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Abstract

Four instrumented sites, with a total of 14 instrumented piles, have been analysed to

understand the structural behaviour of the piles and the geotechnical behaviour of the

stabilised slopes. Vibrating wire strain gauges are used for the calculation of the bending

moment applied to the piles, while inclinometers are used to measure the displacements.

A review of the instrumentation has been carried out and a methodology for processing

and analysing strain gauges data has been developed.

Concrete is a material with a complex behaviour. Shrinkage, creep, cracking, tem-

perature variations, strength and modulus of elasticity of concrete are critically analysed

to understand their in�uence on the concrete pile behaviour and on the function of the

strain gauges. The results show that creep and shrinkage e�ects can be neglected in

underground reinforced concrete structures in saturated clay, while cracking e�ects and

temperature variations have to be analysed case by case. A correction method has been

developed to consider the di�erence between the coe�cient of thermal expansion of the

strain gauges and that of the concrete. Two types of pile have been analysed, standard

reinforced concrete piles and circular concrete-�lled steel tubular piles. A review of their

behaviour in bending that considers the development of cracking is presented.

Two methods for the calculation of bending moment in the piles have been de-

veloped taking into account realistic stress/strain curves and the e�ects of concrete

cracking. The bending moment results are compared with the inclinometer pro�les us-

ing an improved version of an existing curve �tting method. The comparison shows

good agreement between the two instrument results.

A critical analysis of the pile/soil behaviour has been carried out comparing the

results from the instrumented sites with theoretical mechanisms for landslide stabil-

ising piles presented elsewhere. The results show a good match with the theoretical

mechanisms as well as showing that the slopes have been successfully stabilised.

Other observations have been made during analysis of the monitoring data. These

include the seasonal e�ects of climate and vegetation on stabilised slopes and the struc-

tural e�ect of the external grout ring in laterally loaded circular concrete-�lled steel

tubular piles.
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Chapter 1

Introduction

1.1 Background

Most of the earthworks for highways and railways were built decades ago, often over 100

years in the case of the railways. The design and construction methods used, in some

cases, were not to modern standards. In some other cases, gradual deterioration and

weathering of the structures has diminished their performance over the years. Today

slope failure or excessive displacements are common problems a�ecting highway and

railway slopes (both embankments and cuttings) in clay soils [O'Brien (2007)]. The

problem is extremely delicate for railway embankments where even small displacements

can modify the position of the tracks. To maintain high safety standards for modern

fast trains, this can not be allowed. Highways, and other roads, can tolerate small

movements, but the increasing volume of tra�c, and thus load, can make movements

too large and potentially dangerous for tra�c vehicles. The road system is also subjected

to an increasing volume of tra�c, which in some cases requires a widening of the major

roads and their supporting infrastructures. To limit the occupation of land (and thus

to limit the costs) there is the tendency to build steeper slopes and retaining structures.

Figure 1.1: Ironbridge stabilisation works, during the installation of the piles (left)
and after the completion (right).

Discrete piles are used increasingly to stabilise slope failures or as a preventative
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CHAPTER 1. Introduction

method to increase the factor of safety of the slope. The method consists of one or more

rows of piles in which the piles are spaced apart from each other and not connected in

any way. The piles extend through the unstable soil into a stable layer (a bedrock where

possible), acting as a restraint. The advantages of discrete piles over a retaining wall

are reduced cost due to material saving and low environmental impact since the piles

are completely buried in the slope (�g. 1.1). The method is still in development to

understand which distance between the piles is most appropriate in relation to the soil

characteristics, the loads applied to the pile and the expected behaviour of the structure.

In particular the number of case studies about discrete piles is much smaller than for

axially loaded piles and for active laterally loaded piles (where the load is applied at

the top of the pile).

There are some uncertainties in understanding the measurements of the long term

behaviour of discrete piles. These uncertainties are connected with the calculation of

the e�ective bending moment pro�le and the relative displacement of the pile and of

the soil; the calculation of the pattern of soil pressures acting on the pile resulting

from slope movements; and the speci�c long term behaviour of a discrete concrete

pile. E�ective determination of bending moment pro�le is dependant on the di�erent

instruments used to measure the bending strains, concrete parameters and theories used

to calculate bending moment. For example, there can be quite large di�erences between

assuming concrete is uncracked or fully cracked [Ng et al. (1992)]. This generates a range

in the results from the same instruments which only increases the uncertainties. Creep,

shrinkage and temperature e�ects can also in�uence the data output of some instruments

leading to a further error in the bending moment results. Fellenius et al. (2009) analysed

some of the e�ects of temperature and shrinkage in piles, but the research about the

e�ects of creep on concrete piles is still poor. Some other di�culties lie in the calculation

of the soil pressure distribution from measured bending strains and displacements, and

di�erent authors have approached the problem in di�erent ways [Nip and Ng (2005),

de Sousa Coutinho (2006)], leaving the choice of the best method unclear. All this

makes the analysis of the long term structural behaviour of a concrete discrete pile

di�cult.

It is necessary to monitor discrete piles in di�erent conditions (type of slope, ma-

terial, dimensions and parameters) to fully understand their behaviour. Of particular

interest is the behaviour over long periods of time since the pile can follow di�erent

mechanisms to resist the movement of the unstable slope. Idealised failure modes for

rigid piles stabilising sliding ground have been introduced by Broms (1964) and further

analysed by Viggiani (1981) and Poulos (1999). The pile can be �xed in the stable layer

and the unstable soil �ows around it; the pile can rigidly rotate around a point close to

its base; or it can be dragged by the unstable layer, ploughing through the stable one.

The ultimate mechanism is typically determined during the design phase, but the pile

can have a di�erent intermediate behaviour during service depending on many factors

(soil parameters, spacing, depth of the slip surface, design of the pile, concrete para-

meters). The analysis of case histories can widen the understanding of the in�uence of
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the di�erent parameters. A long term analysis can reveal the complex behaviour of the

pile/slope interaction and the impact of seasonal variations on the pile displacements.

This is important in clay slopes where the seasonal variation of water content can play

a central role in instability and shrinkage and swelling in clay materials. Increasing

pore water pressure in the slope can lead to slope movements that increase the load on

the piles and, potentially, cause displacements of the entire structure. The magnitude

of the seasonal variations are connected with the type of vegetation covering the slope,

increasing the complexity of the problem. Only a few studies have been carried out on

the e�ects of vegetation on the pile behaviour in volume sensitive clays (e.g.Crilly and

Driscoll (2000)).

During monitoring, the type of instruments used plays a major role. There is usually

the possibility to check between di�erent instruments, to verify the results obtained.

The analysis of the instrumental data have to take into account all the actions a�ecting

the structure and the concrete properties. It is likely that an appropriate method must

be used for each instrument and adapted to the speci�c structure to obtain reliable

information. As introduced earlier, the interpretation of the results must also take into

account speci�c concrete processes and parameters which can modify the behaviour of

each instrument. For example, the presence of cracking modi�es the sti�ness of the

pile; the evaluation of the Young's modulus of concrete a�ects the magnitude of the

bending moment calculated [Ng et al. (1992)]; the magnitude of shrinkage can modify

the strains in the pile [Fellenius et al. (2009)], and the development of creep which can

also a�ect the bending strain.

To monitor piles, it is common to use inclinometers, which measure the displace-

ments along the pile. Strain gauges (usually the vibrating wire type) are also increas-

ingly used to measure the strains in speci�c locations of the pile. The in�uence of some

of the above on both instruments are not fully established and developed, but there is

the potential to generate a method to fully analyse the behaviour of piles that takes

into account all the in�uences and parameters.

1.2 Aims and objectives of the research

The aim of this research is to understand the structural and geotechnical behaviour of

an instrumented reinforced concrete pile using measured strains and displacement data.

Instrumented piles from four sites are considered. The following objectives have to be

met in order to reach the aim of the research:

1. Understanding and quanti�cation of the concrete processes (shrinkage, creep,

cracking and temperature) and parameters (stress/strain curves and strength of

concrete) on the piles and their e�ects on the instrumentation;

2. Development of a method to interpret the data coming from the instruments

(vibrating wire strain gauges and inclinometers) which takes into account the

concrete processes and parameters;
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3. Development of a more accurate method for the calculation of the bending moment

a�ecting the piles (both standard reinforced concrete and circular concrete-�lled

steel tubular piles) that takes into account the non-linearity of the stress/strain

curves and the e�ects of cracking;

4. Improving the method for the comparison of bending moment and displacement

pro�les to check the consistency of strain gauge and inclinometer results and to

develop shear force and soil pressure pro�les;

5. Study of the geotechnical behaviour of the piles, analysing:

• pile/slope interactions,

• soil pressure distribution,

• relative movements between the pile and the soil.

1.3 Summary of the chapter contents

Chapter 2: Background

All the technical details and theoretical principles of the instrumentation used (vibrating

wire strain gauges, inclinometers, thermistors and data-loggers) are considered. The

relevant literature about concrete materials and properties (strength of concrete and

stress/strain curves for di�erent types of pile) is presented. Particular attention is

placed on the analysis of shrinkage, creep and cracking e�ects (concrete processes) and

on the way they a�ect the instrumentation readings.

Chapter 3: Instrumented sites and raw data

This chapter shows the layout of each instrumented site, with technical plans, views

and sections of each instrumented pile. The position and the identi�cation for each

instrument are shown.

Chapter 4: Interpretation of strain gauge data

The analysis of strain gauge data is explained in detail and considers how to obtain

absolute strains from the data-logger reading; how to correctly set the datum; and how

to remove interferences. The temperature correction approaches used are demonstrated

using three case histories. A method for detecting concrete cracking with strain gauges

is considered and applied to two particular cases.

Chapter 5: Calculation of bending moment using strain gauge data

Two new methods are developed for the calculation of the bending moment in the piles

using strain gauge data. One automatically considers the opening of cracks (Automatic

Cracking Method, ACM), while the other considers the concrete uncracked until the

strain gauges show the presence of a crack, then the results are manually corrected
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for each cracking event (Manual Correction Model, MCM). The models are tested by

application to four di�erent piles from four di�erent sites and the results are used to

understand which model is giving the best results in the particular situations.

Chapter 6: Inclinometer results and curve �tting analysis

The typical displacement pro�les calculated from the inclinometer readings for each site

are presented. The curve �tting method used for the comparison between strain gauges

and inclinometer results is discussed. This method is used to develop approximated

shear force and soil pressure pro�les. The application of the method to a typical pile

from each site and the respective results (bending moment, displacement, shear force

and soil pressure pro�les) are presented.

Chapter 7: Geotechnical interpretation

The structural behaviour of the piles and the pile/soil interactions for each site are

analysed and discussed using the measurements and results developed in the previous

chapters. The geotechnical behaviour of the piles is compared with the theoretical

results developed by Poulos (1999).

Chapter 8: Conclusions

Summary of all the conclusions reached during the analysis of the instrumented piles.

Appendix

The measured data (strains, temperatures and displacements) and the calculated results

(bending moments and axial strains) are shown for every instrumented pile used in this

thesis.

1.4 Main conventions and de�nitions

The main conventions and de�nitions used in thesis are listed below for clarity:

• Strains. Positive strains show tension, negative strains show compression. Strains

are measured in µε( microstrains).

• Bending moment. Positive bending moment shows that the pile is bending up-

slope, while negative bending moment is given by the pile bending down-slope.

Bending moments are given in kNm.

• Displacements. Positive displacements show that the pile is moving down-slope,

while negative show that it is moving up-slope. Displacements are measured in

mm.

• Axial strain. The average of two strain gauge readings in the same instrumented
section. Axial strains are measured in µε( microstrains).
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Chapter 2

Background

The study of instrumented reinforced concrete piles requires a wide understanding of

concrete properties, concrete behaviour, and the interactions with the instrumentation.

Concrete has a complicated behaviour and most of its properties vary with time and with

the level of stress applied to the member. The main instrumentation used (vibrating

wire strain gauges and inclinometers) records strains and displacements. This means

that the analysis of the structural behaviour has to be carried out starting from the

strains to obtain the bending moments a�ecting the pile. This approach is completely

opposite to that used during design. The analysis is also complicated by the on site

conditions, which means that the piles are subjected to all e�ects (loading, cracking,

shrinkage and creep, temperature, instrumental errors) at the same time and many of

these e�ects are out of direct control. Also for this reason, it is necessary to have a clear

understanding of the behaviour of concrete and its e�ect on the instrumentation which

give strain or displacement readings for all e�ects at once. During the analysis , it is

necessary to identify, quantify and separate the di�erent e�ects.

This chapter analyses the instrumentation and its functioning; the di�erent prop-

erties and e�ects of concrete; and the interaction between the concrete and the instru-

mentation.

2.1 Instrumentation

This section describes the instruments used in the research. They can be divided into

two groups:

Principal instruments : Vibrating Wire Strain Gauges and Inclinometers used to meas-

ure primary e�ects (strains and displacements).

Secondary instruments : Thermistors and Data-loggers used to measure temperatures

and to record data.

2.1.1 Vibrating wire strain gauges

A vibrating wire strain gauge works on the principle that the fundamental natural

frequency of a wire is related to the tension within it [Nield et al. (2003)]. Thus the
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instrument measures the frequency of a wire tensioned between two plates �xed to the

structure. Using physical relations is then possible to obtain the strain variation of

the wire (par. 4.1). An accuracy of a few me can be achieved using the manufacturer

calibration. This is possible because for this type of strain gauge, the measured strain

depends only on the frequency of vibration and the original gauge length. Once a datum

is set, the instrument measures the variation of strain of the structure to which it is

connected. It is important to highlight that strain gauges do relative measurements

only.

There are several types of vibrating wire strain gauges which are suited to di�erent

purposes; in this research Embedded Strain Gauges, Sister Bars and Welded Strain

Gauges are used. The �rst two types are used to measure the strains in the concrete,

while the last gives the strains on the steel reinforcement to which it is welded. All

these instruments are based on the same principle of operation, but they use di�erent

methods to transfer strain from the concrete or the steel to the vibrating wire:

Embedded Strain Gauges (�gures 2.1 and 2.2) have two small end plates attached to

the principal rods and between which the vibrating wire is connected. The

body of the strain gauge is then �xed with two small diameter rods and ties

to the reinforcement bars to keep the instrument in position during the cage

installation. The overall length is usually between 0.10 and 0.15m. They are

delicate instruments and it is necessary to install the cage into the concrete

with great care.

Sister Bars use a reinforcement bar (usually about 1.40m long) to which the vibrating

wire is connected over a short central section. The bar is positioned close

to the other reinforcement bars of the cage and �xed with ties to keep it

in position during the cage installation (�gures 2.1 and 2.3). The overall

instrument length is usually between 1.00 to 1.40m. Sister Bars are less del-

icate then Embedded Strain Gauges because the instrument itself is slightly

more protected by the rest of the reinforcement bars.

Welded Strain Gauges have the same body as the Embedded type, but the connections

consist of two steel brackets (�gures 2.1 and 2.4). The brackets are �rst

welded to the reinforcement and the strain gauge body is then connected

later when the temperature has returned to normal. This is to avoid dam-

age to the vibrating wire gauge coming from the high temperatures during

welding.

Strain gauges are usually installed in pairs in the same cross section of the pile in the

direction of the maximum bending strain.
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Figure 2.1: Schematic drawings for the di�erent types of strain gauges
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Figure 2.2: Embedded strain gauges

Figure 2.3: Sister Bar
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Figure 2.4: Welded strain gauges

Strain gauges are designed to operate continuously; this means they are connected

to a data-logger that reads the instruments at a �xed time interval (e.g. every hour).

In this way it is possible to record an accurate strain history of the structure that can

also show daily cycles.

Due to their principle of operation and their suitability for long term recording,

strain gauges have some obvious advantages but also some disadvantages. These have

to be known in order to analyse and interpret the data in the correct manner:

Thermal e�ects are one of the most important potential problems because the frequency

readings of the vibrating wire are so accurate that the slightest variation in

environmental temperature will modify them. To avoid this, every strain

gauge is equipped with a thermistor that measures the temperature and

makes it possible to correct the readings if necessary. This will be discussed

further in par. 4.4.

Curing e�ects include an increase in temperature due to exothermic chemical reactions

during the hardening of the concrete. The peak temperature is usually

reached about 2 days after pouring, and can be over 60oC (in the analysed

data it reached around 40◦C). Dissipation of the heat usually takes 10-30

days depending on the thickness of the structure and the environmental

conditions [Muir Wood (2004)]. During the curing process the strain gauges

respond mostly to thermal e�ects rather than strain e�ects. Corrections for

this are discussed in par. 4.2.1 and par. 4.2.2). It must not be forgotten

that in this same period shrinkage e�ects (plastic and autogenous shrinkage)

also take place in the concrete (par. 2.4.1). Thus it is extremely important

to set a reliable strain datum (par. 4.2.2) and to adjust the data to this to

ensure an accurate long term analysis.

Interference and breakage, may also a�ect the readings. Since strain gauges are very
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delicate instruments they have to be installed with great care. The most

vulnerable point is the installation of the cages and the pouring of con-

crete; at this stage the strain gauge can be seriously damaged and this can

compromise the entire instrumentation e�ort. Thus it is necessary to in-

stall the cages and pour the concrete with great care, using devices such as

spacers for the cages and in some cases additional steel plates that protect

the gauges from falling concrete. The instruments can show interference in

the readings, and some short periods of inactivity/incorrect reading. These

can be explained by ground water getting into the instrument core or into

the cables. Consequently it is necessary to install the strain gauges and

cables taking care not to let the latter gets in tension during the install-

ation of the cages and the pouring of concrete. In this way they should

remain watertight and without unnecessary stresses which can cause them

to rupture. Another cause of interference is the sensitivity of the strain

gauge to electromagnetic �elds. In the presence of a strong electromagnetic

�eld (such as from welding equipment), the strain gauge-cable acts as an

antenna. Interference can also be produced by strong sources of vibrations

such as pneumatic drills or the installation of driven piles. Interference can

also be caused by problems in the data-logger (par. 2.1.4). Examples of

interferences and cleaning methods are shown in par. 4.3.

2.1.2 Inclinometers

An inclinometer is an instrument used to measure the lateral displacements and rota-

tions of a structure or of a slope, in a vertical plane. It comprises a pipe (usually made of

PVC or aluminium) installed into the structure or into the slope. Inside the pipe there

are two pairs of perpendicular tracking grooves in which a probe can run. The probe

is the real measuring instrument; it contains a gravity-sensing transducer to measure

the inclination of the pipe casing where it deviates from the vertical. The inclination

is usually recorded every 50 cm, starting from the bottom. The instrument then auto-

matically calculates the displacements of the structure from the vertical, referring to

the bottom of the pipe which is assumed not to move. To evaluate the incremental dis-

placements it is necessary to compare two or more readings separated in time [Dunnicli�

(1993)]. As the variation of strain for strain gauges, inclinometers give a displacement

relative to the chosen datum.

The type of inclinometer used in this research is a discontinuous instrument which

always needs an operator to read it. This means that while for the strain gauges data

are produced every hour, an inclinometer reading is usually produced only every three

or four months. On the other hand the inclinometer is not in�uenced by interference

or thermal e�ects and this make it a reliable instrument. Also continuous reading,

or in place inclinometers exist on the market; they are formed of a string of probes

permanently positioned inside the case. The probes are then connected to a data-logger

for continuous reading.
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2.1.3 Thermistors

The word �Thermistor� is the union of the two words �Thermometer� and �Transistor�

and the instrument is used to measure the temperature. Essentially a thermistor is

composed of semi-conductive material which, changes its resistance very markedly with

temperature, connected to a measuring instrument. Any device used to �read� the

semiconductor must apply only a very small current, otherwise the temperature of the

thermistor will be changed signi�cantly. This kind of instrument is usually used for

monitoring the temperature of another instrument (in this case a strain gauge) so that

a temperature correction can be applied [Dunnicli� (1993)].

2.1.4 Data-logger

Usually considered of marginal importance, the data-logger is at the heart of the data

collection system. It is very important to protect and upkeep it, because any kind of

misreading of the instruments or breakage can lose important information. Common

problems with data-loggers are :

Breakdown of the power supply and consequent loss of all the functions. The usual

cause of low voltage is the battery breakage or theft/vandalism of the solar

panel used to recharge it or of the modem used for the remote control. It is

very important to check frequently the functionality of the machine (usually

just by downloading the data) to avoid long periods of inactivity. A heavy

duty cabinet with strong locks and welded connections for the solar panel

and antenna are advised.

Overheating caused by sun exposure can modify the readings and the recording of the

data. If possible, it is best to install the data-logger in a protected place

(e.g. inside a building or next to a structure).

External damage has to be avoided as much as possible. It is very important to cover

and protect all the cable connections from the attack by rodents or other

animals.

Water ,and humidity in general, have to be avoided inside the data-logger box due

to the presence of electronic circuits.

2.2 Concrete material

Concrete is generally composed of cement (in the majority of cases Portland cement)

and aggregates (di�erent kinds of sand and gravel). Other cementitious materials (�y

ash and Ground Granulated Blast-furnace Slag) can be used, but generally in small

proportions in combination with Portland cement. It is thus important to understand

the chemistry and reactions that take place within the Portland cement as concrete

behaviour and the concrete processes analysed later are intimately connected to it.
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2.2.1 Portland cement

The de�nition of Ordinary Portland Cement (OPC) is generally given as:

a cement obtained by intimately mixing together calcareous and argillaceous (or

other silica-, alumina-) and iron oxide-bearing materials, burning them together at a

clinkering temperature, and grinding the resulting clinker. Gypsum, or nowadays other

materials, may also be added or blended after burning. [Neville (1995)].

The raw materials for the production of OPC are primarily calcareous materials,

such as limestone or chalk, and alumina and silica, found as clay or shale. These mater-

ials are found all over the world making OPC the most common type of cement. Using

di�erent methods, depending on the type of production process (wet, dry or semi-dry),

the raw materials are crushed, blended and mixed and then introduced in the kiln.

Here the admixture is burned at 1450oC and the clinker is produced. Gypsum or other

materials are then added and the admixture is ground and prepared to be used for

the production of concrete or mortar. In this �nal stage the OPC is composed of four

main compounds as shown in Table 2.2. Other minor compounds are also present in

the cement. The most important of these are the alkalis (oxide of sodium Na2O and

potassium K2O), which can have a large in�uence on the cement hardened properties

following hydration.

Formula Convention

CaO C

SiO2 S

Al2O3 A

Fe2O3 F

H2O H

Table 2.1: Conventions used by cement chemists [Neville (1995)]

Name of compound Oxide composition Abbreviation

Tricalcium silicate 3CaO.SiO2 C3S

Dicalcium silicate 2CaO.SiO2 C2S

Tricalcium aluminate 3CaO.Al2O3 C3A

Tetracalcium aluminoferrite 4CaO.Al2O3.Fe2O3 C4AF

Table 2.2: OPC main compounds [Neville (1995)]

2.2.2 Hydration of cement

The hydration of cement is the set of complex chemical reactions which occurs when

the cement comes into contact with water. These reactions are necessary to transform

the cement powder into a bonding agent. In the presence of water the compounds of

cement (silicates and aluminates) form products of hydration which in time produce a

�rm and hard mass. The two calcium silicates (C3S and C2S) are the main cementitious

compounds in cement, and the physical behaviour of cement during hydration is similar
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to that of the two compounds alone [Neville (1995)].

The exact reactions of the hydration of C3S and C2S are not certain. Usually it

is assumed that the main product of the hydration of both compounds is C3S2H3 as

shown in the non-stoichiometric equations:

2C3S + 6H → C3S2H3 + 3Ca(OH)2 (2.1)

2C2S + 4H → C3S2H3 + Ca(OH)2 (2.2)

Both reactions are exothermic and are responsible for the increase in temperature

during the hardening of cement and concrete. It is important to note that the rate of

hydration decreases continuously, so that even after years there remains an appreciable

amount of unhydrated cement. Considerable strength is possessed long before the re-

actions of hydration are complete. Thus it seems that a small amount of the hydrate

binds together the unhydrated remainder. Further hydration results in little increase in

strength [Neville (1995)]. It is possible to divide the hydration process into two parts,

the �rst from the initial contact between cement and water to the end of appreciable

production of heat by the hydration reactions; the second taking into account all the

hydration reactions that occur after this time.

The products of hydration of C3A and C4AF have a negative in�uence on the ce-

ment because the former has a violent reaction with water that leads to immediate

sti�ening of the paste (�ash set); while the latter reacts with the gypsum forming a cal-

cium sulfoaluminate that accelerates the reactions of the silicates. The reason for their

presence in the cement is that they are necessary for the cheap and rapid production

of OPC. To reduce their negative in�uence (especially that of C3A) gypsum is added

during the grinding of the clinker.

Many of the mechanical properties of hardened cement depend not so much on

the chemical composition of the hydrated cement as on the physical structure of the

hydration products. At any stage of hydration, the hardened paste consists of very

poorly crystallised hydrates of the various compounds, generally called gel, of crystals

of Ca(OH)2, some minor components, unhydrated cement, and the residue of the water-

�lled spaces in the fresh paste. These voids are called capillary pores, to distinguish

them from the gel pores (which are two orders of magnitude smaller, at about 3nm).

The actual source of strength of the gel is not fully understood but probably arises from

two kinds of cohesive bonds [Neville (1995)]:

- I) the physical attraction between solid surfaces (van der Waals' forces).

- II) chemical bonds. Because cement gel particles cannot be dispersed by ad-

dition of water, it seems that the gel particles are cross-linked by chemical

forces.
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2.3 Properties of concrete

2.3.1 Strength of concrete

As Neville (1995) points out, strength is commonly considered the most valuable prop-

erty of concrete. Two are the principal strengths usually considered: compressive and

tensile. Compressive strength is by far the most important for design purposes while

the tensile strength is usually neglected or approximated as a function of the compress-

ive strength. This relation is not of direct proportionality and it is usually expressed

with empirical formulae [Neville (1995)]. Tensile strength is also di�cult to measure

and di�erent tests (�exure, direct tension and splitting) are used. These usually give

di�erent results for similar concrete samples making it complicated to express in a nu-

merical relation. It is always necessary to state the tests employed when expressing the

ratio of tensile and compressive strengths [Neville (1995)]. The relation that best �ts

the experimental results (using splitting tensile strength and compressive strength on

standard cylinders) in Neville (1995) is also used in BS EN 1992 (2004):

fctm = 0.30× f (2/3)ck (2.3)

Where f ctm is the mean value of the axial tensile strength of concrete and f ck is the

characteristic compressive cylinder strength of concrete at 28 days [BS EN 1992 (2004)].

Both strengths of concrete depend on many factors: water/cement ratio, gel/space

ratio, porosity, properties of the aggregates, aggregate/cement ratio, changes in mois-

ture/humidity, changes in temperature and age of concrete [Neville (1995)]. The last

three factors are important when considering the properties of a sample of an assigned

material at di�erent times, for example in the long term analysis of a concrete structure.

Assuming constant moisture/humidity and temperature of the sample, the compressive

strength of a concrete produced in 1923 is roughly proportional to the logarithm of the

age up to about 50 years, with an increase of about 2.4 times the 28 day strength . The

same experiment on concrete samples produced in 1937 shows a logarithm increase in

strength for 10 years and then the strength remaining constant or decreasing [Neville

(1995)]. Modern concretes show earlier peaks in strength, but still later than 28 days

[Neville (1995)]. No more accurate empirical relations are given because of the high

number of variables involved. For accurate analysis it is necessary to collect an ad-

equate number of concrete samples and test them in the laboratory at di�erent times

to draw the strength/time curve.

2.3.2 Young's modulus of concrete E c and stress/strain curves

It is well known that concrete does not have a linear elastic behaviour under load (for

both compression and tension) [Neville (1995)]. For simpli�ed analysis and practical

purposes, it can be assumed that concrete behaves linearly in the �rst part of loading.

The slope of the stress/strain curve is usually approximated by the secant modulus

[Neville (1995)]. Di�erent codes have di�erent speci�cations for the determination of

the secant modulus and the test specimen and apparatus. To consider the �rst part
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of the concrete stress/strain curve to be linear is one of the main assumptions used

in design. For the back-analysis of concrete behaviour using strain data, it is more

appropriated to use the full stress/strain relationship. The best approach would be to

obtain the stress/strain curves from laboratory tests on concrete samples taken from the

analysed piles. In the majority of the cases, this is not possible, mainly for statistical

reasons; the number of samples tested, of each kind of concrete, is not high enough to

be representative. Di�erent solutions have been used in this research to overcome this

problem and stress/strain relationship from BS EN 1992 (2004) and speci�c laboratory

test analysis [Liang and Fragomeni (2010)] have been used. The following paragraphs

describe the stress/strain curves used for standard reinforced concrete piles and that

used for circular concrete-�lled steel tubular piles.

2.3.2.1 Stress/strain curves for standard reinforced concrete piles

In the analysis of standard reinforced piles, the curves described by BS EN 1992 (2004)

have been used. Speci�cally, the concrete is modelled using equation 2.4 (equation 3.14

on page 33 of BS EN 1992 (2004)):

σc
fcm

=
kη − η2

1 + (k − 2)η
(2.4)

where:

• σc =concrete stress;

• η = εc/εc1;

• εc = concrete strain;

• k = 1.05 E cm × | εc1 |/ f cm

• E cm = secant modulus of elasticity of concrete;

• εc1 = compressive strain in the concrete at peak stress;

• f cm = mean value of concrete cylinder compressive strength;

• f cm, εc1 and E cm are taken from table 3.1 of BS EN 1992 (2004) using di�erent

values of f ck,cube (characteristic compressive cube strength of concrete at 28 days)

depending on the sites (table 2.3). f ck,cubeis evaluated from laboratory tests (fcu)

and compared between di�erent instrumented piles.

Leatherhead Grange Hill Mill Hill Ironbridge Ironbridge
(concrete) (concrete) (concrete) (concrete) (grout)

fcu= 55 MPa fcu= 50 MPa fcu= 50 MPa fcu= 57 MPa fcu= 33 MPa

Table 2.3: Long term (90 days) concrete strength values ( fcu) on 100mm cube samples
for the di�erent sites
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The stress/strain curve from Equation 2.4 (�g. 2.5) represents the non-linear beha-

viour of concrete. The concrete in tension is assumed to have the same behaviour as

the concrete in compression until the limit εt0c = fctk,0,05/Ec. Where f ctk,0,05 is the char-

acteristic axial tensile strength of concrete 5% fractile from BS EN 1992 (2004) table

3.1; and E c is the Young modulus of concrete. The mean characteristic axial tensile

strength of concrete is more appropriate for back analysis, but since no recommended

values were present, f ctk,0,05 (which is generally used in design) was used. The tensile

curve and its limit are only an approximation to the behaviour of concrete in tension

since no laboratory tests were possible on the concrete used for the piles.

The behaviour of steel was also modelled using BS EN 1992 (2004) with the idealised

stress/strain curve shown in �g. 2.6. In practice the program uses only the �rst segment

of this curve as the measured strains are small compared to the curve limits (the value

of fyk/Es is usually greater than 2000µε while the measured strains are never higher

than 500µε).

The model can easily be modi�ed to follow di�erent stress/strain relations from

di�erent codes or laboratory tests.

Figure 2.5: Stress/strain curve for concrete used in the bending moment calculation
of standard reinforced concrete piles [BS EN 1992 (2004)]

Figure 2.6: Idealised stress/strain curve for steel (for tension and compression) used
in the bending moment calculation of standard reinforced concrete piles [BS EN 1992
(2004)]
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2.3.2.2 Stress/strain curves for circular concrete-�lled steel tubular piles

Some of the piles analysed in this research are cast in place circular concrete-�lled steel

tubular piles; i.e. the pile is formed by a circular hollow steel pipe �lled with concrete.

To protect the steel tube, a ring of grout or sometime concrete is poured between the

shaft and the steel pipe.

The stress/strain curves used for concrete and steel (�g. 2.7 and �g. 2.8) come

from the extensive work done by Liang and Fragomeni for both eccentric [Liang and

Fragomeni (2010)] and axial loading [Liang and Fragomeni (2009)]. A more in depth

analysis of concrete �lled steel tubular beam-columns behaviour and the respective

numerical analysis has been carried out by Liang (2011a) and Liang (2011b).

The behaviour of the concrete core is very di�erent from that of a standard reinforced

concrete pile. The steel pipe restrains the concrete core, increasing its strength and

ductility. Con�nement gives the concrete core increased strength in tension and a bulk

softening behaviour instead of an abrupt breakage when the limit stress (�g. 2.7) is

reached [Liang and Fragomeni (2010)]. The explanation of the softening behaviour is

discussed in par. 2.5.2.

The external ring (made of grout or concrete) is considered to have the same

stress/strain behaviour as the concrete in standard reinforced concrete (par. 2.3.2.1).

Figure 2.7: Stress/strain curve for the concrete core of a hollow steel pipe pile [Liang
and Fragomeni (2010)] used in the bending moment calculation
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Figure 2.8: Stress/strain curve for the steel of a hollow steel pipe pile [Liang and
Fragomeni (2010)] used in the bending moment calculation

2.4 Creep and shrinkage

Theoretically every concrete sample and structure is a�ected by shrinkage and creep

e�ects. Shrinkage is a reduction of strain due to hydration of concrete (at various

stages, including after setting), while creep is a variation of the strain of the sample

at constant stress and temperature. Shrinkage and creep are both connected to the

chemical-physical processes of hydration of concrete, but shrinkage is independent of

the stress applied to the sample while creep is highly dependent on it.

The strain gauge readings and the related analysis (for understanding the behaviour

of the structure) are a�ected by the variation of strain due to shrinkage and creep.

The instrument can record variation in strain which is not related to the changing of

the forces applied to the structure. It is thus important to understand and quantify

shrinkage and creep e�ects in order to take them into account during the structural

analysis.

Shrinkage and creep have both macroscopic and microscopic behavioural aspects.

This research is concerned with the macroscopic e�ects only, understanding that the

microscopic behaviour is the direct cause. The following paragraphs analyse the two

processes in more detail showing that one of the major factors a�ecting the processes is

the humidity/moisture of the concrete and the environment and the respective humid-

ity/moisture gradient. Using information in the literature about shrinkage and creep

under di�erent conditions, the di�erence between the e�ects of shrinkage and creep on

exposed concrete and underground concrete is analysed.

2.4.1 Shrinkage

Concrete shrinkage is the decrease with time of concrete volume due to changes in

moisture content and physical-chemical changes [ACI Committee 209 (1992)]. Shrinkage

is not connected to the stress in the structural member (i.e. shrinkage is always present

in a concrete member). The general process of shrinkage is divided into four mechanisms
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depending on the physical-chemical processes taking place within the concrete during its

life. It is important to understand each of these mechanisms to appreciate the general

process.

2.4.1.1 Plastic shrinkage

Plastic shrinkage takes place while the concrete is still in the plastic state (i.e. just

after pouring). It is a volume reduction caused by water being lost during the �rst part

of the hydration process. It is also caused by evaporation, seepage from form-work or,

for piles, sorption by dryer soil [Neville (1995)]. Plastic shrinkage starts immediately

after pouring and continues until the concrete has gained its initial strength (i.e. when

the �rst part of the hydration process �nishes, par.2.2.2). The order of magnitude of

the contraction is one per cent of the absolute volume of cement paste [Neville (1995)].

Plastic shrinkage is a�ected by the amount of water loss. Cracking can develop as a

result of shrinkage (plastic shrinkage cracking), but it can be eliminated with a complete

prevention of evaporation immediately after casting [Neville (1995)].

For piles and other underground structures, plastic shrinkage is a�ected by the

position of the water table, the soil porosity and the pore water pressures.

Plastic shrinkage a�ects the strain gauge readings only if the data-logger starts to

record immediately after pouring. If the readings start after the concrete has hardened

there is no in�uences on the data.

2.4.1.2 Autogenous shrinkage

Autogenous shrinkage is uniform and it is considered to be an intrinsic characteristic

of the material. This phenomenon starts when the concrete gains its initial strength,

and is connected to the second part of the hydration process. Hydration of the cement

continues long after setting and consumes part of the mixing water. This leads to drying

within the material (called self-dessication to distinguish it from the �drying� that occurs

by loss of water to the outside) because the reduction of volume by water consumption

is only partly o�set by the increase of solid matter. The volumetric balance shows a

de�cit of the order of 10%. The reduction of volume leads to a strain of the mineral

matrix [Acker and Ulm (2001)].

For concrete with a normal moisture content (water/cement ratio greater than 0.45)

the rate of autogenous shrinkage with time closely matches the evolution of mechanical

strength . The rate of shrinkage is also uniform inside the structure [Acker and Ulm

(2001)].

Autogenous shrinkage remains less than 10−4 (100 µε) in concretes where the wa-

ter/cement ratio is greater than 0.45, but it increases quickly when the ratio falls below

0.40 and it can reach 3x10−4 (300 µε). The total autogenous shrinkage remains moder-

ate but in some cases its e�ect is not negligible when it is added to the other shrinkages

in a long term analysis [Acker and Ulm (2001)].
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Autogenous shrinkage is an intrinsic phenomenon that can be considered uniform

in the volume of a structural element. This means that in a structural element not

restrained by its bearings or its form-work, shrinkage has almost no mechanical e�ects.

On the contrary in an element under conditions of total restraint there will always

be damage to the structure (shrinkage cracking), considering that the stresses due to

restrained autogenous shrinkage can easily reach the tensile strength of the concrete

[Acker and Ulm (2001)].

Since autogenous shrinkage is uniform along the volume of the structure, it also has

a uniform compressive e�ect on the strain gauges.

2.4.1.3 Drying shrinkage

Drying shrinkage is a further volume reduction caused by the removal of water from the

unrestrained hydrated cement paste (gel) [Neville (1995)]. The movement of water is

a�ected by environmental conditions (where air humidity or soil moisture content are

the most important) and the micro-structure of the concrete (since the water movement

is happening in the capillary pores).

In contrast with autogenous shrinkage (self-dessication shrinkage), the kinetics of

drying shrinkage do not re�ect those of the micro-mechanism that causes it within

the material (water-vapour phase change with capillary tension), but rather the spread

within the structure of the phenomenon that generates it. The degree of drying varies

across the thickness of the concrete section between its maximum value (at the surface)

and its minimum value (at the core) [Acker and Ulm (2001)]. The measured drying

shrinkage is then a volume average of the e�ect including the respective skin cracking

and micro-cracking. The drying shrinkage, so measured, varies between 2 and 6×10−4

[Acker and Ulm (2001)].

Drying shrinkage depends on the size of the structural element and its environment,

and therefore it is not an intrinsic characteristic of the material. The process is extremely

slow and for a specimen 16 cm in diameter it takes 10 years; beyond a thickness of 50

cm the duration of drying shrinkage is counted in centuries [Acker and Ulm (2001)].

However for normal structures in the open air it is considered that the larger part of

drying shrinkage occurs in the �rst year after pouring. After this, it is usually considered

that shrinkage e�ects are negligible compared with creep e�ects.

In normal applications it is considered that drying shrinkage starts after form-work

removal, as form-work normally prevents water loss from the concrete. In piles and other

underground structures, drying shrinkage is a�ected by the position of water table and

the porosity and water content of the soil.

Two kinds of cracking can occur during drying:

-the �rst occurs during the �rst few hours and is governed by the water content of

the concrete. Shallow cracks appear on the surface of the concrete.

-the second is the result of long term drying. These cracks appear much later and follow

a more regular pattern (the cracks are straighter and wider).
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Drying shrinkage is also the only partly reversible shrinkage mechanism. Most of the

water can be absorbed back into the structure making it swell. This last mechanism

is in�uenced by the water pressure; this means that structures subjected to di�erent

water pressures have di�erent degrees of swelling [Neville (1995)].

2.4.1.4 Carbonation shrinkage

Some of the hydration products can carbonate with the carbon dioxide present in the

air. This will cause the concrete to contract and gain weight. This surface shrinkage also

restricts the other shrinkage mechanisms (drying and to a minor extent autogenous),

by reducing moisture movement from the surface of the structure [Gardner and Zhao

(1993)]. Carbonation cannot take place when the humidity is less than 25% or when it is

100%. For piles and underground structures the lack of air and possible soil saturation

limit the carbonation process.

2.4.2 Creep

As stated earlier, creep is the increase of strain at constant stress and temperature. It

is not linear, and follows a di�erent strain-time curve for every kind of material. Creep

of concrete is a very complex process and various factors a�ect it.

It is important to introduce the paradoxical behaviour of concrete, known as the

Pickett e�ect [Pickett (1942)]:

1. At constant humidity (i.e. any exchange of water with the ambient medium is

prevented, and the hygrometric equilibrium is reached before loading) and under

a constant compression, the less evaporable water concrete contains the less it

creeps. The strain obtained by this test is called basic creep.

2. At decreasing humidity (the sample then loses water during the creep test), con-

crete creeps more than if it had remained at the initial humidity. The strain

obtained by this test is called drying creep

Figure 2.9: Pickett's paradox (Acker and Ulm (2001))

This behaviour immediately shows the importance of the ambient humidity and

the moisture content of the sample and their respective gradients in the development of
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creep (�g. 2.9). A full physical-chemical model, at microscopic level, for the explanation

of creep has been developed over several years [Bazant et al. (1997), Bazant (2001) and

Bazant et al. (2004)]. The model successfully explains the Pickett e�ect and ageing (the

decrease of creep of concrete with time) which could not be properly reproduced with

previous models. Instead of the detailed explanation of creep at microscopic level (which

is not a purpose of this research), it is possible just to point out that the development of

creep is mainly related to the interaction between the cement gel, the capillary water,

the hindered adsorbed water (adsorbed water in the gel micro-pores) and the relative

humidity of the water vapour in the capillary pores.

The load plays a role in changing the equilibrium between the di�erent elements.

Also in this case the importance of humidity/moisture on the sample is highlighted

as one of the principal factors in the process. Section 2.4.4 gives some experimental

examples of concrete creep under di�erent environmental conditions.

Other factors play a role in the behaviour of creep for reinforced concrete. Type of

concrete, aggregates, type of steel and dimensions of the element are a�ecting the creep

results, but cannot be changed in a sample; while stress, temperature and moisture can

a�ect a speci�c analysed sample. The rate of creep increases with increased stress and

temperature. Creep also increases with the application of cyclic stress. It has to be

noted that the increase in creep is never linear during the life of a structural member,

but follows a speci�c curve (�g. 2.10) [Neville (1970), Neville (1995)].

Figure 2.10: Theoretical strain vs. time curve for a concrete sample under load

2.4.3 In�uences of particular concrete mixes on shrinkage and creep

It is well known that substances in addition to ordinary Portland cement are used in

concrete mixes. The presence in the admixtures of other substances can radically change

the behaviour of concrete. The piles used in two of the analysed sites were built out of

concrete containing Ground Granulated Blast-furnace Slag (in Leatherhead, par. 3.2.1)

and Fly Ash (in Grange Hill, par. 3.1.1). The following sections illustrate some of the

e�ects of these substances.

24



CHAPTER 2. Background

2.4.3.1 Ground Granulated Blast-furnace Slag (GGBS)

To improve the sustainability of concrete structures and the performance of concrete,

GGBS can be substituted to part of the Ordinary Portland Cement (OPC). GGBS

increases the strength and the durability of concrete, but also has an adverse e�ect on

the autogenous shrinkage behaviour. Experiments show that the presence of GGBS in

the concrete admixture generates greater autogenous shrinkage than a common OPC

(at the same water/cement ratio). The greater the amount of GGBS, the greater is

the autogenous shrinkage. In admixtures with the same content of GGBS, a lower

water/cement ratio results in a smaller autogenous shrinkage [Lee et al. (2006)].

2.4.3.2 Fly ash

Fly ash is usually used with the same aim as GGBS, but has a completely di�erent

e�ect on concrete. If the percentage of �y ash used to replace OPC in the cement is

between 12% and 30% it has a positive e�ect on creep characteristics (the samples show

less creep); if the percentage of �y ash is greater than 50% there are no e�ects on creep

[Zhao et al. (2006)].

2.4.4 Previous work

This section introduces some experimental and numerical results found in the literature

to better understand and quantify the in�uence of humidity/moisture on shrinkage and

creep e�ects.

2.4.4.1 Gawin et al. (2006)

Hygro-thermo-chemo-mechanical modelling of concrete at early ages and

beyond. Part II: shrinkage and creep of concrete

The authors analyse the evolution of shrinkage and creep on a sample and on a

structure using an advanced numerical model for concrete. This is quite complex and

takes into account all the relevant processes (except cracking) and in�uences from the

beginning of hydration into the long term. The model is validated against several

experiments taking into account the di�erent parameters analysed. It is important to

notice that the Pickett e�ect is modelled correctly.

Analysing the assumptions made by the authors shows the importance of the con-

nection between the humidity of the sample and the development of shrinkage and

creep. Both the model and the experiments show that at a relative humidity of the air

surrounding the sample higher than 80%, the shrinkage strain of a concrete sample is

smaller than 100µε. Other model results/experiments show the di�erence in the devel-

opment of shrinkage in an unloaded slab between a sealed specimen (which represents

the autogenous shrinkage, �nal total strains after 1000 days <20µε) and a drying speci-

men (which represents the total shrinkage, �nal total strains after 1000 days '700µε).
The coupling between shrinkage and creep phenomena is another assumption that

the model demonstrates to be very important. The authors introduced shrinkage into
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the creep calculation since the e�ect of the former is to compress the solid skeleton

due to an increase of capillary tension, thus adding a virtual additional load to the

sample. This assumption allows creep e�ects even without any applied load, which in

the classical approach is considered as a long term shrinkage.

With another experiment and a related numerical model the authors show the de-

velopment of creep with time, depending on the age at which the sample is loaded. In

general the sealed specimens show creep strains (basic creep) between 400 and 600µε,

and the drying sample (total creep) between 600 and 1800µε. It has to be pointed out

that in a sealed specimen there are no exchanges between the concrete and the envir-

onment, so over time water will be going to be consumed due to the self-dessication

process of the concrete.

2.4.4.2 Goel et al. (2007)

Comparative study of various creep and shrinkage prediction models for

concrete

This paper compares di�erent prediction models and an experimental set of results

concerning the development of shrinkage and creep in concrete samples. The main result

shown, a�ecting the present research, is that all the models and experimental data show

a shrinkage strain of at least about 400µε. This result refers to samples cast and stored

at 23oC and 5% relative humidity. The creep data and predictions are shown in terms

of speci�c creep for each MPa of axial load.

2.4.4.3 Barr et al. (2003)

Shrinkage of concrete stored in natural environments

Barr et al. (2003) analyse the development of shrinkage in di�erent samples (di�erent

concrete mixes, presence of silica fumes or �bre reinforcements) within di�erent envir-

onmental conditions (di�erent relative humidities and di�erent temperatures). Data

collection was carried out for about a year on several samples of each concrete ad-

mixture stored in di�erent environments: a control room with constant temperature

(23±2oC) and relative humidity (60±5%); a green area (university park) and the roof

of the building. The latter two showed a natural variation of the parameters over time,

but the green area had a higher relative humidity while the roof had higher temper-

ature. The study shows quite di�erent shrinkage results between the three di�erent

environments, but every sample always shows strains higher than 400µε. The samples

were allowed to dry in the speci�c environment and no water was added.

2.4.4.4 Fellenius et al. (2009)

Long-term monitoring of strain in instrumented piles

This research analyses the behaviour of two instrumented piles and two instrumented

laboratory short pile pieces. The laboratory experiment is of major interest for under-

standing the shrinkage behaviour of piles. The two samples are 500 mm in diameter
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and 2.00m long. One simulates a normal bored reinforced pile and the other a PHC

pile (closed-toe cylindrical concrete pile, locally called pretensioned spun high strength

concrete pile; this is formed by an external prestressed concrete ring driven into the

soil which is then �lled with concrete grout and occasionally an additional reinforce-

ment cage), with the strain gauges attached to the internal reinforcement cage. These

were cast in the laboratory yard, put inside a 800 mm diameter plastic pipe to smooth

the temperature variations, instrumented with four vibrating wire strain gauges and

monitored for �ve months. During this period the instruments recorded the di�erent

behaviours of the two types of concrete piles after the thermal peak caused by the set-

ting of concrete and the consequent hydration processes. No direct shrinkage e�ects

were measured because the instruments were a�ected by the temperature e�ects and

the particular behaviour of the structure (in the PHC the prestressed ring restrains

the grout core during �rst phases of hydration). After �ve months both samples were

submerged in water, �lling the 800 mm pipe, and monitoring was continued for another

year. Immediately after submerging, the specimens began to swell (as shown by the

strain gauges measurements). The swelling continued for about three months to a total

increment of about 150µε. After this the samples show a combination of swelling and

temperature e�ects.

2.4.4.5 Neville (1995)

Shrinkage and creep experiment results

On the swelling of concrete, Neville (1995) points out that concrete cured continu-

ously under water exhibits an increase of volume instead of the usual shrinkage. The

swelling is due to the absorption of water by the cement gel. The water molecules act

against the cohesive forces and tend to force the gel particles apart, with a resultant

swelling pressure. In addition, the ingress of water decreases the surface tension of

the gel and a further small expansion takes place. Moreover, swelling is larger at high

pressure, such as experienced by deep sea structures.

The development of shrinkage for concretes of �xed proportions, but di�erent ag-

gregates, stored at �xed temperature (21oC) and relative humidity (50%) is investigated

in the experiments. After one year all the samples show shrinkage strains greater than

400µε. Neville (1995) also shows another result: the shrinkage of di�erent concrete

samples stored at di�erent relative humidities after a 28 days wet curing. The samples

stored at 100% relative humidity display a swelling of about 50µε after one year. It is

also introduced that if concrete which has been allowed to dry in air of a given relative

humidity is subsequently placed in water (or at a higher humidity) it will swell. This is

indicative of a partial recovery (between 30% and 60%) of the drying shrinkage.

For creep of concrete, the results of concrete samples of �xed proportions, but dif-

ferent aggregates, stored at �xed temperature (21oC) and relative humidity (50%) and

loaded at the age of 28 days are shown. After one year the samples developed creep

strains between 400µε and 1200µε. Concrete samples cured in fog for 28 days, then

loaded and stored at 100% relative humidity showed creep strains of about 250µε.
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2.4.5 Creep and shrinkage in underground structures conclusions

This part of the research focuses on the study of concrete bored piles in saturated clay

(as described in chapter 3). All of the piles have the majority of their length below the

water table. These conditions are quite di�erent from a usual concrete structure in the

open air. First of all the hygral conditions (humidity/moisture) are completely di�erent

(the relative humidity is extremely high compared with the normal air conditions) and

thus the shrinkage and creep processes will develop in a di�erent manner.

During the installation of the pile, the soil does not lose much water, since the

pouring of the concrete immediately follows the end of the boring phase. Then, after

pouring, the saturated clay maintains the concrete at high moisture conditions for the

entire curing phase, limiting (or removing completely) the e�ects of drying shrinkage.

It could also be possible that the concrete experiences some minor swelling (as pointed

out in par. 2.4.4.4 and par. 2.4.4.5). Major swelling of the concrete is unlikely since the

water pressures in the clay pores are not very high compared with deep sea pressures.

From this it can be assumed that drying shrinkage has a negligible e�ect on concrete

piles in saturated clay, and occasionally such piles may experience a certain degree of

swelling.

Considering autogenous shrinkage (which is a property of the material and thus

always happens), following the results obtained in the experiments and numerical model

on the sealed unloaded sample in par. 2.4.4.1 and table 2.4 (autogenous shrinkage of

about 20µε); considering the e�ects of water/cement ratio in par. 2.4.1.2 and the

particular conditions (the saturated clay prevents water losses and can supply a small

quantity of water if necessary, avoiding the drying of concrete), autogenous shrinkage of

<50µε may be assumed (even if the water/cement ratio, for some of the piles, is slightly

below 0.40).

For the analysis of creep it is necessary to consider the main factor a�ecting the piles

that is di�erent form structures in the open air: the constant high level of moisture.

Applying the �rst statement of the Pickett e�ect (par. 2.4.2), it can be hypothesised

that the piles in saturated clay experience basic creep only. This already limits the

expected range of creep strains at about 250µε (par. 2.4.4.5). The creep experimental

and model results, described in par. 2.4.4.1, are not applicable since that sample was

sealed while a pile in saturated clay can absorb water.

This discussion leads to expected strains in a pile in saturated clay as follows: no

drying shrinkage or possible swelling, less than 50µε of autogenous shrinkage (depending

on the water/cement ratio), no drying creep and about 250µε of basic creep (depending

on the e�ective load and the age at load). This means a rough forecast of about

300µε between shrinkage and creep. The strain data from the instrumented piles shows

that none of them experience strains of this magnitude, considering that they are also

subjected to bending moment. The �nal assumption about the e�ects of shrinkage and

creep on piles in saturated clay is that they are negligible compared with the bending or

axial strains. The hypothesis is that probably the swelling of concrete is more important

than stated before (more like the results shown in par. 2.4.4.4) and the creep e�ects
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probably smaller (due to the application of load at a later age), resulting in almost a

balance between the two e�ects.

Piles in saturated clay do not show the same creep and shrinkage strains as structures

in the open air (par. 2.4.4.2 and par. 2.4.4.3), but much more limited e�ects.

2.5 Cracking

This section analyses the behaviour of concrete cracking in tension for the two di�erent

types of pile used in this research: a standard reinforced concrete pile and a circular

concrete-�lled steel tubular pile (described in more depth in chapter 3). Concrete has

a limited tensile strength which is not used in design (for safety reasons), but has to be

considered in back-analysis. Its real value is related to the concrete characteristics and

has to be determined experimentally for an accurate analysis. Unfortunately this was

not possible for the instrumented piles analysed. The values from BS EN 1992 (2004)

are therefore used, introducing a degree of approximation.

2.5.1 Standard reinforced concrete pile

Concrete cracking does not develop uniformly in a standard reinforced concrete pile.

Cracks open when the tensile deformation from applied loads reaches the tensile de-

formation capacity of concrete [Borosnyoi and Balazs (2005)]. The cracking process can

be considered in two parts: crack formation and stabilised cracking (�g. 2.11). During

the �rst phase cracks form at random locations according to the location of areas of

weakness. After a crack forms, the tensile forces are carried by the reinforcement in the

section and concrete stresses fall to zero (compatibility of strains between concrete and

reinforcements is no longer maintained) [Borosnyoi and Balazs (2005)]. With increasing

distance (along the pile) from the crack, the tensile stresses in the concrete increase

as load is transferred by bond stresses between the concrete and reinforcements. At a

certain distance (termed the transfer length), compatibility of strains is recovered again.

In the crack formation phase, the zones in which strain compatibility applies are inde-

pendent of each other. With increasing load new cracks may be formed and the average

crack spacing is decreased [Borosnyoi and Balazs (2005)]. The stabilised cracking phase

is reached when practically no more new cracks can be formed; the cracks are so close

to each other that there is insu�cient distance between them for the concrete stress

to reach the value corresponding to cracking space. In this phase the average crack

spacing remains constant and an increase in load causes an increase of crack width only

[Borosnyoi and Balazs (2005)]. This means that all the tensile stresses are e�ectively

carried by the reinforcement. Similar explanations of the cracking process have been

given by Bianchini et al. (1968) and Watstain and Bresler (1974).

In design, the tensile loads are considered to be carried only by the reinforcements.

In reality, before the stabilised cracking phase is reached, both concrete and steel resist

the tensile stresses. The contribution of concrete is considered as an increment to

the tensile sti�ness of the reinforcements. This e�ect is known as tension sti�ening
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[Borosnyoi and Balazs (2005)].

Figure 2.11: Conceptual crack formation, spacing and e�ective concrete area in tension
based on Borosnyoi and Balazs (2005)

2.5.1.1 How strain gauges respond to cracks in standard reinforced concrete

As pointed out by Roesler and Barenberg (2000), strain gauge readings in concrete

under tension can be misleading because they depend on the position of the instrument

relative to the position of cracks. The aim of this section is to understand how strain

gauges (at this point the embedded type only) respond in relation to the crack positions

and then to identify such behaviour in the recorded strain pro�les to detect the cracked

zone.

Comparing the explanation of concrete behaviour during cracking given by Borosnyoi

and Balazs (2005) (par. 2.5.1) with the results obtained by Roesler and Barenberg

(2000) from tests on cracked concrete using strain gauges embedded in the concrete,

the following instrument behaviour is apparent:

• if a gauge bridges a crack, the opening of a crack results in a sudden jump in the

reading;

• if a gauge is positioned between two cracks, but outside the transfer lengths, it

continues to record an increase in tension as further load is applied;

• If a gauge does not bridge a crack, but lies inside the transfer length, it will

not accurately give the bending strains representative of either a cracked or an

uncracked section.

It can be concluded that strain gauges embedded in concrete work di�erently depending

on their position relative to the cracks [Roesler and Barenberg (2000)]. This can lead

to an inaccurate estimation of bending strains. An example of cracking measured by

embedded strain gauges is analysed in section 4.6.

In this research, two types of strain gauges have been used to measure the strains in

the concrete (embedded strain gauges and sister bars, par. 2.1.1). Di�erent behaviour,

with respect to crack opening, is expected from the two instruments. The di�erence

is represented by the length of the gauges and the mechanism of transmission of the
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strains. The embedded strain gauges transmit the strains from the concrete to the

vibrating wire using two end-plates (par. 2.1.1) and the overall instrument length is

between 0.10 and 0.15m. The instruments measure the local strains of the concrete

between and around the end-plates. Sister bars transmit the strains using two lengths

of steel reinforcement bar and the whole instrument length is usually between 1.00 and

1.40m, thus the instrument measures the concrete strains of a much larger volume of

concrete. This means that a crack opening between the two plates of an embedded

strain gauge is detected as a jump in the readings. Conversely a crack opening along

the length of a sister bar does not show any jump. The reinforcement bars used for

the transmission of strains redistribute the stresses along their length (with the same

mechanism of a normal reinforcement bar) and the instrument does not record any

sudden obvious jump on cracking. Analysis of the data coming from two di�erent sites

is shown in section 4.6 and section 5.3.

Other important factors in�uencing the development of cracks are the number of

reinforcements and their positions (both longitudinal bars and shear links) [Hassoun

and Al-Manaseer (2005) and Watstain and Bresler (1974)]. With the same area of steel,

a concrete member with a few large diameter bars will crack more easily than a member

with more smaller diameter bars. Speci�c design details are also described in BS 8007

(1987). Usually, cracks develop �rst near the shear links (since the depth of concrete

is thinner) and then in the intermediate positions [de Sanctis (2006)]. This could give

an apparently random e�ect in piles where the shear is taken by a continuous spiral

reinforcement, whose position may not be known with respect with the strain gauges.

2.5.2 Circular concrete-�lled steel tubular piles

This type of pile is formed by a steel pipe �lled with concrete. A grout ring is cast

between the steel pile and the soil to �ll the void between the structure and the ground

and to protect the steel (par. 3.4.2). In the following analysis, when referring to circular

concrete-�lled steel tubular piles, the term �grout� will be used to indicate the material

that forms the external ring, while the term �concrete� will refer to the material inside

the steel pipe. The grout is a type of weak concrete, generally formed from cement

and sand. The restrained concrete inside the pipe behaves di�erently from a standard

reinforced concrete member even though the material characteristics and properties are

the same. The strain gauges are welded to the outside of the steel pipe and thus they

read the strains in the steel.

Cracking also develops in a di�erent way. Cracks form �rst in the grout, when

the tensile strain threshold is exceeded, in a similar manner to a standard reinforced

concrete pile. As the strains increase, the number of cracks increases (and the space

between them decreases) until the tensioned grout is fully cracked. Since the grout has

low strength characteristics, it easily cracks fully in tension, but it can resist higher

strains in compression (the compressive strength of a concrete material is about ten

times its tensile strength [Neville (1995)]). No tension sti�ening is possible since no

reinforcement is present in the external ring. Thus, the grout resists a small tension
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but a much bigger compression. This means that the structurally e�ective component

of the grout is the compressed part of the ring until it is crushed. Since the grout is the

outermost material (the furthest from the neutral axis), it can resist a relatively large

proportion of the bending moment applied to the pile.

Cracking behaviour is di�erent in the restrained concrete. Liang and Fragomeni

(2010) model the bulk tensile behaviour of restrained concrete showing that it behaves

linearly in tension until the tensile strength of concrete is reached (�g. 2.7). Then

the concrete cracks and its bulk tensile strength softens linearly to zero. The ultimate

tensile strain of concrete is assumed to be 10 times the strain at cracking [Liang and

Fragomeni (2010)]. The restrained concrete stress/strain behaviour developed by Li-

ang and Fragomeni (2010) is based on extensive experimental result analysis and the

subsequent non-linear �bre element analysis. Softening of the concrete arises from a

volumetric average of the behaviours of the di�erent restrained concrete elements. Di-

viding the concrete in in�nitesimal elements, the cracked concrete elements cannot work

in tension while the adjacent uncracked elements can. The opening of a crack also in-

creases the volume of the whole concrete increasing the hoop stresses in the restraining

steel pipe, hence fully con�ning the concrete. Con�ned concrete has improved mechan-

ical characteristics, as described by Knowles and Park (1969). The volumetric average

approach used by Liang and Fragomeni (2010) in their nonlinear approach can also be

used in this analysis since the strains are coming from a discrete number of instruments,

each describing a discrete section of the pile. This means that the volume averaged re-

strained concrete contribution in tension is much bigger than that of normal reinforced

concrete (and of the grout ring). In fact after the opening of a crack, the volume average

restrained concrete behaviour shows to continue to work in tension, while unrestrained

concrete or grout does not. The e�ect is that a crack in the restrained concrete in�u-

ences the position of the neutral axis in a much smaller way than a crack opening in

the grout. It can also be argued that the transfer length in the restrained concrete is

smaller than for standard reinforced concrete since the steel pipe surface is bigger and

the hoop stresses increase the skin friction between the two materials.

The main resisting element of the pile is the steel pipe which is stressed biaxially

due to the con�nement e�ect [Knowles and Park (1969), Liang and Fragomeni (2010)].

Buckling is prevented by the in�lling concrete, and failure of the pile would occur due to

tension failure of the steel [Patsch et al. (2002)]. The position of the steel pipe (outside

the concrete core) makes it possible for it to resist the majority of the applied bending

moment since most of it is far from the neutral axis.

Strain gauges connected to the steel pipe seem to not record any jump associated

with the developing of cracking in the grout. It is assumed that their readings relate

only to the behaviour of the steel pipe.

2.6 Temperature

Reinforced concrete expands linearly when the temperature changes between 0◦ and

60◦C. Like every other concrete parameter, the coe�cient of thermal expansion (αc)
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varies with cement/sand ratio, type of aggregates used, humidity, presence of GGBS or

�y ash, etc... . An average range for αc is between 9×10−6 oC−1 and 13×10−6 oC−1

[Neville (1995)]. A more detailed discussion about the coe�cient of thermal expansion

and related matters is carried out in section 4.4.2.2.

The only exception to linear behaviour occurs during hardening of the concrete,

when the hydration reactions are exothermic and the concrete can be heated by up

to 40◦C. When the �rst part of the hydration process ends, and little further heat

is produced (par. 2.2.2), the concrete returns to ambient temperature and the above

linear relationship applies. The peak in temperature during cement hydration can

cause problems in thick structures owing to the di�erential strains that develop between

the core and the skin of the members. For underground structures, the reduction

in temperature will generally be slower than for structures in the open air owing to

the insulating e�ect of the soil. The elevated temperature reached during the peak

also a�ects the loss of water by evaporation; this e�ect is attenuated in underground

structures.

2.7 Conclusions

A wide range of topics have been introduced in this chapter to analyse the basic problems

and to prepare the discussions carried out in the following chapters. The full range of

instruments (vibrating wire strain gauges, inclinometers, thermistors and data-loggers)

used are analysed in detail to understand their characteristics (par. 2.1).

The strength of concrete and its development with time are analysed to show that

long term analysis of concrete structures have to take into account appropriate long

term parameters since the standard 28 days results are not always correct (par. 2.3.1).

Two types of piles are analysed in this research: standard reinforced concrete piles

and circular concrete-�lled steel tubular piles. Speci�c stress-strain curves are intro-

duced (par. 2.3.2) to take into account the di�erences between the two structures and

to account that this research focuses on the back-analysis of measured data and not on

the design of new structures. This means that factors of safety and simpli�ed curves

are not appropriate for an accurate analysis.

Since concrete has a complicated behaviour and since the main instruments used

(strain gauges) measure strains, it is important to understand the e�ects of shrinkage

and creep on bored concrete piles in saturated clays (the main type of structures ana-

lysed). These e�ects could show a change in the measured strains not related to a

change on the forces applied to the structure. Due to the the high humidity/moisture

of the saturated clay, concrete behave di�erently than on an open-air structure. Thus,

in this analysis it is assumed that the e�ects of shrinkage and creep on piles in saturated

clay are negligible compared with the bending or axial strains (par. 2.4.5).

Cracking is also a�ecting concrete. Its e�ects are analysed for standard reinforced

piles (par. 2.5.1) and circular concrete-�lled steel tubular piles (par. 2.5.2). The

latter behave very di�erently from the former due to the restrain of the steel tube on

the concrete core. The e�ect is that a crack in the restrained concrete in�uences the

34



CHAPTER 2. Background

position of the neutral axis in a much smaller way than a crack opening in standard

reinforced concrete.

Strain gauges are also a�ected by the opening of a crack. Depending on the relative

position of the two (the strain gauge and the crack) and on the type of strain gauge,

the reading can be di�erent (par. 2.5.1.1).
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Chapter 3

Instrumented sites

In this chapter, the di�erent sites analysed in this research are described and detailed

information about the structures and the slopes is given. For some of the sites (Grange

Hill, Mill Hill and Ironbridge Phase I) the instrumented piles were installed before the

start of this study. For other sites (Leatherhead, Ironbridge Phase II and Ironbridge

Lloyd's Head) it was possible to follow all the stages of construction (including the

installation of the instruments, building of the piles, installation of the data-logger,

actual data collection and upkeep of the instrumentation).

3.1 Grange Hill

This site, situated in Essex (OS grid reference TQ448926), is an 11m high slope in

London Clay stabilised with discrete piles (soil parameters in table 3.1). The slope

is a cutting and the railway lines are positioned at its toe (Fig. 3.1). The top layer

called �Made Ground Granular� is a non-uniform composition of sandy clay, silty sand,

broken bricks of approximately gravel size, burnt clay with occasional ash, �ints, bricks

and steel reinforcement bars [Norwest Holst Soil Engineering Limited report for Infraco

BCV Limited (2002)], which make it a heterogeneous layer di�cult to analyse.

Material γ[kN/m3] c'[kN/m2] ϕ′[◦]

Made Ground Granular 18 0 30

Weathered London Clay 19 2 21

Intact London Clay 19 2 21

Table 3.1: Grange Hill soil parameters

Before the installation of the piles the slope was found, on analysis with worst

case pore water pressures, to have an insu�cient factor of safety with a critical slip

surface positioned at the bottom of the �Weathered London Clay� layer [Brown and

Root Consulting report for Infraco BCV Limited (2002)]. The instrumented piles were

installed at the end of February 2006, and up to the present more than four years of

data have been collected. There are two instrumented sections: the major one contains

two instrumented piles, inclinometers, and piezometers; the other contains a single
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instrumented pile, an inclinometer and piezometers. The recent loading history of this

site (after pile installation) commenced with the removal of the piling platform and a

slight regrading of the slope. This happened on 30 March 2006 and seems to have had

little in�uence on the measured axial strains and bending moments. The mature dense

vegetation that covered the entire slope was removed two months before the beginning

of the piling works.

Figure 3.1: Grange Hill Site, main instrumented section

3.1.1 The piles

The principal instrumented section contains two identical instrumented piles (Pile 1 and

Pile 2). They are 0.6m diameter cast in-situ piles, 11m long, and spaced 1.8m (or three

diameters) apart between centres. The piles are reinforced with 7/T40 over the top 4m,

with 7/T50 in the central 4m and with 7/T40 over the bottom 3m (�g. 3.2). Reducers

were used to connect between di�erent reinforcement diameters instead of the usual bar

overlap. This method was used to maintain the geometry of the reinforcements and

to simplify the installation of the cages since overlapping of the large diameter bars

would not have made it possible to maintain the design cover depth. The secondary

instrumented section contains one pile (Pile 3), 0.6m diameter, 10m long, spaced 1.8m

(or three diameters) from the centres of the adjacent piles. The pile is reinforced with
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6/T25 over the top 2.5m, with 10/T25 in the central 4.5m and 6/T25 over the bottom

3m. The connections between the di�erent sections of cage, in this case, are made by

overlapping bars. T12 spiral shear reinforcements and a design cover depth of the rein-

forcements of 75mm are used for all the piles.

The concrete mix used for the instrumented piles are:

• 35 N/mm2 concrete

• Water/cement ratio = 0.34

• Portland cement (OPC) = 486kg/m3

• Pulverised fuel ash (PFA) = 171 kg/m3

• Sharp marine sand = 1277 kg/m3

• Admixture = 5.3 kg/m3

This speci�c mix with only �ne aggregates was chosen to limit damage to the strain

gauges during pouring of the concrete. In all other piles the concrete mix had a more

standard range of aggregate sizes rather then only sharp marine sand.

The speci�c concrete mix could be the cause of the cracking and temperature re-

lated e�ects analysed in the following chapters. No results has been found in literature

concerning the �exural strength and coe�cient of thermal expansion for this particular

kind of concrete mix.

Figure 3.2: Grange Hill piles
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3.1.2 The instruments

Each pile is instrumented with 20 vibrating wire strain gauges. These instruments

are the embedded type shown in �g. 2.2. Those in Pile 1 and Pile 2 have in built

thermistors, while those in Pile 3 do not. Fig. 3.2 shows the locations of the pairs of

strain gauges. Inclinometers are also present in the centre of each pile, between pairs of

piles, and at the top and at the bottom of the slope (�g. 3.1). The piezometers within

the slope are used to measure the pore water pressure at di�erent depths (2m, 4m, 6m,

8m and 10m below ground level). A weather station has been installed at the site.

3.2 Leatherhead

This site is situated in Leatherhead, Surrey (OS grid reference TQ145583), and is a

10m high motorway (M25) embankment. The slope consists entirely of London Clay of

estimated soil parameters: c'=1.5 kN/m2, ϕ′=21◦. A row of piles (of 800mm diameter,

2.4m spacing and 12m long) was installed at the crest of the embankment in connection

with the widening of the motorway carriageway in 1995. Failure of the embankment

was �rst reported at the beginning of 2002 and a ground investigation was carried out

in May 2005 [M25 Sphere, for the Highways Agency (2007)]. This showed that the

embankment failure was a shallow rotational non-circular slip a�ecting the full height

of the embankment. The top of the slip was just in front of the original row of piles,

which largely protected the carriageway from damage. The toe of the slope is still

subjected to occasional �ooding from the nearby river. The remedial works (December

2007) consisted of a row of discrete bored piles positioned about 10m from the edge of

the carriageway, and the regrading of the entire pro�le of the slope (Fig. 3.3).
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Figure 3.3: Leatherhead, main instrumented section

3.2.1 The piles

These piles are continuous �ight auger (CFA) piles 1.05m in diameter and 13m in length

installed 2.5m apart (about 2.4 diameters). They are reinforced with 20/T32 throughout

their length; the shear links are T20 every 250 mm along the whole length of the pile.

The instrumented piles are identical to the other piles within the retaining structure.

The concrete mix used was:

• 35 N/mm2 concrete

• Water/cement ratio = 0.38

• Minimum cement content = 252kg/m3

• Ground Granulated Blast-furnace Slag (GGBS) = 168kg/m3

• Gravel = 1006kg/m3

• Sand = 751kg/m3

• Free water = 162 l/m3

• Alkali = 2.00kg/m3
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Figure 3.4: Leatherhead piles

3.2.2 The instruments

The main instrumented section is formed of �ve piles, three containing only inclino-

meters and two with inclinometers and 10 pairs of strain gauges (Fig. 3.4). The strain

gauges are of two di�erent kinds: embedded and sister bars. This was not planned but

caused by the di�culty of �nding 40 sister bar gauges at short notice. The strain gauges

were placed in Pile 1 and Pile 2 as shown in �g. 3.4. The embedded strain gauges were

placed at the top of the piles so that they had the shortest distance to travel through

the concrete as the cage was inserted.

The secondary instrumented section is formed of a single pile containing an inclino-

meter positioned some distance from the principal instrumented section. This pile will

be used to check if the displacements of the embankment are uniform along its length.

3.3 Mill Hill

The site is situated in the London Borough of Barnet (OS grid reference TQ245912)

between the Underground stations of Mill Hill East and Finchley Central. It is a 12m

high railway embankment made of Anglian Till Clay Fill with a layer of Ash at the

top below the ballast (Tab. 3.2 and �g. 3.5) [Mott MacDonald report for Tube Lines

(2004)]. The Clay Fill can be in general described as a sandy silty clay with occasional

�ne to medium gravel. The formation below the Clay Fill is London Clay. The entire

embankment is covered by a dense vegetation including many mature trees.
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After noting lateral and rotational movements of trees, line-side services and garden

fence posts (in 1998) it was decided to assess the factor of safety of the slope. This

led to stabilisation of the north side of the embankment with mid-slope discrete piles

and a toe berm. The remedial works were completed in December 2004. During the

stabilisation works as many mature trees as possible were maintained to ensure that

the pore water pressures within the embankment did not increase.

Figure 3.5: Mill Hill section

Figure 3.6: Mill Hill instrumented section plan
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Material γ[kN/m3] c'[kN/m2] ϕ′[o]

Ash 11 0 40

Embankment Fill 19 1 25

Embankment Fill (Presheared) 19 1 18

Table 3.2: Mill Hill soil parameters

3.3.1 The piles

The discrete piles at this site are 0.45m diameter cast in-situ reinforced concrete piles.

They are 11m long and spaced 0.7m (about 1.5 diameters) apart between centres.The

positions of the instrumented piles are shown in �g. 3.6.

The instrumented piles are exactly the same as the other discrete piles in the struc-

ture. Each pile is reinforced with 8/T25 along the full length of the pile, with the

reinforcement cages in two section of equal length. The connections between the cages

are realised by the usual overlapping, and the shear links are T10 every 200mm (in this

particular case they are spot welded to the main reinforcements). The design cover

depth of the reinforcement is 75mm.

The concrete mix was:

• 35/40 N/mm2 concrete

• Water/cement ratio = 0.49

• Cement content = 320 kg/m3

• 4/20mm Graded Shingle = 1157 kg/m3

• Free water = 157 l/m3

• Pozzilith Standard WRA = 0.96 l/m3

• Target Slump (mm) = S2 (40-110)

Since no concrete samples were taken, the concrete parameters were assumed to be the

same as those obtained from the tests on concrete samples from the Leatherhead site.
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Figure 3.7: Mill Hill piles

3.3.2 The instruments

The main instrumented section is shown in �g. 3.6. It contains two instrumented piles

(strain gauges and inclinometers), six inclinometers (in piles and in the slope) and seven

piezometers in three di�erent boreholes. This instrumented section is meant to give an

overall view of the movements of the slope and of the piles. In particular the aim of the

instrumented piles 1 and 2 is to understand the behaviour of the retaining structure,

while the inclinometers in line with pile 3 are used to check the di�erential movements

between pile and slope.

The instrumented piles contain 10 pairs of strain gauges each, positioned as shown

in �g. 3.7. The strain gauges used are all of the embedded type (�g. 2.2). The large

gap in the instrumentation at centre of the piles is due the overlapping of the two cage

sections. Each pile was formed of two cages instrumented separately and assembled

together in the hole before pouring the concrete.

3.4 Ironbridge

The site is located in the Ironbridge Gorge, Telford, Shropshire (OS grid reference

SJ685032). The area is part of a UNESCO World Heritage Site (which covers the

Ironbridge Gorge area) and it is situated down-stream from the famous �Iron Bridge�.

The entire area of the gorge is a�ected by shallow and deep movements of the ground

due to the complex geology and its history of mine tunnels and loading from spoil tips.

The area is considered to be the birthplace of the industrial revolution and in the 18th
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century it was a place of various coal mining and iron industries. This resulted in

di�erent areas of instability on the sides of the Gorge due to mining, excessive loading

of the slopes with spoil and erosion by the river Severn.

The site of the stabilisation works covers of both sides of the river, the north side

for a length of about 200m and the south for about 100m. The north side of the river

includes �Phase I� (stabilised during winter 2006/07) and �Phase II� (stabilised during

summer 2008); while the south side of the river consists of the �Lloyd's Head� site

(stabilised during summer 2008). The complete stabilisation works consist of 5 rows

of piles for the north bank of the river, 2 rows of piles for Lloyd's Head, a general

pro�le regrading of both slopes, works to rebuild the damaged roads and improved river

protections (�g. 3.8 ). Phase I includes row 1, row 2, row 3 and the road works to

rebuild �The Lloyds� road; Phase II includes row 4, row 5, the regrading works on the

lower part of the slope and the river protections; Lloyd's Head includes row 6, row 7,

the road works to rebuild �The Lloyd's Head� road, the regrading works and the new

river protection.

Both sides experienced large movements that severely damaged the roads crossing

the sites. The largest instability movements were located on the north side and consisted

of a translational movement of the slope with an initially deep slip surface at the top

of the slope which becomes shallower adjacent to the river (�g. 3.9). The installation

of the Phase I piles probably stopped the translational movements of the upper part of

the slope, but triggered some super�cial rotational movements in the lower part. The

entire landslide has to be considered as a complex movement, possibly with di�erent

slip surfaces in di�erent sections of the slope causing movement at di�erent times. At

Lloyd's Head the mechanism of the failure can be represented as the movement of a

wedge, since the slope is quite steep and not very wide (�g. 3.10).
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Figure 3.8: Plan of Ironbridge site
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Figure 3.9: Pro�le of Phase I and Phase II

Figure 3.10: Pro�le of Lloyd's Head
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Figure 3.11: Simpli�ed geology section of Phase I

3.4.1 The geology

The geology of both sides of the river is quite complex. For the Phase I and Phase

II instrumented sections, the nearest borehole is just down-slope of the Phase I instru-

ments. From the geological report it is possible to identify a �rst super�cial layer (about

5m deep) of made ground containing many di�erent materials (clay, sand, slag, bricks,

concrete, ash and coal). Below there is another thick layer (about 7m deep) of �rm

and sti� gravelly clay. This shows that the top layer is probably a �ll resulting from

mining excavations and other recent industrial activity. The ground investigation re-

port describes several probable shear surfaces (polished surfaces) present in the gravelly

clay. It is not possible to verify if they are due to old or current instabilities. Below

these two upper layers, there are several thin (from 10cm to 150cm) layers of weak

rock (sandstone, mudstone and siltstone), coal, gravel and sti� clay (�g. 3.11), part of

the Middle Coal Measures Strata, logged for a further 20m depth. The goemechanical

strength and sti�ness of the latter are probably greater than the top layers. The reports

point out another probable slip surface between 17 and 18m depth below ground level.

It has to be noted that at an average depth of about 25m from the ground level (the

exact depth is di�erent for each pile) a layer of strong sandstone is present. All the piles

are supposed to be anchored into this layer, which is assumed to be stable.

3.4.2 The pile type

One type of pile was used in the stabilisation construction, but the diameters and steel

thickness varied from row to row and the lengths varied from pile to pile depending on

the depth to the �rm sandstone layer. The piles used were cast in-situ bored circular

concrete �lled steel tubular piles. The piles installed in Phase I, and all the instrumented

piles in both Phase I and II have concrete inside the steel pipe and grout in the external
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ring between the reinforcement and the soil. The rest of the piles in Phase II have

concrete inside and outside the steel pipe. From now on, the word grout will be used

to indicate the weak concrete material used for the external ring of these piles.

The choice of a circular hollow steel pipe as reinforcement gives signi�cant structural

advantages as described in section 2.5.2. This type of pile is considered slender (due to its

length), but is able to resist large bending moments due to the steel tube reinforcement.

The main disadvantage is the cost, since a large amount of steel is required.

Installation of the piles was preceded by jet-grouting along the proposed pile rows

(grouting corridors are shown in �g. 3.8) to �ll gaps in the bedrock, resulting particularly

from abandoned mine shafts and tunnels. The pile shaft was then excavated using

an auger rig with the bore supported by a casing. For the instrumented piles, the

reinforcement pipe was then lowered in the shaft and the concrete poured into it through

a tremie pipe. Grout was then pumped into the gap between the reinforcement and the

casing through a temporary pipe �xed to the outside of the reinforcement. The casing

was then pulled out and the rest of the hole �lled with grout.

3.4.3 Phase I

There are three instrumented piles in Phase I: UP22, L1P30 and L2P30.

UP22 is part of the �rst row of piles, built to stop the movements of the slope

temporarily while rows 2 and 3 were installed and then to work with them in retaining

the upper slope. The pile is 28m long and 860mm in diameter (the internal diameter of

the steel pipe is 640mm, the thickness of the steel pipe 10mm, and the thickness of the

grout ring of about 100mm). Each pile in this row is spaced 4.5m apart between the

centres (�g. 3.12). The instrumented pile was installed on 10 January 2007.

L1P30 is part of the second row of piles and L2P30 is part of the third. These two

rows were built simultaneously and were supposed to work together to retain the upper

part of the slope and road. Both piles are 28m long and 866mm in diameter (internal

diameter of the steel pipe 616mm, thickness of the steel pipe 25mm, thickness of the

grout ring about 100mm). Each pile in these rows is spaced 3m apart between centres

and the rows are staggered by 1.5m (�g. 3.12). L1P30 was installed the 4 of May 2007

while L2P30 was built the 8 of May 2007.

All the piles in row 2 and 3 were connected together with a 1m high concrete cap

(�g. 3.12). The upper parts of the reinforcing steel pipes were not embedded in the cap.

Instead the pile-cap connection was formed from reinforcing bars. This connection can

be considered as an imperfect hinge rather than a moment connection, which means

that the tops of the piles are likely to rotate once the concrete starts to take load.

Each of the three instrumented piles contains 15 pairs of welded strain gauges (par.

2.1.1) and an inclinometer tube (�g. 3.13). During the installation works, most of the

cables from UP22 were damaged. This caused some serious problems in the monitoring

of this pile, which will be discussed in section 4.5.

After the construction of the pile cap, a new road was built between row 1 and row 2
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with the pavement lying on part of the pile cap. About a month after the construction,

a deep crack in the soil appeared in front of row 3, indicating that the soil down-slope

was still unstable. The works in Phase II followed to stabilise the lower part of the

slope.

Figure 3.12: Phase I, section and plan
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Figure 3.13: Phase I, instrumented piles

3.4.4 Phase II

The stabilisation works in Phase II included two rows of piles, an extensive regrading of

the lower part of the slope and a new con�guration for the river bank. Two piles were

instrumented:

• UT81, part of row 4, is 16m long and 670mm in diameter (internal diameter of

the steel 470mm, thickness of the steel pipe 10mm, thickness of the grout ring

about 100mm). The piles in this row are 1.2m apart between centres (about two

diameters). The instrumentation consists of 30 welded strain gauges (positioned

in 15 pairs) and an inclinometer tube (�g. 3.14). The pile was installed the 21

August 2008.

• LT56, part of row 5, is 13m long and 670mm in diameter (internal diameter of

the steel 470mm, thickness of the steel pipe 10mm, thickness of the grout ring

about 100mm). The piles in this row are 1.8m apart between centres (about three

diameters). The instrumentation consists of 24 welded strain gauges (positioned

in 12 pairs) and an inclinometer tube (�g. 3.14). The pile was installed on 4

August 2008.
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Figure 3.14: Phase II, instrumented piles

3.4.5 Lloyd's Head

The Lloyd's Head stabilisation scheme comprises two rows of piles, regrading of the

slope and a new con�guration for the river bank. When the stabilisation works were

�nished a new road, parking spaces and a terrace were built on top of the slope (�g.

3.10).

The two rows of piles in the instrumented section are 4.50m apart and the positions

of the piles in the two rows are staggered. The two instrumented piles are:

• P58Row1, part of row 6 on �g. 3.8, is 17.40m long and 675mm in diameter

(internal diameter of the steel 475mm, thickness of the steel pipe 10mm, thickness

of the grout ring about 100mm). The piles in this row are 1.5m apart between

centres. The instrumentation consists of 32 welded strain gauges (positioned in

16 pairs, �g. 3.15). The pile was installed the 10 September 2008.

• P58Row2, part of row 7 on �g. 3.8, is 16.20m long and the pile section is equal

to P58Row1. The piles in this row are 1.5m apart between centres. The instru-

mentation consists of 30 welded strain gauges (positioned in 15 pairs, �g. 3.15).
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The pile was installed on 9 September 2008.

These two instrumented piles do not contain any inclinometer tubes.

During the installation works, problems in augering the pile bore resulted in the pos-

itions of the tops of the piles di�ering from the original design: P58Row1 was positioned

about 1m higher while P58Row2 about 1m lower (�g. 3.15).

Figure 3.15: Lloyd's Head, instrumented piles

3.5 Concrete sampling: properties of the materials and re-

spective assumptions

The concrete strength given in the concrete mix speci�cations for the di�erent piles is

the design strength. This is the minimum strength that the concrete (or grout) should

develop 28 days after pouring. This research assesses the long term pile behaviour. As

stated in par. 2.3.1, the strength of concrete increases with time following an exponential

curve (formula 2.3). To have more accurate strength parameters, concrete samples were

collected for the piles installed after November 2007 (the beginning of this research

project). This means that concrete samples were collected from the Leatherhead piles
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(six samples), and the Ironbridge Phase II piles for both concrete (six samples) and

grout (six samples). All the sampling followed the BS EN 12390-2 (2000). Testing

followed BS EN 12390-3 (2002) for the samples tested at 28 days (three for each pile).

The other samples were cured for 28 days in water then wrapped in wet cloths, sealed in

plastic bags (to simulate soil conditions) and kept at laboratory temperature. 90 days

after pouring, the samples were tested to BS EN 12390-3 (2002). The average concrete

strength results (f cu) are shown in tab. 3.3, which shows an increase in strength with

time for all the samples. Most importantly, the f cu values are very di�erent from

the assumed design values shown in the previous sections (35MPa for Leatherhead,

32/40MPa for Ironbridge concrete and 8/10MPa for Ironbridge grout).

Leatherhead Ironbridge Ironbridge
(concrete) (grout) (concrete)

28 days 90 days 28 days 90 days 28 days 90 days

f cu= 47 MPa f cu= 55 MPa f cu= 30 MPa f cu= 33 MPa f cu= 50 MPa f cu= 57 MPa

Table 3.3: Concrete samples average results

The actual strength of the concrete samples is much greater than the design strength.

This shows that for the back analysis of the data it is not appropriate to use the

design strength parameters, but it is better to test the instrumented pile concrete.

Assumptions were made for the other instrumented piles since concrete sampling had

not been possible. For the Grange Hill and Mill Hill piles, the assumed strength is

50 MPa, slightly smaller than the Leatherhead piles considering the absence of large

aggregates at Grange Hill and the high water/cement ratio at Mill Hill. For Ironbridge

Phase I, it was assumed that the piles had similar characteristic to Ironbridge Phase II,

so the assumed strengths of both concrete and grout are the same as the tested samples:

57 MPa and 33MPa respectively.

Leatherhead Grange Hill Mill Hill Ironbridge Ironbridge
(concrete) (concrete) (concrete) (concrete) (grout)

fcu= 55 MPa fcu= 50 MPa fcu= 50 MPa fcu= 57 MPa fcu= 33 MPa

Table 3.4: Long term concrete strength (f cu) values

3.6 Conclusions

This chapter summarises the layout of each site, the geology, the design of each pile, the

instruments used and the concrete strength. The research is based on four sites with

a total of 14 instrumented piles. Three sites (Grange Hill, Leatherhead and Mill Hill

) have slopes stabilised with a single row of discrete piles; while one site (Ironbridge)

have two slopes, one stabilised with 5 rows of discrete piles and the other with two rows

of discrete piles. Grange Hill is a railway cutting in London Clay, three instrumented

piles are analysed from this site. Leatherhead is a motorway embankment in London

Clay, two instrumented piles are analysed. Mill Hill is a railway embankment in Clay
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Fill, two instrumented piles are analysed. Ironbridge is a complex landslide in Made

Ground and Middle Coal Measures, seven instrumented piles are analysed. Table 3.5

summarises some of the characteristics of the instrumented piles.
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Chapter 4

Interpretation of strain gauge data

This chapter analyses the method used to interpret the strain gauges data. This means

how to pass from the signal the instrument transmits to the clean pro�le of the strains

for the analysis of the instrumented structure. Datum setting, data-cleaning and tem-

perature corrections are analysed and examples are given to show the necessity of the

correction. The strain pro�les for each pile are shown at the end of this chapter as

results of the interpretation of strain gauge data. Errors at this stage will compromise

the understanding of the pile behaviour in the following chapters.

4.1 Vibrating wire strain gauge: from reading to absolute

strain

As introduced in par. 2.1.1, a vibrating wire strain gauge measures the frequency of

a vibrating wire. In reality the reading (R) the strain gauge carries out is a period

(measured in period×107) that the data-logger transforms into a frequency (f ):

f =
1

R/107
(4.1)

f is measured in Hz.

The period depends on the harmonics the data-logger is set to read. This is explained

in more detail in par. 4.3.

Depending on the model and setting, the data-logger can also generate the so called

digit, instead of the frequency:

digit =
f2

1000
(4.2)

digit is measured in Hz2.

It is now possible to calculate the absolute strain (εa) as:

εa = digit× gaugefactor (4.3)

Where gaugefactor is a constant given by the producer of the instrument. It is based

on the laboratory calibration done when the strain gauge is assembled.In this context,
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εa is referred as an absolute strain to distinguish it from the relative strain obtained

after datum setting (par. 4.2).

The complete formula for the absolute strain (εa) is:

εa =gaugefactor ×
[
(107/R)2

1000

]
(4.4)

εa is measured in µε (microstrains).

In this research, in-place data-loggers produce a digit that permits the use of Equa-

tion 4.3 to calculate εa; while temporary mini-loggers give out a reading (R) which

needs the use of Equation 4.4.

4.2 Datum setting

The previous section explained how to get a strain reading (in µε) from the strain

gauges. These readings refer to the length of the tensioned wire. To measure the

structural strain changes during time, it is necessary to �x a datum and to subtract its

absolute strain to all the other readings. The de�nition of the datum (i.e. its position

on the time line) is very important as it a�ects all the subsequent calculations, analysis

and results. This research focuses on the behaviour of the whole pile so there has to

be single datum time for all the strain gauges in the pile. This means that the strain

pro�les will all show zero at the same time (�g. 4.7).

For practical reasons of optimisation of the program used in the calculation, the

datum is set during the calculation of the strains as:

εa = (digit− digitDatum)× gaugefactor (4.5)

The datum has to be related to the objectives pursued. If the analysis is focused

on the concrete early stages behaviour, the datum should be set just after pouring or

even before it. If the research is analysing a particular load occurrence, the datum

should be set just before the load is applied. This research is focusing on the long term

behaviour of piles under load, and we are not interested in the short term e�ects of

concrete setting. This means that the datum for the strain gauges can be set some

time after pouring, when any remaining setting e�ects are minimal compared with the

anticipated load e�ects. In this way the early age e�ects are minimised.

4.2.1 E�ects of concrete setting on strain gauges

To �nd the appropriate time datum, it is necessary to analyse the concrete setting

processes and their e�ects on the strain gauge readings.

After pouring, the concrete is a�ected by di�erent processes: plastic shrinkage de-

velops in the �rst hours while autogenous shrinkage a�ects the concrete at later times;

the temperature increases (in this research some thermistors recorded up to 40◦C ) due

to the exothermic hydration reactions in the �rst hours after pouring (par. 2.2.2) and

then takes a long time to dissipate (�g. 4.2). These three processes have a direct e�ect
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on the strain gauge readings. Plastic and autogenous shrinkage, which are intrinsic to

the concrete (par. 2.4.1), give a uniform increase in compression to all the strain gauges

connected to the concrete (embedded and sister bars) in the same section. The e�ect

of the temperature increase on the instruments (which is also assumed to be uniform

on the section) is more complicated (par. 4.4.2), but in this particular case it is to ex-

pand the instrument which records a corresponding increase in tension. The two e�ects

are superimposed and their magnitude is related to all the concrete and instrumental

parameters. Concrete setting e�ects do not generate any bending moment since they

are uniform along the same section.

In par. 2.4.5 it was assumed that long term shrinkage and creep e�ects are a neg-

ligible portion of the overall pile strains. In view of this, plastic shrinkage was not

considered since the measurements on the samples started after concrete setting.

4.2.2 Method for the choice of a datum in long term analysis

Since all the concrete setting e�ects are superimposed and their development is related

to both the concrete parameters and to the environment, their understanding, quanti-

�cation and correction is complicated. For example, �gure 4.1 and �gure 4.2 show that

the full dissipation of the heat of hydration takes more than three months. After this

period the environmental seasonal temperature cycles are predominant. The curves for

nearly all the temperatures (the instruments at the top of the piles are more in�uenced

by the air temperature variation) can be divided in two parts: in the �rst part (before

the change in the heat dissipation rate in �g. 4.2) the temperature decreases rapidly,

and in the second part (after the change in the heat dissipation rate in �g. 4.2) the

dissipation rate is lower. As pointed out before, the focus of this research is the long

term behaviour of the piles. To avoid some of the problems related to the early stage

e�ects and processes (par. 4.2.1) it was chosen to set the datum approximately when

most of the heat of hydration had been dissipated (�g. 4.2). This gives minimal ef-

fects due to temperature changes and plastic shrinkage and avoids most of the e�ects

of autogenous shrinkage. The complete development of the latter cannot be measured

without a related monitored concrete sample (unloaded but in the same environmental

conditions). The early stage e�ects are usually seen as a steep increase in strain in

the �rst period of the readings (�g. 4.3). The datum time has to be one for all the

instruments on a pile, thus an average time along the pile has to be chosen. The heat

of hydration dissipates at di�erent rates along the pile, therefore the thermistors record

di�erent curves at di�erent locations.

This approach only minimises the setting e�ects and it is accepted that some errors

in the strain readings remains. The latter are connected to the part of the autogenous

shrinkage that develops after the datum and to the temperature dissipation rates that

are not the same along the depth of the pile. The errors could be avoided setting the

datum when the hydration heat is completely dissipated, but during this time the pile

could have been already loaded by the slope and there would be an error in the bending

strain measurements and in the following bending moment calculations. It is necessary
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that the datum is set before the pile starts to be loaded. The beginning of the bending

moment development has to be determined for individual piles and compared with the

time when the heat of hydration is mostly dissipated. When the loading on the pile

starts before the heat of hydration is dissipated, the datum has to be set before the

beginning of the loading. The problem is complicated by the fact that at this stage of

the analysis the bending moment has not been calculated yet. The strain gauge readings

can give information about the beginning of the loading process on the pile. The two

instruments in an instrumented section give similar readings (�g. 4.3) when the section

is subjected to uniform e�ects (shrinkage, temperature, axial loading), while they show

di�erent patterns when the section is in bending (�g. 4.4), i.e. the pile is loaded by

the slope. When the datum is set very close to the pouring time, the total values of

the measured strains and in the axial strain of the sections are a�ected by errors due

to concrete setting e�ects (par. 4.2.1).

In some cases the data from the early stages after pouring cannot be recorded for

technical problems. A piling site is usually very busy and sometimes it is not safe to

install the data-logger immediately after pouring. It can happen that the data-logger is

installed at the end of the site works, missing not only all the early stage data, but also

the �rst part of the loading and related bending moments. In these cases the datum

can be set as the �rst data recorded.

Figure 4.1: Grange Hill Pile 1, temperatures
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Figure 4.2: Grange Hill Pile 1, temperatures after concrete setting

Figure 4.3: Grange Hill Pile 1, early stage strain development for section 4-14
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Figure 4.4: Ironbridge UP22, early stage strain development for section 11-26. No con-
crete setting e�ects are present, the instruments only show the development of bending
strains.

4.2.3 Datum setting conclusions

It can be concluded that the datum for long term analysis:

1. Has to be set before the beginning of the loading.

2. Has to minimise the inclusion of concrete setting e�ects.

Thus it is necessary to identify when the loading begins and when most of the heat

of hydration is dissipated, and to compare the two. If the beginning of the loading

is the �rst in time, then the datum has to be set just before it; while if the loading

starts later than the change in temperature dissipation rates, the datum has to be set

approximately when the temperature dissipation rates changes.

When the �rst part of the data is missing, the datum can be set as the �rst reading.

In this analysis the datums for the piles in Grange Hill, Mill Hill and Ironbridge (all

the piles except UP22) were set when most of the heat of hydration was dissipated; the

datum of UP22 in Ironbridge was set when the loading began; and the datums of the

piles in Leatherhead were set when the �rst reading recorded.

4.2.4 Example

Grange Hill Pile 1 datum setting is now analysed in detail as an example of the ap-

plication of the method explained above. In this case the data-logger began to record
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just after pouring. The instrument temperatures (�g. 4.1 and �g. 4.2) clearly show

the dissipation of the heat generated by the hydration reactions. Analysis of the �rst

month of recorded temperatures (�g. 4.5) shows the dissipation curves. It was decided

to set the datum on the 5 March 2006, eleven days after pouring (ten days after the

installation of the data-logger), when most of the heat of hydration had been dissipated.

The temperatures recorded by the pair of instruments in the top section of the pile are

in�uenced by environmental temperature changes, thus is better to not consider them

in the datum setting. The choice of this datum generates the changes in strain pro�les

shown in �gure 4.6 and 4.7. Since the datum is used during the calculation of the strains

for each instrument, the two graphs (�g. 4.6 and �g. 4.7) have di�erent units on the y

axis, digit for �g. 4.6 and microstrain for �g. 4.7. The shape of the pro�les is the same,

but the values are scaled by the gaugefactor (par. 4.2). The pro�les are still a�ected by

the interferences which will be removed using the procedures illustrated in section 4.3.

At this point the development of bending strains was checked. In each instrumented

section, the two strain pro�les were compared (as in �g. 4.3) to see when the pile began

to be a�ected by the lateral load. The pro�les showed that the pile started to bend

after the datum, as illustrated by �gure 4.3; thus it was decided that the chosen datum

was appropriate.

Figure 4.5: Grange Hill Pile 1, �rst month of recorded temperatures after pouring of
concrete
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Figure 4.6: Grange Hill Pile 1, digit pro�les before the setting of the datum

Figure 4.7: Grange Hill Pile 1, strain pro�les after datum setting. All the interferences
are still present and will be eliminated with procedures shown in par. 4.3. The cleaned
pro�les are shown in �g. 4.9.
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4.3 Removal of interference

After the datum is set, it is usually necessary to clean the data from interference and

reading errors. The large amount of data recorded for each instrument (a reading every

hour in this research) allows the trend of each instrument and any potential interference

or error to be identi�ed easily(�g. 4.8). The types of interferences/errors found in this

analysis are:

1. General interference, caused by humidity in the instruments, loose connections

or electromagnetic �elds. They are represented by single or multiple jumps in the

readings usually surrounded by clear data. In this case, the errors are identi�ed

and eliminated manually or using di�erent types of code depending on the program

used for the data analysis. The correction leaves gaps in the readings, but a much

clearer overall graph (�g. 4.9).

2. Harmonics errors, caused by an incorrect setting of the data-logger or partial

breakage of of the data-logger multiplexors. The strain gauge reads the period of

vibration of the wire, but the data-logger needs to know which harmonic has to be

to used in the count of the frequency. A jump, the complete shift and a rescaling

of the part of clear data a�ected appear when the value referring to the harmonics

changes (�g. 4.10). The scaling of the data is due to the wrong frequency being

calculated by the data-logger (par. 4.1). It can happen that the data-logger had

been set wrongly when starting the data recording. In this case the correct data

are produced after resetting the harmonics. To correct the harmonics error it is

�rst necessary to identify it (it can be di�cult if the wrong setting is made when

the recording starts), reset the data-logger with the correct harmonic, adjust the

data (rescaling) and shift the graph back to the correct position (�g. 4.11). Also

the datum has to be reset if the correction a�ects it. The harmonic correction is

usually done when the data are in the �digit� form (par. 4.1).

3. Complex interference/error. Sometimes the two types of error overlap and it

is possible to see the trend/pattern of the readings, but some of them are shifted by

a constant distances and overlapped (�g. 4.12). This can be caused by a damaged

data-logger with loose connections and sometimes from damaged strain gauges.

For correcting the data, it is necessary to identify the correct harmonic, reset and

�x the data-logger and connections, shift back the data to the correct position

and eliminate the interference. A large part of the a�ected data is usually lost

during the correction. The combination of the two errors results in interferences

shifted by constant distances (depending on the harmonics). The shape of the

graph is maintained, but it is multiplied and shifted. Generally, it is not possible

to correct every single reading, so the correct harmonic readings are identi�ed and

the others eliminated. Even if little data remain after the correction, the trend of

the reading is recovered.
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The interferences/error of the �rst type can occur to strain gauge and thermistor read-

ings while the second and third type are only related to strain gauges.

Figure 4.8: Grange Hill Pile 1, general interference before correction.

Figure 4.9: Grange Hill Pile 1, general interference after correction.
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Figure 4.10: Mill Hill Pile 1, harmonic errors before correction. The �rst setting of the
data-logger was wrong and it was subsequently changed. The readings in the two parts
of the graph have di�erent scales due to the di�erent harmonics used by the data-logger
in the frequency calculation.

Figure 4.11: Mill Hill Pile 1, data pro�les after correction of the harmonic errors.
The datum is not �xed yet.

69



CHAPTER 4. Interpretation of strain gauge data

Figure 4.12: Grange Hill Pile 1 SG5, complex interference before correction. In this
case the harmonic errors are already corrected, only the interferences remains. The
graph shows how the interferences maintain the shape of the graph, but the points are
translated by set amounts.

Figure 4.13: Grange Hill Pile 1 SG5, complex interference after correction.
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4.4 Temperature corrections

During the analysis of strain data from the Grange Hill, Mill Hill and Leatherhead piles,

a persistent seasonal strain variation within the upper half of the instrumented piles

was noticed (�gs. 4.14, 4.15 and 4.16). The peaks and troughs of the graphs are not

consistent between the sites and sometimes they are not consistent along the depth of

the same pile. Di�erent hypothesis have been analysed during this research to explain

this seasonal variation.

The Ironbridge piles are not considered in this section because the strain gauges do

not show such similar seasonal variations.

The e�ects of di�erential thermal expansion of the concrete/soil system (the coe�-

cient of thermal expansion of concrete is di�erent than the one of saturated clay) were

investigated without success. This approach could not fully explain the results recor-

ded and thus was discarded. Instead it was postulated that the di�erential thermal

expansion of the strain-gauge/concrete system was involved in the e�ect. This sec-

tion analyses the method used and the results obtained applying the latter. The �rst

part of the analysis uses strain/temperature graphs to identify the existence of a main

strain/temperature correlation. If this is present, an appropriate temperature correc-

tion is applied to clean the data. Otherwise the recorded data are not heavily in�uenced

by the temperature changes and no corrections are applied.

This approach shows that di�erent piles (built with di�erent concretes and in-

stalled in di�erent soils) need di�erent corrections which take into account the e�ective

strain/temperature correlations.

Figure 4.14: Grange Hill Pile 1, seasonal strain variation in the instrumented section
at the top of the pile
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Figure 4.15: Mill Hill Pile 1, seasonal strain variation in the instrumented section at
the top of the pile

Figure 4.16: Leatherhead Pile 2, seasonal strain variation in the instrumented section
at the top of the pile
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4.4.1 Strain/temperature graphs and correlations

The �rst part of the analysis is based on the strain/temperature graphs. These are

produced using uncorrected strain data (but cleaned from interference) from the strain

gauges and the temperatures measured by thermistors at the same level. The plot is

usually quite confused, but if a linear strain/temperature correlation is present, sea-

sonal changes in strains are represented by narrow loops with almost the same slope

(�g. 4.17 and �g. 4.19). If the loops can be approximated by a line, the slope of

this line represents the �e�ective� coe�cient of thermal expansion of the pile (αe). �Ef-

fective� means that the coe�cient includes the interactions between the strain gauges

and the pile material (concrete), and the e�ect of the restraints. In the case of piles,

these are the pile/soil interactions (mainly skin friction, in the analysed cases). In a

theoretical case where no restraints are present, the e�ective coe�cient coincides with

the coe�cient that shows the interaction between the strain gauges and pile material

(par. 4.4.2.3). In the case where the line approximating the seasonal loops is vertical,

the temperature is not correlated to the strain variation, since when the temperature

changes, the strains remain constant. The analysed plots include all the other actions,

e�ects and processes present in the piles; this makes them very confused in the case

where the strain/temperature correlation is not the main seasonal e�ect.

In this analysis only linear strain/temperature correlations are considered.

The strain/temperature graphs also show the concrete setting phase behaviour, when

the concrete is cooling after the �rst hydration processes and gaining strength (�g. 4.17

for example).

Figure 4.17: Grange Hill Pile1, strain/temperature plots for the top three instrumented
sections.
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4.4.2 E�ects of temperature changes on strain gauges readings

This section analyses the e�ects of temperature changes on strain gauges readings, the

formula to correct the readings and the evaluation of the coe�cient of thermal expansion

of concrete.

In the following strain plots, tension is positive while compression is negative.

4.4.2.1 Behaviour of a vibrating wire strain gauge in relation with thermal

variations

A vibrating wire strain gauge measures the frequency of vibration of the wire and com-

pares it with a datum to calculate the increase or decrease of strain of the wire (and thus

of the structure to which it is connected). Theoretically, if the wire and the structure

have the same coe�cient of thermal expansion (α), a change in temperature doesn't

cause any change in the readings. In reality, structure and strain gauge are likely to

have di�erent values of α. In the analysed cases, the coe�cient of thermal expansion

of the strain gauge (αsg) was 12×10−6 oC−1 (given by the producer), while the coe�-

cient of thermal expansion of the concrete (αc) could vary between 6 and 13×10−6 oC−1

(par. 4.4.2.2). Since no measurements were carried out on the instrumented piles to

evaluate αc, the value suggested by the Eurocode 2 [BS EN 1992 (2004)] was used

(αc=10×10−6 oC−1). The di�erence between αc and αsg (when αc < αsg) means that

the strain gauge would expand more than the concrete for a given increase in temper-

ature, but since the instrument is restrained by the structure and its expansion is not

permitted, the strain gauge reads this as an �arti�cial� increase in compression when the

temperature increases. Vice versa, an �arti�cial� increase in tension is measured when

the temperature decreases. The opposite happens when αc > αsg, an increase in tem-

perature generates an increase in tension in the readings while a decrease in temperature

produces a rise in compression. This e�ect is completely generated by the instrument

and is not based on any real physical e�ect in the structure. It is then necessary to

proceed to a correction of the strain gauge readings (par. 4.4.2.3).

The evaluation of the coe�cient of thermal expansion of concrete (αc) greatly a�ects

the temperature corrections and the following analysis of the behaviour of the piles.

4.4.2.2 Coe�cient of thermal expansion of concrete

The coe�cient of thermal expansion of concrete (αc) depends both on the composition

of the mix and from its hygral state at the time of the temperature change [Neville

(1995)]. The constituents of the mix, hydrated cement paste and aggregates, have dif-

ferent coe�cients, and the global coe�cient of concrete is a resultant of these. Since

concrete is a porous material containing water (under di�erent conditions: water held

by the hydrated cement paste and adsorbed water), the changes in temperature modify

both the true kinetic coe�cient and the capillary tensions in the pores [Neville (1995)].

In Table 4.1 the in�uence of di�erent cement sand ratios is shown, while in Table 4.2

the e�ects of di�erent aggregates and curing methods are illustrated. Tatro (2006)
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back-calculates the coe�cients of thermal expansion of mass concrete used in dam con-

struction (Table 4.3). The three tables give an example of the complexity of the problem

and of the necessity for laboratory tests on concrete samples for an accurate estimate

of the coe�cient of thermal expansion. Reproducing the environmental conditions in

which the concrete is cured can increase the di�culty of the laboratory test. In this

case, in fact, the humidity/moisture conditions are very di�erent than for structures in

the open air (as explained in par. 2.4.5).

Cement/sand ratio Linear coe�cient of thermal expansion at age of 2 years

Neat cement 18.5

1:1 13.5

1:3 11.2

1:6 10.1

Table 4.1: In�uence of the cement/sand ratio on the coe�cients of thermal expansion
of concrete in 10−6 oC−1 [Neville (1995)]

Type of aggregate Air-cured concrete Water-cured concrete Air-cured and
wetted concrete

Gravel 13.1 12.2 11.7

Granite 9.5 8.6 7.7

Quartzite 12.8 12.2 11.7

Dolerite 9.5 8.5 7.9

Sandstone 11.7 10.1 8.6

Limestone 7.4 6.1 5.9

Portland stone 7.4 6.1 6.5

Blast-furnace slag 10.6 9.2 8.8

Expanded slag 12.1 9.2 8.5

Table 4.2: Coe�cients of thermal expansion for 1:6 concretes in 10−6 oC−1 [Neville
(1995)]

Dam Name Aggregate Type Coe�cient of
Thermal Expansion

Hoover (USA) limestone and granite 9.5

Hungry Horse (USA) sandstone 11.2

Grand Culee (USA) basalt 7.9

Table Rock (USA) limestone and chert 7.6

Greers Ferry (USA) quartz 12.1

Dworshak (USA) granite-gneiss 9.9

Libby (USA) quartzite ans argillite 11.0

Jupia (Brazil) quartzite 13.6

Table 4.3: Thermal expansion coe�cients for mass concrete in 10−6 oC−1 [Tatro
(2006)]
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4.4.2.3 Temperature correction formula

The temperature correction formula used is based on the theory mentioned above (par.

4.4.2.1) and on Batten et al. (1999):

ε = εsg − (αsg − αc)(T0 − T1) (4.6)

where:

ε is the adjusted structural strain;

εsg is the measured strain;

T 0 is the temperature datum;

T 1 is the general temperature reading.

In the theoretical case discussed in par. 4.4.1, where a pile with no restraints is

subjected to temperature changes:

αe = αsg − αc (4.7)

then

ε = εsg − αe(T0 − T1) (4.8)

where αe is the �e�ective� coe�cient of thermal expansion introduced in par. 4.4.1.

In the analysis of pile readings, the temperature datum was set at the same time

as the strain datum to maintain the consistency between strains and temperatures. A

variation of the datum generates variations in the temperature corrections.

4.4.3 Temperature correction method

The �rst step is the evaluation of the stress/temperature graphs. If it is possible to

approximate the seasonal loops by parallel lines, then a temperature correction can be

used to separate temperature e�ects. The next step is to calculate the slope of the

approximating line (αe) and to use it in equation 4.8. The calculated strains are now

corrected from all the temperature e�ects (both instrumental and e�ective), and rep-

resent only e�ects that are not associated with temperature. The temperature derived

strains (�g. 4.18) then include all the strains associated with the temperature changes,

namely the di�erence between the coe�cients of thermal expansion of the gauge and

the concrete, the pile/soil interaction due to the di�erent coe�cients of thermal expan-

sion and the temperature related strains generated by any other kinds of restraint on

the pile. Knowing the coe�cient of thermal expansion of concrete (αc), it is possible

to separate the strains generated by the instrument errors from the global measured

strains.

If the approximating lines are vertical (or nearly vertical), the change in temperature

generates no changes (or very small changes) in strain. In this case the temperature

changes are not a�ecting the readings (or are a�ecting them only slightly) and no

corrections are needed. It is also possible that the correlation between strains and
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temperature is not linear; more research is necessary to investigate this.

The last case is represented by an unclear strain/temperature correlation, meaning

that the line approximating the seasonal temperature increases is di�erent from that

for the temperature decreases. The temperature correction for instrument errors is the

only one to be applied in this case.

Figure 4.18: Grange Hill Pile 1, temperature corrections

4.4.4 Case history

This section analyses the piles from the three instrumented sites at Grange Hill, Mill

Hill and Leatherhead to test the theory and method explained above.

4.4.4.1 Grange Hill

Three instrumented piles are monitored at Grange Hill (par. 3.1), but unfortunately

the temperatures are recorded correctly in only one (Pile1). It is possible to use Pile1

temperatures in Pile2 with only a minor error as the two piles are close. The use of

Pile1 temperatures in Pile3 could generate bigger errors as the two piles are far apart;

thus these corrections are not applied to Pile3. The concrete used for building the piles

has a modi�ed mix; the only aggregate used was sharp marine sand, 26% of the cement

used was pulverised fuel ash, the cement/sand ratio was 0.5 and the water/cement ratio

was 0.34. This particular cement mix is possibly responsible of some of the unusual

behaviours recorded in this set of piles.

The analysis of the strain/temperature graphs for Pile1 (�g. 4.17) and Pile2 (�g.

4.19) shows that both have the same behaviour. In general, the seasonal changes in

strains are represented by narrow loops. The loops have almost the same slope for
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increasing and decreasing temperatures, and can be approximated by a straight line.

The slope of this line (αe) is approximately -3×10−6 oC−1 for both piles. As explained

above, this coe�cient includes any instrument errors and the restraints on the pile.

Correcting the strain data of Pile1 (Pile2 has many strain gauges broken and it

is not very representative) using the equation 4.8 with αe= -3×10−6 oC−1 completely

eliminates the seasonal changes from strain readings (�g. 4.20, 4.21 and �g. 4.22)

and axial strains (�g. 4.23). The bending moment was not a�ected, the temperature

correction does not make any di�erence to the results.

Figure 4.19: Grange Hill Pile2, strain/temperature graph of the top three instrumented
sections.
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Figure 4.20: Grange Hill Pile1, uncorrected strain pro�les

Figure 4.21: Grange Hill Pile1, corrected strain pro�les
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Figure 4.22: Grange Hill Pile1, comparison of strain pro�les for the instruments at
the top of the pile

Figure 4.23: Grange Hill Pile1, comparison of axial strain pro�les for the instruments
at the top of the pile
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4.4.4.2 Mill Hill

Two instrumented piles were monitored at Mill Hill (par. 3.3) with good records of

strains and temperatures. The analysis of the strain/temperature graphs (�g. 4.24

and �g. 4.25) shows that the seasonal loops can be approximated, in most cases, by

a nearly vertical line. This means that the strains are only minimally a�ected by the

temperature changes and thus no temperature corrections are needed.

The presence of seasonal loops not connected with temperature changes means that

other processes, not directly related to temperature, are seasonally a�ecting the piles.

The strain pro�les show peaks in compression in the summer and in tension in the

winter, which could be connected to the e�ects of vegetation as shown by Crilly and

Driscoll (2000). This will be discussed in more detail in section 7.2.

Figure 4.24: Mill Hill Pile1, strain/temperature graph of the top three instrumented
sections.
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Figure 4.25: Mill Hill Pile2, strain/temperature graph of the top three instrumented
sections.

4.4.4.3 Leatherhead

Two instrumented piles were monitored at Leatherhead (par. 3.2).

The two strain/temperature graphs (�g. 4.26 and �g. 4.27) show that the instru-

ments are not behaving in the same way as the other piles analysed previously. No

loops are present, but all the instruments show a �M� shape graph. This could be

mainly related to the strain increase due to the increased load on the pile. If temper-

ature corrections are applied using αc= 10×10−6 oC−1 as suggested by the Eurocode

2 [BS EN 1992 (2004)], the strain pro�les show increased peaks and troughs. Visual

inspection of a concrete sample from the piles identi�ed the aggregates as chert which

means that αc could be about 12×10−6 oC−1 (the same value as αsg) and thus no tem-

perature correction is needed. This could explain why part of some strain/temperature

graphs are vertical: the temperature variations does not a�ect the strains, but the in-

crease in load (i.e. an increase in bending strain) develops the �M� shape graph. The

seasonal changes in strains are probably connected to other e�ects not directly related

to temperature, thus no temperature corrections are applied.

4.4.5 Temperature correction conclusions

Seasonal changes in strain and axial strain have been observed in seven instrumented

piles at three sites. After the realisation that the seasonal variation of strain was in

some cases connected to the seasonal variation of temperature, a correction method was
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Figure 4.26: Leatherhead Pile1, strain/temperature graph of the top three instrumented
sections.

Figure 4.27: Leatherhead Pile2, strain/temperature graph of the top three instrumented
sections.
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developed. This is not a generalised correction method for all the piles, but it can be

adapted to the di�erent situations encountered at the di�erent sites.

Strain/temperature graphs are used to identify potential correlations between the

two quantities. If the graphs show narrow loops that can be approximated with a line,

the slope of this line is used as an �e�ective� coe�cient of di�erential thermal expansion

(between strain gauge and pile) in the temperature correction formula (Equation 4.8).

This eliminates all the temperature e�ects (instrumental, due to pile/soil interactions

and due to the restraints) from the readings and consequently the corrected strain

graphs shows no temperature related seasonal variations.

In the case of a vertical approximation line, no temperature correction is needed

because a change in temperature does not generate a change in strains.

4.5 Broken connections: the case of UP22

This section illustrates the corrections made to data from UP22 (from Ironbridge Phase

I) after some breakages occurred to the cables. This is an example of the problems

that can occur in the �eld data analysis and an approach to solve them. The correc-

tion method was developed after the collection of more than two years of data, making

possible the comparison of the long term behaviour of the di�erent instruments. The

method also worked in an iterative way taking into account strains, temperatures, bend-

ing moments and displacements, thus using the whole methodology proposed in this

thesis. The method is analysed in this chapter because its primary purpose is related

to the interpretation of strain gauge data on which the rest of the research is based.

After the installation of the pile (12 January 2007), the data-logger was connected

to the strain gauges and the recording started. The cables were then cut during some

works around the pile. In this case it was possible to reconnect the cables correctly

without the loss of much data. During the building of the road on top of the pile, some

of the cables were cut again (5 July 2007). In this case it was not possible to identify

the damage and repair it promptly. The cables were reconnected on 13 August 2007,

but for some of them it was not possible to match the original positions. The cables

were connected again, the data-logger recorded the data, but for these cables it was not

possible to know the strain gauges they should be attributed. Strain and temperature

pro�les were recorded, but for some of them the position in the pile after the breakage

was unknown. Strains changed during the one month gap, between breakage and repair,

making it di�cult to match the pro�les before and after the rupture. On the down-slope

side most of the position were reasonably certain, while on the up-slope side only the

instruments numbered as 9, 10, 12, 14 and 15 (�g. 3.13) were known (since their cables

were not cut).

The �rst step was to match the temperature pro�les before and after the breakage.

Temperature pro�les have speci�c patterns related to the depth of the instrument.

At the top of the pile a strong seasonal variation is recorded, with the peaks nearly

corresponding in time with the seasonal hottest periods. Deeper in the ground the
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seasonal variations are smoother and the peaks move later in time due to the delay in

conduction heat. Below 10m it is very di�cult to distinguish the seasonal variations

since the temperature is almost constant (�g. 4.28).

After temperature matching, only �ve instrument positions (5, 7, 8, 11 and 13) in

the up-slope side were uncertain since the thermistors were broken. The next step was

to try to match the strain pro�les (before and after the breakage) where possible. In

this case, the main problem is represented by the bending moment calculation. In fact,

the calculation needs two strain gauges in a section. The wrong matching of the cables

changes the bending moment results. The instrumented section at 20m (instruments 11-

26 in �g. 3.13) is important for the pro�le (�g. A.30) since it correspond to a likely peak

in the bending moment (the details of the calculation are in chapter 5). This section

has only one certain instrument position in the pair, but the bending moment pro�le

maintains the shape and the peak has only slight variations whichever �free� instrument

is coupled with it. The remaining instruments were matched similarly, taking care to

maintain consistency in the strain and bending moment pro�les before and after the

rupture.

Solution of the matching problem gives acceptable results. In that, almost all the

instrument depths were at the end of it known. On the other hand, many strain gauges

were not giving reliable readings (too much interference, sudden jumps and breakages)

after the last cable cutting. This left some gaps in the data needed to calculate the bend-

ing moment as some instrumented sections had only one instrument working correctly

in the pair.

Figure 4.28: Ironbridge UP22 temperature pro�les.The instruments on the top of the
pile show large seasonal variations, while the rest have almost constant readings.
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4.6 Detecting concrete cracking with strain gauges

During the analysis of embedded strain gauge readings from the Grange Hill site, some

unexpected jumps were found in some strain pro�les. These jumps seem to not be

related to interference or other instrument problems. They have been considered genuine

readings which need a plausible explanation related to the pile behaviour. Figures 4.29

and 4.30 show large jumps (increasing) in the tensile strain and small jumps (decreasing)

in the compressive strain. This behaviour can be explained by the opening of a crack

(presumably a micro-crack, on the basis of the value of the jumps being few hundred

µε) that passes through the strain gauge in tension. Normally it would be expected

that the compressive strain increases due to the movement of the neutral axis, but in

this particular case, since the position of the strain gauge is far from the edge of the

pile section, the strain gauge measures a reduction in strain while at the edge of the

section strains increase (�g. 4.31 and �g. 4.32).

In chapter 5, the programs for the calculation of the bending moment are explained.

They also calculate the position of the neutral axis (par. 5.1.2). For the two particular

cases discussed above, sudden jumps in the position of the neutral axis toward the

compressive side of the section are shown (�g. 5.2).

Section 5.2.2.1 analyses and discusses how to calculate the bending moment in the

cracked sections and the respective results.

Figure 4.29: Strains and bending moment pro�les for SG 4-14 Pile1
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Figure 4.30: Strains and bending moment pro�les for SG 4-14 Pile2

Figure 4.31: Measured strains in section 4-14P2 before and after cracking
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Figure 4.32: Measured strains in section 4-14P1 before and after cracking

4.7 Conclusions

This chapter presents the methodology developed and used throughout this research

for the analysis of strain gauges data. A comprehensive method was not found in the

literature, thus the necessity of studying every aspect of the use of strain gauges in

concrete structures and to develop an appropriate approach arose. The methodology

developed was then applied to the analysis of each pile.

The important problem of the datum setting is discussed (par. 4.2) and the two

approaches used are presented (one takes into account the e�ects of concrete setting

on strain gauges and the other considers the development of bending moment). The

method used for understanding the temperature e�ects and their potential correction

is presented along with its application to three case histories (par. 4.4). The method

used for the detection of concrete cracking using strain gauges is analysed on two cases

recorded during the monitoring (par. 4.6).
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Calculation of bending moment

using strain gauge data

This chapter examines the bending behaviour of standard reinforced concrete piles and

circular concrete-�lled steel tubular piles. The bending moment pro�le of a pile is

important for understanding the structural and geotechnical behaviour of the retaining

structure. Back-analysis of the pile behaviour provides insights about the real behaviour

of the piles and slope and about the assumptions made during the design stage. The

designer can then use it to optimise the design of later new retaining structures.

Structural design methods analyse a pile section knowing (or assuming) the applied

loads and then calculating the stresses and strains using the material properties. Factors

of safety are always used in this process and the parameters of the materials used are

often a standardised approximation of the real values (e.g. the value of the compressive

strength of concrete at 28 days). In this research, the loads (and thus the bending

moments) applied to the structure are unknown, while the strains are measured. Factors

of safety should not be applied, and more realistic material parameters have to be used

to determine working loads.

Starting from strain readings, two methods are developed for the calculation of the

bending moment which approach cracking in di�erent ways. These are applied to four

piles, one from each of the four di�erent sites. The two methods are implemented using

Matlab [The Mathworks Inc. (1984-2009)] and coded as two separate programs (later

referred to as ACM and MCM). Analysis and discussion of the results shows how, and

in which situation the two di�erent methods can be used to determine the development

of cracking and the bending moment in the piles.

The use of two strain gauges in an instrumented section implies that it is possible

to accurately calculate only the bending moment generated by a load acting parallel to

the instrumented diameter (�g. 5.4 and �g. 5.5). The calculation is inaccurate if the

maximum bending moment lies on another direction. The pile is then assumed to be

in uni-axial loading and it is also assumed that the calculated bending moment is the

maximum acting on the pile. The positioning of the strain gauges during the construc-

tion of an instrumented pile is essential for an accurate bending moment calculation.

Using three or more instruments within a section allows the identi�cation of the exact
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direction and value of the maximum bending moment in the pile.

The e�ects of cracking on the strain readings are also investigated to understand if

the measured axial strain is real or �apparent� (i.e. an artifact of the cracking process).

The opening of cracks could make the instruments measure a uniform increase in tensile

axial strain, related to a possible axial load, even if the pile is in bending only. Axial

strains play an important role in the de�nition of the beginning of the cracking process.

Bending moment convention

Throughout this thesis, bending up-slope is given by positive values of bending mo-

ment, while bending down-slope is given by negative values of moment.

5.1 Background and problems

5.1.1 Basic method: application and limitations

Calculation of the bending moment for a pile instrumented with strain gauges can be

carried out in di�erent ways. The quickest and easiest approach is to use the standard

engineering beam theory formula :

M =
EcI (ε1 − ε2)

y
(5.1)

where E c is the Young modulus of concrete; I is the second moment of area of the

transformed section; ε1 and ε2 are the strains measured by each pair of strain gauges

in a section; and y is the distance between the gauges in each pair. The formula is easy

to apply to the strain gauge data, but the identi�cation of the correct value of E c for

the particular concrete used at a given point in time is a problem. A variation in the

value of E c used gives a proportional variation in bending moment. BS EN 1992 (2004)

presents a range of values for E c between 27 and 44 GPa in relation to the variation

of f ck (compressive strength of concrete) only; while BS 5400-4 (1990) shows a range

for E c between 25 and 36 GPa. Furthermore, equation 5.1 does not consider the non-

linearity (variation with strain) of the Young's modulus of concrete. Another problem

relates to the calculation of the second moment of area, since this approach cannot take

into account the possible cracking developed of the section (this is usually considered

uncracked or fully cracked). The value of I for an uncracked section is correct as long

as the neutral axis remains in the centre of the section; when it moves (due to cracking)

the calculations become complicated and, in many cases, signi�cant approximations

are necessary. Figure 5.1 presents two examples of bending moments calculated with

formula 5.1 using di�erent values of E c and E g (Young's modulus of grout, for Ironbridge

piles only). E c= 36GPa is used for Leatherhead concrete in this research (a long term

value that assumes no developing of creep); E c= 32GPa is based on the design strength

of concrete (also a long term value for no creep); and E c= 25GPa is the lowest value

given by BS 5400-4 (1990), for comparison. The graphs were calculated assuming no
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cracking in the concrete and in the grout, thus the neutral axis is lying in the centre of

the section. For Ironbridge L2P30 results were also calculated ignoring the grout.

This basic approach is useful for a rapid and approximate estimation of the bending

moment when the concrete behaviour can be approximated to linear elastic, the Young's

modulus of all the materials is known and cracking e�ects can be neglected.

Figure 5.1: The e�ect of di�erent values of the Young's modulus of concrete and grout
in the calculation of the bending moment using formula 5.1. The piles are considered
uncracked, thus the neutral axis always lies in the centre of the section.

5.1.2 The position of the neutral axis

Assuming that plane sections remain plane, and measuring the strain at two points

within the cross section, it is possible to calculate the position of the neutral axis using

geometrical relations only. This is a global position, meaning that it is the result of all

of the actions working on the pile: bending moment, axial strain and cracking.

The approach developed here performs the calculation for readings from every pair

of strain gauges, producing the strain pro�le of each section. From these, the position of

the global neutral axis (denoted X ) is calculated. This gives some important information

on the loading of the section. If the global neutral axis is outside the section it means

that axial forces are overriding; while if it is close to the centre, the section is mainly

in bending. Jumps in the X vs. time pro�le can show the development of cracking at

a section, since the neutral axis suddenly moves towards the compressive side when a

crack opens (�g. 5.2).
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Figure 5.2: Grange Hill Pile1 section 4-14, time pro�le of the position of the global
neutral axis (X)

5.1.3 Cracking in reinforced concrete

Cracking a�ects the calculation of bending moment, as it causes the neutral axis to

move. The analysis of the cracking behaviour of the di�erent types of pile sections

(standard reinforced concrete and circular concrete-�lled steel tubular piles) has been

described in section 2.5. The following sections are based on those assumptions and on

the stress/strain curves presented in section 2.3.2.
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5.1.4 Axial strain e�ects

Figure 5.3: Diagram showing the development of tensile axial strain during cracking
of concrete in bending. The strains used in the graph are from Grange Hill Pile1 SG
4-14.

In the remaining sections of this thesis, the average of the two strain gauge readings

in the same instrumented section will be termed �axial strain�. It represents a uniform

component of axial deformation of the pile section (positive for tension and negative for

compression).

Although designed primarily to resist bending, in reality there is always an axial

component of the load from the layer of soil (or a capping beam/slab) on the top of

the pile or resulting from the settlement, shrinkage or swelling of soil around the pile.

The instruments con�rm the presence of axial strain in the analysed piles, but it is

not possible to clearly de�ne its causes. Furthermore, the measured axial strain could

be an artifact of the development of cracking in the instrumented section. When a

crack opens, the neutral axis moves toward the compressive side of the section (�g. 5.3)

increasing (in tension) the measured axial strain. If this apparent axial strain is used in

comparison with the tensile strain limit to check whether the concrete is cracked or not,

the described e�ect generates an error. The cracking limit (i.e. the tensile strain limit

at which concrete begin to crack) would be calculated taking into account the cracking

e�ects which are not supposed to have yet developed. This can a�ect the following

bending moment calculation. When the pile is compressed, it is able to carry a greater

bending moment without cracking (like a prestressed beam), while if it is in tension the

cracking limit decreases.

The key points of the problem can be summarised as follows. By theory, in a
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symmetrical section in bending the neutral axis is in the centre. While the measured

strains show that the neutral axis is in a di�erent position. This can be caused by

an axial load applied to the pile or by concrete cracking. With the actual information

about the instrumented piles, it is not possible to identify the exact cause. It is thus

assumed to consider the e�ects of axial strain on the cracking limit calculation only

when compressive axial strain a�ects the whole pile. If the pile is a�ected by a tensile

axial strain, this will not be used in the calculation of the cracking limit.

5.2 Bending moment calculation method

To improve on the calculation of the bending moment using the engineer's beam theory

formula (par. 5.1.1) it is necessary to model more accurately the pile section behaviour.

More realistic non-linear stress/strain curves may be used rather than a constant E c,

and the development of cracking should be taken into account. A program to do this

has been developed using Matlab [The Mathworks Inc. (1984-2009)].

The model approximates the pile section by dividing it in a number of slices (between

48 and 68 depending on the pile section) parallel to the neutral axis for each material

forming the pile (�gs. 5.5, 5.6 and 5.7). Knowing the strains at two points (from the

strain gauge readings) and assuming that plane sections remain plane, it is possible

to calculate the strain distribution of the whole section (i.e. the strain at each slice).

Using the appropriate stress/strain curves for each material, the stresses at each slice

are calculated. The force is calculated by multiplying the slice stress by its area and

the moment is obtained by multiplying the force by the distance of the slice from the

neutral axis. The bending moment of the whole section is the sum of the single slice

moments. This approach also allows the contribution to the bending moment of the

di�erent materials forming the pile to be taken into account. In this case the slice

moments of a single material are summed for the whole section. Examples are given in

section 5.3.2.

In this approach, the most important parameter is the position of the neutral axis.

This is directly in�uenced by the development of cracking in the pile. If no cracking is

assumed, then the neutral axis (considering bending strains only) lies in the centre of the

section (by symmetry) and the calculation of the bending moment is straightforward.

If cracking is occurring, it is necessary �rst to calculate the position of the neutral axis

and then the value of the bending moment. It could be hypothesised that cracking

always develops in a concrete beam in bending (once the theoretical tensile strain limit

of the concrete is reached) and thus it is more accurate to always assume cracking is

taking place. But, since the strains are measured with strain gauges, it could be also

possible to assume that the pile is uncracked until the strain gauges show jumps in their

readings associated with cracking taking place. Two di�erent approaches are then used:

• An automatic cracking model (ACM), which considers the development of crack-

ing based on the theoretical tensile strain limit of the concrete to determine the

position of the neutral axis (par. 5.2.1). This method is used for circular concrete-
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�lled steel tubular piles (where the strain gauges welded to the steel pipe do not

appear to be directly a�ected by crack propagation), and is one of the approaches

used in analysis of the standard reinforced concrete piles.

• A manual correction model (MCM), that ignore the theoretical tensile limit of

concrete and assumes that the neutral axis remains in the centre of the section

(par. 5.2.2). Only when the strain gauges clearly show cracking (consistent jumps

in the strain vs. time pro�les), a manual correction of the position of the neutral

axis and concrete section in tension is applied. This method is only used in analysis

of standard reinforced concrete piles.

The comparison between the results obtained using the two models on the same piles

is discussed below in section 5.3.2.

The next sections provide more detail about the two approaches used.

5.2.1 Automatic cracking model (ACM)

The calculation is based on two main assumptions:

• the conservation of plane sections;

• the same strain distribution in the concrete and reinforcement;

These allow the strain distribution in the section (and hence the position of the neutral

axis, as explained in par. 5.1.2) to be calculated using the measurements from two

strain gauges (�g. 5.4 and �g. 5.5). The position of the neutral axis calculated in this

way is the global position, meaning that the section is subjected to both bending and

axial strains. The latter a�ects the strain distribution by moving the position of the

neutral axis, but not changing the gradient of strain through the section. The program

calculates the slope of the strain distribution (Grad, �g. 5.4) using the global position

of the neutral axis (X ) and the strain measured by the up-slope strain gauge (A):

Grad =
A

X
(5.2)
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Figure 5.4: Schematic illustration of the strain distribution of a deformed section used
for the calculation of Grad.

To generalise the problem, and to consider all the possible cases, all the calculations

in the program are carried out using absolute values and at the end the result signs are

changed using the HS matrix (hogging/sagging matrix), which stores the signs for the

pile slices.

The section is then divided in a number of slices accordant with the required accuracy

(�g. 5.6 and �g. 5.7). The pile section is made of di�erent materials (concrete, steel and

sometimes grout) with di�erent proportions along the section. The program, however,

considers that every material has the same distribution and it is divided in the same

number of slices. The matrix of slice areas contains a value di�erent from zero if the

real slice contains the material (active slice) and equal to zero if it does not. This allows

di�erent distributions of the di�erent materials to be applied while keeping a single

programming code.

For the calculation of the bending moment, the program assigns a position of the

neutral axis (at the �rst step it is in the centre of the section); calculates the strains in

each slice using Grad ; using the stress/strains curves for the particular material (par.

2.3.2) it calculates the stresses; to calculate the force applied in each slice it multiplies

the stress by area and then multiplies the force by the distance of the slice from the

neutral axis position to calculate the bending moment of each slice. At this point the

equilibrium of the slice moments with respect to the assumed neutral axis is checked

and if it is not satis�ed within an accuracy of 1kNm, the neutral axis position is moved

and the cycle is repeated again until the accuracy is reached or cannot be improved

by moving the neutral axis a distance equal to d/1024 (where d is the pile diameter).

When the equilibrium is reached (within 1kNm or d/1024), the bending moment of the

section is calculated as the sum of all the bending moments of the slices with the correct

sign now applied from the HS matrix.

Cracking of concrete (in standard reinforced concrete piles) or of the grout ring (in

circular concrete-�lled steel tubular piles) is considered during the calculation of the
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stresses. If the global tensile strain of a slice (considering both bending strains and

axial strains) reaches the limit (εt0c in �g. 2.5 ), then the slice stress is considered

to be zero (the crack is now open). Recognising that a concrete crack cannot recover

tensile strength, the area of the slice is set equal to zero for all successive readings,

so the generated force (and thus bending moment) is always equal to zero after the

opening of a crack. For this reason it is not possible to run only a part of the data (i.e.

the last month), because every bending moment calculation is a�ected by the previous

results. Cracking of the concrete core in circular concrete-�lled steel tubular piles is

not approached in this way. The softening behaviour of the material, after reaching the

tensile limit εt0c, makes the concrete continue to work in tension after the opening of a

crack. In this case the program follows the softening line (between εt0c and εtu in �g.

2.7) to calculate the stresses and after εtu is reached the stress of the slice is zero.

The main problem of setting a limit to the tensile strain of concrete related to

a code of practice (in this case εt0c extrapolated from BS EN 1992 (2004)) is that

the number and position of the reinforcements is not considered. The limit value is

based on the properties of the concrete alone while the e�ects of the reinforcements

are considered for the spacing and depth of cracks only. In practice, piles with few

large diameter reinforcement bars will crack more easily than piles with many small

diameter reinforcements bars (as introduced in par. 2.5.1). The e�ect of this is an over-

estimation of cracking in the analysis of standard reinforcement concrete piles. The

analysis of cracking of the grout ring in circular concrete-�lled steel tubular piles does

not have this problem since no longitudinal reinforcements are present.

The outputs of the program for each pile section are the contribution to the bending

moment associated with each material, as well as the total bending moment.

The program calculates the bending moment at each section of the pile (usually

from the top to the bottom) and then it proceeds to the next step in time and does the

calculations again.
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Figure 5.5: Strain distributions: di�erence between bending strains and axial strains
assuming an uncracked section

Figure 5.6: Examples of concrete and steel sections used for the calculation of bending
moment
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Figure 5.7: Division of a standard reinforced concrete section and a concrete �lled
steel tubular pile section into slices for the calculation of the bending moment. Only
active slices are considered in the calculation, while the rest of the slices are considered
to have area equal to zero, thus they do not resist any moment.

5.2.2 Manual correction model (MCM)

The program developed to calculate the bending moment without automatically con-

sidering the e�ects of cracking is based on a similar method and assumptions as that

considering cracking e�ects (par. 5.2.1). The Matlab code [The Mathworks Inc. (1984-

2009)] has a di�erent structure to that used in the ACM, but the program performs

similar calculations. The pile section is divided into slices and the position of the neutral

axis is assumed to remain in the centre of the section. Then, the strain distribution is

calculated using the gradient of the measured strains (Grad) and stresses are obtained

from the stress/strain curves (par. 2.3.2.1). At this point the program does not con-

sider any limit for the concrete in tension, and assumes that the tension stress/strains

curve is the same as that in compression. When the strain gauges show jumps in the

position of the neutral axis, a manual correction of its position and of the number of

concrete slices in tension is applied (par. 5.2.2.1). This correction has been applied to

only two instrumented sections out of seventy (from seven standard reinforced concrete

instrumented piles). This approach is supported by the fact that other instrumented

sections in the same piles measure higher tensile strains without signs of cracking and

thus a generalised cracking correction (as in the ACM model, par. 5.2.1) may not be

the best solution. It is assumed that in the cracked sections the instruments cross

the cracks (micro-cracks) while the instruments in the nearby sections are outside the

transfer zones, and are thus not obviously a�ected by cracking (no sudden jumps in the

readings). As before, forces are calculated by multiplying the stresses by the area of
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the corresponding slices; and bending moments are obtained multiplying these forces

by the respective distances between the slices and the neutral axis.

5.2.2.1 Manual correction of cracking e�ects

This section considers how to correct the bending moment results (for the MCM ap-

proach) when the strain gauges show the development of a crack. This applies to a

strain gauge bridging a crack or when it is close enough to it to record a jump in the

reading connected to the cracking process.

Referring to �g. 5.8(a), the reading when the crack opens is denoted C, while 1

indicates the reading just before C and 2 the reading just after C. The correction for

cracking is applied to the change in strain at C, considered as the opening of a crack

happening in a short time (less than the interval between each reading, which is an

hour).

It is assumed that bending moment and axial strain remain constant between 1 and

2 (a two hour interval) and the superposition of their e�ects remains possible. Strictly,

this is only valid if there is linear elastic behaviour across the whole cross-section. Taking

into account the stress/strain curve used for concrete (�g. 2.5) and considering that

the measured strains are around 200µε, the stress/strain curve can safely be simpli�ed

with a line and the assumption can be considered valid.

The mobilised strength of the soil cannot change promptly when the crack opens,

thus bending moment and axial strain applied to the pile do not change. As shown

before (par. 5.1.4), the instruments show an apparent increase of axial strain as cracking

occurs not connected to any real increase of applied load.

The �rst step is to consider the axial strain as constant between 1 and 2. The

axial strain is calculated in �g. 5.8(b) for 1, where the solid line shows the total strain

distribution. In �g. 5.8(d) the total strain distribution line (solid line) is translated down

from the axial strain quantity calculated in 1 to obtain the bending strain distribution

(dashed line). This allows the new position of the neutral axis (dNABM ) to be found,

which will be used in the calculation of the bending moment immediately after cracking

has taken place. dNABM is the position of the neutral axis for the bending strains only

since the axial strain has been removed during its calculation. It is possible to identify

the tensile strain limit at the edge of the section (εl), considering that 1 is the strain

limit in the strain gauge position just before the crack opens. εl is used in 2 to identify

the number of slices to be considered cracked (�g. 5.8 (d) and (e)).

The correction is applied at the cracked section only. From 2, onward in time, the

position of the neutral axis is moved from the centre to dNABM for both concrete and

reinforcements; and a value of zero stress is assigned to the concrete slices considered

cracked. When another cracking event is recorded, the correction process is repeated

accordingly.

The mechanical application of the method does leave a residual jump in the bending

moment pro�le due to the approximations made during the calculations (such as the

dimension of the slices and the stress/strain curves). A further manual adjustment has
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to be made to the number of cracked slices to minimise the jump.

The manual correction should be carried out for each cracking event identi�ed. The

corrections applied using this analysis are discussed in par. 5.3.1.

Figure 5.8: Diagrams for the manual correction of a cracked section. The values of
the strains before and after cracking are based on Grange Hill Pile1 data.
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5.3 Application of bending moment calculation methods to

case histories

5.3.1 Discussion of the application of the manual correction model

(MCM)

The MCM has been applied to each standard reinforced concrete pile, but the speci�c

manual correction of the bending moment (par. 5.2.2.1) has been applied to only two

cracking events in two di�erent piles: Grange Hill Pile1 section 4-14 (shown as an

example in �gs. 5.8, 5.9 and 5.10) and Grange Hill Pile2 section 4-14 (as discussed in

par. 4.6). The events occurred in the same section of the two piles but at di�erent

times, 5 February 2009 for Pile1 and 11 March 2007 for Pile2. The strain limits (εl) are

very similar in both cases: 213µε in Pile1 and 204µε in Pile2. This could mean that the

e�ective strain limit of concrete for the particular section (considering reinforcement

bar and shear link diameters and positions) is about 200µε. The MCM method gives

movements of the neutral axis of 71mm for Pile1 and 84mm for Pile2 from the centre.

The number of slices cracked (after the necessary minor adjustments to avoid unrealistic

jumps in the bending moment graphs as explained at the end of section 5.2.2.1) are 13

in Pile1 (the estimated depth of the crack is 173mm from the tensile boundary of the

section) and 15 in Pile2 (the estimated depth of the crack is 202mm from the boundary).

The correction for cracking also decreases the �exural sti�ness of the pile. Figure

5.9 shows that the increase in moment from the cracking point to the end of the plot

is smaller for the manually corrected bending moment i than for the uncorrected trace,

in line with bending theory.
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Figure 5.9: Grange Hill Pile1, comparison between ACM, MCM uncorrected and MCM
corrected bending moment pro�les for section 4-14 in which cracking was identi�ed (jump
in the red and green pro�les).

Figure 5.10: Grange Hill Pile1, comparison between ACM, MCM uncorrected and
MCM corrected axial strain pro�les for section 4-14 in which cracking was identi�ed
(jump in the red and green pro�les which are superimposed).
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5.3.2 Application of ACM and MCM

The two di�erent bending moment calculation approaches (ACM and MCM) have been

applied to the full set of instrumented piles used in this research. These include seven

standard reinforced concrete piles at three di�erent sites (three piles at Grange Hill, two

at Mill Hill and two at Leatherhead) and seven circular concrete-�lled steel tubular piles

at Ironbridge. This section analyses the results of applying the di�erent approaches to

the data recorded using di�erent strain gauges types (par. 2.1.1): embedded strain

gauges in the standard reinforced concrete piles at Grange Hill and Mill Hill; sister bars

in the standard reinforced concrete piles at Leatherhead; and welded strain gauges for

the circular concrete-�lled steel tubular piles at Ironbridge. The parameters used in

each model are given in Table 5.1.

Figure 5.11: Bending moment pro�les with depth for Ironbridge pile L2P30; (a) the
pro�les showing the di�erences in bending moment for uncracked grout, partially cracked
grout (ACM) and no grout; and (b), bending moment resisted by each material in the
pile for the ACM is the total bending moment pro�le of the pile.

Since the welded strain gauges are not directly a�ected by the development of crack-

ing in the concrete (or grout), the circular concrete-�lled steel tubular piles have been

analysed only with the automatic cracking method (ACM, par. 5.2.1). The standard

reinforced concrete piles have been analysed using both methods (ACM, par. 5.2.1 and

MCM, par. 5.2.2), to compare the results.
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Figure 5.11(a) shows the results of the analysis of Ironbridge pile L2P30 using dif-

ferent assumptions. As expected, the results that consider the development of cracking

in the grout are between the no cracked grout pro�le and the pro�le ignoring the grout

in the calculations. This shows how large the impact of di�erent assumptions about the

grout behaviour is on the bending moment calculated.

Figure 5.11(b) shows the bending moments resisted by the di�erent materials of the

pile. These graphs have been calculated using ACM, in one case as explained in section

5.2.1, in another case varying the grout properties (no grout cracking) and in the other

changing the values of the slice areas (no grout). The bending moment resisted by the

grout is higher than that resisted by the concrete. This happens because even when the

grout in tension is cracked, the grout in compression is further than the concrete from

the neutral axis and thus its contribution in resisting the bending moment is larger.

The structural e�ect of grout is usually neglected in the design phase since it is

considered a material with poor mechanical properties and because it is considered de-

bonded from the steel reinforcement pipe. In reality the grout can have higher strength

than assumed in design, and it is partially connected to the steel tube by the spacers

used to keep the steel tube in position during installation (�g. 5.12). The spacers used

in the piles at Ironbridge are formed by T12 reinforcement bars welded together and to

the steel reinforcement pipe.

Figure 5.12: Ironbridge instrumented pile. Spacers are welded to the steel reinforce-
ment pipe to keep it in position during installation. They also act as bonding points for
the external grout ring.

As discussed earlier, Grange Hill piles show cracking in one section of each pile

(section 4-14, the fourth measurement from the top of the pile in �g. 5.13). In �gure

5.13(a) the di�erent bending moment calculation methods are compared. The manual

105



CHAPTER 5. Calculation of bending moment using strain gauge data

correction (MCM) is applied following the steps discussed in section 5.2.2.1. The pro�les

are quite di�erent at the top of the pile where cracking develops, while they are the

same in the lower four sections where there is no cracking. Figure 5.13(b) shows the

bending moments resisted by the di�erent materials using ACM. Steel resists a larger

bending moment than the cracked concrete while the uncracked concrete resists a larger

bending moment than the steel since its area and its distance from the neutral axis are

greater. The same behaviour is shown by the graphs from the other sites (�g. 5.14

and �g. 5.15). In the Leatherhead pile the di�erence between the two bending moment

pro�les (�g. 5.15 (a)) is large, but the strain readings do not show any jumps related

to cracking. This may happen due to the di�erent type of instruments used. Sister

bars use long reinforced bars (the overall instrument length is usually between 1.00 to

1.40m) to transmit the concrete strain to the vibrating wire instead of the small plates

used by embedded strain gauges (overall length between 0.10 and 0.15m). This means

that if a crack (more appropriately a micro-crack) opens near to an embedded strain

gauge, the instrument can detect it, while if it opens across the length of a sister bar it

is not detected due to the redistribution of stresses in the steel bar (which works as a

normal reinforcement bar).

In standard reinforced concrete piles, the two bending moment calculation methods

(ACM and MCM) give very similar results in the sections where cracking has not yet

started, while they show very di�erent results when the bending moment is larger and

cracking develops in the models. This is due to some of the assumptions used in ACM

when considering cracking. The method identi�es when cracking begins using εt0c (based

on f ctk,0,05 from BS EN 1992 (2004), par. 5.2.1), which is a statistical strain limit of

concrete. This is a limit of the material, but it is not related to the other factors a�ecting

cracking (mainly position and diameter of the reinforcements). Figure 5.9 shows that

MCM and ACM give the same bending moment pro�les until εt0c is reached using

ACM (other e�ects of εt0c are discussed in section 5.3.2.1). Then the two models give a

di�erent pro�les, but both (ACM and MCM uncorrected) show a jump in the bending

moment when the strain gauges measure a cracking event. Another problem is that

cracks open in discrete positions (usually randomly) along the pile. Using only a few

instrumented sections, it is necessary to approximate the behaviour of the pile between

these sections without knowing the real distribution of cracks. The ACM program

considers that when the cracking limit is reached, the full depth of pile represented

by the instrumented section is cracked. This is not correct when cracking is at the

initial stage. Some cracks would be open, but they would also be a distance apart.

Between the cracks and outside the respective transfer zones, concrete would still work

in tension, thus resisting the applied bending moment. When cracking reaches the

stabilised stage, and the transfer zones merge, no concrete in tension is able to resist

any bending moment (par. 5.2.1). ACM approximates the cracking as if it is always at

the stabilised stage.

Figure 5.16 shows a sensitivity comparison for two sites: Leatherhead Pile2 (MCM

and ACM) and Ironbridge L2P30 (ACM with the grout allowed to crack, no cracking and
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no grout in the model). The main variable is f ck (characteristic compressive strength of

concrete) which makes all the other parameters used in the models change accordingly

following BS EN 1992 (2004) Table 3.1. Two sets of parameters were used: those

assumed earlier for long term conditions (f ck=55MPa for concrete and f ck=30MPa

for grout) and those assumed during the design phase (f ck=30MPa or f ck=35MPa

for concrete and f ck=15MPa for grout). In Leatherhead Pile2, the use of the design

rather than the long term parameters causes a reduction in the bending moment peak of

about 17%; while in Ironbridge L2P30 the di�erence is about 17% for �no grout cracking

condition�, 6% for standard ACM conditions and 3% for �no grout�. There is a di�erence

of around 85% in the bending moment peak between assuming there is no grout in the

model and assuming it is present and uncracked. The sensitivity comparison shows

the substantial in�uence that material parameters and cracking behaviour have on the

calculation of bending moment within a pile.

ACM always considers the cracking of concrete when the tensile limit is reached,

while MCM always assumes uncracked sections unless there is direct evidence from the

strain gauge readings. These are the two extremes for the pile and the �real� bending

moment pro�les lie in between the two.

Two conclusions can be made:

• ACM is the only method which can be used on all types of pile and all types of

strain gauges, since it does not rely on observed cracking. For this, it is extremely

important to measure the tensile strength of concrete.

• In circular concrete-�lled steel tubular piles, the external grout ring makes signi-

�cant contribution to the structural behaviour of the pile.
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CHAPTER 5. Calculation of bending moment using strain gauge data

Figure 5.13: Bending moment pro�les with depth for Grange Hill Pile1. (a) com-
parison between no cracking correction, automatic cracking model (ACM in par. 5.2.1)
and manual correction model (MCM in par. 5.2.2). (b) comparison between the bending
moments resisted by each material.
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Figure 5.14: Bending moment pro�les with depth for Mill Hill Pile2. (a) comparison
between manual correction model (MCM in par. 5.2.2) and automatic cracking model
(ACM in par. 5.2.1). The strain gauges are not measuring a cracking event. (b)
comparison between the bending moments resisted by each material.
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Figure 5.15: Bending moment pro�les with depth for Leatherhead Pile2. (a) com-
parison between manual correction model (MCM in par. 5.2.2) and automatic cracking
model (ACM in par. 5.2.1). The strain gauges are not measuring a cracking event. (b)
comparison between the bending moments resisted by each material.
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Figure 5.16: Sensitivity comparison for the bending moment pro�les for Leatherhead
Pile2 and Ironbridge L2P30. Di�erent values of fck (characteristic compressive strength
of concrete) were used. For Leatherhead Pile2 fck=55MPa is the measured value, while
fck=35MPa is for design. For Ironbridge L2P30, grout (�rst value) and concrete (second
value) parameters are considered. (15_30) are the values from design while (30_55)
are those assumed for the long term analysis.

5.3.2.1 The e�ects of the tensile strain limit of concrete (εt0c) on ACM

As introduced in section 5.3.2, ACM identi�es when cracking begins using εt0c (based

on f ctk,0,05 from BS EN 1992 (2004), par. 5.2.1), which is a statistical tensile strain

limit of concrete. This implies that the value of εt0c used in the model is probably

di�erent from the real tensile strain limit of the concrete used in the pile. In section 4.6

and 5.2.2.1, the cracking events in the piles at Grange Hill have been introduced and

discussed. The use of the tensile strain limit of concrete extrapolated from the analysis

of cracking in section 5.2.2.1 gives better results in ACM than using the value based

on BS EN 1992 (2004). In the case of Grange Hill Pile1, the approximate value of εt0c

based on f ctk,0,05 from BS EN 1992 (2004) is 72µε, while that from the analysis of the

cracked section is 200µε (par. 5.3.1). Figure 5.17 shows the results from ACM using

the two di�erent values of εt0c in comparison with the pro�le obtained using MCM.

As introduced in the discussion of the manual correction applied within MCM (par.
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5.2.2.1), the bending moment applied to the pile should remain continuous throughout

the cracking event, as long as there are no external actions which make it change. For

Grange Hill there are no external actions on the pile likely to cause a sudden jump in

the bending moment pro�le,hence when a crack opens (and there is no compatibility

of strains between steel and concrete), the strain readings from the embedded strain

gauges show a jump, while the bending moment applied to the pile should not. With

no manual correction applied, the ACM results show a jump in the bending moment

as cracking takes place. If these jumps are corrected (in this case translating the latter

part of the graph to obtain a continuous pro�le), ACM results using εt0c= 200µε are in

good agreement with MCM results (�g. 5.18). After the cracking event ACM shows a

smaller sti�ness (smaller slope of the pro�le) than MCM.

The ACM bending moment pro�le calculated using εt0c= 72µε needs two di�erent

corrections since the opening of the crack in the model does not coincide with the

opening of the crack measured by the strain gauges (�g. 5.18).

In conclusion, the corrected pro�les in Figure 5.18 show the di�erent results obtained

using two di�erent values of εt0c, and demonstrate the importance of measuring the

tensile strain of concrete for a more accurate prediction of the applied bending moment.

In cases in which sister bars are used, where the crack opening is not shown by the

instrument, the direct measurement of εt0c is even more important.

Figure 5.17: Grange Hill Pile1 SG4-14, comparison between bending moment pro�les
calculated with MCM, ACM (εt0c= 72µε) and ACM (εt0c= 200µε).
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Figure 5.18: Grange Hill Pile1 SG4-14, comparison between bending moment pro�les
calculated with MCM, ACM (εt0c= 72µε), ACM (εt0c= 72µε) corrected, ACM (εt0c=
200µε) and ACM (εt0c= 200µε) corrected.

5.3.3 Axial strain

In section 5.1.4 the e�ects of the axial strain calculation have been discussed, identifying

the possibility that the measured axial strain could be due to the opening of cracks.

This section analyses the e�ects of the axial strain on the calculation of cracking and

vice-versa, using the case history data.

The �rst example is from Leatherhead Pile2 (�g. 5.19). The axial strain pro�le

shows that the pile is in compression until a depth of about 4m and in tension between

4 and 12m depth. The physical explanation of this could be di�cult if the e�ect of

cracking is not taken into account. Considering �gure 5.19 (a), the two bending moment

models (MCM and ACM) show a large di�erence in the results between about 4 and

11m depth, where the axial strain is in tension rather than in compression. Cracking

could be the reason for the switch to tensile strain. The sister bar strain gauges used

in these piles do not show any jumps related to cracking, but this does not mean that

cracking is not developing. As discussed earlier, it could be that this particular type of

instrument is unable to detect the cracking due to its length.

The Mill Hill axial strain pro�le (�g. 5.20) shows a similar behaviour with a point

at about 7m depth in small compression and the rest of the pile in tension. The bending

moment pro�les show a very small bending moment at 7m depth.

Grange Hill Pile1 (�g. 5.21) shows tension only axial strains with an obvious peak

where a crack is supposed to be opening (around 3.50m depth). This graph supports

the hypothesis that when a crack is opening the axial strain pro�le has an increase in
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tensile strain.

Ironbridge Pile L2P30 axial strain pro�le (�g. 5.22) shows a completely di�erent

behaviour. Although the grout ring is calculated to be heavily cracked, the axial strain

is all in compression. This may be due to the load of the pile cap and/or the settlement

of super�cial layers.

Figure 5.19: (a) bending moment pro�les with depth for Leatherhead Pile2, calculated
using MCM and ACM (par. 5.2.1). (b) axial strain pro�le for Leatherhead Pile2
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Figure 5.20: (a) bending moment pro�les with depth of Mill Hill Pile1, comparison
between MCM and ACM (par. 5.2.1). (b) axial strain pro�le for Mill Hill Pile1

116



CHAPTER 5. Calculation of bending moment using strain gauge data

Figure 5.21: (a) bending moment pro�les with depth of Grange Hill Pile1. Compar-
ison between no cracking correction, ACM (par. 5.2.1) and MCM (par. 5.2.2). (b)
uncorrected axial strain pro�le for Grange Hill Pile1 as in �gure 5.10.
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Figure 5.22: (a) comparison of di�erent bending moment pro�les with depth of Iron-
bridge pile L2P30. (b) axial strain pro�le for Ironbridge pile L2P30.

5.4 Bending moment calculation conclusions

This chapter introduces two methods for the calculation of the bending moment in

reinforced concrete piles taking into account the non-linearity of the stress/strain re-

lationship and the development of cracking and its consequences. These methods give

more accurate results and more information about the section and material behaviour

than the engineering bending formula (par. 5.1.1), which was used in the past for the

analysis of those type of structure.

In conclusion:

• The automatic cracking model (ACM) analyses the pile as if the cracking is at the

stabilised stage. It is thus preferred in the analysis of concrete �lled steel tubular

piles for which it better describes the behaviour of the grout ring, since it is not

reinforced (no transfer zones), and it has very limited tensile strength (from weak

material properties). However, the method underestimates the bending moment of

a standard reinforced concrete pile since it does not account for tension sti�ening

(par. 2.5.1) and the e�ect of the type of reinforcement (number, position and

diameter of the bars and shear links). Knowledge of the value of εt0c (strain limit
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of concrete in tension) for speci�c concretes, rather than the use of a statistical

average, is vitally important for an accurate bending moment pro�le.

• The manual correction model (MCM) initially analyses the pile assuming cracking

has not developed. When the strain gauges show clear signs of cracking, a manual

correction is applied. The method will overestimate the bending moment in a

pile if the strain gauges do not detect a cracking taking place. This method is

nonetheless preferred for the analysis of standard reinforced piles when there is

the possibility of identifying the cracks (i.e. when embedded strain gauges are

used). Instead, the method is not appropriate when sister bars are used, since the

crack opening is not shown by the instruments.

• In general, di�erently reinforced concrete piles instrumented with di�erent types

of strain gauge require individual approaches for calculating the cracking e�ects.

For given concrete properties, ACM and MCM give the limits for the bending

moment pro�le, and the real bending moment applied to the pile is likely to lie in

between them.

• Comparison of the results from the two di�erent methods gives important inform-

ation about the development of cracking in the pile. When the two methods give

similar results the concrete is uncracked, when they diverge cracking is developing.

• The use of the axial strain in the calculation of the cracking can be misleading.

Tensile axial strain can be generated by the opening of cracks and thus may not

be related to any applied force (this is termed apparent axial strain). Adding this

axial strain to the bending strain to check if the cracking limit is reached gives

extending cracks before the real limit is reached (since the axial strain is apparent).

For this reason it is better to not use the axial strain during the calculation of the

cracking. An exception is represented by Ironbridge Pile L2P30 where the axial

strain for the whole pile is in compression. In this case no apparent axial strain

is present and it can be used for evaluating cracking.

• The analysis of results obtained using the automatic cracking model (ACM) for the

concrete �lled steel tubular piles in Ironbridge shows that even if heavily cracked,

the grout can resist more bending moment than the concrete core. Neglecting the

grout underestimates the bending moment resisted by the pile signi�cantly, by up

to 25%.

• Concrete parameters and assumptions on the behaviour of the section (cracked,

uncracked or partially cracked) have a substantial in�uence on the bending mo-

ment results. The identi�cation of the correct parameters and the way the section

works is essential for accurate results. The same model applied with di�erent

assumptions and di�erent material parameters can give results that di�er by up

to 100% (par. 5.3.2).
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Chapter 6

Inclinometer results and curve

�tting analysis

The previous chapters explained how to use the data coming from the strain gauges

to calculate the bending moment in the piles. This chapter presents the displacements

measured by the inclinometers in some of the piles at each instrumented site. Displace-

ments for the remaining piles are shown in Appendix A. A method for the comparison

of strain gauge piles and inclinometer readings is developed to check the consistency

of the two. This requires the calculation of the bending moment using the displace-

ments measured by the inclinometers. The approach developed by Smethurst (2003)

for a similar analysis at another discrete pile site has been used (par. 6.2). A similar

problem has been also analysed by Nip and Ng (2005), who developed a method for the

calculation of the bending moment from inclinometer readings for a test pile, where the

applied load was measured. For discrete piles used to stabilise slopes, the load and its

distribution is unknown, thus this method cannot be applied since there are too many

unknowns for the system of equations used.

The comparison between strain gauges and inclinometers data involving calculation

of bending moment was chosen to follow the previous research done by Smethurst and

Powrie (2007). The approach of comparing measured strains with inclinometer data by

means of curvature was attempted with unsuccessful results.

Cracking of concrete can change the �exural sti�ness of the piles, complicating the

comparison between strain gauges and inclinometer results. The relative assumptions

made on cracking are discussed in par. 6.2.1.

6.1 Inclinometer results

This section presents the inclinometer results coming from some of the instrumented

piles in the four di�erent sites. Positive displacements show a down-slope movement of

the pile, while the negative are up-slope. The displacement pro�les of the remaining

piles are shown in Appendix A.
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6.1.1 Grange Hill

Figure 6.1: Inclinometer displacement pro�les for the instrumented piles at Grange
Hill.

Figure 6.2: Displacement versus time pro�les for the instrumented piles at Grange
Hill. The displacements are taken at 1.00m depth from top of the piles.

The displacement pro�les in �gure 6.1 show similar behaviours for the three instru-

mented piles. In Pile1 and Pile2 the signi�cant movement is within the top 5m while

in Pile3 signi�cant displacements extend to 7m depth. The displacement versus time

pro�le (�g. 6.2) shows a seasonal variation of the pile head displacements, with the

pile head displacement reversing in some of the piles during the summer period. The
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pile show increasing displacements with time even if they are subjected to seasonal

variations.

6.1.2 Mill Hill

Figure 6.3: Inclinometer displacement pro�les for the instrumented piles at Mill Hill.

Figure 6.4: Displacement versus time pro�les for the instrumented piles at Mill Hill.
The displacements are taken at the top of the piles.
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The displacement pro�les for the two instrumented piles are show in �gure 6.3. After

installation both piles moved up-slope: Pile1 just slightly in the �rst year, before it then

bent down-slope exceeding the initial reading after about two years. Pile2 rotated about

3mm up-slope during the �rst year after which the pile started to displace back down-

slope, although the full displacement pro�le took more than �ve years to completely

exceed the initial pro�le. In �gure 6.4 the displacements of the pile heads versus time

shows seasonal movements in the last two years readings. This behaviour is discussed

in section 7.2 with the general behaviour of the slope.

6.1.3 Leatherhead

The two instrumented piles show a very similar displacement behaviour (�g. 6.5) with a

constant increase in displacements over time for the full length of the piles. The pro�les

show that the piles are rotating down-slope. The assumption that the bottom of the pile

is �xed (no displacements) makes di�cult to locate the position of a potential centre

of rotation. Figure 6.6 shows a steady increase in the displacements of the pile heads.

The �10 Oct 08� reading for Pile1 (which is the only reading di�erent from the general

trend) can be considered as a local temporary movement of the pile.

Figure 6.5: Inclinometer displacement pro�les for the instrumented piles at Leather-
head.
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Figure 6.6: Displacement versus time pro�les for the instrumented piles at Leather-
head. The displacements are taken at 1.50m depth from the top of the piles.

6.1.4 Ironbridge

Figure 6.7: Inclinometer displacement pro�les for the instrumented piles at Ironbridge
Phase I.
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Figure 6.8: Displacement versus time pro�les for the instrumented piles at Ironbridge
Phase I. The displacements are taken at 3.00m depth from the top of the piles.

The displacement pro�les (�g. 6.7) show that the two piles have similar bending be-

haviours. The head displacements are the largest measured in this research, suggesting

that the piles are heavily loaded. Figure 6.8 shows that in the last two years, the head

displacements (at 3.00m depth from the top of the piles) are almost stable, thus the

slope and piles are not moving.

6.2 Curve �tting method

It is possible to calculate the bending moment acting on a a structure, in this case

a pile, using inclinometer displacements. Using the engineering beam theory formula

(5.1) with the curvature denoted ψ:

M = EIψ (6.1)

It is possible to calculate the bending moment from the displacements (described as

a curve w=f(z)), because:

ψ =
d2w
dz2[

1 +
(
dw
dz

)2] 3
2

(6.2)

where w is displacement and z the curvilinear abscissa along the pile [Ooi and

Ramsey (2003)]. Usually dw
dz is very close to 0, and (6.2) becomes:

ψ ≈
d2w

dz2
(6.3)

It is a common approach when using equation 6.3 to �t a curve or a series of

curves (usually called �splines�) to the displacements to obtain a known equation of the

pro�le that can then be di�erentiated. This approach is called �curve �tting�. Many

methods and many equations can be used to do this; Ooi and Ramsey (2003) studied the

problem of choosing the best method. Other authors have developed their own methods

[Smethurst (2003), Nip and Ng (2005), de Sousa Coutinho (2006)] which also take into
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account other problems such as the variation of the �exural sti�ness of concrete in the

calculation of bending moment, shear force, and soil pressures.

To apply the curve �tting method, it is usually necessary to develop a spread-sheet

or to rely on a dedicated computer program. The �tting curves tends to give an approx-

imate, rather than exact, pro�le of the curvature. When the equation is di�erentiated

to calculate the bending moment pro�le (�g. 6.9), numerical errors will increase [Nip

and Ng (2005)]. Some authors point out that if further di�erentiation is carried out

from the bending moment equation to evaluate the shear force and the soil pressure,

the results may di�er from the real performance of the structure [de Sousa Coutinho

(2006)]. The same can happen in di�erentiating the displacement pro�le to �nd the

bending moment pro�le.

In general there are two main problems that a�ect the process:

• the �rst is connected with the di�culty of approximating a straight line with a

curve or a complex pro�le with a smooth curve. When the approximating curve

is integrated or di�erentiated the result is di�erent from the pro�le of the real

behaviour.

• the second problem is purely mathematical; the integration of a spline gives stable

results (if the integration constants are known), while the di�erentiation can lead

to instability (considering it as the set of all numerical problems) or, more usually,

to results that di�er from the real physical pro�les (unreality).

In this research, the curve �tting method suggested by Smethurst (2003) is adopted.

This uses a fourth order polynomial function and a variable number of splines to �t

the pro�le of both bending moment and displacements. This model avoids the prob-

lems caused by the di�erentiation (instability and unreality) because it only integrates

the splines �tted to the bending moment. Thus to calculate a bending moment pro�le

from the displacements it is necessary to �nd the best bending moment pro�le which

after integration �ts to the inclinometer pro�le. However, this reduces the precision of

the results, but given the high number of other uncertainties (load applied to the pile,

soil parameters, concrete parameters, etc... ) the method still gives a pro�le and an

acceptable magnitude for bending moment or displacements. The errors connected to

the �tting of a series of smooth curves to a measured complex pro�le remain. Di�er-

entiating the spline �tted to the bending moment it is possible to generate shear force

and soil pressure pro�les.

A rigorous �tting method is not adequate for these purposes. Relying on, for ex-

ample, the least square �t method does not give acceptable results on the successive

steps. It is necessary to smooth the spline. Since the �tted spline is di�erentiated

twice, every small change in its pro�le will generate large changes in the curve that

results from the di�erentiation. These large changes are usually not re�ecting the ac-

tual behaviour of the pile (unreality), but they are related to the original spline itself.

For having acceptable soil pressure results, it is necessary that the second derivative

of the �tted spline is continuous. This problem has a smaller e�ect on the integrated
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results. The �tting spline was smoothed empirically, changing its coe�cient case by

case to match the results of the second integration with the displacement pro�le, and

to obtain acceptable shear force and soil pressure pro�les. These pro�les should only

be considered as indicative of the general distribution of shear force and soil pressure

and not as accurate results. The derivation of the bending moment spline adds errors,

but even so, the approximated pro�les give useful information about the behaviour of

the pile. The base of both the shear force and soil pressure graphs (�gs. 6.12, 6.14, 6.16

and 6.19) always show values that are non-zero. In theory, the shear force should be

zero at the base of the pile. This is a problem of this curve �tting technique. The top

part of the shear force pro�le is considered reliable.

Bending 
Moment

Shear
Stress

Soil 
Pressure

Differentiation Differentiation

Displacements
Differentiation

Integration

Rotations
Differentiation

Integration

Bending 
Moment

Figure 6.9: Mathematical operations in the curve �tting model

6.2.1 Discussion about the sti�ness used in the curve �tting method

The curve �tting method used in this research is ultimately based on the engineers

beam formula (equation 5.1). One of the problems a�ecting the use of equation 5.1 is

the value of EcI used in the calculation as introduced in section 5.1.1. The bending

moment calculation method (par. 5.2) is used to solve this inconsistency. Equation 5.1

can be rearranged as:

EcI =
My

(ε1 − ε2)
(6.4)

The value of the bending momentM used in equation 6.4 is that from the application

of the bending moment calculation method (par. 5.2). This ensures that that the two

methods (that for the calculation of the bending moment from the strain data and that

used for the curve �tting) use the same mechanical properties and assumptions about

cracking for the concrete.

Equation 6.4 then does not give a unique value of EcI for the whole pile, but a

value for each instrumented section of the pile and each strain reading. The average

of the EcI values for the full pile on the date of the inclinometer reading is used. In

the curve �tting if the pile is divided into di�erently reinforced lengths with di�erent

�exural sti�ness (e.g. Grange Hill), the average of EcI in each length of the pile is used.
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This approach is used for the piles analysed with MCM (Grange Hill, Mill Hill and

Leatherhead) since the neutral axis are usually in the centre of the sections. When

ACM (Ironbridge) is used, the �exural sti�ness (EcI ) of the pile sections is automatic-

ally calculated by the program taking into account the neutral axis movements and the

cracking e�ects. The section is divided in slices and the second moment of area is cal-

culated for each slice of each material (not considering cracked slices). The total second

moment of area of the section is then calculated considering the di�erent materials as:

I =
∑

(Ig × ng) + (Is × ns) + Ic (6.5)

ng =
Eg

Ec
; ns =

Es

Ec
(6.6)

Where:

I = total second moment of area.

I g = second moment of area of a grout slice.

I s = second moment of area of a steel slice.

Ic = second moment of area of a concrete slice.

E g= Young's modulus of grout.

E s= Young's modulus of steel.

E c= Young's modulus of concrete.

6.2.2 Setting of the curve �tting datums

Care has to be taken when comparing the results from di�erent instruments, to ensure

that the datum used is the same. If each datum is taken at the same time a comparison

is possible, while if they are set at di�erent times, an error will be introduced. For

example, this can easily occur with inclinometers and strain gauges when the data-

logger starts recording strain just after the pile installation, but the inclinometer datum

is taken later (mainly because of site works around the top of the pile). In this case

the inclinometer displacements recorded are related to a partial change in the bending

moment in the pile, and on adjustment of the strain gauge bending moment is necessary

in order to compare both instruments over the same period.

This adjustment was necessary for Leatherhead since the �rst set of inclinometer

readings (forming the inclinometer datum) were carried out nearly three months after

the installation of the piles. At this point the strain gauge readings showed that the

piles had already developed a signi�cant bending moment and thus some displacements

had already taken place. To apply the curve �tting model it was necessary to set a new

datum for the bending moments (the same day as the inclinometer datum).
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6.3 Comparison between bending moment and displace-

ments results

This section analyses the application of the curve �tting method for the comparison

between bending moment and displacement pro�les. Four piles from the four instru-

mented sites are taken as examples.

6.3.1 Grange Hill Pile1

Figure 6.10: Grange Hill Pile1, bending moment and displacement comparison using
the curve �tting method.

Figure 6.10 shows the comparison using the curve �tting method between the bending

moment results (using the MCM and ACM methods) and the inclinometer displacement

pro�le. The splines used for the bending moment approximates the measured points, but

when integrated twice they do not quite match the inclinometer displacement pro�le.

A reduction of 10% of the �exural sti�ness of the pile in the top 6m with the MCM

method allows the displacement spline to �t the measured pro�le (�g. 6.11). The MCM

bending moment pro�le has been corrected for cracking on section 4-14 (3.45m depth),

but more cracks are probably present in the pile, not clearly detected by the other strain

gauges. This means that the actual sti�ness of the pile is smaller than the one assumed

in the calculation using one cracked section only. This is in line with the conclusions

of chapter 5 (par. 5.4) which pointed out that the real bending moment pro�le lies

between that calculated with the MCM method and that calculated using ACM (which

has a smaller �exural sti�ness due to more cracking). Figure 6.10 shows a jump in the

displacement pro�le calculated with ACM. This is due to cracking in the section, the

sti�ness of the pile decreases, thus the displacement increases.

It is not possible to compare these results with Pile2 since many strain gauges are

not reading at present and it is not possible to produce a reasonable bending moment

pro�le.

130



CHAPTER 6. Inclinometer results and curve �tting analysis

The displacement splines in �gures 6.10 and 6.11 show small jumps where the sti�-

ness of the pile changes due to changes in reinforcement.

Figure 6.11: Grange Hill Pile1, bending moment and displacement comparison using
the curve �tting method and a 10% reduction of the sti�ness of the pile in the MCM.

Figure 6.12: Grange Hill Pile1, shear force and soil pressure pro�les calculated using
the curve �tting method and a 10% reduction of the sti�ness of the pile in the MCM.
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6.3.2 Mill Hill Pile1

Figure 6.13: Mill Hill Pile1, bending moment and displacement comparison using the
curve �tting method.

Figure 6.14: Mill Hill Pile1, shear force and soil pressure pro�les calculated using the
curve �tting method.

For Mill Hill, the �tting of the spline to the bending moment pro�le is not very accurate

(�g. 6.13), due to the irregularities in the measured pro�le, but the spline calculated

displacements are a close mach to those measured. The results in the bottom three

meters are approximated due to the di�culties of �tting the spline to the measured

bending moment pro�le. The average sti�ness of the pile was determined from MCM

results, assuming no cracking. The close match between bending moment and displace-

ment suggest that there has been little or no cracking in the pile. The pile has rigidly

rotated around its base, as evidenced by the need to impose a rotation on the base of

the displacement �t.
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6.3.3 Leatherhead Pile2

Figure 6.15: Leatherhead Pile2, bending moment and displacement comparison using
the curve �tting method. To allow the comparison, the bending moment pro�le has been
modi�ed to take into account the di�erence in the original datums for bending moment
and displacements.

Figure 6.16: Leatherhead Pile2, shear force and soil pressure pro�les calculated using
the curve �tting method.

Figure 6.15 presents the comparison using the curve �tting method between the bending

moment results (calculated using the MCM method) and the inclinometer displacement

pro�le. The bending moment pro�le has been modi�ed to take into account the di�er-

ence in time of the two original datums (as introduced in par. 6.2.2). It was di�cult to

�t the general spline to the close changes in curvature of the bending moment pro�le on

the top 3m of the pile. The comparison uses the average sti�ness of the pile determined

from the MCM results without any modi�cation. This would indicate that cracking is

not developing in the pile, in line with the assumption in MCM results.

To perform the �tting of the displacements, it is necessary to rigidly rotate the

pro�le (i.e. the whole pile is rotating rigidly as introduced in section 6.1.3).
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6.3.4 Ironbridge L2P30

Figure 6.17: Ironbridge L2P30, bending moment and displacement comparison using
the curve �tting method. To allow the comparison, the bending moment pro�le has been
modi�ed to take into account the di�erent datums for bending moment and displace-
ments.

Figure 6.17 shows the the spline �t to the bending moment pro�le calculated with

ACM and the displacement pro�le coming from the inclinometer readings. The bending

moment pro�le has been modi�ed to take into account the di�erence in time of the

two initial datums. The calculated de�ection spline does not �t with the measured

displacements. Reducing the value of the �exural sti�ness (EcI ) of 15% leads to a

much more accurate curve �t (�g. 6.18). This error in the evaluation of the �exural

sti�ness is probably due to the approximated material parameters and the calculation

assumptions used in the ACM. For example, if the concrete tensile strength used in the

model is incorrect, this a�ects the opening of the cracks, which in turn modi�es the

second moment of area of the section.

Figure 6.18: Ironbridge L2P30, bending moment and displacement comparison using
the curve �tting method and a 15% reduction of the sti�ness of the pile.
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Figure 6.19: Ironbridge L2P30, shear force and soil pressure pro�les calculated using
the curve �tting method and a 15% reduction of the sti�ness of the pile.

6.4 Comparison between bending moment and displace-

ments results: conclusions

The readings from the main instrumented piles of the four sites show a generally very

good consistency between strain gauge and inclinometer. The variation of �exural

sti�ness due to cracking can greatly change the results and thus it has to be determined

accurately. The �exural sti�ness calculated with the MCM and ACMmethods had to be

reduced by 10% for Grange Hill Pile1 and 15% for Ironbridge L2P30, to achieve a curve

�t between bending moments calculated with strain gauges and inclinometers. Thus, it

is always necessary to instrument a pile with both strain gauges and inclinometers. The

curve �tting allows to check the assumptions about cracking used for the calculation of

the bending moment and allows to understand if the real bending moment pro�le lies

close to the results of the MCM or ACM model. This shows that the results of MCM are

correct for Leatherhead and Mill Hill, while they are overestimating the bending moment

applied to Grange Hill (the sti�ness of the pile is smaller than the one estimated, thus

the applied bending moment is smaller). For Ironbridge PhaseI piles, ACM results are

overestimating the applied bending moment. The overestimating results are due to the

approximated concrete parameters and cracking assumptions used in the models.

135



CHAPTER 6. Inclinometer results and curve �tting analysis

136



Chapter 7

Geotechnical interpretation

This chapter analyses the slope and pile behaviour for the instrumented sites using

the information collected with the instrumentation and the analysis procedures intro-

duced in the previous chapters. Each instrumented site is analysed independently to

describe the particular pile bending behaviours, the processes acting on the piles, and

the behaviour of the slope.

The bending moment, displacement, shear force and soil pressure pro�les (the latter

two from the curve �tting analysis) are compared with the theoretical analysis carried

out by Poulos (1999). The author analysed the pile/soil behaviour of discrete piles

in three idealised cases that are termed �ow mode, intermediate mode and short pile

mode (�g. 7.1). The ��ow mode� develops when the slip surface is shallow and the

unstable soil becomes plastic and �ows around the top of the pile [Poulos (1999)]. The

�intermediate mode� occurs when the soil strength in both the unstable and stable soil

is fully mobilised; the slip plane passes through the central part of the pile and the

pile head movement exceeds the unstable soil movements [Poulos (1999)]. The �short

pile mode� implies that the slip plane is deep and the length of the pile in the stable

soil is relatively short; the unstable soil carries the pile and drags it through the stable

soil layer fully mobilising the soil strength of the stable layer [Poulos (1999)]. These

modes are based on the limit equilibrium mechanisms given by Viggiani (1981), with the

di�erence that the latter considers the pile/soil behaviour at the ultimate state, while

Poulos (1999) considers also the behaviour in service. Poulos (1999) elastic analysis can

also calculate the displaced shape of the pile and the bending moment and shear force

pro�les, which are not determined by the Viggiani (1981) limit equilibrium solutions.

One of the di�erences between some of the instrumented piles and the theoretical

analysis is the existence of a clear slip plane. Piles were installed in two of the sites

(Grange Hill and Mill Hill) to increase the factor of safety of the slope and limit soil

movements to prevent the development of a clear slip plane. The pile design assumed a

slip plane determined from slope stability analysis, while soil movements have occurred

at the sites, clear slip surface has not developed, and the installation of the piles may

mean that it forms di�erently to that assumed in design. At the other two sites (Leath-

erhead and Ironbridge), a clear slip plane was developed before the installation of the

piles, as assumed in the theoretical analysis.
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Poulos (1999) also considers the slip surface depth (z s) required to alter the beha-

viour of the pile. Using the ratio z s/L (where L is the length of the pile) the author

identi�es the behaviour of the piles as: z s/L w 0.2 �ow mode; z s/L w 0.6 intermediate

mode; z s/L w 0.9 short pile mode.
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Figure 7.1: Pile behaviour modes for di�erent depths of soil increment from Poulos
(1999). The conventions for bending moment and shear force are opposite to those used
in this research.
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7.1 Grange Hill

Figure 7.2: Grange Hill Pile1, displacements and bending moments (calculated with
MCM) for the whole monitoring period

Figure 7.3: Grange Hill Pile1, shear force and soil pressure pro�les calculated using
the curve �tting method for the 23 July 2010 results and a 10% reduction of the sti�ness
of the pile.
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The particular concrete mix and steel reinforcements (par. 3.1.1) are the most in�uential

factors a�ecting the readings from the Grange Hill piles. The concrete mix is respons-

ible for the �temperature e�ects� discussed and corrected in section 4.4.4.1, while both

concrete mix and reinforcement bars are related to the development of cracks in the

piles (par. 5.3.1).

Pile1 is used as the main pile in the analysis since many strain gauges in Pile2 are not

reading at present. Figure 7.2 shows the development of the displacements and bending

moments in the pile over time. Inclinometer and strain gauge results are consistent and

show that the pile is loaded by the movement of the top soil layers. The strain gauges

at 3.35m depth detected the development of cracks (in February 2009 for Pile1 and

in March 2007 for Pile2). This is also re�ected by the shape of the bending moment

pro�les which change after cracking.

Displacement, bending moment, shear force and soil pressure pro�les (�g. 7.3) are

a close match with the Poulos (1999) pro�les for the �ow mode (�g. 7.1). Theoretically

a slip surface should be around 2m depth, where the shear force has a peak and the soil

pressure changes sign. In this case z s/L = 0.18, very close to the theoretical value of

0.20 suggested for development of the �ow mode.

As introduced in section 3.1, the Grange Hill piles were installed as preventative

remedial works since the factor of safety of the slope was lower than expected. No

slip planes were detected before the pile installation. Stability analysis of the slope

found the slip plane with the lowest factor of safety to be positioned around 6m depth

on the pile line [Brown and Root Consulting report for Infraco BCV Limited (2002)],

and this was used in the design of the piles. This is also the basis of the di�erent

reinforcements along the pile; the bending moment peak was expected in the central

part of the pile, so less reinforcements were put in the top and the bottom sections.

In reality no slip planes developed after the installation of the piles, which are instead

loaded by super�cial movements where the reinforcements are smaller, increasing the

cracking of concrete. Durrani (2006) shows a similar behaviour in his numerical analysis

of slope stability with and without discrete piles. If pile installations occurs before the

slip plane is developed, piles can radically change the behaviour of the slope, preventing

the formation of deep seated slip surfaces and only allowing the possibility of super�cial

movements of the top layers. In this case, the design of the piles has to be based on an

accurate slope stability analysis considering both the unreinforced slope and the slope

stabilised with the piles. In any case, it is better to use uniform reinforcements along

the full length of the pile to account for behaviours di�erent to that assumed in design.

The movement of soil between the piles was analysed using the inclinometers in-

stalled in the slope and in the other piles (�g. 7.4). Three inclinometers (B5, B6 and

C2) were installed mid-way between adjacent piles for this purpose. B5 and B6 are

16m long, compared to 11m long inclinometers in the piles. The displacement datum

for all tubes was �xed to zero at the base of the piles (11m depth). The same was

done for Pile3 and C2, but the datum depth was 9m in this case. Figure 7.5 shows

the comparison between the displacements of the piles and the soil in between them.
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Pile1, Pile2 and B5 show similar displacements for the piles and the soil, with no clear

movement of soil between the piles. Pile2, BP4 and B6 show di�erent pile and soil

displacements with a substantial movement of the soil in between the piles. Pile3 and

C2 displacements show the largest soil movement, with the surface displacement of C2

twice the displacement measured on Pile3.

These results show that Grange Hill piles are behaving like the theoretical ��ow

mode� predicted by Poulos (1999). The displacements and the behaviour of the soil

along the pile row is not uniform.

Figure 7.4: Grange Hill, plan of the inclinometers

Figure 7.5: Grange Hill, comparison between pile displacements and soil displacements
in between the piles.

142



CHAPTER 7. Geotechnical interpretation

7.2 Mill Hill

Figure 7.6: Mill Hill Pile1, displacements and bending moments (calculated with
MCM) for the full monitoring period

Figure 7.7: Mill Hill Pile1, shear force and soil pressure pro�les calculated using the
curve �tting method for the 8 July 2010.

The analysis of Mill Hill bending moment and displacement pro�les (Pile1 is taken as

example in �gure 7.6) shows that the piles are lightly loaded and subjected to smaller

displacements in comparison with Grange Hill. Figure 7.6 also shows that the displace-

ments are increasing with time while the bending moment peaks oscillate between 24

and 30 kNm instead of increasing. This can be explained with a rigid rotation of the
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whole pile/soil system, supported by the fact that the displacement pro�les also show

some movements at the base of the pile. Figure 7.8 and 7.9 show seasonal changes in

the top instrumented sections of the pile. These can be related to the e�ects of the ve-

getation, the precipitation or both; the annual pattern is repeated for nearly four years.

The hypothesis is that the pile is cyclically loaded and unloaded (seasonal changes in

strains and bending moment) while the piles rotates. Figure 6.4 shows that the pile

head displacements have seasonal variations. It is possible to analyse these behaviours

because the piles are lightly loaded, so instead of the load e�ects, the movements of

the soil due to the vegetation or the precipitations are recorded by the instrumented

piles. Considering the piles to be uncracked (par. 6.3.2), the axial strain pro�les can

be considered reliable. The pro�les from the top sections (�g. 7.10) show peaks in

tension at the end of winter and troughs (less axial tensile strain) at the end of sum-

mer. Considering that the piles are lightly loaded, that the slope is covered by thick

vegetation and that the temperature is not a�ecting the instrumentation (par. 4.4.4.2),

this behaviour can be related to that described by Crilly and Driscoll (2000). During

the winter the clay soil swells since the precipitation is greater than the evapotranspir-

ation, while during the summer it shrinks because the precipitation is smaller than the

evapotranspiration. Piezometer data could be used to support this explanation. The

pore water pressure pro�le would show peaks when the clay swells and troughs when it

shrinks (negative pressure due to soil suction). This research focused on the behaviour

of the piles only, thus the piezometer data have not been analysed.

Figure 7.8: Mill Hill Pile1, measured strains for the instruments in the top half of the
pile.
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Figure 7.9: Mill Hill Pile1, bending moment (MCM) versus time.

Figure 7.10: Axial strain for the top four sections of Mill Hill Pile1. The pro�les show
seasonal variations related to the e�ects of vegetation and precipitation.
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Figure 7.11: Mill Hill, plan of the inclinometers.

The pro�les for the pile (�g. 7.6 and 7.7) identify the behaviour as a �ow mode (�g.

7.1). The hypothetical slip surface based on Poulos (1999) assumptions (i.e. the slip

plane is approximately at the same depth of the shear force peak) can be assumed around

2.00m depth (no slip plane develops in reality), giving z s/L = 0.18. No inclinometers

were installed between the piles as the distances between them are very small (0.7m or

1.5 diameters between the centres, thus 0.25m between the edges of the piles). Instead,

three inclinometers (Slope1, Slope2 and Pile3) were installed in line to check the relative

movements between the slope and the piles (�g. 7.11). The measured displacements are

shown in Figure 7.12, where the base of Pile3 is taken as the zero displacement datum

for both pile and soil movements (as for Grange Hill piles in par. 7.1). Both Slope1

(down-slope of the pile row) and Slope2 (up-slope) measured larger displacements than

Pile3. Slope2 measured a soil movement towards the pile between 2 and 10m depth as

if the up-slope soil is pushing against Pile3. Slope1 measured an up-slope movement

over depths corresponding to the bottom part of the pile, and a down-slope movement

above this.
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Figure 7.12: Mill Hill, displacements measured in Pile3, Slope1 and Slope2 on the 8
July 2010.

7.3 Leatherhead

Pile 2 is considered to give typical results for Leatherhead. The results coming from Pile1

are shown in Appendix A.2.1. Figure 7.13 shows the recorded displacements and the

bending moments calculated with MCM for the whole monitoring period. Both graphs

show an increase in displacements and bending moments with time, demonstrating that

the slope is still moving. The displacements are no larger than 8mm, but there is

some displacement along the full pile, suggesting a rigid rotation. The shape of the

displacement pro�le shows that the pile is not �xed within the deepest soil layer, as in

the case of the Grange Hill piles (�g. 7.2). The bending moment pro�les, calculated

using MCM, show that the peak is approaching 1000kNm, with no signs of cracking

in the concrete. This is supported by the curve �tting analysis which does not require

any sti�ness adjustment for the curve �t to match the displacement pro�le (par. 6.3.3).

Also, the strain gauges (sister bars in this case) do not show any jumps in reading related

to cracking, but their strain transmission method (long reinforcement bars) may help

to prevent this (as discussed in section 2.5.1.1).
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Figure 7.13: Leatherhead Pile2, displacements and bending moments (calculated with
MCM) along the full monitoring period

Figure 7.14: Leatherhead Pile2, shear force and soil pressure pro�les calculated using
the curve �tting method for the 10 June 2010.

The pile behaviour can be considered to be in between the �ow mode and the

intermediate mode. As in the �ow mode, the pile shows only one bending moment peak,

but the inclinometer pro�le does not show good �xity at the bottom. The position of

the slip plane can be assumed around 5m depth (where the shear force spline shows
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a peak). This gives a z s/L ratio of 0.38 which is in between 0.2 (�ow mode) and 0.6

(intermediate mode). The shapes of the shear force and soil pressure pro�les (�g. 7.14)

are slightly closer to those of the intermediate mode than the �ow mode. The pile is

too short to clearly work in �ow mode and too long and sti� to clearly work in the

intermediate mode.

No inclinometers were installed in the soil, thus it is not possible to compare the

behaviour of the piles with the behaviour of the slope. Instead, six piles (�g. 7.15) were

monitored with inclinometers, showing very similar displacements along the pile row

(�g. 7.16).

Figure 7.15: Leatherhead, plan of the piles instrumented with inclinometers

Figure 7.16: Leatherhead, displacements pro�les for all the instrumented piles, 10
June 2010.
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7.4 Ironbridge

7.4.1 Phase I

Figure 7.17: Ironbridge L2P30, displacements and bending moments (calculated with
ACM) for the full monitoring period

Figure 7.18: Ironbridge L2P30, shear force and soil pressure pro�les calculated using
the curve �tting method and a 15% reduction of the sti�ness of the pile.
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L2P30 is assumed to give typical results for Phase I piles. Figure 7.17 shows the

displacements and bending moment pro�les.

The bending moment results were analysed in section 5.3.2 showing that the grout is

heavily cracked in tension, but it is still working in compression. This is also supported

by the curve �tting comparison (par. 6.3.4). Inclinometer and strain gauge results are

close, if the sti�ness of the pile from the ACM is reduced by 15% in the curve �t. This

error may come from the assumptions made to determine the concrete parameters and

stress/strain curves.

The change in curvature detected by the inclinometer in the top 2m of the pile

could be connected with the fracture of the concrete in the connection between the pile

and the pile-cap. The connection can be considered as a hinge which does not transmit

moment. This is con�rmed by the bending moment pro�le which is close to zero around

2m depth. Both pro�les (�g.7.17) also con�rm that the pile base is �xed within the

bedrock, as below 25m depth, displacements and bending moments are very close to

zero.

Not much variation is shown throughout the last two years by both displacement

and bending moment pro�les (�g.7.17). It was not possible to collect inclinometer

readings before February 2009, but the bending moment versus time pro�les (�g. 7.19)

show that the pile was mostly loaded before October 2007, and the readings remain

almost constant after April 2009. It is assumed that the development of displacements

follows the pattern of development in the bending moment since the bottom of the pile

is �xed in the bedrock (any bodily rotation of the pile would produce an increment of

the displacements but not of the bending moment).

In conclusion, it can be considered that the pile was loaded between May and Oc-

tober 2007, when the cracking in the grout and the fracture in the pile-cap connection

developed. After October 2007 the increase in load and displacements slowly diminished

and at the moment the slope can be considered stabilised since the pile displacements

and bending moments are almost constant.

L2P30 is clearly working in the intermediate mode with the characteristic two bend-

ing moment peaks (one positive and one negative) and with the respective di�erent

curvatures in the displacement pro�le (�g. 7.17). The slip surface can be assumed to

be around 17m depth where the shear force spline shows a peak (�g. 7.18). This gives

z s/L = 0.64, very close to 0.6 assumed by the theory. Shear force and soil pressure

pro�les are in line with the theoretical behaviour (�g. 7.1). As the soil pressure spline

has to be made up of a series of smooth curves, the pro�le does not show any abrupt

transition in the pro�le between positive and negative as may be expected on a real pile

adjacent to the sliding surface.
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Figure 7.19: Ironbridge L2P30, bending moment (ACM) versus time to show the
general loading behaviour of the pile: most of the loading happened before October 2007;
the load was almost constant during the last year monitoring.
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7.4.2 Phase II

Figure 7.20: Ironbridge UT81, displacements and bending moments (calculated with
ACM) for the full monitoring period

UT81 is analysed for Phase II. Figure 7.20 shows the displacement and bending moment

pro�les. Unfortunately some strain gauges are not reading at the moment and the

bending moment pro�le shows some gaps. This pile is investigated to understand if it is

rotating with the soil mass while it is also bending. The displacement pro�les show that

the pile mainly moves between August 2009 and June 2010. The total displacement

is still small, but the shape of the pro�le shows that the pile is not well �xed within

any stable layer. The bending moment pro�le is changing with time in the top half

of the pile while in the bottom half it maintains the same shape and slowly increases

in magnitude. The magnitudes of the bending moment peaks and total displacements

are small compared to the values measured in Phase I. The analysis of the bending

moment versus time pro�les (�g. 7.23) shows that the bending moment is increasing in

few sections only, while it remains nearly constant in the others.

The curve �tting analysis results are quite complicated. The shape of the bending

moment pro�le is di�cult to interpolate with a spline, �gure 7.21 and 7.22 shows the

results. The pile can be assumed to behave in the intermediate mode whilst also rotat-

ing. It is not possible to know the position of the centre of the rotation, the assumption

that the base of the pile is �xed is just a convention, and in reality the point of rotation
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may be above the base. It could be more accurate to do a precision survey of the posi-

tion of the head of the pile and to refer the displacement to that. From the shear force

pro�le, it can be assumed that the slip surface lies approximately around 11m depth,

giving a z s/L = 0.65 (close to the theoretical 0.6).

In conclusion, it can be assumed that the pile is loaded by the slope and is behaving

in the intermediate mode, while it is also rotating. The maximum bending moment and

the head displacement of the pile are still small in comparison with Phase I results. A

longer monitoring period is necessary to fully understand if the piles have fully stabilised

this section of the slope.

Figure 7.21: Ironbridge UT81, bending moment and displacement comparison using
the curve �tting method.

Figure 7.22: Ironbridge UT81, shear force and soil pressure pro�les calculated using
the curve �tting method.
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Figure 7.23: Ironbridge UT81, bending moment (ACM) versus time to show the gen-
eral behaviour of the pile. Most of the loading happened shortly after installation, while
in the period analysed with the inclinometer only few instrumented sections show bending
moment changes.
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7.4.3 Lloyd's Head

Figure 7.24: Ironbridge Lloyd's Head, bending moment pro�les (calculated with ACM)
for P58Row1 and P58Row2.

Figure 7.24 shows the bending moment pro�les for the Lloyd's Head piles. As mentioned

before (par. 3.4.5), no inclinometers were installed in the piles. Thus, the information

about the pile behaviour is from the strain gauges only. This also means that it is

not possible to know if sti�ness adjustment are necessary, if the piles are �xed in the

bedrock or if they are rotating. The bending moment pro�les of the two piles show

small bending moments, compared to Phase I piles. It is not possible to accurately

localise the slip planes without the shear force pro�le, but the bending moment change

in sign can be used as rough approximation. P58Row2 (up-slope row) behaves similarly

to the intermediate mode, and the sign of the bending moment changes around 8m

depth. P58Row1 (down-slope row) has a confused behaviour in the top 8m and shows

a kind of intermediate behaviour in the bottom 9m. The change in sign of the bending

moment happens around 15m depth. P58Row2 (up-slope row) does not show much

di�erence between the di�erent measured pro�les, while P58Row1 (down-slope row)

shows a bending moment increase with time in the bottom 9m. It is also necessary a

longer monitoring period for these piles to fully understand their behaviour.

156



CHAPTER 7. Geotechnical interpretation

7.5 Comparison between bending moment calculation meth-

ods

For a complete interpretation of the pile behaviour, the bending moment results ob-

tained in this research using ACM and MCM (and considering all the assumptions on

the material properties) are compared with the results coming from a simpli�ed ap-

proach that uses the engineering formula (formula 5.1) and the concrete parameters

related to the site speci�cations. This gives, for all the analysed sites, the same value of

f ck,cube=35 N/mm
2 which using BS EN 1992 (2004) generates an E c=32GPa. The im-

pact of di�erent parameters on the use of the engineering formula has been discussed in

section 5.1.1. The strain gauge data used in the comparison are the same, and have been

corrected using the methodology discussed in Chapter 4 before applying the di�erent

models.

Figure 7.25: Comparison between the bending moment pro�les coming from di�erent
models for Grange Hill Pile 1 and Leatherhead Pile 2.

Grange Hill

Figure 7.25 shows the results using the three di�erent methods. The engineering

formula pro�le shows a peak in the cracked section (at 3.35m depth) which largely

overestimates the bending moment applied to the pile. The engineering formula does
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not allow to analyse and correct the cracking e�ects giving a wrong bending moment

peak which can lead the designer to increase the pile reinforcements.

Leatherhead

Figure 7.25 shows that the engineering formula results lie between ACM and MCM

pro�les. Due to the use of sister bars, no additional information about the developing of

cracking is present, making the analysis of the results di�cult. In this case, a measured

value of εt0c would allow ACM to give more accurate results (as introduced in section

5.3.2.1).

Figure 7.26: Comparison between the bending moment pro�les coming from di�erent
models for Mill Hill Pile 1 and Ironbridge L2P30.

Mill Hill

Mill Hill bending moment results are shown in �gure 7.26. The engineering formula

pro�le lies between ACM and MCM pro�les. In this case, since cracking is not expected

due to the small strains measured, the di�erence between the engineering formula and

MCM pro�les are due to the choice of the E c value used.

Ironbridge

Figure 7.26 shows the results for L2P30. In this case, the engineering formula has

been applied in one case considering the e�ects of the grout and in the other case
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neglecting them. The latter largely underestimate the bending moment applied to

the pile in comparison with ACM results. Instead, the engineering formula results

considering the grout over-predict the applied bending moment since the developing of

cracking is not considered. In this case ACM considers a more correct behaviour for the

concrete �lled steel tubular pile that takes into account the e�ects of the grout. Using

the engineering formula could, in one case, lead to underestimate the bending moment,

leading the designer to decrease the pile capacity; and in the other case to overestimate

bending moment with consequent increase in the pile reinforcements and dimensions.

In conclusion, the use of a simple method that considers the engineering formula and

the concrete parameters related to the site speci�cations can lead to the wrong bending

moment results. Only in one case, when the pile is lightly loaded (Mill Hill), the simple

method and MCM give similar results. In the other cases, since the simpli�ed method

does not consider cracking and long term values of the parameters, the generated pro�les

can either overestimate or underestimate the applied bending moment. A pro�le that

overestimates the bending moment can lead the designer to increase the dimensions or

the number of piles in future similar structures; while an underestimated pro�le can

lead to diminishing them. In particular, the simpli�ed method does not analyse the

developing of cracking, failing to give more information about the durability of the

piles. In fact, if ACM or MCM show that several sections are cracked, corrosion of

the reinforcement could be taking place diminishing the expected serviceability of the

structure.

The piles from the four analysed sites do not show strains larger than 500µε, which

means that the concrete stress/strain behaviour can still be approximated as linear. If

structures with larger strains are analysed, the results from ACM and MCM (which

use the non-linear stress-strain curves for concrete) would better estimates the applied

bending moment than the use of a method based on the engineering formula (which

assumes a linear stress/strain relation for concrete).

7.6 Conclusions about the geotechnical interpretation of

instrumented sites

This chapter shows that the behaviour of the analysed piles can be described with the

two of the three theoretical modes developed by Poulos (1999). Grange Hill and Mill

Hill piles behave in the ��ow mode�, most of Ironbridge piles follow the �intermediate

mode�, while Leatherhead piles have a behaviour halfway between the two modes.

The monitoring shows that the instrumented sites have been stabilised and very

small movements are taking place at the present. In particular, Ironbridge PhaseI

shows that the pile heads moved about 100mm in the �rst year and then no further

important movements developed in the last two years. The other instrumented piles

show displacements smaller than 5mm after the �rst year of monitoring. This shows

that the slopes have been stabilised.
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The Grange Hill results show that the installation of the piles modi�ed the behaviour

of the slope and instead of the expected deep seated slip surface, super�cial movements

developed (par. 7.1).

The Mill Hill piles are lightly loaded and this allows monitoring of the e�ects of

climate and vegetation on the stabilised slope. The slope swells (putting the piles in

tension) during the winter, and shrinks (compressing the piles) during the summer (par.

7.2).

The analysis of inclinometer pro�les also shows a small bodily rotation of some of

the piles (Mill Hill, Leatherhead and Ironbridge UT81). The movements are still very

small, but this changes the behaviour of the pile from the common design assumption

that the piles are �xed at the base.

The use of a more simpli�ed method for the calculation of the bending moment

(as analysed in section 7.5), could have lead to incompatibility during the comparison

between bending moment and displacement pro�les. This means that a wrong eval-

uation of the sti�ness of the pile and the bending moment pro�le would have made

di�cult to apply the curve �tting method explained in Chapter 6. ACM and MCM ap-

proaches used in this research instead, give results that need minimal corrections (15%)

during the curve �tting comparison, giving more reliability on the results, since both

instruments (strain gauges and inclinometers) agree on the generated pro�les. This in

turn makes possible to estimate the pro�les of shear force and soil pressure, and the

comparison with the theoretical models developed by Poulos (1999).

The simpli�ed method can still be used when the measured strains allow to simplify

the concrete behaviour as linear (par. 2.3.2.1) and no cracking has been measured.

MCM and ACM can instead be used in a wider range of situations since the non-linear

behaviour of concrete and the e�ects of cracking are taken into account.
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Conclusions

8.1 Conclusions

This section summarises the results achieved in this research. Due to the complexity

of the research and the many factors a�ecting the data analysis and the calculation

models used, the conclusions are multiple. Detailed discussion of the concluding results

for each topic are at the end of each chapter or speci�c section.

• Creep and shrinkage can be neglected in the structural analysis of piles (or other

underground structures) in saturated soil (par. 2.4).

• A method for the interpretation of strain gauge data considering di�erent types

of interference and the e�ects of the datum position has been developed (par. 4.1,

4.2 and 4.3).

• A method for the analysis of the e�ects of temperature on strain gauge readings

and the potential corrections has been developed and tested on the instrumented

piles from three sites (par. 4.4). Strain/temperature graphs are used to identify

where the corrections have to be applied and the e�ective coe�cient of thermal

expansion to be used.

• The behaviour of strain gauges during cracking has been analysed. The results

are di�erent depending on the type of instrument used: embedded strain gauges

can detect cracking (if the crack is close to the instrument) while sister bars and

welded strain gauges did not show any presence of cracking when it was expected

(par. 2.5.1.1 and 4.6). Strain gauges are not the best instruments for measuring or

detecting cracking since they are in�uenced di�erently depending on the relative

position between the cracks and the instrument.

• The bending moment calculation is a�ected by many factors: cracking, concrete

parameters, stress/strain relations and the calculation method adopted. Two

methods for the calculation have been developed and used on di�erent type of

piles. One method automatically considers the opening of the cracks (ACM)

and is best suited for concrete-�lled steel tubular piles. The other method does
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not consider the opening of cracks until the strain gauges detect cracking taking

place, then the results are corrected accordingly (MCM); this method may be

better suited to standard reinforced concrete piles instrumented with embedded

strain gauges (sister bar strain gauges do not show the opening of cracks). The

results from these methods are supported by the inclinometer results. If all the

factors a�ecting the bending moment calculation are not carefully considered, the

results calculated using di�erent assumptions and parameters can have di�erences

up to 100% (par. 5.4).

• The results of the bending moment calculation on the Ironbridge piles show that in

concrete-�lled steel tubular piles, the grout ring has a structural e�ect (it increases

the �exural sti�ness) even when the part in tension is cracked. Neglecting the

structural e�ect of the grout ring underestimates signi�cantly (by up to 25%) the

bending moment results (par. 5.4).

• The curve �tting method for the comparison of strain gauge and inclinometer

results developed by Smethurst (2003) has been improved and applied to each

instrumented pile. This method is used to check the consistency of results from

the two instruments and to give insights on the bending moment results, showing

if the method used (MCM or ACM) correctly estimates the pro�les. The method

con�rms the consistency of results between the two instruments when the piles

are not cracked (using MCM). A discrepancy on the sti�ness of the piles of 10%

for standard reinforced piles (MCM) and of 15% for concrete-�lled steel tubular

piles (ACM) is shown when cracks developed. This error is coming from the inac-

curacies in the determination of the concrete parameters and from approximation

and assumptions used in the cracking models (par. 6.4).

• The results from strain gauges, inclinometers and curve �tting method show that

the piles behaviour follows the models described by Poulos (1999). Grange Hill

and Mill Hill piles behave in the ��ow mode�, most of the Ironbridge piles follow the

�intermediate mode�, while Leatherhead piles have a behaviour halfway between

the two modes (par. 7.6).

• Discrete piles used to stabilise a slope, where the slip surface is not developed,

modify the behaviour of the slope. During the design process, it may be more

accurate to dimension the piles considering the behaviour of the stabilised slope

instead of the behaviour of the slope without piles. It is also safer to use uniform

steel reinforcement along the piles (par. 7.6).

• The e�ects of climate and vegetation on the slope and on lightly loaded piles has

been detected. The slope swells (putting the piles in tension) during the winter,

and shrinks (compressing the piles) during the summer (par. 7.6). In the analysed

case (Mill Hill) this seasonal e�ect has a minor in�uence on the general behaviour

of the piles.
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• The monitoring shows that the instrumented sites have been stabilised and gen-

erally very small movements have occurred. In particular, Ironbridge PhaseI pile

heads moved about 100mm in the �rst year and then no further important move-

ments have developed in the last two years. The other instrumented piles show

displacements smaller than 5mm after one year of monitoring. This shows that

the slope have been stabilised.

• Each site, and sometimes each pile, has speci�c problems and needs speci�c ap-

proaches and solutions. The analysis method cannot be standardised, but it has

to be �exible to take into account every factor that can a�ect the readings and

the following analysis results.

8.2 Further work

This research on the long term analysis of reinforced concrete piles can be further en-

hanced. The obvious �rst step is the continuation of the monitoring and data analysis of

the actual instrumented sites. This can give further insights on the long term behaviour

of stabilised slopes and discrete piles.

The assumptions and approximations used in this research to model the behaviour

of the piles are many, and each of them can be improved with further work:

• The behaviour of reinforced concrete in the ground is still approximated. A better

understanding of the concrete properties and processes (mostly shrinkage and

creep) could be achieved with the study of concrete samples cast in di�erent

soils under di�erent moisture conditions. A methodology for the determination of

more realistic stress-strain curves will improve the results of the bending moment

calculation.

• Concrete cracking and its development have a fundamental e�ect on the bending

moment calculation. A more detailed study about concrete cracking and the

development of more appropriate instruments to detect the cracks in underground

structures will expand the understanding of pile subject to concrete cracking.

• The measurement of the soil pressures against the pile and the relative soil and

pile displacement pro�le can further increase the understanding of mechanisms

of pile stabilisation. The curve �tting method can be used to compare the soil

pressure pro�le with bending moment and displacement pro�les. The method

could be enhanced to use integration only, avoiding the numerical problems of the

di�erentiation process.

• When all the issues a�ecting the monitoring and the structures are understood,

the strain gauges analysis, bending moment calculation and curve �tting method

could be combined in a unique generalised procedure and translated in a more

user-friendly program.
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• The methodology developed in this thesis may also be used on other geotechnical

instrumented structures (e.g. retaining walls, diaphragm walls, etc...) to monitor

and analyse their behaviour. This could also improve the understanding of the

development of creep and shrinkage in concrete structures where a part is in

contact with the ground and the other is in open air.
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Appendix A

Appendix

This appendix presents strains vs. time, bending moment vs. time, bending moment

vs. depth, and displacements vs. depth pro�les for each instrumented pile. The data

have been processed following the methods and assumptions described in chapter 4 and

chapter 5. The pile names and instrument positions are based on the site descriptions

presented in chapter 3. The pro�les show the general behaviour of the piles. It is

di�cult to fully label the plots of strains and bending moments with time since many

lines are overlapped. However, the plots do give an idea of the overall changes in strain

and bending moment with time, and the attached CD contains the electronic data which

can be used for a more speci�c data analysis.
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A.1 Grange Hill

A.1.1 Pile1

Figure A.1: Grange Hill Pile1, strain pro�les for all the instruments in the pile.

Figure A.2: Grange Hill Pile1, bending moment pro�les for all the instrumented sec-
tions in the pile.
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Figure A.3: Grange Hill Pile1, displacements and bending moments (calculated with
MCM) for the whole monitoring period

A.1.2 Pile2

Figure A.4: Grange Hill Pile2, strain pro�les for all the instruments in the pile.

171



CHAPTER A. Appendix

Figure A.5: Grange Hill Pile2, bending moment pro�les for all the instrumented sec-
tions in the pile.

Figure A.6: Grange Hill Pile2, displacements and bending moments (calculated with
MCM) for the whole monitoring period
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A.1.3 Pile3

Figure A.7: Grange Hill Pile3, strain pro�les for all the instruments in the pile.

Figure A.8: Grange Hill Pile3, bending moment pro�les for all the instrumented sec-
tions in the pile.
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Figure A.9: Grange Hill Pile3, displacements and bending moments (calculated with
MCM) for the whole monitoring period

A.2 Leatherhead

A.2.1 Pile1

Figure A.10: Leatherhead Pile1, strain pro�les for all the instruments in the pile.
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Figure A.11: Leatherhead Pile1, bending moment pro�les for all the instrumented
sections in the pile.

Figure A.12: Leatherhead Pile1, displacements and bending moments (calculated with
MCM) along the full monitoring period
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A.2.2 Pile2

Figure A.13: Leatherhead Pile2, strain pro�les for all the instruments in the pile.

Figure A.14: Leatherhead Pile2, bending moment pro�les for all the instrumented
sections in the pile.
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Figure A.15: Leatherhead Pile2, displacements and bending moments (calculated with
MCM) along the full monitoring period
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A.3 Mill Hill

A.3.1 Pile1

Figure A.16: Mill Hill Pile1, strain pro�les for all the instruments in the pile.

Figure A.17: Mill Hill Pile1, bending moment pro�les for all the instrumented sections
in the pile.
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Figure A.18: Mill Hill Pile1, displacements and bending moments (calculated with
MCM) for the full monitoring period

A.3.2 Pile2

Figure A.19: Mill Hill Pile2, strain pro�les for all the instruments in the pile.
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Figure A.20: Mill Hill Pile2, bending moment pro�les for all the instrumented sections
in the pile.

Figure A.21: Mill Hill Pile2, displacements and bending moments (calculated with
MCM) for the full monitoring period
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A.4 Ironbridge

A.4.1 Phase I

A.4.1.1 L1P30

Figure A.22: Ironbridge L1P30, strain pro�les for all the instruments in the pile.
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Figure A.23: Ironbridge L1P30, bending moment pro�les for all the instrumented
sections in the pile.

Figure A.24: Ironbridge L1P30, displacements and bending moments (calculated with
ACM) for the full monitoring period

182



CHAPTER A. Appendix

A.4.1.2 L2P30

Figure A.25: Ironbridge L2P30, strain pro�les for all the instruments in the pile.

Figure A.26: Ironbridge L2P30, bending moment pro�les for all the instrumented
sections in the pile.
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Figure A.27: Ironbridge L2P30, displacements and bending moments (calculated with
ACM) for the full monitoring period

A.4.1.3 UP22

Figure A.28: Ironbridge UP22, strain pro�les for all the instruments in the pile.
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Figure A.29: Ironbridge UP22, bending moment pro�les for all the instrumented sec-
tions in the pile.

Figure A.30: Ironbridge UP22, displacements and bending moments (calculated with
ACM) for the full monitoring period
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A.4.2 Phase II

A.4.2.1 UT81

Figure A.31: Ironbridge UT81, strain pro�les for all the instruments in the pile.

Figure A.32: Ironbridge UT81, bending moment pro�les for all the instrumented sec-
tions in the pile.
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Figure A.33: Ironbridge UT81, displacements and bending moments (calculated with
ACM) for the full monitoring period

A.4.2.2 LT56

Figure A.34: Ironbridge LT56, strain pro�les for all the instruments in the pile. In-
terference is due to some early problems in the data-logger connections.
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Figure A.35: Ironbridge LT56, bending moment pro�les for all the instrumented sec-
tions in the pile. Interference is due to some early problems in the data-logger connec-
tions.

Figure A.36: IronbridgeLT56, displacements and bending moments (calculated with
ACM) for the full monitoring period
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A.4.3 Lloyd's Head

A.4.3.1 P58Row1

Figure A.37: Ironbridge P58Row1, strain pro�les for all the instruments in the pile.

Figure A.38: Ironbridge P58Row1, bending moment pro�les for all the instrumented
sections in the pile.
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Figure A.39: Ironbridge P58Row1, bending moment pro�les (calculated with ACM)
for the full monitoring period.

A.4.3.2 P58Row2

Figure A.40: Ironbridge P58Row2, strain pro�les for all the instruments in the pile.
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Figure A.41: Ironbridge P58Row2, bending moment pro�les for all the instrumented
sections in the pile.

Figure A.42: Ironbridge P58Row2, bending moment pro�les (calculated with ACM)
for the full monitoring period.
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