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Abstract: Dynamic stiffness and damping of the
soil under the base of the foundation of the retaining
wall and the backfill soil behind it play the main role
in estimating vibrating displacement during seismic
loading. The purpose of the present study is to
investigate the effect of dimensionless frequency
(ao) on the horizontal, vertical, and rocking dynamic
stiffness and dynamic damping of rigid retaining
walls. On the other hand, the effect of (a,) and height
of the retaining wall on the stiffness and damping for
backfill soil behind the rigid retaining wall was also
investigated in the cases of active and passive
dynamic sliding and dynamic rocking. The study
demonstrated that the dynamic stiffness and
damping of the soil under the base of the rigid
retaining wall increased with the soil shear modulus.
While the dynamic stiffness and damping of the
backfill soil behind the retaining wall increased with
the wall height. The percentage of increment
generally varied between (42.1 — 113.2)% when the
height of the retaining wall rose from (4 to 6) m. The
maximum horizontal, rocking, and vertical dynamic
stiffness of the soil under the base of the foundation
of the retaining wall occurred at high, low, and
intermediate values of (a,), respectively, i.e., at high,
low, and intermediate values of angular frequencies
(w) for constant values of soil properties and
retaining wall height. It can be also noted that the
values of dynamic sliding damping and dynamic
rocking damping of the backfill soil decreased and
increased with increasing the (a,) or (w),
respectively. The percentages of decrement and
increment were (37.5)% and (183.3)% when (ao)
increased from (0.19 to 1.35), respectively.
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1. INTRODUCTION

A gravity retaining wall is thick, heavy, and stiff
enough that does not bend under external
loading. In the seismic area, additional loading
affects the retaining wall due to the dynamic
loading of the earthquake caused by increasing
horizontal stress [1]. As a result, the action of
the earthquake creates an effective dynamic
interaction between the wall and the backfill
soil. The movement of the gravity retaining wall
occurs either by sliding or rotation. Retaining
walls under seismic loading behave differently
from those under machine foundations. This
difference is because the retaining wall is
embedded from one side; therefore, the
movement during an earthquake will be big
away from the backfill compared with this
towards the backfill [2]. In the seismic area,
earthquakes induce large force acting on
retaining walls due to backfill relative
movement. Similar to static analysis, there are
two forms of pressure produced in backfill
during earthquake loading: Active earth
pressure, which occurs when the movement of
the retaining wall is a way from the backfill, and
passive earth pressure occuring when the
retaining wall moves toward the backfill [3]. On
the other hand, the active and passive pressure
movement of the retaining wall away from the
backfill and towards it will generate a friction
force and will resist the motion, creating a force,
known as damping and acts actively and
passively according to the motion of the
retaining wall with regard to the soil backfill.
Soil damping can be divided into two
categories: Geometrical damping and material
damping. Geometrical damping, which is also
called radiation damping, is created due to the
propagation of a wave through an elastic
medium. This type of damping is a function of
distance to the source of the wave. Material
damping expresses the energy dissipation
through the medium by hysteresis. Material
damping is a function of stress level that
develops during dynamic loading, such as

earthquakes, and produces a hysteretic stress-
strain relationship. In tall structures where the
horizontal and rocking mode plays the main
role, material damping plays a secondary role
and may be neglected [4]. Over the years,
several methods have been suggested,
developed, and adopted to estimate the
dynamic damping and stiffness of foundations
generally. Gazetas [5] studied the effect of the
foundation's geometrical shape and
embedment of the foundation on the dynamic
damping and stiffness under oscillation
frequencies. Mita and Luco [6] prepared tables
of dimensionless impedance functions using
the finite element method. They estimated the
dynamic stiffness for many types of embedded
foundations and high values of dimensionless
frequency (ao) up to (3.0). Bertha et al. [7]
conducted a series of expressions for the
damping and natural frequencies of rigid
foundations subjected to vertical and coupled
horizontal-rocking harmonic dynamic loading.
The formulas were obtained using the
approximate expressions for the dynamic
stiffness suggested by Veletsos [8, 9]. They
concluded that for the horizontal-rocking case,
the expressions were a function of the mass
ratio, in addition to the ratio of the height of the
foundation to its equivalent radius. While for
the vertical case, the expressions depended on
the mass ratio only [7]. The aim of the present
research is to study the effect of dimensionless
frequency (ao) on the horizontal, vertical, and
rocking dynamic stiffness and dynamic
damping of rigid retaining walls. On the other
hand, the effect of (ao) and height of the
retaining wall on the stiffness and damping for
backfill soil behind the rigid retaining wall was
also investigated in the cases of active and
passive dynamic sliding and dynamic rocking.
2 METHODOLOGY

In this research, the dynamic stiffness and
damping parameters of the rigid retaining wall
under dynamic (seismic) loading were studied.
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The effect of dimensionless frequency (a,) and
type of soil on the horizontal, vertical, and
rocking dynamic stiffness and damping was
investigated for the soil under the retaining
wall. On the other hand, the effect of
dimensionless frequency (a,) and height of the
retaining wall on the active and passive
dynamic sliding and rocking stiffness and
damping for backfill soil behind the retaining
wall was also investigated. The static stiffness
for base soil was suggested by Dobry and
Gazetas [10], as illustrated below:

1- Static horizontal stiffness:

G
sz Sx ﬂ

1)
where:

G: Shear modulus of the soil under the
retaining wall (kN/m?2).

u: Possions ratio of the soil under the
retaining wall.

S«: Dimensionless static horizontal stiffness
parameter.

The value of ( Sy ) for rectangular foundation
of dimensions(2L, 2B) is given as:

However, for strip footing (the case of the
base of the retaining wall), the value of Sx is

equal to 2.0.
2- Static vertical stiffness:
G
K,=S5, E (3)

Sz: Dimensionless static vertical stiffness
parameter.

0.75
S,=0.73 +1.54 [g] ,for7>0.02  (4)

S,=0.8 , for §<0.02 )
The value of (0.8) was taken in the case of
the base of the retaining wall [10].
3- Static rocking stiffness:
2 _ 2
nGB +[ln(3n4-u) ] )

Ko= 222 1
2(1-p)
B: half of the footing width (m).
Now, the dynamic horizontal, vertical, and
rocking stiffness (Kayn.) can be calculated by
multiplying the certain value of stiffness by
the dimensionless stiffness coefficient (K)

[11].

(6)

Kdyn = K. K )

Figures 1-3 show the variation of horizontal,

S, =2+2.5 [E]_O'BS (2) vertical, and rocking coefficient of dynamic
2 stiffness with dimensionless frequency (a).
2.0 R —
: L/Bma
T 10
t.5—
i . _’/
] r
] R
i. 1.0 — 2
A 1
03]
] v=0,40
oo | I e S e E e S s puny s sl el ft e e S m—
0.0 0.3 1.0 1.8 20
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Fig. 1 The Horizontal Stiffness Coefficient Versus Dimensionless Frequency (a,) (After Gazetas and
Tassoulas ) [12].
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Fig. 2 The Vertical Stiffness Coefficient Versus Dimensionless Requency (a,) (After Dobry and
Gazetas) [10].
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Fig. 3 The Rocking Stiffness Coefficient Versus Dimensionless Frequency (a,) (After Dobry and
Gazetas) [10].

The dimensionless frequency (a,) for the soil
under the base of the retaining wall can be
defined as:

a,= wB/v = mB\/g
where:

p: The density of soil under the base of the

retaining wall (gm/cms3),

o: The angular frequency, (rad/s).

It can be seen from Eq. (8) that for certain soil

and geometrical dimensions of the retaining

wall, i.e., for constant values of p, G, and B, the

dimensionless frequency (a,) is a function of

angular frequency (o). The static damping for

the soil under the base of the retaining wall was

also suggested by Dobry and Gazetas [10] as

follows:

1- Static horizontal damping:
C.= 2B [G.p

2- Static vertical damping;:

C, 3.4(2B).Q.\/G.p/m(1 — p)

&)

9)

(10)

-
w»

3- Static rocking damping:

pVia(2B)?
= — 11
Co 2010 (11)
34 G
e = 2am \E (12)

Similarly to the dynamic stiffness, the dynamic
horizontal, vertical, and rocking damping
(Cayn) can be calculated by multiplying the
certain value of damping calculated above by
the dimensionless damping coefficient (C).
Cdyn. =C.C (13)

As previously indicated, in tall structures, such
as retaining walls, the material damping plays a
secondary role and can be neglected. The
coefficients of geometrical damping only were
determined by Dobry and Gazetas (1986).
Figures 4-6 show the variation of horizontal,
vertical, and rocking damping coefficients with
dimensionless frequency (ao).

H
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»
-

(33
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o
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v=0.30
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Fig. 4 The Horizontal Geometrical Damping Coefficient Versus Dimensionless Frequency (a,) (After
Gazetas and Tassoulas) [13].
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Fig. 5 The Vertical Geometrical Damping Coefficient Versus Dimensionless Frequency (a.) (After
Dobry and Gazetas) [10].
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Fig. 6 The Rocking Geometrical Damping Coefficient Versus Dimensionless Frequency (a,) (After
Dobry and Gazetas) [10].

3.DYNAMIC STIFFNESS AND DAMPING
OF BACKFILL MATERIAL BEHIND THE
RETAINING WALL

The static stiffness or spring constant of the soil
can be defined by Das and Ramana [14] as

follows:

K=" (14)

z
where:

W: Load

Zs: Static deflection

For the backfill material behind the gravity
retaining wall, the static stiffness is defined as
the force change to displacement change ratio.
This backfill's static stiffness can be either
active or passive depending on how the
retaining wall moves; i.e., toward or away from

the backfill.
- Pa_Pa

Ko=="1— (15)

And
P,—P,
K,=-"2— ™ (16)
where:
K.: Active static stiffness of the backfill,
(kN/m),

Kp: passive static stiffness of the backfill,
(kN/m).
Nandakumaran [15] suggested the following

values of da and dp.

0.5
dy =ZH , dy =—H

where:
H: The height of the retaining wall (m),
P.: Active force (kN).

P, = YH?

cos?(g-a)

sin(@+48).sin(@—i)
1+ cos(a—i).cos(d+a)

2 (17)

cos?2a.cos(6+a)

P;: Passive force (kN).
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cosz((Z)+u)

2
[sin(@+3)sin(@+D) (18)
1+ cos(i—a).cos(6—a)
P,: Lateral force at rest, (kN).
1
P, = 3 yH?.K,

_1 2
Pp_EyH

cos2a.cos(6—a)

(19)
where:

v: The unit weight of backfill soil.

5: The friction of soil-wall (°),

a: The inclined angle of the backfill of the
retaining wall (0),

®: The friction of the backfill soil (°),

1: The backfill surface slope (°).

Dobry and Gazetas [10] assumed that the
horizontal dynamic stiffness to be valid for the
backfill in the same manner as the soil under
the retaining wall. The dynamic stiffness is
determined by Rafnsson and Prakash [2].

K,=K,.K, (20)
K, = ’I,:—: (21)
I_{uﬂ ZRQ.Kag (22)
K, =Ko .Ky (23)
KuB = Ka- h (24)
Kpg = Kp.h (25)
where;
K,: Dynamic active sliding (horizontal)
stiffness(kN/m),

K,: Dynamic passive sliding (horizontal)
stiffness (kN/m),

K,o: Dynamic active rocking stiffness (kN/m),
Ky: Dynamic passive rocking stiffness (kN/m).
h: The arm of the moment from the point of
dynamic force acting on the backfill to the base
of the wall, considered as (0.5 H) [2].

K, and K, from Figs. (1) and (3), respectively.
The geometrical damping due to sliding and
rocking is expressed as:

= = 3.4 (2B).H.\/G.
C, = cx.K[TM)J_”] (26)
— ~ 3
Co= Cof 200, (27)
3.4 G
Via = s ¢ (28)

where:

C,: dynamic geometrical damping due to
sliding, (kN.s/m).

Cg: dynamic geometrical damping due to
rocking, (kN.s/m).

C, and C, from Figs. (4) and (6).

K: The reduction factor due to (partial half
space) behavior of the retaining wall, was
considered as 0.5.

4.SOIL PROPERTIES AND RETAINING
WALL GEOMETRY

To study the effect of soil strength on the
dynamic stiffness and damping of the soil under
the base of the retaining wall, three types of soil
were considered soft, stiff, and hard cohesive
soil. Table 1 shows soil properties for cohesive
soil under the base of the retaining wall and for
cohesionless soil behind it [16]. The Poisson's
ratio of the soil under the base of the retaining
wall was considered as a constant value of
(v=0.4). In addition, three heights of the
retaining wall were considered. Table 2 shows
the geometrical characteristics of the retaining
wall.

Table 1 Soil Properties for Cohesive Soil under the Base of the Retaining Wall and for Cohesionless Soil

Behind it [16].
. Cohesion(c) . . o Density(p) Shear modulus
Soil type (kN/m2) Friction(®) (°) (gm/em3) G(N/m?)
Soft - - 1.2 8000
Cohesive Stiff - - 1.5 12000
Hard - - 1.8 20000
Cohesionless ©) o )
(Backfill soil) 3 5
Table 2 Geometrical Characteristics of Retaining Wall [16].
R.W Height (m) 3() ae) o)
4,5 and 6 20 2 0

5.RESULTS AND DISCUSSION

Figures 7-9 show the variation of each of the
horizontal, vertical, and rocking dynamic
stiffness of the soil under the base of the
retaining wall with dimensionless frequency
(ao) for soft, stiff, and hard soils, respectively.
Intuitively, the dynamic stiffness of the base
under the retaining wall increased with the soil
hardness due to increasing the soil shear
modulus (G). It can be seen that the shapes of
the curves in Figs. 7-9 differ from each other for
horizontal, vertical, and rocking dynamic
stiffness, respectively. This difference is due to
the nature of the variation of dynamic stiffness
coefficient with dimensionless frequency (a,),

see Figs. 1-3 for horizontal, vertical, and rocking
stiffness coefficients, respectively. Generally,
the maximum horizontal dynamic stiffness
occurred at a high value of dimensionless
frequency (a,), i.e., at a high value of angular
frequency (w) for constant soil properties (p
and G) and constant wall geometry (B), see Eq.
(8). On the other hand, the maximum rocking
dynamic stiffness occurred at a low value of
dimensionless frequency (a,), i.e., at a low value
of angular frequency (®). The maximum
vertical dynamic stiffness occurred at the
middle zone of the values of (a,) and (®).
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—4¢— Soft soil e=ll==Stiff soil e=g==Hard soil
50000

45000 - .
40000
35000

30000

25000 / s
20000
‘/ — ==

L

15000
10000
5000

Horizontal dynamic siffness

0 0.5 1 15 2

Dimensionless frequency (a,)

Fig. 7 Dimensionless Frequency (a,) Versus Horizontal Dynamic Stiffness for the Soil under the Base
of the Retaining Wall.

@mgue SOft 50il  e=flles Stiff soil = Hard soil

35000

30000

25000

20000
'7
=

kN/m

15000

Vertical dynamic siffness

10000 —t

5000

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Dimensionless frequency (ay)

Fig. 8 Dimensionless Frequency (a,) Versus Vertical Dynamic Stiffness for the Soil under the Base of

the Retaining Wall.
ampum Soft s0il  emlll=m Stiff soil e=bs==Hard soil
a 120000
e
£ A
% 100000
L
é E 80000 \
<
F
E 60000 =
f ".
8 40000 S e
—t
20000
0
0 0.2 0.4 0.6 0.8 1 1.2 14
Dimensionless frequency (a,)

Fig. 9 Dimensionless Frequency (a,) Versus Rocking Dynamic Stiffness for the Soil under the Base of
the Retaining Wall.
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Figures 10-12 show the variation of vertical,
horizontal, and rocking dynamic damping with
dimensionless frequency (a,) for soft, stiff, and
hard soils, respectively. As mentioned above,
for dynamic stiffnesses, the dynamic damping
for the base under the retaining wall increased
with soil hardness. Vertical and horizontal
dynamic damping decreased with increasing
the dimensionless frequency (a,), and the rate
of decrement decreased with a high value of
(ao). On the other hand, the dynamic rocking

amgum Soft soil

1600

el Stiff soil

increased with (ao). The rate of increment
decreased with a high value of (ao). These
behaviors are due to the variation in the
dimensionless damping coefficient in vertical,
horizontal, and rocking, as seen in Figs. 4-6,
respectively, meaning that the vertical and
horizontal dynamic damping occurred at low
values of (a,) or (w), while at high values of (a,)
and (w)for rocking dynamic damping and for all
types of soils (soft, stiff, and hard).

Hard soil

1400

1200

1000

800

600

400

Vertical Dynamic Damping
kN.S/m

200

\H‘

0 0.2 0.4

0.6

0.8 1 1.2 14 1.6

Dimensionless frequency (a,)

Fig. 10 Dimensionless Frequency (a,) Versus Vertical Dynamic Damping for the Soil under the Base

of the Retaining Wall.
ampum Soft s0il el Stiff soil Hard soil
1200
oo
£
=3 1000
S
(T
©
o 800
€ E
g &
S Y 600
52
8
c 400
o
N
S 200
T
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Dimensionless frequency (a,)

Fig. 11 Dimensionless Frequency (a,) Versus Horizontal Dynamic Damping for the Soil under the
Base of the Retaining Wall.
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amgum Soft soil  e=jilss Stiff soil Hard soil
700
&
‘' 600
g
o 500
(8]
2 E
g > 400
2
>
T < 300
o0
§=
= 200
&
100
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Dimensionless frequency (a,)

Fig. 12 Dimensionless Frequency (a,) Versus Rocking Dynamic Damping for the Soil under the Base
of the Retaining Wall.

Values of dynamic stiffness have been also
estimated for backfill behind the retaining wall.
In this case, each of the active and passive
dynamic stiffness were evaluated. Figures 13-16
show the effect of the retaining wall height (H)
and dimensionless frequency (a,) on the
dynamic active sliding, passive sliding, active
rocking, and passive rocking stiffness,
respectively. It can also be seen that, as
mentioned previously, the shapes of these
curves follow the behavior of the stiffness
parameters. Generally, all values of stiffness

increased with the retaining wall height (H).
The maximum value of active dynamic sliding
stiffness occurred at the intermediate value of
dimensionless frequency (a,). On the contrary,
the maximum value of passive dynamic sliding
stiffness occurred at a high value of
dimensionless frequency (a,). Maximum active
and passive dynamic rocking stiffness occurred
at alow value of (a,). Furthermore, these curves
demonstrated a constant rate of decrement
with increasing of (ao), as seen in Figs. 15 and
16.

efpmeH=4 m eslls»sH=5m H=6m

500

450
400
350

300
250
200
150
100

50

Actve dynamic sliding stiffness
kN/m

—

0 0.2 0.4

0.6

0.8 1 1.2 14 1.6

Dimensionless frequency (a,)

Fig. 13 Dimensionless Frequency (a,) Verses Active Dynamic Sliding Stiffness for Backfill.
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efpuoH=4m eslsesH=5m esglseH=6m

1400

1200

1000
/
800 p — /

Passive dynamic sliding stiffness

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Dimensionless frequency (a,)

Fig. 14 Dimensionless Frequency (a,) Verses Passive Dynamic Sliding Stiffness for Backfill.

efpuoH=4m esflsH=5m es==H=6m
1000
900
800

700 o—
600 ——

500 —

400 —
300 ¢

200
100

Active Dynamic rocking stiffness kN/m

0 0.5 1 1.5
Dimensionless frequency (a,)
Fig. 15 Dimensionless Frequency (a,) Verses Active Dynamic Rocking Stiffness for Backfill.

amgum Soft s0il  e=lll== Stiff soil e=ds=Hard soil

" 4500

(7,]

@ 4000 —

e

= 3500 %

@ 3000 —

£

§ £ 2500 —
~N

o 2000

- z —

s 1500 ——

c —(

& 1000

g 500

‘3

b 0

= 0 0.2 0.4 0.6 0.8 1 1.2 1.4

Dimensionless frequency (a,)

Fig. 16 Dimensionless Frequency (a,) Verses Passive Dynamic Rocking Stiffness for Backfill.
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Evaluating the dynamic sliding and rocking
damping for the backfill of the retaining wall
are illustrated in Figs. 17 and 18. The values of
dynamic sliding damping decreased with
increasing dimensionless frequency (a,), while
dynamic rocking damping increased, according
to the horizontal damping and rocking damping
parameters for both of them. The dynamic

sliding damping increased with the height of
the retaining wall (H). It should be noticed that
there is only one curve in Fig. 18 since the value
of dynamic rocking damping of backfill is
independent of the height of the retaining wall
(H), relating to Eq. (27), which does not contain
the height of the retaining wall (H).

exfpuoH=4 m esflssH=5m H=6 m
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0.8 1 1.2 14 1.6

Dimensionless frequency (a,)

Fig. 17 Dimensionless Frequency (a,) Verses Dynamic Sliding Damping for Backfill.
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Fig. 18 Dimensionless Frequency (a,) Verses Dynamic Rocking Damping for Backfill.

6.CONCLUSIONS

Based on the results of the study of dynamic
stiffness and damping of rigid retaining walls
under seismic loading, the following conclusion
can be pointed:

1- The dynamic stiffness and damping of the
soil under the base of the retaining wall
increased with a shear modulus of the soil
(G).

2- The maximum horizontal, vertical, and
rocking dynamic stiffness occurred at

high, low, and intermediate values of
dimensionless frequency (ao),
respectively, in other words, at high, low,
and intermediate values of angular
frequency ().

3- The vertical and horizontal dynamic
damping of the soil under the base of the
retaining wall occurred at a low value of
(ao) or (®), while the dynamic rocking

jTikrit Journal of Engineering Sciences | Volume 32 | No. 3! 2025

page 408



https://tj-es.com/

? Mohammed N. Jaro, Ahmed I. Mohammed / Tikrit Journal of Engineering Sciences 2025; 32(3): 1485. :‘

damping occurred at a high value of (a,)
or (o).

4- The dynamic stiffness and damping of the
backfill soil behind the retaining wall
increased with the height of the wall.
Generally, the increment percentage
ranged between (42.1 — 113.2)% when the
retaining wall height increased from (4 to
6) m.

5- Active and passive dynamic rocking
stiffness of the backfill soil occurred at
low values of (a,) or (o).

6- The values of dynamic sliding damping
and dynamic rocking damping of the
backfill soil decreased and increased with
increasing (a,) or (), respectively. The
percentages of decrement and increment
were (37.5)% and (183.3)% when (a,)
increased from (0.19) to (1.35),
respectively.
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