Therefore, the natural
frequency f,, decreased very fast with cyclic loading.
At an elapsed time of 2.3 seconds, the model exhibit-
ed the maximum ratio between the response accelera-
tion at the top plate and the input acceleration at the
shaking table (Fig. 17(a)), which indicates the exis-
tence of a transient resonant state as explained be-
low. This behaviour enhanced a further increase in
the residual compression of backfill and a further
reduction in the vertical stress in the backfill. As the
S, value decreased more, the response acceleration at
the crest of the model and the shear deformation of
backfill decreased noticeably, because the f;/f, value
became much larger than unity (Fig. 18). Despite the
above, the bending deformation of backfill still
continued increasing at the post-resonance state
(Fig. 17(c)) due to a continuing reduction in the tie
rod tension (Fig. 17(¢)). As the resonance took place
during the process where the input motion was in-
creasing (Fig. 17(a)), the maximum values of the
response acceleration at the crest of the model and
the average shear strain of backfill were not the lar-
gest among the three tests.

2) With a ratchet connection, the lower bound of the
average vertical stress at the top of the backfill did
not become lower than the initial value throughout
the shaking (Fig. 17(e)). On the other hand, the tran-
sient peak value of the average vertical stress became
very large (Fig. 17(¢)), because near-resonance vibra-
tion continued for nearly the whole period of shaking
(Fig. 18). That is, at the resonant state, the response
acceleration at the crest of the model exceeded
two times the acceleration of gravity (i.e., 2g)
(Fig. 17(a)), which was the largest among the three
tests. For this reason, the shear strain became the lar-
gest among the three tests (Fig. 17(d)) and the resid-
ual compression of backfill became relatively large,
only slightly smaller than the value observed in the

test using a rigid connection (Fig. 17(b)). Despite the

above, the rotation of the top plate (i.e., the bending
deformation of backfill) stayed very small through-
out the test (Fig. 17(c)), which means that the model
was not significantly damaged. It could also be seen
from Fig. 18(b) that the damping ratio of the model
(as a SDOF system) at the resonant state was as high
as around 15% without exhibiting any serious struc-
tural damage. Usual reinforced concrete structures
exhibit such a high damping value as above only
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Single amplitude of shear strain (%) &
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18. Relationships: a) between L and f;/f,, b) between ¢ and f,/f,
for different 4 values by the theory for a SDOF system and those
from three tests with different connections of tie rods and c¢) ex-
perimental relationships between y,, of the backfill and f,/f, (PL=
30 kPa and PS=15 kPa; f,=10 Hz)

when associated with serious structural damage.

The behaviour of the model with a constant stress
connection was in between those of the other two.
The smallest residual compression of backfill
(Fig. 17(b)) was due to this intermediate behaviour
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(i.e., larger average vertical stress at the top of back-
fill than in the test using a rigid connection, but a
smaller response acceleration than in the test using a
ratchet connection).

Figures 19 and 20 show results from two similar tests
with rigid and ratchet connections performed at fi=
10 Hz, but with PL=90 kPa and PS=45 kPa. Similar
trends of behaviour as described above can be seen more

d) prom s
% (2) - wv'LfUWIWWWWMMWW\W«’MWN AR ——
§ | ' ’ ' e ————
£ oA

;S; o 2 4 6 8 10 12

Elapsed time (sec)

f,=10 Hz, PL= 90 kPa & PS= 45 kPa

¢
~—

Rigid connection

Average vertical stress (kPa)

Ratchet connection

O - v T T T v T T T T T

0 2 4 6 8 10 12
Elapsed time (sec)

Fig. 19. Time histories of: a) horizontal acceleration at the top platen
(the top three) and the table (the bottom), b) average vertical strain
of backfill, c) rotation of the top platen, d) average shear strain of
backfill and e) average prestress from two tests with rigid and ratch-
et connections (PL =90 kPa and PS=45 kPa; f,=10 Hz)

clearly. On the other hand, by comparing respectively
Figs. 17(a) and 19(a), Figs. 18(a) and 20(a) and Figs. 18(c)
and 20(c), it may be seen that when using a ratchet con-
nection, as the initial PS level became larger from 15 kPa
to 45 kPa, the response acceleration at the crest of the
model near to and at the resonant state became larger,
exceeding 3.5 g (Fig. 19(a)). The average shear strain of
backfill became larger corresponding by. Analysis of the
test results (Figs. 18(a) and 20(a)) suggests that this trend
of behaviour was due to a decrease in the damping value
near to and at the resonant state with the increase in the
initial PS level from 15 kPa to 45 kPa. Smaller damping
values of the model using a ratchet connection with the
initial PS =45 kPa may reflect smaller structural damage
to the model, as deduced from a very small rotation at the
top plate (Fig. 19(c)).

ESTIMATION OF THE NATURAL FREQUENCY OF
STRUCTURE

It is necessary to evaluate in a rational manner the ini-
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Fig. 21. Model configurations to obtain the natural frequency of a
model with a ratchet connection

tial value of the natural frequency f, and those during

shaking of a given PLPS GRS structure so that the occur-

rence of resonance for a given design seismic load can be
avoided by adjusting the initial f, value of the structure.

To that end, a simplified method to estimate the initial f,,

value of a given PLPS mechanically reinforced backfill

structure was developed based on the following assump-
tions:

1) The backfill is a uniform isotropic linear elastic
material having given Young’s modulus £ and shear
modulus G. The total mass is M and the height of the
backfill is H (Fig. 21).

2) The deformation of backfill consists of bending and
shearing modes as a simple beam.

3) The top plate does not rotate, being fully fixed by tie
rods.

The last assumption is relevant to the models with a
ratchet connection and to the models with a rigid connec-
tion when the tie rod tension is kept high enough. As this
assumption is not relevant to models with a constant
stress connection, the behaviour of this type of model is
not analysed below.

From the condition that the maximum kinetic energy is
equal to the maximum strain energy, an equation can be
derived that gives the transient natural frequency f, of a
given model with known quantities of the parameters
shown in Fig. 21 (see Appendix C for details). Figure 22
shows the theoretical relationships between the natural
frequency f, of model and the shear modulus G of back-
fill, obtained by the method described above, for the
models with rigid and ratchet connections for a range of
Ju relevant to these two models. A slight difference be-
tween the two curves is due to the weight of the ratchet
connection system. Effects of PL and initial PS levels and
the frequency of input motion on these relationships ap-
pear through the effects of these factors on the Young’s
modulus £ and shear modulus G. In addition, as the stiff-
ness of backfill is a function of instantaneous vertical
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Fig. 22. Theoretical relationships between f, and shear modulus G of
backfill for models with rigid and ratchet connections

stress and strain in the backfill and loading history, it

changes during shaking. As illustrated in Fig. 22, the in-

stantaneous G value of backfill at each moment during
shaking was back calculated by substituting the respective
instantaneous value of f, that was deduced based on

Egs. 1(a) and 1(b) for each model as a SDOF system. Due

to a limited amount of available publication space, only

analysis of the results from the tests at =35 Hz is present-
ed below.

Figure 23 shows the relationships between the back-
calculated G value of backfill and the corresponding
measured average vertical stress (o) at the top of backfill
for the two tests (PL=30kPa and PS=15kPa at fi=
5 Hz) described in Fig. 7. The average shear modulus G in
each cycle is plotted against the maximum and minimum
values of o, in that cycle that were measured with load
cells equipped at the bottom of the backfill. The single
amplitudes of the average shear strain y,, of backfill at
several representative moments are also indicated.
Figure 24 shows the corresponding relationships between
the deduced G value and the measured value of y,. The
values of the maximum and minimum values of g, in the
backfill at several representative moments are indicated in
these figures. The values of shear stress 7 obtained as 7=
G*y., are also indicated in Fig. 24. The following trends
of behaviour can be seen from these figures:

1) With a rigid connection, the decrease in the shear
modulus G of backfill with the increase in y,, was en-
hanced by a substantial decrease in the vertical stress
o, and the development of large shear stresses 7 as a
result of resonance. The shear modulus G after the
resonance was considerably smaller than the value
for the same y,, value before the resonance (Fig. 24).

This would be due to a large drop in the o, value
(Fig. 23) and structural damage to the backfill by
large shear strains experienced near to and at the
resonant state.

2) With a ratchet connection, the rate of the decrease in
the G value with an increase in y,, was lower due to
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Fig. 23. Relationships between back-calculated shear modulus G of

backfill and measured vertical stress o, at the bottom of backfill in
the model with a rigid connection and a ratchet connection (PL =
30 kPa and PS=15 kPa; f,=5 Hz).
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Fig. 24. Relationships between back-calculated shear modulus G and

measured shear strain y, of backfill in the model with a rigid con-
nection and a ratchet connection (PL =30 kPa and PS=15 kPa;
fi=5Hz)

higher values of o, (Fig. 23) and smaller shear stress-
es 7 (because of non-occurrence of a resonance)
(Fig. 24). The difference in the G values at the same
¥, When y,, was increasing and decreasing was notice-
ably smaller than the value with a rigid connection
(Fig. 24). This behaviour was due likely to smaller
structural damage to the backfill with a ratchet con-
nection.

These data show again the advantages of using a ratchet

connection.

A theoretical relationship between the natural fre-
quency f, of structure and the shear modulus G of backfill
for given structural configurations, as presented in
Fig. 22, can be obtained by following the method de-
scribed in this paper. The value of G of backfill as a func-
tion of instantaneous strain and confining pressure can be
obtained from relevant laboratory stress-strain tests on
the backfill material. The initial value of f, can be esti-
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mated in a rather straightforward way, as the initial value
of G of backfill at strains of the order of 0.01% can be es-
timated for a given initial prestress level. On the other
hand, the estimate of the values of f,, during shaking for
given structural and dynamic loading conditions is much
more complicated. However, the experimental data
presented in this paper suggest that the resonant state can
be avoided by using a ratchet connection and setting the
initial value of f; sufficiently higher than the anticipated
predominant frequency f, of a given seismic load.

CONCLUSIONS

The following conclusions can be derived from the test
results presented in this paper:

1) The shear and bending deformation and associated
residual compression of mechanically reinforced
backfill structures subjected to high dynamic load
can be substantially reduced by maintaining the verti-
cal stress in the backfill sufficiently high during
dynamic loading to keep the stiffness and strength of
backfill sufficiently high, when compared with cases
where the vertical stress is allowed to decrease large-
ly.

2) To the end described above, it is effective to use a
ratchet connection, having the following two func-
tion, to fix the tie rods used to preload and prestress
the backfill:

a) The vertical stress in the backfill is kept nearly
constant when the backfill height tends to
decrease (i.e., the constant pressure condition of
the backfill).

b) The height of backfill is kept nearly constant
when the backfill height tends to increase (i.e.,
the constant height condition of the backfill).

3) Therefore, by setting the initial natural frequency of
structure sufficiently higher than the predicted
predominant frequency of given design dynamic
load, the possibility of approaching the resonant
state can become very small by using a ratchet con-
nection.

4) By the two functions a) and b) listed above, mechani-
cally reinforced backfill structures with a ratchet
connection would not be seriously damaged even if
extremely high-level dynamic load is applied by ap-
proaching the resonant state. Relatively high damp-
ing values could be exhibited by such soil structures
without serious structural damage.

5) To attain smaller deformation of mechanically rein-
forced backfill structures subjected to high dynamic
load, a higher prestress is preferable as long as the
structure is not damaged during the preloading and
prestressing stage and the initial natural frequency of
the structure is kept sufficiently higher than the
predominant frequency of given design dynamic
load.
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APPENDIX A: SIMILITUDE ANALYSIS OF THE
NATURAL FREQUENCIES OF THE MODELS

The shear modulus of unbound granular materials is
proportional to ¢", where ¢ is the confining pressure and
n is the power. It was anticipated that the strain in the
backfill would become around 0.019 at the start of shak-
ing and then to the order of 19 when the model is shaken
largely during the major period of test. When the strain
level increases from 0.019% to 1.09%, the power #n for un-
bound granular materials increases from about 0.5 to
about 1.0 (Iwasaki et al., 1978).

Conversely, the natural frequency f, of respective
model is proportional to A" *"/2 times as large as the value
of the corresponding prototype, where A is the ratio of
length between the prototype and the model (see Appen-
dix B). For the considered value of A (equal to six), the
value of AU*"/2 becomes equal to A**=3.8 (when the
strain level is low, around 0.01%) and A =6 (when the
strain level is high, of the order of 19%). Therefore, to
achieve a ratio between the f, value of model structure
and the frequency f; of input motion that is similar to the
one with the considered prototype structures, the fre-
quency f; of input motion to be used in the present model
tests should be:

a) about 3.8 times the estimated predominant fre-
quency f,=1-3 Hz for the 1995 Hyogoken-Nambu
Earthquake (i.e., fi=3.8-11 Hz) to simulate the
behaviour at relatively low strain levels (of the ord-
er of 0.019%); and

b) about 6 times 1-3 Hz (i.e., fi=6-18 Hz) to simu-
late the behaviour at relatively large strains (of the
order of 1%).

The values f;=35 Hz and 10 Hz employed in the present
study are within the range of frequency shown above (see
Table 1) and therefore were adequate to achieve realistic
dynamic behaviour of the considered prototype struc-
tures in present model tests.

APPENDIX B: SIMILITUDE FOR DYNAMIC
BEHAVIOUR OF MODEL

The 1/A-scale models used in the present study satisfy
the following considered conditions (Rocha, 1957):
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Table 1.
prototype structures

Model tests

o
53

Relationships between the input or predominant frequency and the natural frequency of structure between the model and the conceived

Considered prototype structures with A =6

Input frequency f; esti- Actually used input Measured natural fre- Predominant frequency ‘ Natural frequency f, (Hz)
mated by the similitude frequency f; (Hz) quency f, (Hz) at small J, (Hz) during the at small strains estimated
rule based on f,=1-3 strains (when PS=15— Hyogoken-Nambu from the value measured
Hz of the actual earth- 45 kPa) Earthquake with a prototype structure
quake
3.8—11 for small strain 5 4.6 6.2 (this value would
behaviour; and 618 decrease and approach f,
.for large strain behav- 10 10-12 13 when the prestress is large-
iour ly lost).
Table 2.
ln=(1/2)-1, (B1) -
o - Scaling factor
Tem=(1 /,1) T (B2) Parameter Symbol (model /prototype)
where / is the length; o, is the confining pressure; and the Gravity g 1
sub§cr1pts m an~d )7 denote' model and prolotype. The fol- Acceleration N |
lowing predominant physical laws were considered:
Gravitational force: Unit weight of the soil p 1
. . Stress 1/2
F,=p-g-I’ (g: the gravity acceleration) B3 res ‘ . / B
. Frequency w parhr
Shear resistance along shear bands: —
Strain e /A"

F,=a,-tan ¢-1* (¢: the friction angle of backfill) (B4)
Normal force on shear bands:
Fy=0,-1* (6,: the normal stress on shear bands) (B5)

Friction between facing and backfill:

F,=0, tan g-1? (B6)
Tie rod tension:

F.=E-[*>¢=K, ¢ (B7)
Inertia force of model:

Fi=M-f*l=p-f>y-1% or Fi=M-a=q-p-I° (BY)

where « is the response acceleration of model; p is the
density of backfill; J: the friction angle at the interface
between the facing and the backfill; £ is the Young’s
modulus of tie rod; f'is the frequency of shaking; and y is
the shear strain of model.

The following seven n terms (dimensionless), which are
the ratios of the predominant factors (F,, Fs, Fn, Fp, F:
and F)) to external force (F), were considered:

Fs  a,tang-l*  Fy o,
S Y
Fp g, tand-1* F, K&
TR T el TR T gl
Fo o opfaylt F apl’
TR T el TR T pal
andn7:£=~ v T
F, p-gl’

On the other hand, the shear strain y=1/G is propor-
tional to (¢.)", where g, is the confining pressure and the n

is the power. Referring to Eq. (B2), we obtain:
)’p/?m:U'c]-p/O'?‘mZ/ln (B9)

Substituting Eq. (B9) into ns=F/F,=(p-f*y-{Y/(p-g-
/%), the ratio of frequency between model and prototype

is obtained as:
n+1

Inlfy=2 2

The scaling factors between model and prototype for the
other quantities that were obtained as above are listed be-
low:

(B10)

APPENDIX C: EQUATION OF MOTION FOR A
SDOF SYSTEM

The equation of motion for a linear damped single-
degree-of-freedom system is obtained as:

mi+cy+ky=0 (CD)

where m is the mass; z is the absolute displacement; ¢ is
the Newton’s viscosity coefficient; & is the linear spring
constant; and y is the relative displacement of structure.
By substituting z=x+y into Eq. (Cl), after some rear-
rangements, we obtain the following equation for the

simple harmonic loading x=x,-cos wf:
Y+ 2hny + n’y = w?- x, cos wt (C2)

where h=c/(2,/mk) and n*=k/m. The steady-state
response after the transient response dies out is given as:
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(1)2')(() 1

(1= (/)71 +4n(w/ny

By substituting the values of y and y from Eq. (C3) into
Eq. (C2), we obtain:

y= cos(wt— @) (C3)

X+J=—w? xy L-cos(wt—p) (C4)

where L is the ratio of the response acceleration of struc-
ture to the input acceleration w?¢, to and ¢ is the phase
angle. By substituting n=/f; and w=f; into Eq. (C4), L
and ¢ can be expressed as Eqs. 1(a) and 1(b).

APPENDIX D: A SIMPLIFIED METHOD TO
DERIVE THE NATURAL FREQUENCY OF
STRUCTURE

When based on the three assumptions listed in the first
paragraph of Section ‘“ESTIMATION OF THE
NATURAL FREQUENCY OF STRUCTURE”, the
total kinetic energy by horizontal displacement and rota-
tion of both the backfill (as an elastic beam) and the top
plate (as a rigid mass) during shaking is given as:

1 1M
K(Z):—-m-u%—kj —
2 0

H
1 .
2 H ~L222dx+go 7 IZH%dX

(D)

where u, and u, are the horizontal displacement of the top
plate and of the elastic beam (as a function of x), respec-
tively; I, is the moment of inertia of the elastic beam; and
0, is the rotation angle (as a function of x) of the elastic
beam. The maximum value of K(¢) is obtained as:

(,!)ZPZ

Kma\' TSI T
: 840E*G*BSB3

{oo+ 7Bz + SKEB3 (s + ) }

(D2)

where k is a constant value depending on the cross-sec-
tional shape of backfill (k=1.5 in the present case);
a1 =48G2H*(35m +2TM); a, =4GH*{6GM + kE (60m +
41M)Y} ;s = 4H* { GM + kE(B3m + 2M) } ; and a4 =
KEMB3.

On the other hand, by assuming that the strain energy
induced by the moment M, and the shear force Q is
predominant for the elastic beam, the total strain energy
U is obtained as:

>dx

H 2 2
U= LS (M"’ +K o
2 Jo\ EI GA
where I is the moment of inertia of the cross-sectional
area A of the elastic beam; and « is the constant depend-
ing on its shape of cross section (x=1.2 in the present
case). The maximum strain energy is obtained as:

2P*H(12x + GB,B;H?)
EGBiB3}

(D3)

Unax = (D4)

By equating Eqgs. (D2) and (D4), the natural frequency is
obtained as:
_2 L

n /\// $+TBH G+ SKEB3(La+ {5)}
where (,=105EGB3H (12k + GB,B:H?); {,=48G*H*

(35m+2TM); (=4 GH*{6GM + kE (60m +41M)}; (4=
4H{GM +kE (3m+2M)}; and s=kEMB?.

Ju (D3)
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