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Abstract

Using finite-element modelling, this paper explores the magnitude and distribution of dynamic earth pressures on several types of flexible

retaining systems: L-shaped reinforced-concrete walls, piled walls with horizontal or with strongly inclined anchors, and reinforced-soil

walls. The utilized base excitation is typical of earthquake motions of either high or moderately low dominant frequencies having a peak

ground acceleration (PGA) of 0.40 g and relatively short duration. Linear as well as non-linear (Mohr–Coulomb) soil behaviour is

investigated, under dry conditions. The results show that, as the degree of realism in the analysis increases, we can explain the frequently

observed satisfactory performance of such retaining systems during strong seismic shaking.

q 2004 Published by Elsevier Ltd.
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1. Introduction

The performance of retaining walls during earthquakes

has been found to depend profoundly on the existence of

water and the presence of loose cohesionless soils in the

supported soil and the foundation. Experimental studies and

earthquake reality have shown that harbour quay-walls,

made up either of caisson gravity walls or, especially, of

passively anchored sheet-pile walls, are quite vulnerable to

strong seismic shaking, mainly as a result of strength

degradation of saturated cohesionless soils in the backfill

and the foundation. This vulnerability was amply demon-

strated in the 1995 Kobe earthquake, as well as many

previous and subsequent earthquakes [3,7–10,21,32].

Such behaviour is contrary to the behaviour of flexible

retaining walls such as the semi-gravity type L-shaped

Reinforced-Concrete (LRC) walls, Prestressed-Anchor Piled

(PAP) walls, and Reinforced-Soil (RS) walls, retaining non-

saturated cohesionless soils or saturated clayey soils. These

type of walls have behaved particularly (and sometimes

surprisingly) well during many recent earthquakes: Loma

Prieta (1989), Northridge (1994), Kobe (1995), Chi-Chi

(1999), Kocaeli (1999), and Athens (1999) earthquakes.

This, despite the fact that they had been designed for base

accelerations of almost 20% of the peak ground accelerations

which they actually experienced in the earthquake.

Three categories of methods of analysis are currently

used in practice for such walls: one category, by far the most

popular, are the pseudo-static limit-equilibrium based

methods of the Mononobe–Okabe (M-O) method type

[17,19].

The second category are the linear or equivalent-linear

visco-elasticity based methods which use either analytical

[31] or numerical tools for arriving at a solution. The third

category, which also enjoys some limited popularity for

flexible walls, models the ‘active’ and ‘passive’ soil reaction

through Winkler-type non-linear springs [26].

The objective of this paper is to present a numerical study

of the dynamic stresses imposed on a variety of retaining

systems, under short-duration and impulsive base exci-

tation, in order to unveil some of the salient causes of their

excellent behaviour. The soil is modelled as both elastic and

inelastic material, and in this way we bridge the gap

between limit-equilibrium and elasticity solutions.

The optimistic results obtained from our analyses are

corroborated with Kerameikos metro station case history

from the 1999 Athens (Parnitha) earthquake, as well as with

experimental observations.
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2. Retaining systems examined

Despite their structural simplicity, retaining walls are

rather complicated soil-structure-interaction systems, the

dynamic response of which has not yet been fully under-

stood. This paper addresses the dynamic behaviour of three

different types of retaining structures:

(a) L-shaped Reinforced-Concrete (LRC) walls, having

different degrees of flexural rigidity and founded either

on bedrock or top of a relatively deep soil layer of

parametrically variable stiffness.

(b) Prestressed-Anchor Piled (PAP) walls or Prestressed-

Anchor Diaphragm (PAD) walls, with horizontal or

inclined anchors, and

(c) Reinforced-Soil (RS) walls, characterized by the

density and size of the steel reinforcement, and the

rigidity of the wall face.

This paper first highlights observations of the field

performance of a variety of such walls during the Kobe,

Chi-Chi, Kocaeli, Northridge, and Athens earthquakes, thus

documenting their satisfactory behaviour even under

extremely strong seismic shaking. Then, it presents

graphically the results of the numerical studies for some

representative examples of such walls.

3. Observed behaviour of retaining walls in recent

earthquakes

Retaining systems supporting non-saturated soils have

performed well during many recent earthquakes. Here are

few examples:

In the 1995 Mw 7 Kobe earthquake a wide variety of

retaining structures was put to test [12,13,28–30]. Most of

them were located along the railway lines of the city.

Gravity-type retaining walls, such as masonry, unreinforced

concrete, and leaning type, were heavily damaged. Surpris-

ingly, however, reinforced-concrete walls experienced only

limited damage. Several LRC walls (in Rokko-michi,

Ishiyagawa, and Shioya) although subjected to long-period

accelerations with peak values perhaps as high as 0.80 g,

were only moderately damaged. Similarly, geosynthetic

reinforced-soil (RS) walls were only slightly damaged.

One such wall in Tamata, subjected to a peak-ground-

acceleration (PGA) of about 0.80 g, experienced some

sliding and tilting, while a similar one in Tarumi

showed only limited deformation. Another CRC wall, near

Tamata, supported on bored piles, was also only slightly

damaged.

In the 1999 Mw 7.6 Chi-Chi Taiwan earthquake, flexible

reinforced-concrete walls, as well as reinforced-soil (RS)

retaining walls also performed well [15]. However, there

was a significant difference, which led to some exceptions.

RS retaining walls in Kobe were equipped with full height

rigid facings. In contrast, RS walls in Taiwan had non-rigid

facings of precast-concrete blocks, connected to the geogrid

reinforcement with pins. In some cases, where the vertical

spacing of reinforcement was too large, the lower part of

the facing experienced localized bulging and collapse, in a

few cases leading to total failure. The failure can be

attributed to the larger earth pressures that the lower part of

the facing was subjected to, which led to bulging

deformation and rupture or pull-out of the pins. At Chang-

Chiun Park, near the fault, RS retaining walls with a vertical

reinforcement spacing between 60 and 80 cm experienced

only slight damage, while those with vertical spacing of

120 cm were severely damaged, exhibiting large residual

deformations.

In the 1999 Mw 7.5 Kocaeli earthquake, two twin 10-m

high RS wing walls of the Arifiye Bridge overpass were

located on top of the North Anatolian fault, next to lake

Sapanca [16,20]. The walls consisted of square interlocking

reinforced concrete facing panels (side of 150 cm), of

ribbed galvanized steel strips 40 mm £ 50 mm in cross-

section spaced at 90 cm, and well compacted sand-gravel

backfill. Despite the strong ground shaking, and the large

fault-rupture displacement, no significant damage was

observed.

In the 1994 Mw 6.8 Northridge earthquake numerous

‘temporary’ anchored walls (in active construction sites)

were subjected to acceleration levels in excess of 0.20 g—in

some cases as large as 0.60 g. Lew et al. [14] describe four

such PAP walls in greater Los Angeles, with excavation

depths ranging from 15 to 25 m, and retaining more-or-less

stiff soils. In all cases the measured deflections of the walls

did not exceed a mere 1 cm, and of course there was no

visual change attributable to seismic shaking.

Finally, at the time of the 1999 MS 5.9 Athens (Parnitha)

earthquake several metro stations were being constructed.

Among these stations particularly interesting is the case of

the Kerameikos metro station [5]. The retaining structure of

the station had essentially not been designed against

earthquake. However, although subjected to nearly 0.50 g

PGA, no damage was visible after the earthquake. The

maximum wall displacement was estimated to have been of

the order of a few centimeters.

4. L-shaped reinforced-concrete (LRC) walls: seismic

deformation and pressures

Among the three categories of examined walls, the semi-

gravity type L or T shaped reinforced-concrete walls appear

to be the most sensitive, but still have performed

satisfactorily during earthquakes. Despite their seeming

simplicity, analysis of their dynamic response has proved a

difficult task, owing to the complicated pattern of outward

displacements that such walls may undergo and the ensuing

inelastic soil behaviour. The displacement pattern involves

four types of motion, illustrated in Fig. 1:
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(a) flexural deformation of their stem

(b) elastic and inelastic rigid-body rotation of their footing

(base)

(c) elastic horizontal translation of their footing (base)

(d) sliding at their footing (base).

While explicitly accounting for all these motions is a

formidable task, for over 70 years practical seismic analysis

of retaining walls has been based on a pseudo-static

extension of Coulomb’s limit-equilibrium analysis—the

widely known Mononobe–Okabe method. Modified and

simplified by Seed and Whitman [27], the method has

prevailed thanks to its simplicity and the familiarity of

engineers with the (static) Coulomb method. In its simplest

form, the Seed and Whitman version gives the seismic

force, DPAE; and its point of application as follows:

DPAE <
1

2
gH2 3

4
ao

� �
¼ 0:375ðaogH2Þ

hAE < 0:6H

where aoð¼ Ao=gÞ is the peak ground acceleration (pre-

sumed to be unique in space).

In practice, hAE was often taken as 0:5H; leading to the

simplified interpretation of DPAE as the resultant force of a

uniform pressure

sAE ; s ¼ 0:375ðaogHÞ

Experimental studies in the 60s and 70s using small-scale

shaking table tests proved that the M-O method predicted

resultant force was quite realistic when ‘enough’ outward

displacement of the wall occurred, leading to the develop-

ment of a Coulomb sliding surface in the retained soil.

However, frequently in practice (basement and braced walls,

bridge abutments) the imposed kinematic constraints do not

lead to the development of limit-equilibrium conditions, and

thereby increased dynamic earth pressures are generated.

Elastic solutions were developed like Wood’s solution [33]

which for a rigid wall fixed at its base lead to pseudo-static

earth pressures hereby 2.5 times higher than M-O.

The two groups of methods mentioned above (limit-

equilibrium and elastic) seem to cover the two extreme

cases. The limit-equilibrium methods assume rigid plastic

behaviour, while the elastic methods regard the soil as a

visco-elastic continuum. Efforts to bridge the gap between

the above extremes have been reported by Whitman and

his co-workers [1,18]. Their analyses combine wave

propagation in a visco-elastic continuum with concentrated

plastic deformation on a failure surface. Based on this

categorization, many codes estimate the dynamic earth

pressures according to the potential of the wall to deform.

For example, for the seismic analysis of bridge abutments,

the Regulatory Guide E39/93 [23] proposes three different

cases for the calculation of the dynamic earth pressures

depending on the ratio between the expected (or allowable)

displacement at the top of the wall U to its height H (see

Fig. 2). As it is possible for the wall-soil system to develop

material (or even geometric) non-linearities, it is difficult to

distinguish the limits between the three cases. The main

reason is that the displacement U cannot be predefined. It is

obvious though that the minimum dynamic earth pressures

are predicted in the case of flexible walls ðU=H . 0:10%Þ;

while the dynamic pressures are 2.5 times higher in the case

of perfectly rigid and immovable walls ðU=H , 0:05%Þ: For

intermediate cases the dynamic earth pressures are some-

where between the maximum and minimum values.

More recently, Veletsos and Younan [31] proved that the

high dynamic earth pressures proposed by elastic methods

decrease substantially if the structural flexibility of the wall

and the rotational compliance at its base are taken into

account. Fig. 3 [22] highlights the beneficial effect of wall

and base flexibility in not only reducing the resultant force

to values similar to those of M-O, but also lowering its

height of application to values of about 1/3 of H [31].

Several other phenomena, not reflected in the analyses of

Fig. 3, may also lead to further decreasing of both DPAE and

hAE: Two examples (in Fig. 4 and Fig. 5) illustrate

graphically this beneficial effect.

Fig. 4 [22] studies the effect of elastic non-homogeneity

of the retained soil. Such a non-homogeneity reflects in a

very simple way not only the unavoidably reduced soil

stiffness under the small confining pressures prevailing near

the top, but also two more strong-shaking effects:

B the softening of the soil due to large shearing

deformations

B the non-linear wall–soil interface behaviour, including

separation and slippage

Apparently, the soil pressures along the top half of the

wall decrease substantially, and in the case of a flexible wall

they become insignificant.

Fig. 5 addresses a number of factors affecting the

response, including:

Fig. 1. Possible modes of displacement of an L-shaped wall: (a) structural flexure, (b) base rotation, (c) elastic base translation, and (d) inelastic base translation

(sliding).
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B the presence of an underlying soil layer, supporting the

wall and the backfill

B the inelastic material behaviour of both the retained

and the supporting soil

B the frequency content of the base excitation.

The former allows elastic translation and rotation to

occur at the base, both of which have a distinct beneficial

effect on wall pressures. (In addition, wave propagation

through this layer may change the character of the motion

experienced by the top ‘backfill’ soil.) Inelastic material

behaviour of the soil would in most cases further reduce the

dynamic wall pressure to values which may only be

a fraction of M-O. Finally, the effect of the frequency content

of base excitation is examined by using three accelerograms

(Fig. 6): two idealized Ricker wavelets [25] with central

frequencies f0 ¼ 4 Hz (high frequency) and f0 ¼ 2 Hz

(medium frequency), and the moderately low-frequency

Aegion rock outcrop accelerogram [2]. Evidently, a high

frequency excitation (such as, for example, the ground

motions in downtown Athens during the 1999 earthquake)

would lead to pressures substantially lower than M-O.

While the above are merely realistic examples, not

covering all possible cases, their trend is clear: soil action on

the wall tends to decrease as the degree of realism in the

analysis increases to include such effects as structural

flexibility, foundation soil deformability, material soil

yielding, and soil-wall separation and sliding.

Hence it is quite conceivable that in many cases of walls

subjected to earthquakes, the total shear force and over-

turning moment acting at the base of the wall will be smaller

Fig. 3. Elastic dynamic earth-pressure distribution of a pseudo-statically excited one-layer system for a non-sliding retaining wall. The cases of rigid and very

flexible wall are examined for various values of relative rotational flexibility of its base ðdu ¼ rV2
S H2=KuÞ; after Veletsos & Younan [31] and Psarropoulos et al.

[22] (g ¼ rg the unit weight of the soil).

Fig. 2. Typical dynamic pressure distributions proposed by seismic bridge codes for seismic analysis of abutments (e.g. the Greek Regulatory Guide E39/93).

Situations (a) and (b) correspond to the two extreme cases: (a) of yielding wall supporting elasto-plastic soil in limit equilibrium, and (b) of undeformable and

non-yielding wall supporting purely elastic soil. Case (c) is an intermediate stage.
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than those computed with M-O for the same base

acceleration. However, M-O has been used (at least in the

past) with acceleration levels rarely exceeding 0.15 g. How

then could such walls survive amplitudes of (effective)

acceleration of up to 0.45 g—i.e. three times higher than

design seismic coefficient ? The answer in structural

engineer’s terms: by being very ‘ductile’.

The high ‘ductility’ capacity in LRC type of walls (as

well as in gravity walls, in general) stems not from the

ductility of its structural component (the RC), but from

the wall-base-supporting-soil interface. The ‘plastic hinge’

at this location takes of course the form of interface sliding.

Richards and Elms [24] were the first to propose that every

time the base acceleration is such that the shear force

tending to develop exceeds the frictional capacity of the

interface (i.e. wherever the instantaneous Factor of Safety

[FS] is below unity) sliding takes place. The larger force

will simply not materialize, with the penalty being the

development of permanent slippage, D. It turns out that even

for FS as low as 1/3, D will in most earthquake cases be not

Fig. 5. The two-layer model subjected to three seismic base motions with maximum acceleration Ao ¼ 0:40 g. Distribution of dynamic earth-pressures in case

of: (a) elastic and (b) elasto-plastic Mohr–Coulomb soil behaviour. Að¼ agÞ is the peak acceleration at the mid-depth of the retained soil.

Fig. 4. Effect of soil non-homogeneity on the elastic dynamic earth-pressure distribution for a fixed-based wall ðdu ¼ 0Þ: Comparison with the corresponding

curves for the homogeneous soil from Fig. 3, after Klonaris [11] and Psarropoulos et al. [22].
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more that about 10 cm—hardly a detrimental displacement

in a very strong event. Moreover, D is almost inversely

proportional to f 2
E ; the square of the dominant frequency of

excitation. An fE . 3 Hz would lead to less than 5 cm of

permanent displacement with an instantaneous minimum

FS < 1/4.

Combining all the above arguments leads to the

conclusion that even when designed with the very small

Fig. 6. Idealized and recorded acceleration time histories, normalized to PGA ¼ 0.40 g, utilized in the paper with their response spectra. Two Ricker pulses and

the Aegion record are used in the numerical analyses, while the KEDE record is used only in the analyses of the Kerameikos case history.

Fig. 7. The three different flexible walls considered in the study: (a) prestressed-anchored pile (PAP) wall with horizontal anchors, (b) PAP wall with inclined

anchors, and (c) reinforced-soil (RS) wall.
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horizontal acceleration of the past, semi-gravity LRC walls

can easily survive strong shaking.

5. Walls with structural flexibility and structural

constraints

To shed some light on the dynamic performance of

retaining walls that combine structural flexibility with

structural constraints, a series of numerical analyses are

conducted for the systems sketched in Fig. 7:

(a) a Prestressed-Anchor Piled (PAP) wall with horizontal

anchor,

(b) a Prestressed-Anchor Piled (PAP) wall with inclined

anchor, and

(c) a Reinforced-Soil (RS) type retaining wall.

In all three cases, the wall height is H ¼ 10 m, and is

founded on a deformable soil layer of thickness 2H: The

upper soil layer has a shear wave velocity VS ¼ 100 m/s,

while for the bottom soil layer VS ¼ 200 m/s. For the first

two cases, the anchor has a total length of 1:2H; half of it

being grouted, and fixed to the wall at 0:7H: In the second

case the anchor is inclined with an angle of 338 to the

horizontal. This inclination is rather steep when compared

to the usual ones that range from 10 to 208. However, special

cases requiring at least as steep inclinations also exist in life.

The 338 inclination is a reasonable value to obtain an upper

bound solution for the effect of anchor inclination.

For the first two cases the wall rigidity was para-

metrically examined, by analysing, a lower bound of B=H ¼

0:03; where B is the equivalent uniform thickness of the

wall, and an upper bound of B=H ¼ 0:11: The first case

Fig. 8. PAP wall: effect of the frequency content of seismic excitation and of rigidity of the wall on the dynamic wall pressures and anchor forces, for the case of

linear elastic soil and horizontal anchors.

G. Gazetas et al. / Soil Dynamics and Earthquake Engineering 24 (2004) 537–550 543



would be equivalent to a Berlin-type piled with 0.6 m

diameter piles spaced horizontally at 1.0 m, or to a

diaphragm wall; the second of a secant piled wall with

1.2 m diameter piles spaced at 1.0 m. The flexibility of the

anchoring cable was also parametrically investigated. The

most rigid anchor has EA ¼ 500 MN; the flexible:

EA ¼ 16 MN, where E is the steel modulus of elasticity

and A the anchor cross-sectional area. In the third case, soil

reinforcement replaced the anchors. The nails are spaced

vertically at 1 m, their length is 0:7H; and the wall consists

of a thin rigid facing.

For all three cases, elastic and inelastic analyses are

conducted. For the latter Mohr–Coulomb failure criterion is

utilized, with friction angle w ¼ 358; dilatancy angle c ¼

58; and cohesion c ¼ 2 kPa—parameters characteristic of

(non-clean) sandy materials often used as backfill.

The results of the analyses are presented mainly in the

form of dimensionless graphs. Normalized dynamic wall

pressures s=agH and dynamic anchor forces Nanchor=agH2

(where a is the free-field acceleration, in units of g at H=2

from the bottom of the wall) are compared with the M-O.

All analyses implicitly assume that the anchoring system

possesses a substantial factor of safety against pullout.

5.1. Effect of excitation frequency content and of wall

rigidity

Fig. 8 depicts the distributions along the wall of dynamic

pressures and anchor forces for the cases of a very

flexible ðH=B ¼ 0:03Þ; and a relatively rigid ðH=B ¼ 0:11Þ

wall, assuming elastic soil behaviour. It is evident that

the high-frequency Ricker 4 wavelet causes smaller

pressures and anchor forces than the longer-period Ricker

2 and Aegion, in both wall cases. The dynamic pressures are

larger for the rigid wall as the flexible wall tends to follow

more closely the deformation of the ground. For the rigid

wall the anchor forces are higher for Ricker 2 and Aegion

than for Ricker 4; such is not exactly the case for the flexible

wall. In all cases, however, the dynamic wall pressures are

much lower than those predicted with M-O (dashed line).

5.2. Effect of anchor inclination

To examine the effect of anchor inclination both rigid

and flexible anchors are considered. For the case of

horizontal anchors, contrary to the rigidity of the wall,

which has been shown to play an important role, the anchor

stiffness is not a crucial factor. As shown in Fig. 9, as the

anchors become inclined the anchor flexibility becomes

important. Both dynamic pressures and anchor forces

increase with anchor inclination, and anchor stiffness.

Observe that with inclined anchors the dynamic pressures

build-up at a height of about 0:7H; where the anchor is fixed

to the wall. The mechanism producing this increase in wall

pressures and anchor forces is as follows: when the anchor is

horizontal, given the flexibility of the wall (which is flexible

even for H=B ¼ 0:11), the wall tends to deform in

conformity with the nearby free-field soil.

Hence, the anchor is not undergoing extension: the

anchor grout moves dynamically in near unison with the

wall. However, when the anchor is inclined, its tip is located

deeper than its connection with the wall, leading to

differential and out-of-phase movement of its two edges.

Since the top of the wall (and the soil layer beneath it)

has the tendency to move more than its bottom, the anchor

undergoes dynamic extension, which also generates high

wall pressures. As illustrated in Fig. 10, due to the tendency

of the top of the wall (and the soil layer beneath it) to move

outwards more than its bottom, the anchor undergoes

dynamic tension, which also generates high wall pressures.

Fig. 9. PAP wall: effect of anchor inclination and stiffness on dynamic wall pressures and anchor forces, for the case of linear elastic soil, and Ricker 2 seismic

excitation.
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Obviously, this anchor tensile force increases with increas-

ing stiffness EA; and hence the dynamic wall pressures also

increase. Again, with the exception of the rigid inclined

anchor, wall pressures are smaller than M-O.

5.3. Effect of inelastic soil behaviour

As shown in Fig. 11, in contrast to the unpropped

retaining walls referred in Fig. 5 the dynamic pressures

increase in the pressure of soil inelasticity for the case of

wall with horizontal anchor. But now the pressures tend to

decrease with increasing anchor stiffness. The anchor forces

also increase dramatically with soil inelasticity. Notice that

the anchor forces are similar with flexible and with rigid

anchors. Furthermore, residual forces are observed in the

anchors. The mechanism in this case is different from the

one in the previous case. With a rigid anchor, the failure of

soil elements behind the wall is of more limited extent, than

with a flexible anchor. So, increasing anchor flexibility

the soil fails easier a Coulomb sliding interface forms, the

wedge tends to slide, and thus the holding anchor undertakes

a heavy load. Naturally, such deformation is irreversible

residual forces on the wall.

The situation is different with an inclined anchor

(Fig. 12). With both the flexible and the rigid anchor, the

wall pressures decrease with soil inelasticity. This

decrease is higher with the flexible anchor. At the

same time, the dynamic anchor forces with rigid anchor

tend to decrease slightly, while they tend to increase with

flexible anchor. Again, residual anchor forces develop. A

possible explanation of this difference is as follows: with

soil behaving non-linearly the kinematic effect is reduced

since the differences between the displacements of the

two edges of the anchor tend to be smoothened out. In

support of this mechanism, see that the anchor forces,

tend to decrease slightly with soil non-linearity. The

increased negative anchor forces for the flexible anchor

case are not important, since they mean unloading of the

anchor.

With soil non-linearity being accounted for, the dynamic

wall pressures are invariably smaller than the M-O

pressures, even with a rigid inclined anchor.

Fig. 11. PAP wall: effect of soil inelasticity on dynamic wall pressures and anchor forces, for the case of horizontal anchor, and Ricker 2 seismic excitation.

Fig. 10. Displacements of the wall compared with the displacements of the soil at a vertical section passing from the end of the anchor. Contrary to the

horizontal anchor, which is not dynamically stressed, the inclined one is tensed since the upper part of the wall tends to move outwards more than its bottom,

where the anchor is attached.
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6. The ‘Kerameikos station’ case history

A case history of excellent behaviour of a retaining

system subjected to short-duration moderately strong

excitation is the Kerameikos metro station in Athens,

Greece. The station of Kerameikos had been abandoned for

non-technical reasons at the end of 1996, and thus at the

time of the 1999 MS 5.9 Athens (Parnitha) earthquake only

the ‘temporary’ retaining walls had been constructed and

remained in place.

As shown in Fig. 13, the excavation had reached 23 m,

with the retaining system comprising cast-in-place

reinforced-concrete piles of 0.8 m diameter, spaced at

1.8 m. The vertical faces had been covered with 15 cm

thick shotcrete. Each pile was tied back with 5–7 slightly

inclined (158) anchors, having a total length varying from 12

to 24 m, and a bonded length from 6 to 13 m. The soil profile

comprises 5–7 m of alluvial clayey sand, followed by a soft

weathered rock, called locally ‘Athenian Schist’, exhibiting

a stiff-soil-type behaviour, with a degree of heterogeneity.

The soil properties used in our analyses are the following:

† Alluvial layer (0 – 7 m): g ¼ 20:5 kN/m3, w ¼ 308;

c ¼ 0 kPa, E ¼ 20 MPa.

† Underlying layer (7–30 m): g ¼ 23 kN/m3, w ¼ 288;

c ¼ 15 kPa, E ¼ 100 MPa.

The retaining structure had not been designed against

earthquake, since it was meant to be only temporary.

However, although subjected to PGA levels of at least

0.40 g, no damage was reported after the main shock and

the aftershocks. A few minor cracks were ‘discovered’ in

the shotcrete, but it is not clear whether they were due to the

shaking or existed before the earthquake.

To verify this exceptional behaviour we conducted two-

dimensional finite-element analyses. The potential soil non-

linearity is taken into account by utilizing equivalent soil

properties obtained by one-dimensional equivalent linear

Fig. 13. Typical cross-section of the Kerameikos station. The inner structure (dotted lines) was never built. The ‘temporary’ support of the excavation was

subjected to a high-frequency PGA < 0.50 g top motion during the 1999 Athens (Parnitha) earthquake. No damage was observed, although the support had not

been designed against earthquake.

Fig. 12. PAP wall: effect of soil inelasticity on dynamic wall pressures and anchor forces, for the case of an inclined anchor, and Ricker 2 seismic excitation.
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analyses. The rock-outcrop motion of KEDE record

(see Fig. 6) was used as base excitation, since the station

was located at a distance less than 1 km away [6].

Our numerical results for the left-hand-side wall of the

station are plotted in Fig. 14. The peak values of axial force

on each anchor, the distribution with depth of the peak

bending moment in each pile, and the distribution with depth

of the peak horizontal piled wall displacement are shown.

First, it is mentioned that computed PGA value at the

crest of the wall reached 0.55 g and the free field (backfill)

0.50 g, compared to the 0.40 g of the base excitation.

The bending moments in each pile are found to be very

small (max DM # 120 kNm) for a D ¼ 0:8 m reinforced-

concrete wall. The local peaks at depth of about 7 m

(max DM < 60 kNm) is obviously associated with the

interface between the two soil layers of different stiffness

(‘kinematic’ effect, see Gazetas and Mylonakis [4]).

The values of the anchor forces, DP; are only a small

fraction (not more than about 4%) of the static prestress

forces (of the order of 400 kN). Such low values are

a consequence of negligible soil non-linearities behind

the wall and, thereby, in-phase movement of the points

along an anchor—as already addressed in the preceding

sections.

Finally, the computed peak values of seismic displace-

ments (less than about 3.5 cm) are consistent with the

excellent uncracked performance of the shotcrete face.

With the retaining structure being subjected to such

high PGAs, one might have expected that damage would

be serious. In reality, no damage was observed. The wall,

thanks to its inherent flexibility relative to the stiff soils,

follows the ground motion without being substantially

stressed. Although the nearly horizontal anchors play a

very significant role statically, they simply follow the

movement of the ground under the specific dynamic

excitation.

Note that the high frequency content of the motion is

another key factor for the success of the Kerameikos

retaining wall. Had the excitation been richer in long

periods, the structure might not have performed so well.

Fig. 15. Reinforced-soil wall: quantitative comparison of finite element analysis and centrifuge experiments for plastic deformation magnitude. (Experiment by

Koseki [13].)

Fig. 14. Numerical results for the left-hand-side wall of the Kerameikos station subjected to the Athens (Parnitha) earthquake: (a) peak values of axial force,

DP; on each anchor, (b) distribution with depth of the peak bending moment, DM; in each pile, and (c) distribution with depth of the peak horizontal piled wall

displacement, DU:
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7. Dynamic behaviour of the reinforced-soil (RS)

retaining wall

In Fig. 15 a snapshot of the magnitude of plastic

deformation in the finite element model is quantitatively

compared with experimental results [13]. The reinforced-

soil zone tends to move as a rigid block, with the failure of

the soil mainly taking place behind it. Notice the similarity

of the failure mechanisms captured with the finite element

analysis and actually observed in the experiment. Fig. 16

compares the dynamic wall pressures developed by all

excitations for elastic and inelastic soil. The pressures are

practically insignificant as long as the soil behaves linearly.

However, when the soil behind the reinforced zone starts

failing, wall pressures increase significantly. For the Ricker

4 excitation this increase is distributed along the whole

height of the wall; for Ricker 2 and Aegion the pressures

tend to reach a nearby triangular distribution. In all cases,

the dynamic wall pressures remain lower than the M-O

solution. As shown in Fig. 17, the dynamic forces in the

‘anchor’ (passive reinforcement or nails in this case)

increase dramatically with soil inelasticity, exhibiting

residual values as well. It is important to observe that

the bottom soil nail attracts the greatest dynamic load. To

explore the role of vertical acceleration, the above analysis

was repeated with simultaneous horizontal and vertical

excitation. Two scenarios were analysed:

(a) Ricker 2 (þ ) horizontal acceleration and Ricker5 (^ )

vertical acceleration, and

(b) Ricker 2 (2 ) horizontal acceleration and Ricker5 (^ )

vertical acceleration.

As depicted in Fig. 18, the effect of vertical acceleration

on the dynamic wall pressures is apparently even more

negligible than the pseudo-static M-O solution despite the

severe assumption of simultaneous occurrence and equal

amplitude of the horizontal and vertical peaks.

All non-linear analyses were performed with 0.40 g of

base ground acceleration. This acceleration is amplified to

almost 0.70 g (at H=2; i.e. the middle of the backfill) for the

Ricker 2 excitation. The amplification is a little higher for

Aegion and a little lower for Ricker 4. Evidently, this RS

wall model was subjected to PGAs similar to those

experienced by similar walls during the Kobe and the Chi-

Chi earthquakes. Our finite element analysis model does not

Fig. 17. RS wall: effect of soil inelasticity on dynamic forces in the reinforcing bars. Ricker 2 seismic excitation.

Fig. 16. RS wall: dynamic wall pressures for (a) linear elastic soil, and (b) inelastic M-C soil.
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predict any dramatic deformation that could be interpreted

as ‘practical failure’. The permanent horizontal displace-

ments reach 6 cm for the Ricker 2 and the Aegion

excitations, while being less than 2 cm for the Ricker 4

excitation. The modelling is fairly realistic for walls with

full height rigid facings, such as the ones of Kobe. For the

mentioned case of Taiwan, where the walls were not

equipped with rigid facings, things are a little different. As

we saw, with the longer period excitations the pressures tend

to accumulate at the base of the wall. Also, the anchor forces

are much higher for the bottom anchors than for the top

ones. So, at the bottom of the wall the facing could locally

fail, leading to a failure of the same type as in Chi-Chi.

8. Conclusions

The key conclusions of the study are as follows:

(a) L-shaped reinforced-concrete walls will in many cases

be subjected to dynamic pressures smaller than M-O.

This is especially true with high frequency excitation,

and when sliding and separation between wall and soil

takes place. Exceptions to this general rule exist, such

as when the backfill characteristics are such that

significant soil amplification of the motion may take

place. These exceptions, which have not been

addressed in the paper, are rather infrequent and they

do not change our general thesis. In any case, even if

soil pressures computed with realistically high accel-

erations were to exceed the M-O pressures computed

with conventionally low accelerations, these retaining

systems possess sufficient ‘ductility’ capacity, in the

form of unhindered slippage at their base, thanks to

which they can survive even a strong event with minor

damage.

(b) Prestressed-anchor pile or diaphragm walls, as well as

reinforced-soil walls possess enough flexibility to lead

to earth pressures that in most cases are smaller than

M-O, especially along the upper half of the wall. The

maximum (and the residual) axial forces in the anchors

of the reinforcing strips are of small or moderate

magnitude even under very strong seismic shaking.

The possible exceptions refer to:

(i) the case of strongly inclined and rigid anchors,

which produce higher wall pressure and attract

larger forces than those computed with M-O; and

(ii) the case of thinly reinforced RS walls, the lowest

strips of which attract high axial forces, risking

pull-out failure.

(c) Even a severe simultaneous vertical acceleration does

not appear to have any measurable effect on either the

soil pressures against the walls, or on the sliding

displacements at the base. They could safely be

ignored in most design.

The results of this study are consistent with the good

performance of such walls during earthquakes. The

response of the Kerameikos metro station during 1999

Athens (Parnitha) earthquake, which was analysed in the

paper, is not exception to the rule.
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