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SYNOPSIS Traditionally, quay walls in harbours along the coast of Saudi Arabia were often

constructed as gravity structures in the form of precast hollow concrete blocks. Recently, piled 

structures have been designed as an alternative to the blockwalls. This paper discusses the 

geological factors and soil parameters to be anticipated for the design and installation of piles 

for offshore projects along the Red Sea coast of Saudi Arabia. A case record is presented for a 

project, where precast prestressed concrete piles were driven and load tested. The pile load 
tests carried out confirmed the accuracy of the required driving sets, determined by the wave 

equation analysis.

INTRODUCTION

When designing foundations for marine 

structures in the carbonate sediments and rocks 

on the continental shelves between the 

latitudes 30 degrees N and 30 degrees S, few 

data are available to establish design 

criteria. McClelland (1974), Agarwal et a l . 

(1977), have suggested limiting values of unit 

frictional resistance and end bearing to be 

used for piles driven into such materials. 
Angemeer et al. (1973 and 1975) have published 

results of offshore pile load testing in 

calcareous soils, but for deeply embedded 

piles only.

The heterogeneous nature of the submarine soil 

and rock strata present along the eastern 
Red Sea coast makes it difficult to develop 

design and construction parameters for general 

a p p lication.

GENERAL GEOLOGY AND SUBSURFACE CONDITIONS

Figure 1 shows a generalized geologic cross- 

section of the Red Sea shelf bordering the 

coastal plain of Saudi Arabia.

Numerous coral reefs are present in the Red Sea 

along the coastal plains of Saudi Arabia. The 

reefs extend generally in long strips parallel 

with the coast, and are called fringing reefs 

when attached to the coast, or barrier reefs 
when detached from the coast. Coral debris 

from breakage by wave action falls into the 

voids and cavities of the reefs and forms 

blankets of skeletal sands down their slopes.

The sea floor between the coral heads and reefs 
is covered with marine sediments. These 

consist of loose to medium dense carbonate 
sands, silts and clays with layers of coral.

From the inland mountains, material has eroded
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to form the coastal plain, which consists of 

gravel, sand and silts. These alluvial 

deposits extend from the shoreline out to 

underly and intermix with the reef deposits 

and marine sediments. The alluvial deposits 

were encountered in offshore boreholes as 

brown, dense to very dense sands and gravels 
with cobbles. The gravels and cobbles are 

from igneous or metamorphic origin.

The fringing reef forms a barrier that prevents 

the carbonate detritus and sediments, as well 

as the land derived alluvial deposits, from 

being transported into the deeper waters of the 

Red Sea. This back reef lagoon area consists 

of fine-grained carbonate sand, silt, and clay, 

which vary in density from very loose to medium 

dense. The depth of the loose to very loose 
sediments encountered in boreholes drilled 

reached maximum depths of 10 to 15 meters.

Older buried coral reefs, formed at the time 

when the sea level was considerably lower than 

today, were found in some boreholes. Carbonate 

rock formations have also been encountered, 

which are the result of désintégration of the 

coral and subsequent recementation into a 

heterogeneous rock mass. The carbonate silt- 
stone present in boreholes below the marine 

sediments and land derived alluvial deposits 

was medium hard to hard.

Figure 2 shows a borehole log with test 

results, typical for the back reef lagoon area.
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The Rock Quality Designation (RQD) is a 

modified core recovery percentage, in which all 

pieces of intact core over 10 cm in length are 

added together and divided by the length of the 

core run. The RQD is used to estimate the 
engineering behaviour of a rock mass.

The point-load test is used for strength 

classification of rock materials. During the 

test a piece of rock core is compressed between 

two points. The point-load index is calculated 

as the ratio of applied load P, to the square 

of the distance D between the loading points.

SELECTION OF FOUNDATION TYPE

The precast hollow concrete block walls, 

traditionally used for construction of quay- 

walls in Saudi Arabia, have a potential long 

life and require minimum maintenance. However, 

such structures must be placed on dense 

foundation strata to prevent tilting, and 

cracking of the elements due to differential 

settlements. Consequently, loose sediments 
present below the foundations have to be 

removed and replaced by stone fill.

Pile supported structures are more adaptable to 

variations in soil conditions, and removal of 

loose in-situ sediments as required for block- 
walls is not necessary. Pile construction is 

especially economical in greater water depths.

Open-ended steel pipe piles are often selected 

for ease of installation in sub-surface 

conditions described above. These piles can 

withstand hard driving, penetrate dense coral 

strata to specified minimum penetration depths 

and can be handled in long lengths. However, 

the highly corrosive sea environment 
necessitates special measurements such as 

protective coatings and cathodic protection.

When selecting precast concrete piles, it is 

important to have special jointing systems and 

splice details, in view of unforeseen 

variations in sub-surface conditions to be 

expected between borehole locations.

EXPERIENCE WITH PILED FOUNDATIONS 

General

The Authors have been involved in the design of 

a project, where a maintenance free system of 

precast prestressed concrete piles was utilized. 

The load case record selected for presentation 

in this paper, pertains to one of the 
compression load tests carried out during 

installation of these concrete piles.

Figure 3 shows the sub-surface data and driving 

record for the test pile discussed hereafter. 

The size of the prestressed concrete test pile 

was 60 cm octagonal with a hollow core, 34 cm 

in diameter. It can be seen that the pile was 

driven in coral, carbonate soils and weakly 

cemented limestone rock. Alluvial deposits 

were present in relatively thin layers.
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Fig. 3 Sub-surface Data and

Ultimate Bearing Capacity

Evaluation of the axial capacities of the 
concrete piles was based on static analysis 

methods, using a safety factor of 3.0. As 

undisturbed samples could not be taken, the 

Standard Penetration Test (SPT) N values 

recorded in the boreholes were used for 

defining the soil and rock parameters. 

Limiting design values for both friction 'f' 

and unit end bearing 'q' were assigned to 
typical soil and rock strata present. 

Limiting values used in the design are shown 

in table I below:

TABLE I

Limiting Values for driven Piles

Soil and Rock Type
fmax

kPa

qmax

kPa

Alluvial Soils 98 9800

Carbonate Sands 20 2940

Carbonate Silts 25 220-400

Skin friction between carbonate rock and pile 

wall has been assumed low, as it is expected

Driving Record of Testpile.

that the structure and cementation of the rock 
will be broken up during driving of the piles.

Wave Equation Analysis

The wave equation analysis by computer was used 

to predict the stresses in the concrete piles 

during driving and to establish driving 
criteria for installation of the piles. The 

hammer was a Kobe Diesel Pile Hammer KB 45 with 

a 44 kN ram and a rated energy of 132 kN-m. A 

hardwood capblock and hemlock pile cushion 

block were used.

BLOWCOUNT, BLO W S  PER 30 cm

Fig. 4 Wave Equation Results KB 45 Hammer.
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Figure 4 shows the results of the wave 
equation analysis performed for a 34 m  long 

pile with 18.0 m embedment. The soil resis

tance considered in the analysis was primarily 

from end bearing. The analysis indicated that 

the required ultimate capacity of 3600 kN could 

be attained at approximately 30 blows per 30 cm.

Pile Load Test Results

Several compression load tests were performed 

in accordance with ASTM Method D 1143. The 

total static test load was 2400 kN, twice the 

maximum design working load. Figure 5 shows 

the results of the compression load test 

performed on the testpile of figure 3.

0 500 1000 1500 2000 2500

COMPRESSION LOAD ON PILE HEAD, kN

Fig. 5 Compression Load Test Results.

A tension load test was also carried out on 

the test pile, upon completion of the 

compression load test. Failure did not occur 

during the total uplift load of 500 kN. The 

results are shown in figure 6.

1. Interpretation of the compression load te. 

shows clearly that up to approximately 
1800 kN the test load is supported by skir 

friction only. The elastic deformations 

measured from the load test results are 
nearly equal to the theoretical elastic 

deformations for a friction pile with 

uniform stress distribution to the soil 

over the full embedded pile length.

2. Distributing the 1800 kN uplift capacity 

uniformly over the embedded surface of the 

pile results in 50 i:Pa unit skin friction. 

This seems to indicate that the limiting 

values in Table I for the carbonate rock 
and soils are conservative. However, the 

use of higher design values should not be 

adopted until more documented test data 

warrants such for piles with shallow to 

medium embedment depths in carbonate soils 

and r o c k s .

3. The compression test carried out confirmed 

the sets determined by the wave equation 
analysis for the ultimate soil resistance 

required. Failure had not been achieved at 

the total compression load of 2400 kN for 

the case record discussed in this paper.

The wave equation analysis indicates that 

the soil resistance is approximately

3000 kN for the blow count of 22 blows per 
30 cm, at which the testpile was terminated.

4. The static method of analysis based on 

SPT N values recorded, can be used to 

provide a preliminary indication of pile 

penetration depths to be expected for the 

ultimate pile capacities required. When 

sub-surface conditions change considerably 

between borehole locations, as is typical 
for the Red Sea area along Saudi Arabia, 

pile installation should be based on 

deriving a specific set or refusal rate 

during driving. Pile load tests are then 

necessary to verify the wave equation 
analysis results.

CONCLUSIONS
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