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Abstract

In this work, a single pile is physically modeled and embedded in an upper liquefiable loose sand layer overlying a non-
liquefiable dense layer. A laminar soil container is adopted to simulate the coupled static-dynamic loading pile response
during earthquake motions: Ali Algharbi, Halabjah, El-Centro, and Kobe earthquakes. During seismic events with combined
loading, the rotation along the pile, the lateral and vertical displacements at the pile head as well as the pore pressure ratio
in loose sandy soil were assessed. According to the experimental findings, combined loading that ranged from 50 to 100%
of axial load would alter the pile reaction by reducing the pile head peak ground acceleration, rotation of the pile, and lateral
displacement for all input motions, while vertical displacement stabilizes as combined loading rises. In contrast, independ-
ent of the magnitude of the earthquake and soil depth, the impact of increasing the combined axial and lateral loading from
50 to 100% is limited. Due to the lateral loading's ability to greatly reduce acceleration, rotation, and lateral displacement
at moderate earthquake motion, the pile cap was significantly restricted. When earthquake motion increases to a strong
activity, it has a minimal impact. Since pore pressure is produced more quickly during a large earthquake than it is during
a weak one, the magnitude and length of the earthquake have a significant impact on how much pore pressure is produced.
The combined loading has only a small impact.
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Introduction

One of the most serious natural disasters that threaten
humans and property, happened within a period of time,
leaving catastrophic damage and losses in life of humans
and buildings, bridges, dams, etc. These effects coming
not only from strong earthquake motions but also from the
deformation of the ground as a result of liquefaction. The
term Liquefaction always referred to the behavior of satu-
rated soil subjected to dynamic shear stress, coupled with
a rapid decrease in volumetric strain, [1]. Due to the recent
challenge and increase in the higher building that has been
constructed in an area prone to seismic hazards and weak
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soil layer. A deep pile foundation manifests as a primary
concern in solving this challenge. In this way, it could be
subjected to a more complex situation like laterally cycling
loads imposed from seismic, or it may face a loss in its tied
properties during the liquefaction of soil or any other geo-
logical or constructed event. Arise from this problem; by
using a more advanced testing technique in order to evaluate
the pile foundation under different conditions to simulate the
real fact the shaking soil table is one of these solutions. One
of the significant effects on pile response in a seismically
prone area is the (liquefaction of soil). Hence, the pile could
behave in a complex manner due to the increasing buildup
of excess pore pressure leading to soft saturated soil and
consequently affecting the pile in terms of large bending
moment and shear [2]. The collapse damage results from
liquefaction are observed in pile foundations during and
after strong earthquake events, despite the higher factor of
safety implemented [3]. Different modes of pile foundation
failure characteristics occurred during earthquake motion
of liquefiable soil that concludes large settlement and pro-
gressive pore pressure. These characteristics are studied by
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many researchers such as [3—8]. Meyersohn [9] classifies
pile failure scheme subjected to the lateral extent of liquefied
soil into three categories: (1) deflection as a consequence
of soil horizontal displacement causing the pile to reach its
bending capacity as shown in Fig. 1a. (2) Buckling due to
the absence of lateral support, leading to reduced stiffness
of liquefiable soil and imposing lateral deflection which is
clearly shown in Fig. 1b. (3) Excessive rigid body rotation,
related to large pile diameter and piers as shown in Fig. lc.

Finally, the pile foundations can buckle under axial load-
ing alone and ignore the influence of lateral loadings during

Fig. 1 Pile failure Mechanisms p
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Fig.2 Buckling of the pile in
liquefiable soil, from [12]
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earthquake motions, [10, 11] as shown in Fig. 2. So, many
authors such as [12-14] showed that lateral loading has a
significant influence on reducing the bucking failure of pile
foundations in liquefiable soil.

According to seismic observations, Iraq appears to be
vulnerable to seismic risks, [15, 16]. Earthquakes are likely
to occur and can inflict significant damage. In fact, similar
hazards occurred and were recorded during the November
2017 earthquake [17].

Because of the impact of ships and wind waves, piles in
offshore and coastal constructions are not only designed for
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axial loading but also for progressive lateral loading [18,
19]. Many researchers studied the mechanism of combined
(axial and lateral) loadings on the response of piles in sandy
soil by using centrifuge model tests [20] and 1 g model tests
[21, 22]. These results show the pile capacity and settlement
of the pile foundations are remarkably influenced by lateral
loading, while the lateral behavior of the soil is affected by
axial loading.

Shaking tables are an essential instrument in earthquake
engineering research for examining the behavior of struc-
tural components or substructures under dynamic excitations
similar to those caused by actual earthquakes. Shaking table
tests are used to evaluate theories and predictions, learn
about previously undiscovered mechanisms, and investi-
gate the dynamic consequences of specimen performance.
As a result, the purpose of this study is to explore the pile
response to mixed (axial and lateral) loading conditions
in saturated sandy soil when subjecting it to real seismic
motions by means of the shaking table device.

Experimental work
Shaking table design and apparatus

Pile response under different conditions of combined (axial
and lateral) loading was studied with the aid of the shaking
table manufactured by [23]. The shaking table consists a
of chassis, two linear guide rails, a Ball screw, Brackets, a
Table, Servo Motor, and drive. The shaking table dimension
was (800) mm in length and (800) mm in width, which has
the ability to produce 1-D horizontal movement along the

Fig.3 Shaking table system,

from [23] Linear guide rail

length direction with the max acceleration of (+3 g) and
mass of (1000) kg, where g is the gravity acceleration in
m/s?. The frequencies of the input motions vary between
(0-100) Hz, and the maximum table displacement was (200)
mm. The shaking table system is illustrated in Fig. 3. Geom-
etry scaling of the model ratio to the prototype was [1:35]
according to [24] illustrated scale factors for different simu-
lated parameters for shaking table studies.

Model box design

The Al-Temeemi [23] laminar shear box has twelve steel
square laminae that are layered one on top of the other, and
it has rails that allow it to freely glide in one horizontal
direction. Figure 4 shows the dimensions of the steel tube
used to make the laminae. The laminar shear box had a total
height of (838) mm and was constructed as a square frame
with outer dimensions of (700*650) mm, inner dimen-
sions of (600*600) mm, and a height of (50) mm for sin-
gle laminae. Thus, the tested soil model's dimensions were
(600*600*600) mm. This eliminates the side friction of the
box wall as described in [25, 26] by setting the relevant soil
model height-to-width to unity. The coefficient of sliding
friction of the laminae was (0.031). Thin linear ball-bearing
rail strips with dimensions of (500) mm, (43) mm, and (12.5)
mm in height were welded between each lamination [23].

Model soil and pile

The sandy soil was from Karbala city, Iraq, which should
be dried and then screened on sieve No. 10 before testing.
The soil was placed into the laminar shear box in orders

Table
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Fig.4 Laminar shear box [23]

of layers at relative densities (70 and 30) %, respectively,
based on tamping and raining technique methods. Table 1
lists the results of soil properties. The model soil consisted
of three layers: The first one, made of (320) mm thick loose
sandy soil, the middle layer made of (280) mm thick, dense
sandy soil, and finally, the filter layer of (150) mm thick was
placed at the bottom of laminar shear box system to prevent
the soil sample exit during discharge of water. The soil was

furnished by an aluminum rod until it becomes homogenous
and then lightly compressed by a wooden plater to obtain a
flat surface. During the preparation of sand soil, the sensors
(accelerometers and pore pressure) are installed in the soil
sample with different levels. During the preparation of the
soil sample, the single pile is fixed at the center of a laminar
shear box. For saturation, the water distribution system is
placed at the end of the laminar shear box after connecting

Table 1 Soil physical and
mechanical parameters

Index Properties Values Index Properties Values
Initial Relative Densities, (R.D,%) 30-70% Max. dry unit weight, (kN/m3) 15.56
Max. dry unit weight, kN/m? 15.56 Min. dry unit weight (kN/m?) 13.95
Min. dry unit weight, kN/m? 13.95 Cohesive coefficient, ¢ 0
Specific gravity, Gs 2.64 The angle of internal fraction, (¢) loose 33°
Maximum void ratio, (e,,,,) 0.86 Angle of internal fraction, (¢) dense 36°
Minimum void ratio, (e;,) 0.66 Dy, (mm) 0.14
Coefficient of uniformity, (Cu) 2.92 D;;, (mm) 0.35
Coefficient of curvature, (Cc) 2.13 Dy, (mm) 0.41
Soil Classification, (USCS)* SP Permeability, k (cm/s) 5.6%107

*USCS: Unified soil classification system
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with a tube to supply water from a constant head water tank.
After the saturation process, earthquake eve simulator soft-
ware was executed, earthquake acceleration was selected,
and test information was entered. Axial and lateral loading
was applied on the pile head. Then, the last accelerometer
was fixed on the pile, however, the displacement transducers
were linked to the center of the pile head across the screw
nut. All sensor’s initial readings are subtracted, then the test
was started, and the shake was triggered while data from
sensors streamed to the DAQ until the shake ended. The
pile model used in the research was made from an aluminum
alloy pipe, (500) mm in length, with an outer diameter of
(16) mm with (/D) equals to 25 (rigid pile), density (2700)
kg/m3’ and young’s modulus of (65) GPa.

Instruments

Sensors (e.g., accelerometer, pore water pressure, and lat-
eral and vertical displacement transducers) were used in this
research to record various parameters during shaking table
tests. Figure 5 illustrates the arrangement of the sensors in
the shaking table system. The sensors consisted of (3) accel-
erometers, one on the pile head and two in the soil strata,
(2) pore pressure transducers located in the soil strata, (4)
strain gauges along the pile, and (2) lateral and vertical dis-
placement transducers on the pile head model, which were
denoted as [Acc, PP, ST, DT2, and DT1], respectively. All
sensors were calibrated before the test.

Fig.5 Testing model layout

Lateral Loading

DT 2 - Y direction

DT 1-X duechk

Characteristics of input motions and test cases

A number of shaking table models were efficient in simu-
lating the behavior of a single pile during an earthquake
event under various conditions of combined loading on
saturated sandy soil. As a result, the Kobe, El-Centro, Hal-
abjah, and Ali Algharbi earthquakes were used. Figure 6
displays the acceleration time histories for four earth-
quake motions. The information regarding the earthquake
motions employed is displayed in Table 2.

The pile head was located (100) mm above the sandy
soil surface. Hence, the total pile length of (500) mm. The
total allowable axial load capacity was applied by placing
a weight block of 2 kg (19.6 N) directly on the pile head.
In order to simulate the lateral loading system on the pile
head, an automated pneumatic-vacuum loading system was
locally manufactured. The lateral loading system encom-
passes tension loading that is placed on the upper movable
laminar shear box, as shown in Fig. 7. The total allowable
lateral load capacity equals (20%) of the total allowable
axial loading. In this study, six test cases were considered
in the shaking table model, as shown in Table 3. In (A6,
Hé6. E6, K6, A5, HS, ES, and K5) case tests, the only axial
load was applied on the pile, while the other test cases
were represented combined (axial and lateral) loading
through different earthquake motions.

DT 3 - Z direction
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Fig.6 Acceleration history with time for earthquake motions
Table 2 Information for the earthquake data
Earthquake Ali Algharbi Halabjah El-Centro Kobe
Region Iraq Irag-Iran border California-USA Japan
Magnitude, (Mw) 4.9 7.3 6.9 6.9
Modified Mercalli intensity Weak Moderate to heavy Extreme Very strong
Shake duration, (sec) 160 300 35 48
Frequency,(Hz) 10 10 50 50
Acceleration, (g) 0.1 0.1 0.35 0.82
Acceleration direction N-S E-W N-S N-S
Data 25-9-2015 12-11-2017 19-5-1940 16-1-1995
Epicenter depth, (km) 10.0 19.0 8.8 17.9
References Iragi Meteorological Organiza- Iraqi Meteorological Organiza- www. Strong motion ~ www. Strong
tion and Seismology tion and Seismology cemter.org motion
cemter.org

Fig. 7 Setup model and lateral loading system
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Table 3 Tests cases for the shaking table tests

Code Description Code Description Code Description Code Description Code Description

Code Description

Ali-Algharbi 100% A6 Ali-Algharbi 50% axial,

Ali-Algharbi 50 axial, A2  Ali-Algharbi 50% A3 Ali-Algharbi 100% A4 Ali-Algharbi A5
axial, O lateral

Al

0 lateral

100%axial, 100%]at-

eral
Halabjah 100%axial,

axial, 50% lateral

axial, 100% lateral

50% lateral

Halabjah 100% axial, H6 Halabjah 50%, axial, O
0 lateral

H5

H3  Halabjah 100% axial, H4

Halabjah 50% axial,

Halabjah 50 axial, 50% H2

H1

lateral
El-Centro 50% axial, O

100%]lateral
El-Centrol100%axial,

50% lateral
El-Centro100% axial,

100% lateral

El-Centro 50% axial,

lateral
El-Centro 50 axial,

E6

El-Centro 100% axial,

0 lateral

E5

E4

E2

El

lateral
Kobe 50% axial, O

100%]ateral
Kobe 100% axial,

50% lateral

Kobe 100% axial, 50%

100% lateral
Kobe 50% axial, 100%

50% lateral
Kobe 50% axial, 50%

K6

Kobe 100% axial, 0

lateral

K2 K3 K4 K5

Kl

lateral

lateral lateral 100% lateral

lateral

Interpretation of test results
Acceleration response of pile head and soil

Figures 8,9, 10 and 11 show the acceleration time histories
measured at the pile head with different earthquake motions
under combined loadings. It can be noted for a low earth-
quake motion of Ali Algharbi and Halabjah, an increase in
axial loading, the measured peak acceleration was increased
from 0.187 and 0.185 g for cases A6 and H6, respectively,
t0 0.219 and 0.199 g, irrespective of A5 and HS, in contrast,
this behavior, with combined loading and inclusion of lateral
load, the recorded acceleration at peak time will generally
be reduced to 0.136 and 0.179 g when 50% of lateral load is
included for Ali Algharbi with A1 and A3 as well as 0.145
and 0.152 g for Halabjah at H1 and H3, respectively. Hence,
a further increase to 100% additionally reduces measured
acceleration for both motions to peak values of 0.118, 0.145,
0.15, and 0.13 g for A2, A4, H2, and H4. Near the beginning
of the El-Centro earthquake, it is found that the peak acceler-
ation of the pile was mainly controlled by the input accelera-
tion possessing larger head masses, the acceleration values
ranged between 0.364 and 0.449 g at E6 and ES5, while lim-
ited reduction values ranged between 10% when combined
loading reached 50% and 14% at 100% for both cases E2 and
E4. When the soil liquefies occur, the liquefaction works
to dampen the earthquake power and de-amplification the
earthquake acceleration. From the results, it can be shown
the increase of combined loadings reaching 50% for cases
K1 and K3 will reduce the peak acceleration by the average
value of 6% than at 100%, the same trend was noticed. This
peak gradually reduced to 9% of the peak when dealing with
K2 and K4, this scenario could be attributed to the fact, that
the soil layer is liquefied, losing lateral soil support, and the
energy of the vertically propagating shear waves will, to a
certain degree, be absorbed by the liquefied soil.

In general, the peak acceleration on the pile head gradu-
ally increases through different four earthquake motions and
the time to reach peak acceleration is consistent with the
time when the input earthquake motion reaches the peak.
The results indicated that as the axial load increase, the peak
acceleration decrease at the pile head. Hence, these results
are well associated with the finding of [22]. Under combined
loading, it is worth noting that there is a significant decrease
in peak acceleration values as lateral loading increases.

Hence, this effect was apparent for A4, H4, and E4 by
reducing the values by 22%, 23%, and 18%, respectively.
While in the Kobe earthquake, the common behavior
shows a slight reduction in the peak acceleration at pile
head load. This behavior could be attributed to the minor
effect of lateral loading resistance during the excitation of
strong motion.

@ Springer
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Fig.9 Acceleration time history of the pile head during Halabjah earthquake
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Fig. 10 Acceleration time history of the pile head during El-Centro earthquake

Figures 12 and 13 present the variation of peak accel-
eration at the pile head and soil strata for all earthquake
motions. It can be inferred that, in weak to extreme earth-
quake motions, the peak acceleration slightly decreases
within soil strata. However, the acceleration history exhib-
ited a gradual increase in an upward direction in a loosely
liquefied layer depth.

@ Springer

It should be noted, for strong motion, the peak accelera-
tion at the pile head appears highly concerning soil strata
this lies behind the fact of filtration and rapid generation
of pore water pressure that destroyed the soil skeleton, [14,
17]. From the results mentioned above, the combined load-
ing has a major effect on the reduction of peak acceleration
at the pile head in weak to extreme earthquake motion and



Innovative Infrastructure Solutions (2023) 8:50

Page90of17 50

—(f ——Kl ——K2
15
1
% 05
c
2
g o % s
= 0 30 40 50
S
£ -05
-1
-15 .
Time , sec

Fig. 11 Acceleration time history of the pile head during the Kobe earthquake
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Fig. 13 Variation of peak acceleration at pile head and soil strata for El-Centro and Kobe earthquakes

a minor effect in strong motion; on the other hand, it has a
slight effect on the peak acceleration in soil strata.

Lateral displacement at the pile head

Figures 14, 15, 16 and 17 illustrate the variation of lateral
displacement on the pile head with time. It is observed
that the lateral displacement increases as peak acceleration
increases. The maximum lateral displacement of the pile

head rounded about (4.68, 18.95, 23.59, and 68.30) mm for
AS, HS, ES, and KS5, respectively, while (3.67, 7.65, 10.43,
and 67.18) mm for A6, H6, E6, and K6. From the results, it
can be concluded the lateral displacement on the pile head
increases along with the increasing axial loading. The rela-
tionship between the lateral load and lateral displacement
of the pile head for all test cases under constant static axial
loadings is shown in Fig. 18. It can be observed that for
the constant static axial loading, the lateral displacement
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Fig. 14 Lateral displacement time history of the pile head during the Ali Algharbi earthquake
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Fig. 16 Lateral displacement time history of the pile head during the El-Centro earthquake

decreases with increasing static lateral loading through
different earthquake motions. Lateral loading has been a
significant effect on lateral displacement by reducing head
displacement, for instance (34, 44, 21, and 17) % for A4,
H4, E4, and K4 when compared with test cases A5, H5, ES,
and K5. These results indicate an inverse relation, as static
lateral loading increase the pile head displacement decrease

@ Springer

concerning static axial loading for weak to moderate earth-
quake. In this aspect, the static lateral loading appears to
act as a damper on the incidence of lateral motion. How-
ever, because of the high acceleration of these motions, they
have less of an effect on lateral pile reaction when subjected
to extremely powerful earthquake events, i.e., the effect of
acceleration is greater than the effect of static lateral load.
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Fig. 18 Relationship between the lateral displacement at pile cap and static lateral loading percent for four earthquake motions

Pile behavior during shaking table testing with and with-
out static lateral loading is briefly described in Fig. 19, con-
sidering two cases (H5 and H4). It can be noted that the
inclusion of lateral loading may interpret the difference in
pile behavior in both cases H4 and H5. It is observed that
noticeable rotation occurred in the pile after shaking. This
type of pile failure may be due to pile rigidity, similar to
behavior found by [9].

Distribution of Rotation along with the pile depth

The relationship between the lateral load and rotation
along the pile for all test cases under constant static axial
loadings is shown in Fig. 20. It can be observed that for
the constant static axial loading, the rotation of the pile
decreases with increasing static lateral loading through
different earthquake motions. In general, it can be shown
that input motion intensity increases, and the peak rotation
increases. From the results, it has appeared that with the
increasing combined loading, the pile likely showed low

rotation value due to the lateral restraint effect and reduc-
tion in axial load as a result of the inertial force generated
at the pile head.

Vertical displacement at the pile head

The time histories of vertical displacement on the pile head
are shown in Figs. 21 and 22 and all test cases value is listed
in Table 4. The maximum values of the vertical displace-
ment were equaled (1.40, 9.90, 10.98, and 24.20) mm for
A4, H4, E4, and K4, respectively. The test case results indi-
cated that the little increase in vertical displacement values
due to the lateral loading suddenly increased during the ini-
tial lateral loading stage and tended to be stable in all tests.
Hence, it can be concluded the vertical displacement of the
pile head due to lateral loading that is clearly associated with
pure axial loading for all test cases. However, in shaking
table tests, the settlement may require more time since it is
related to inducing pore water dissipation, besides it may be
tolerated error value for seismic loading, [27].
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Fig. 19 Pile behavior after shaking test H5 and H4 with and without lateral loading

Soil liquefaction characteristics

The liquefaction phenomenon is defined in terms of a gen-
eration of excess pore water pressure and reduced soil initial
vertical stress. First, in order to investigate the possibility of
liquefaction occurrence during earthquakes, a magnitude of
(ru) is calculated. The (ru) is defined as the soil in the lique-
faction state, where is the difference between the current and
hydrostatic pore pressure, and (ov,) is the initial effective
vertical stress as stated in Eq. 1.

_ Au
ov,

ru 1)

History of pore water pressure ratio with time presented
in Figs. 23, 24, 25 and 26 in loosely sandy soil strata. It
has appeared that the excess pore water pressure gradually
increases within soil depth among all earthquake motions.
In the Ali Algharbi earthquake, the occurrence of initial
liquefaction seems unclear since the average maximum
pore pressure ratio, ru reaches 0.91 and 0.85, respectively,
at (100) mm and (220) mm of soil depth at the time of 20
secs, these findings coincide with [23, 28, 29]. On the other
hand, the soil exhibited initial liquefaction after 37 s of shak-
ing. Furthermore, no liquefaction potential could experi-
ence during El-Centro earthquake, since the ru values reach
0.84, and 0.88, respectively, at the time of 3 secs, during the
Kobe earthquake, the pore pressure ratio will generate and
build up rapidly exceeding the value of 1. The excess pore
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pressure may experience a large increase and slower dissipa-
tion in a strong earthquake could be attributed to the effect of
earthquake acceleration. These findings coincide with those
[19]. Finally, axial loading has a noticeable influence in the
reduction of pore water pressure and densification of soil
liquefaction in medium sandy soil, but, in loose sandy soil,
this influence is insignificant except for extensive large load-
ing, [8]. Besides, it can be concluded that the lateral loading
on the pile head does not have a noticeable effect on excess
pore water pressure and pore pressure ratio under different
all of the four earthquake motions.

Conclusions

1. It should be noticed from the shaking table experiments
that for significant motion, the peak acceleration at the
pile head appears to be very problematic soil strata.
This is what caused the filtration and quick buildup of
pore water pressure, which damaged the soil skeleton.
According to the results, combined (axial and lateral)
loading results in a significant reduction of peak accel-
eration at the pile head for light earthquake motion and a
minor reduction for strong earthquake motion. However,
it has a minor effect on the peak acceleration of the soil
strata.

2. As static lateral loading increase the pile head displace-
ment decrease concerning static axial loading for weak
to moderate earthquake. In this aspect, the static lateral
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loading appears to act as a damper on the incidence of
lateral motion. However, because of the high accelera-
tion of these motions, they have less of an effect on lat-

th
D
D

eral pile reaction when subjected to extremely power-
ful earthquake events, i.e., the effect of acceleration is
greater than the effect of static lateral load.
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Fig.22 Vertical displacement on the pile head for Halabjah and Kobe earthquakes

Table 4 Vertical displacements on pile head for test cases, (unit: mm)

Test case type Vertical dis- Test case type Vertical dis- Test case type Vertical dis- Test case type Vertical

placement placement placement displace-

ment

Al 0.38 H1 5.88 El 4.52 K1 14.40

A2 0.45 H2 5.90 E2 4.62 K2 14.80

A3 1.40 H3 9.85 E3 10.90 K3 24.20

A4 1.38 H4 9.90 E4 10.98 K4 24.70

A5 1.35 HS5 9.80 ES 10.80 K5 23.90

A6 0.35 H6 5.82 E6 4.01 K6 13.58

3. The rotation value decrease with increasing the lateral increment is related to the axial loading and the intensity

&

loading on the pile head, especially in low earthquake
motions, while in a strong earthquake, the soil around
the pile starts to fail quickly, causing a redistribution of
the soil lateral pressure along the top of the pile head,
consequently the lateral loading will reduce the rotation
value.

As the combined loading increases, the vertical displace-
ment increases until it reaches a constant value; this

Springer

of earthquakes from weak to strong input motions [0.1 g
Ali Algharbi, 0.102 g Halabjah to 0.34 g El-Centro, and
0.82 g Kobe]

In medium sandy soil, axial loading has a noticeable
effect on pore water pressure reduction and soil den-
sification; however, in loose sandy soil, this effect is
minimal unless for extensive big loading. Furthermore,
it is concluded that lateral stress on the pile head has
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no noticeable impact on excess pore water pressure and
pore pressure ratio for the four earthquake motions.

6. The results show that the existence of the liquefied soil
did not significantly affect the time history of the accel-
eration of the pile cap and increased the pile cap dis-
placement.
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