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ABSTRACT: Aqaba Development Corporation is developing a new port facility, located at
the Gulf of Aqaba (southern Jordan). The new port covers an area of approximately 60 hec-
tares and after completion will have 9 berth structures for General Cargo, Ro-Ro and Grain
terminal, and a marine services harbor. The works include 5 new berths for a total extension
of 1000m approximately. The quay wall structures consist of 30m-deep diaphragm walls, tied-
back with permanent passive tension piles (self-drilling micropiles).

As the seismic hazard in the Aqaba region is very significant, the design was carried out
based on the seismic design philosophy recommended by the World Association for Water-
borne Transport Infrastructure (PIANC).

The following paper briefly describes the performance based seismic analysis carried out
with specific focus on the behavior of the tension piles during earthquakes and the adopted
constructive measures provided to guarantee the adequate response to the seismic actions.

1 INTRODUCTION

Aqaba Development Corporation (ADC) is developing a new port facility, located at the Gulf
of Aqaba (southern Jordan, adjacent to the border of Saudi Arabia). The new port covers an
area of approximately 60 hectares (Figure 1). After completion of Phase 2 (under way from
2016 and almost completed), the new port will consist of berth structures for general cargo,
grain terminal, and a marine services harbour.

Figure 2. Overview of the berths

Figure 1. Location of new port in the Aqaba gulf
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The new quay wall structures of the port (concrete diaphragm walls built using a hydro-mill
trench cutter) are tied back with two type of anchorages: anchor wall connected with tie rod (berth
6 and berth 8 for the first 80 meters) and TITANmicropiles (berths 5, 7, 8 and 9) (Figure 2).
TITAN micropiles have been used as passive tension piles on the proposal of the contractor

in areas with insufficient space for anchor wall or to limit interference with existing structures
and thanks to their approval for permanent applications as tension and compression piles,
also under cyclic loading and their simple and very fast installation method.

2 THE AQABA NEW PORT PHASE 2 PROJECT

The quay wall structures are anchored D-Wall cast in situ with hydromill (trench cutter), of
total length 32 m with retained height of 19 m (from cope level +4 ACD to -15 m mud level)
and embedded length of 13 m. D-Wall section is 1.2 m, concrete class C35/45 exposure class
XS2/3 (according to BS 6349-1-4:2013), steel reinforcement grade B500 weighting approx.
170kg per m3 of concrete.
Anchorage is provided either by steel sheet-piled wall connected to the quay wall by tie rod

(berth 6 and 8a, Figure 3) or by tension piles (berth 8b, 9, 7 and 5, Figure 4).
Foundation soils are alluvial deposits consisting of granular soils ranging from sand, sand

with gravel, gravelly sand and gravel, with limited layers of sandy silt, and presence of cobbles
and boulders. Soil density rapidly increases with depth and soil can be regarded as very dense
from 5-10 m below ground level. Characteristic values of geotechnical parameters adopted for
the design are reported in the following Table 1.
where: - γ/γ’ are the dry and submerged unit weight of soil; φ’ angle of internal friction; ψ dilat-

ancy angle; Eo the small strain Young modulus and E is the design reference Young modulus.
Geotechnical parameters have been defined on the base of site investigation: boreholes (up to

a depth of 45 m), Standard Penetration Tests (SPT), laboratory tests (mainly soil classification
and direct shear tests) and geophysical site investigation consisted in seismic tomography using

Figure 3. Anchorage with anchor wall

connected with tie rods
Figure 4. Anchorage with tension piles

Table 1. Geotechnical parameters adopted for the design

Level(ACD) Soil type γ/γ’ φk‘ ψ E0 E
(m) kN/m3 (°) (°) (MPa) (MPa)

+4 ÷ +2 Fill granular material 20/10 38 2 220 55

+2 ÷ 0 Fill granular material 20/10 38 2 300 75

0 ÷ -5 Sand and gravel 20/10 36 2 380 95

-5 ÷ -9 Sand and gravel 20/10 40 3÷4 480 120

-9 ÷ -15 Sand and gravel 20/10 43 3÷6 600 150

-15 ÷ -22 Sand and gravel 20/10 43 3÷6 740 185

-22 ÷ -30 Sand and gravel 20/10 43 3÷6 1150 290
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the 2D-Multichannel analysis of surface waves (MASW), electrical resistivity method (ERT)
survey methodology and horizontal-to-vertical spectral ratio tests (HVSR). Due to the granular
nature of the existing soils, the shear resistance (internal friction angle φ’) has been estimated
mainly on the base of NSPT values (Figure 5, after Shioi & Fukuni 1982) and the deformability
on the base of shear wave velocity (Vs), obtained from geophysical tests (Figure 6)

3 PERFORMANCE BASED SEISMIC DESIGN

The aim of the performance-based seismic design is to overcome the limitations from conven-
tional seismic design which is based on providing capacity to resist a design seismic force, but
it does not provide information on the performance of a structure when the limit of the force-
balance is exceeded. In performance-based design, appropriate levels of design earthquake
motions must be defined and corresponding acceptable levels of structural damage must be
identified. This approach should allow to accomplishing higher reliability of a structure
against earthquakes without appreciable increase in construction cost. Two levels of earth-
quake motions are typically used as design reference motions. Level 1, the level of earthquake
motions that are likely to occur during the design working life of the structure and Level 2,
the level of earthquake motions associated with infrequent rare events, that typically involve
very strong ground shaking.
According to the adopted design basis (PIANC 2001), for the Aqaba New Port-Phase 2 pro-

ject, the following Levels were used: Level 1 (50% probability of exceedance in 50 years or 72
years return period) and Level 2 (10% probability of exceedance in 50 years or 475 years
return period). The performance grade is based on the importance category of port structures;
the damage criteria listed in Table 2 have been adopted as minimum requirements under seis-
mic action for the quay walls with a performance Grade A (Table 3).
The seismic input is represented by a set of seven (7) records of acceleration histories that

are compatible with the design target spectrum defined for a Level 2 earthquake. These
records are the same records used to perform the seismic site specific response analysis.
Figure 7 shows a comparison between the target spectrum, defined according to the Jordan
Seismic Code (JSC 2007) and seven selected earthquake records.
Based on the results of the site specific seismic response analysis, the mean distribution of

horizontal ground acceleration derived by 1D calculations for Level 2 (L2) is adopted as the
design distribution (Figure 8). The behavior of the port structures in seismic conditions is
evaluated by means of 2D finite element dynamic analyses.

3.1 TITAN micropiles

TITAN micropiles are tubular grouted composite piles (self-drilling micropiles) according to
EN 14199 with continuous thread in which the tendon is installed directly with a sacrificial

Figure 5. Internal friction angle φ’ as a function of

NSPT

Figure 6. Shear wave velocity model
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drill bit and a cement suspension as drilling and flushing fluid. The tension and/or compres-
sion loads applied to the pile are transferred from the hollow steel tendon to the ground via
the grout body. In order to achieve an optimum shear bond, the tendon has a profile that
complies with all the main requirements for steel reinforcing bars. The tendon functions as
drilling rod, injection tube and reinforcement (3-in-1 principle).
TITAN micropiles are approved by the German Institute of Building Technology (DIBt)

for permanent applications as tension and compression piles, also under cyclic loading with a
design life exceeding 100 years (DIBt 2014).
Dynamic pressure grouting of the TITAN micropiles produces a grout body that interlocks

with the surrounding subsoil which means that an excellent shear bond is achieved between

Table 3. Target performance levels according to the design basis (PIANC 2001)

Performance Grade

Design Earthquake

Level 1 (L1) Level 2 (L2)

Grade A Degree I – Serviceable Degree II – Repairable

Acceptable level of

damage

Structural: minor or no damage

Operational: little or no loss of

serviceability

Structural: controlled damage

Operational: short-term loss of

serviceability

Table 2. Proposed damage criteria for sheet pile quay walls according to the design basis (PIANC 2001)

Level of
Damage Degree I Degree II

Residual

displacement

D- Wall Normalised residual horizontal

displacement (d/H*)

Less than 1.5% N/A

Residual tilting towards the sea Less than 3° N/A

Apron Differential settlement on apron Less than 0.03-

0.1m

N/A

Differential settlement between apron and

non-apron areas

Less than 0.3-

0.7m

N/A

Residual tilting towards the sea Less than 2-3° N/A

Peak response D-Wall Above mud line Elastic Plastic

Below mud line Elastic Elastic

Anchor (Anchor wall tie-rod/Tension pile) Elastic Elastic

* d: residual displacement at the top of the wall; H: height from mudline

Figure 7. Selected compatible earthquake records
Figure 8. Design maximum horizontal acceleration

distribution Level 2
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the tendon and grout body. Controlled crack widths of less than 0.1 mm within the grout,
guarantees the permanent corrosion protection for the system.

3.2 Permanent tension piles in Aqaba New Port project

As previously mentioned, in the Aqaba New Port - Phase 2 Project, TITAN micropiles have
been used as permanent passive tension piles on the proposal of the contractor due to the
insufficient space to use tie rods or to limit interference with existing structures: 27.00 m long
TITAN 103/51 micropiles (steel tendon’s nominal outside diameter: 103 mm and nominal
inside diameter: 51 mm) have been used with a 220 diameter drill bit.
For the tension piles design, an ultimate skin friction grout-soil of 350 kPa up to 400 kPa

has been considered: the load tests carried out according to the Standard ISO/DIS 22477 on
the preliminary tension piles have widely confirmed this skin friction value. The tension piles
have been installed with a spacing of 1.50 m, and an inclination of 20°/25°, alternately to
avoid any interference, where for design purposes an average inclination of 22.5° was con-
sidered. Due to the use of tension piles, it was possible to simplify and speed up the installa-
tion operations. In addition, the pile head-diaphragm wall connection (Figure 9) was
improved with the materialization of a hinge (Figure 10) to avoid bending moments on the
head of the tension piles in case of earthquake.

4 BEHAVIOR OF THE TENSION PILES AND STRUCTURES DURING
EARTHQUAKES

Seismic design or better “performance” of D-Wall anchored with tension piles has been evalu-
ated by means of 2D finite element dynamic analyses with Plaxis software.
The model was subjected to a set of seven (7) seismic records that are compatible with the

earthquake design spectrum. For each simulation the displacements of the quay wall, the
stresses in the wall and the forces in the anchors were analyzed and compared with the pre-
scribed damage criteria. In this kind of analysis the Hardening Soil Small Strain (HSsmall)
constitutive model has been used to simulate the ground conditions.
In HSsmall (PLAXIS 2017), the yield surface of a hardening plasticity model is not fixed in

principal stress space, but it can expand due to plastic straining. Distinction can be made
between two main types of hardening: shear hardening and compression hardening. Shear
hardening is used to model irreversible strains due to primary deviatoric loading. Compression
hardening is used to model irreversible plastic strains due to primary compression in oed-
ometer loading and isotropic loading. Both types of hardening are contained in HS.
The characteristic internal friction angle has been considered in its two components: the

critical state angle of friction φcv (indicated with φ’ in the following pages) and the dilatancy
component ψ. In Plaxis 2D, anchors with tension piles have been modeled using “embedded
pile finite elements”.

Figure 9. Details of the connection D-Wall-

-Tension pile
Figure 10. TITAN tension pile head with steel

ball (after Ischebeck 2014)
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Embedded pile finite elements are based on the embedded beam approach (Sadek & Shah-
rour 2004); generally speaking embedded piles consist of beam elements, which can cross 10-
node tetrahedral elements at any place with any arbitrary orientation, used to model the pile
itself, and embedded interface elements used to connect embedded beam nodes with the sur-
rounding tetrahedral soil nodes, to model the interaction between the soil and the pile at the
pile skin as well as at the pile foot.
Since the stress state and deformation pattern around piles is in fact fully three-dimensional,

it is impossible to model piles realistically in a 2D model. Hence, the 2D embedded beam
element shall be regarded as a simplified approach to deal with tension piles in the out-of-
plane direction in a 2D model.
In Plaxis 2D the idea behind the 2D embedded beam (used to model tension piles) is that

the pile represented by a Mindlin-beam element, is not ‘in’ the 2D mesh, but superimposed
‘on’ the mesh, while the underlying element mesh of the soil is continuous (Sluis 2012), as pre-
sented in the following figures:

The part of the anchor piles inside the seismic active wedge has been modeled as a node to
node anchor, connecting the quay wall to embedded beams. While modeling the tension piles
no pre-tensioning has been considered. According to the following scheme, a 17.7m-long free
length and an embedded length of 9.0 m have been assumed, considering for all the tension
piles the mean inclination of 22.5° from the horizontal. As requested by the client on the bond
length of the tension pile outside the active seismic wedge defined according to Mononobe-
Okabe theory has been considered in the modelling.
The performance of the structures is compared in the following Table 4. Performance cri-

teria are all satisfied for a level L1 earthquake. The analysis carried out with seismic level L2
also satisfies the Degree 1 criterion with exception of the normalized residual horizontal dis-
placements. These values, even if estimated with level L2 are just higher than the limits set for
Degree 1. The peak stress-strain response is still in the elastic range for all the structures: con-
crete section of diaphragm wall and anchors.

Figure 11. Schematic representation of embeded

Beam rows (after Sluis 2012)

Figure 12. Embedded beam interaction with soil

(after Sluis 2012)

Figure 13. Left: Model scheme used for calculation “free length “and embedded length (seismic condi-

tions). Middle: Maximum action on anchor piles and Design Value. Right: Earthquake 120ya L1 residual

settlements.
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The effects of different type of anchorages (between berth 8a and 8b) and the corner points
have been considered. The D-wall, anchored with TITAN tension piles, shows a stiffer behav-
ior than the one observed with the tie rods, so a structural joint is necessary along the dia-
phragm wall and the capping beam to allow differential horizontal displacements during a
seismic event.
According to the employer’s requirements (PIANC 2001) the quay walls under seismic

action shall guarantee a performance Grade A as defined in the design basis (Table 5).
The proposed joints will allow horizontal differential displacements. For both earthquakes

levels (L1 and L2), no structural damages are expected.
The only operational damage (L1) will be, in the worst scenario, the relocation of the crane

rail on the capping beam. By increasing the width of the recess inside the capping beam for

Figure 14. Residual Displacement after

seismic event L2 EQK 120ya Berth8a -

Berth8b

Figure 15. Horizontal Displacement during seismic event

L2 EQK 413xa Berth8a - Berth8b

Table 4. Final design performance

Degree I

Dynamic calcu-
lation results car-
ried level 1

Degree
II

Dynamic calcu-
lation results car-
ried level 2

Sheet pile

residual

displacement

Normalized residual

horizontal displacement

Less than

1.5%

≈1 % N/A ≈1.8%

Residual tilting towards

the sea

Less than 3° ≈0.4° N/A ≈0.55°

Apron residual

displacements

Differential settlement

on apron

Less than

0.03-0.1m

≈0.05 m N/A ≈0.10 m

Differential settlement

between apron and

non-apron areas

Less than

0.3-0.7 m

≈0.05 m N/A ≈0.10m

Residual tilting towards

the sea

Less than 2°-

3°

≈0.1° N/A ≈0.2°

Table 5. Target performance levels according to the design basis (PIANC 2001)

Performance Grade
Design Earthquake
Level 1 (L1) Level 2 (L2)

Grade A Degree I – Serviceable Degree II – Repairable

Acceptable level of

damage

Structural: minor or no damage

Operational: little or no loss of

serviceability

Structural: controlled damage

Operational: short-term loss of

serviceability

4945



the rail, even in the worst scenario of earthquake L2, it will be possible to relocate the rail
without any structural works but simply replacing the anchor bolts with minimum loss of
operational serviceability. Differential displacements of quay walls are always very limited
and such to avoid, even during the seismic event, loss of material retained by quay walls.
Figure 14 shows maximum residual displacements estimated in the worst scenario of earth-

quake 120ya. At the top of the capping beam the maximum residual differential displacement is
< 200 mm. Influence of the gantry crane load is very limited. The structures of the two berths
will oscillate in a very similar mode, as shown in Figure 15 so during the seismic event there will
be no open gap will between the two vertical structures and no loss of retained material.

5 CONCLUSIONS

The adopted constructive measures for the Aqaba New Port-Phase 2 project allowed to guar-
antee the adequate response against seismic actions. In particular the use of TITAN micro-
piles as tension piles has simplified and speeded up installation and continuous controls
during construction, has allowed connecting the diaphragm walls to the tension pile heads
with a hinge in the way to avoid bending moments at the head of the tension piles in case of
earthquake guaranteeing at the same time the durability of the tension piles and the structure.
The analysis carried out adopting the performance-based seismic design approach has con-

firmed the elastic behavior of the tension piles and the whole structure for both earthquake
levels L1 and L2 with deformations and displacements within the allowed levels.
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