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Abstract 

Port works are amongst the largest achievements in the field of engineering. Its foundations are an 

important component in terms of port structures, being many of these structures supported by a set of 

piles, vertical and inclined - when necessary. Thus, a case study was used to serve as a basis to 

consolidate the mentioned above subject. Its object was the pier of Alemoa terminal, which is a multi-

purpose terminal, deployed and operated by the company BTP which is located on the right margin of 

the Port Complex of Santos, Brazil. With the aim to evaluate possible optimizations of the proposed 

solution on the execution phase, where precast reinforced concrete piles were used, it is designed and 

verified the geotechnical and structural safety to understand which parameters have the greatest 

influence on the design and structural behaviour. The proposed variants will be evaluated in terms of 

feasibility (both technical and economic). Specific characteristics such as the use of inclined piles (as 

result of horizontal solicitations) or the choice of driving equipment (depending on the diameters of the 

piles) are key aspects to be considered in terms of the best alternative. 

Keywords: Port Structures, Pier, Driven Piles, Soil-Structure Interaction, Pile Load Capacity, Alemoa 

Terminal. 

I. Introduction 

The port works refers to massive construction with the aim of withstand the high structural efforts, 

therefore slender structures are not recommended. In fact, they are essentially subject to the following 

efforts: 

• High horizontal loads due to the impact of the vessels and the stresses on mooring cables for vessels; 

• Vertical loads concentrated due to loading and unloading equipment; 

• Effect of soil pressures, which may be comparable with other loads. 

The main objective of this dissertation is to introduce the design and optimization of a construction site 

infrastructure, i.e., a pier that consists of a board and foundations in piles (of the open-facing pier type), 

allowing the possibility of alternative solutions with the objective of assisting future projects of this nature 

and understanding which parameters can influence an economy in its design. Further on, proposals for 

optimization will be presented. 

II. The Case Study 

The study project of this dissertation refers to a multipurpose terminal, located in the Santos Basin, 

designed for container and liquid bulk movement operations. The terminal was implanted in 2 phases, 

as exemplified in figure 1, having been executed over 29 months: 
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Phase 1: Formed by four 

mooring berths, patio for 

containers and buildings in 

general; 

Phase 2: Consisted by multi-

use berth for bulk liquids and 

containers and a 

supplementary yard for 

containers storage (retro-area). 
 

Figure 1 – General layout [1] 

Geological and geotechnical aspects 

The terminal located in Santos Basin is at a low altitude and within an estuary, allowing sedimentation 

in the region. The Santista lowland is unique due existence of soft soils resulting from sedimentation 

cycles. Depending on the granulometry, the materials can be divided into silty clays and sands. 

Concerning the clayey soils these can be grouped in Transitional Clays (AT), Flux-Lagunares Sediments 

(SFL) and Modern Sediments (Mangrove) 

 

Figure 2 – Geological-Geotechnical profile on the implantation area, adapted from [1] 
 

Structural Design 

The Alemoa terminal is suitable for a bridge-quay structure based on open facing piles, i.e., without a 

front vertical curtain, as can be seen on figure 3. With a slope below the quay, along with sheet piles 

curtain, which separates the retro-area of the berth structure, allows the relief of stresses due to soil 

pressures. The above mentioned depicts a current solution and used in other port complex of Santos´ 

works due to the geotechnical conditions of the site. 

The terminal's dock is 1108.12 meters long, composed of five parts equally lengthed 221.6 meters 

Separated by structural joints of neoprene allows free movements / deformations associated to 

temperature variations or retraction of the concrete without efforts transmission. The berth is composed 

of operational vessel draft approved between -13 meters and -14 meters in the low sea, although the 

berth has been designed to reach depths of up to - 17 meters. 
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From sections 2 to 5 (typical part) it was decided to use a relief platform which consists of a buildable 

structure division. The purpose was to resist the efforts due to soil pressures. Furthermore, the dock is 

intended to support the remaining cargoes. 

The dock superstructure platform is comprised by longitudinal beams (Axes A to F) and the slab (precast 

pi slab + concrete slab). 

 

Figure 3 – Terminal cross-section, adapted from [2] 

 
Figure 4 – Representation of the deck with the piles for part 2 of the quay 

 

The object of study was restricted to the analysis of the pier, where there is an incidence of mooring and 

berthing actions of ships and equipment loads. The piles used on fieldwork are prefabricated, in 

reinforced and pre-stressed concrete with a hollow section with a diameter of 80 cm and a wall thickness 

of 15 cm. The precast concrete piles were made with a length of 48 m. The pier is subjected to vertical 

actions, namely the weight of the structure, the overloads of the containers and the mobile loads of 

equipment (STS Gantry Crane and MHC Mobile Crane). Horizontal actions include berthing and 

mooring of ships, braking and wind action on Ship-to-Shore equipment and imposed deformations such 

as temperature and shrinkage. 

III. Structural Modelling 

The structural modelling was performed through SAP2000 finite element three-dimensional calculation 

program. To ensure the height effect decreases in the longitudinal direction, the slab was modelled with 

an orthotropic material (see figure 5). 

It was modelled longitudinal beams with respect to axes A to F and transversal beams from pi slab. The 

piles were modelled as supported on the tip, due to the existence of the layer of sandy soil of high 

thickness and laterally by horizontal springs in both directions, in order to be considered the effect of 

soil-structure interaction 𝐾ℎ,𝑠𝑝𝑟𝑖𝑛𝑔 = 2560 𝑘𝑁/𝑚, where subgrade reaction coefficient used in the design 

is given by 𝑘ℎ𝑥,𝑦
=  (300 ∗ 𝑁𝑆𝑃𝑇

𝑚𝑒𝑎𝑛) (1,5 ∗ ∅𝑝𝑖𝑙𝑒) [𝑘𝑁 𝑚3⁄ ]⁄ . 
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Figure 5 – Deck - Cross Section and Longitudinal Section, adapted from [2] 

 

Figure 6 – Finite Element Model - ZX 3D plane 

Infrastructure behaviour analysis accordingly soil-piles-deck interaction for horizontal loading 

Two-dimensional forces were simulated independently considering the three-dimensional model 

associated with another type of modelling which was performed using two-dimensional approximate 

methods that will support and validate the FEM model. The previously mentioned model has the 

objective of evaluating and understanding the behaviour of the structure in function of the horizontal 

loads that the piles are subjected, allowing to determine the conditioning alignments and to interpret the 

interaction between the deck and the piles. 

a) Three-dimensional Model (FEM) 

For the longitudinal loading it is verified from the deformed one represented by figure 7 that the 

displacement field of the piles of each axis is almost uniform. From the model it was found that the shear 

forces [Vy] and the concentrated moments [Mx] in the piles are practically constant in each transverse 

alignment. This results from high rigidity of the superstructure over the rigidity of the pile assembly, in 

the longitudinal direction, forcing the structure to behave like a rigid body. It is also noted that the F-axis 

alignment piles absorb most of the load (approximately 36% of the load) due to their longer over hanging 

length (greater rigidity). 

For the transverse loading, it is verified that the displacement field (see figure 8) is not uniform in the 

longitudinal direction, since the deck presents a plate behaviour (bending in its plane). This is due to 

the rigidity of the deck being less than the rigidity of the set of piles causing it to react in a flexible mode. 

The inclined piles (D-axis) absorb most of the stresses (approximately 80% of the load) through axial 

forces. 

 

Figure 7 – Deflection for longitudinal load 

 

Figure 8 – Deflection for transversal load 
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b) Simplified Model 

The horizontal loads distribution, and consequently the efforts 

originated in the piles, depend on the transversal rigidity of the set 

of piles. It was noted that the relative rotation between the deck 

and the piles is almost null, hence it is possible to obtain the 

parameter of the rigidity and elastic length by using the simulation 

of an isolated pile recessed at the top for the different alignments 

and axes (see figure 9). This model establishes a good 

approximation in terms of the determination of efforts in the piles. 

 

Figure 9 – Isolated Pile Model 

However, it is necessary to account the interaction effect between the deck and the piles. Thus, the 

tray was simulated by springs (see figure 10) which represents the piles alignments in which the 

stiffness of the spring is obtained by the sum of rigidities of the piles alignments. The piles forces are 

obtained as a function of the displacement of the deck in the alignment of the pile. 

 

Figure 10 – Deck with springs representing the alignments 

of the piles 

The behaviour of the structure is classified 

as rigid (λ <1), flexible (λ> 3) or semi-

flexible (1 <λ <3) according to the relative 

stiffness parameter between the 

superstructure and the pile set [λ] ). 

Rigid behaviour 

  
Figure 11 – Rigid diaphragm behaviour of the deck in 

longitudinal direction (longitudinal loading) 

 

In terms of the longitudinal loading 

situation, the structure behaves as a rigid 

diaphragm (without plate bending 

displacements). It was found that the 

displacements from this formulation is 

practically coincident when obtained by the 

FEM model, with relative errors of 

approximately 0.6%. 

Non-rigid Behaviour 

 

 

Figure 12 – Adaptation of the deck´s pier for a non-rigid 

beam on elastic supports with equivalent inertia referring to 

the longitudinal direction (transverse loading) 

For the transverse loading situation, the 

structure reveals a semi-flexible 

behaviour. The displacements can be 

obtained by the formulation of a semi-

flexible beam on an elastic medium, where 

its deduction is patent on the bibliography 

(Hetenyi 1946). This formulation 

demonstrates precise results with relative 

errors in relation to the FEM model ranging 

from 0.2 to 5%. 
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IV. ANALYSIS OF RESULTS 

The forces and displacements were analysed in the operation phase of the port as well as the influence 

of handling and driving phases of the piles. The geotechnical evaluation was carried out in terms of the 

load capacity of the piles. The structural verification, design and detailing of the pile was finally carried 

out. 

Forces and Displacements Calculation 

For the end axes (A and F), it is observed that the conditioning combination is the Vertical ULS-STS, 

because the loading equipment STS, when moving along the beams, causes high axial forces and high 

bending moments in both directions, especially in the y direction, due to the great eccentricity to the 

centre of rigidity in the x direction. For the central axes (B to E) was the combination ULS - STS 

Transversal, due to the high bending moment levels that the lateral load originates (wind in crane).  

Most of horizontal actions are absorbed by inclined piles that worked predominantly as lattice elements, 

resisting axial forces 

Thus, for the design, the vertical pile of F axis will be analysed in the compression case, and the inclined 

pile of D axis in the tensile case. 

Table 1 – Maximum calculated forces in piles 

Pile 
N 

(kN) 
Vx 

(kN) 
Vy 

(kN) 
Mx 

(kN.m) 
My 

(kN.m) 
Veq 
(kN) 

Meq 

(kN.m) 
 Nsd,working 

(kN) 

Axis D (inclined) 1077,2 21,0 27,1 251,9 323,8 34,3 410,3      770 
Axis F (vertical) -5190,7 -67,8 -63,2 -558,2 -585,8 92,7 809,2  - 4060 

 

It should also be noted that the second-order effect on the piles were not accounted. The project 

experience demonstrates that the effects of buckling of piles in Santos region are minimal. 

Table 2 – Displacement for Base Project 

δy (cm) - Longitudinal δx (cm) -Transverse 

Elongation Shortening Land-Sea Sea-Land 

2,30 2,80 1,81 1,91 
 

 

Figure 13 – Longitudinal Displacement δy (Shortening)  

 

Figure 14 – Transverse Displacement δx (Sea-Land) 

 

One of the project criteria for measuring allowable displacements is the limitation of damage in terms of 

maximum displacements, as the costs of repairing (operational limitation) should not be very high. The 

allowable values used in the project are: 

• Transverse displacement to the pier - δx <5 cm, related to the rail equipment; 

• Longitudinal displacement to the pier - δy <7 cm, related to the limitation of the neoprene joint.  

[mm] 
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Pile Load Capacity 

The calculation of the allowable load on the piles was done according to the static method, using semi-

empirical methods (Aoki-Velloso and Décourt-Quaresma) and from the dynamic load test results 

(following the approach of NBR 6122 and EC7). 

 

Figure 15 – Stratification of the ground around 
the SP8 for the calculation of the static method 

 

a) Static method 

Two solutions were tested for two foundation levels  

(-35.00) and (-45.00). For the solution 1, it was 

obtained Ru = 4084 kN, and Ru = 9963 kN for solution 

2. The first one did not reach desirable resistances 

(SF <1,6). 

b) Semi-empirical methods 

For the calculation of these methods based on SPT 

results, it was used the data of 3 loggings (SP7, SP8 

and SP9) and it was performed using a spreadsheet. 

For the Aoki-Velloso method, safety is checked at the 

level (-45.00) where the Radm reaches the value of 

4290 kN. 

For the Décourt-Quaresma method, safety can be 

checked at the level (-40.00) where the Radm reaches 

the value of 4801 kN.  

 

c) Dynamic testing 

In the project, 11 dynamic load tests were defined. In the approach of NBR6122, it is obtained the safety 

factors, in which case all the tests verify the SF> 1.6 safety criteria. In the EC7 approach, given by Article 

7.6.2, the permissible load value is calculated, where it took the value 𝑅𝑐𝑑 = 4475 𝑘𝑁 > 4060 𝑘𝑁. 

It was also observed through the CAPWAP results that there is also a considerable gain from the Set-

Up effect, which guarantees an extra margin in the verification of the resistant capacity of the pile. 

 

Ultimate Limit State Analysis 

From the EC2 procedures, given that the steel used by the manufacturer is equivalent to the A500 NL 

and the concrete to the C40 / 50, the safety for the ULS of the compression / traction, shear and biaxial 

bending (because of symmetry of section, the biaxial bending problem simplifies in flexural bending with 

axial force). 

Shear - The handling phase was more critical. According to article 6.2.3 of EC2, the value of the shear 

reinforcement was determined, bars of 𝜙8 and a step of 0.15 m were adopted. 

Bending moment with axial load - The moment and axial load interaction diagrams were prepared based 

on spreadsheets according to EC 2. In the following figure shows different reinforcements solutions 

were, the points of the maximum working forces pairs. 
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Figure 16 – M-N Interaction diagram for the hollow circular 
with 0,90 in external diameter and 0,15 m in wall thickness 

for the reinforcement solutions of 19Ø16, 19Ø20 and 
19Ø25, and calculated forces for piles per axis 

 

By analysing the graph, 19Ø20 reinforcement 

is required to verify the safety. For the cover 

selection were used the procedures of 

standards NBR6118, EC2 as well the 

recommendations of LNEC E464. 

 

Figure 17 – Detail of the reinforcement of the 
concrete pile 

 
 

Note: The high-strength (steel) strands 
necessary to guarantee cracking control are 
not represented. 

V. OPTIMIZATION PROPOSALS 

For the preparation of variants to the project, it was studied the influence of three parameters, one in 

terms of numerical modelling and two in terms of structural design. 

a) Horizontal reaction coefficient of soil – the influence of this parameter is insignificant both forces 

and displacements. 

b) Pile inclination - the execution of inclined piles offers greater difficulty, reducing the productivity 

of the work and demanding a greater control of driving, so whenever possible they should be avoided. 

c) Pile diameter - the diameter of the pile influences the design of the project, as it allows an 

increase in the load capacity of the piles, affects the spacing and their number. The critical factor is 

correlated with their construction driving for the same hydraulic hammer. 

Alpha Variant 

From the baseline solution where there were 54 inclined piles and 196 vertical piles (250 in total), we 

one attempted to eliminate all the inclined piles (axis D) replaced by vertical piles as shown in figure 18. 

 

Figure 18 – Plan of Pier for Alpha Variant 
 

Table 3 - Calculated forces for the Base Project and Alpha Variant (critical case) 

Axis F N (kN) Vx (kN) Vy (kN) Mx (kNm) My (kNm) Veq (kN) Meq [kNm) 

Base Project -5190,7 -67,8 -63,2 -558,2 -585,8 92,7 809,2 

Alpha Variant -4950,2 -184,5 -61,6 -530,1 -1450,1 194,5 1543,9 
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It was noted that the forces level observed in the concrete section shows a non-ductile behaviour with 

a reinforcement greater than 4% Ac. In addition, it was found that the displacements of the structure are 

very significant (δx = 6.38 cm). It is therefore concluded that the alpha variant is not recommended 

 

Beta Variant 

For this solution, it was intended to use piles of external diameter of 90 cm in detriment of those of 80 

cm, with same 15 cm in wall thickness. For the purposes of the new design, a value of 4970 kN was 

reached for the permissible load by the Décourt-Quaresma method for the level (-45.00). At the level (-

47.00) the 𝑅𝑎𝑑𝑚 value reaches 5580 kN. 

The following figure shows the configuration of this variant in plan, where 42 inclined piles and 154 

vertical piles (196 in total) will be used. 

 

Figure 19 – Plan of Pier for Beta Variant 
 

In this variant it was verified that the working load for the most unfavourable situations were: 

Pile Nsd,working (kN) 
Axis D – Inclined (tensile)     871 

Axis F – Vertical (compressive) - 5114 
 

Based on dynamic formulas, it is possible verify the feasibility 

of using the same hydraulic hammer (Junttan HHK 16) for the 

driving. The pile driving formula of Brix was used, as follows: 

𝑅 =
𝑊2 ∙ 𝑃 ∙ ℎ

[(𝑊 + 𝑃)2 ∙ 𝑒] ∙ 𝑆𝐹
 (1) 

where W – weight of hammer (kN); h- drop of hammer (m); 

R – the allowable pile load; e – pile penetration; P - weight of 

pile; SF – safety factor. 

 

Comparing the factors of safety, it is concluded that the 

hammer used in base project can also be used in beta variant. 

 

The same procedure was followed as for the base project 

safety verification. It is concluded that the shear reinforcement 

of the base solution (Ø8 // 15) can be maintained. By plotting 

the M-N interaction diagrams for 3 reinforcement proposals 

(19Ø20, 24Ø20 or 29Ø20) for this design section. As it is 

observable in figure 20, by adopting a vertical reinforcement of 

24Ø20, the section checks the safety for the sets of forces 

pairs. 

 

Figure 20 – M-N Interaction diagram for 
the hollow circular with 0,90 in external 
diameter and 0,15 m in wall thickness 

for the reinforcement solutions of 
19Ø20, 24Ø20 and 29Ø20, and 

calculated forces for piles per axis 
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It is considered that the 

solution of the beta variant is 

more economical, as savings 

in concrete, steel and 

equipment costs are 

obtained, since the number of 

drivens to be done is lower. 

Table 4 - Quantities for concrete and steel (Base Project and Beta Variant) 

Parameters 
Base 

Project 
Beta  

Variant 

Piles Data 

External diameter (cm) 80 90 

Number 250 196 

Length (m) 48 48 

Concrete 
Volume per pile (m3 / m) 0,306 0,353 

Total Volume (m3) 3 674 3 323 

Longitudinal 
Reinforcement 

Area of Reinforcing Bars 
(cm2 / m2) 

59,66 75,36 

Weight per pile (Kg / m3) 46,93 59,28 

Total Weight (kg) 563 160 557 706 
 

VI. FINAL CONSIDERATIONS 

To conclude the case study, the vertical actions were more constraining to the design than the horizontal 

actions, due to the eccentricity of the very high load of the crane on rails, which causes significant 

bending moments in the piles. 

The use of simplified models, in the analysis of the response to horizontal actions, was very interesting 

as they were able to provide a reliable order of magnitude for the forces, allowing the understanding of 

the functioning of the three-dimensional model and indicating the most critical loading positions. 

The structural arrangement, which included inclined piles, allowed less displacements in the quay in the 

context of vessel action and environmental actions (wind in the crane), because of its greater horizontal 

rigidity. 

The study of the piling optimization revealed to be challenging since the solution of the execution project 

already minimized the total cost of the structural system and presented a good behaviour. With the 

opportunity to use the same hydraulic drilling hammer which has been confirmed, the use of precast 

concrete piles with a wall thickness of 15 and diameter of 90 cm, to the detriment of a diameter of 80 

cm, was shown cost-efficient, since it requires smaller quantities of concrete and reinforcements. The 

beta variant solution also brings constructive benefits, both at time for execution and in terms of 

production, as the number of piles to be driven is much lower, which also translates into economic 

advantage. 
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