

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































KW peak power, permitting coherent operation, that is, measurement of signal
phase. Transmitter pulse lengths can vary from 200 ns to 5 us uncoded, or FM
pulse coding can be used, with a 5 us expanded pulse compressed to 32 ns. The
radar is dual linearly polarized, with horizontally or vertically polarized
transmission, and simultaneous reception of both polarizations. Additionally, a
high-speed switch permits alternation of transmitted polarization between pulses, at
pulse repetition frequencies (prf) up to 2 KHz. The radar currently employs a 1.2 m
parabolic dish antenna, producing a 2.2 degree pencil beam.

The coherent processing produces an in-phase (I) and quadrature (Q) output
for both the horizontally- and vertically-polarized channels. Each of the four
outputs (HI, HQ, VI, VQ) is digitized to 8 bits. The radar signal is sampled in
range at a rate of 30 MHz, which corresponds to 5 m in range. For each radar
transmission, termed a sweep, the radar return is sampled within a user-determined
range window, accurnulated in a sweep buffer together with timing and positional
information, then transferred by direct memory access to a large (16 Mb) computer
memory during the sweep's "dead-time". The user can trade-off the number of
range samples per sweep versus the number of sweeps sampled, that is, the dwell
time for a stationary antenna or the angular coverage for a rotating antenna.

RESEARCH PROGRAM

In early 1987, the CRL had turned its attention to the second ice radar
problem, that of iceberg detection in open water. At the same time, LSL was
developing interest among the east coast operators in its airbome surveillance radar
products. It was therefore natural for CRL and LSL to begin the collaboration on
the development of new marine radar which was also of interest to that community.

The research part of the program, which is on-going and for which results
are presented in this paper, consists of experimental work conducted using the CRL
IPIX radar. The aim of the research is to quantify the performance improvements
possible with the use of various signal parameters, thereby permitting LSL to
establish the design of a commercial system, and undertake its development.

FIELD EXPERIMENT

The most recent field experiment was conducted in June 1989 from a
coastal site at Cape Bonavista, Newfoundland. The sea bottom drops off fairly
quickly near the coast, allowing the development of representative open-water sea
conditions. During the two-week experiment, the sea conditions were surface-
truthed using a non-directional waverider buoy, transmitting wave height data in
real time to the experimental site. Significant wave heights of 1 to 3 m were
encountered. A fibreglass "spar" buoy topped with a Luneberg lens reflector of
radar cross-section (RCS) of 2 sqm was also deployed. Both buoys were moored.
Natural targets included an iceberg and a growler. Measurements of the
environmental conditions were taken from the nearby Bonavista weather station.
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RESULTS

The initial purpose of the field experiments is to help establish the inherent
characteristics of the ice and sea signals, and to determine the upper limit of
performance. Having established the limit, any performance reduction due to
engineering constraints can be determined and minimized. Therefore, for most of
the results presented here, the data was collected with the radar "staring” at the
target of interest, that is, the antenna was stationary. The considerations for a
scanning antenna are discussed later.

With regard to polarization terminology, the radar signal will be described
with two letters, for example, HV, where the first letter indicates transmitter
polarization, and the second letter receiver polarization. Thus, HH and VV denote
like polarizations, and HV and VH denote cross-polarizations.

Amplitude

Figure 1 shows the range versus time plots of signal amplitude for a
growler in sea clutter for the four polarizations. Two conclusions are immediately
evident. First, although by considering the whole data set the growler is
distinguishable to the eye, there are numerous occurrences of sea clutter amplitude
exceeding that of the target, so that a signal processor using only an amplitude
threshold to separate targets from clutter will either mostly miss the target or suffer
an inordinate number of false alarms. Second, the mean level of the clutter return
varies significantly in range and in time due to the underlying gravity waves. The
long-term statistics of the sea clutter have been accumulated and can be well
described by the K-distribution [4]. This distribution has an increased occurrence
of large amplitudes, and therefore expected false alarms, as compared to the
Rayleigh distribution. Care must be taken when considering the performance of a
radar, if its prediction is based on the assumption of Rayleigh-distributed clutter.
Such performance can severely degrade when the clutter is actually K-distributed.

Doppler

A target moving relative to the radar will give a return signal whose phase
varies from pulse to pulse. The rate of change of this phase permits estimation of
the target's velocity. The IPIX radar is coherent, and permits measurement of this
phase. The variations in phase pulse-to-pulse result in a frequency shift, termed the
Doppler frequency shift (f), which in turn relates to the radial velocity (v) of the
target by the relation f=2v/A, where A is the radar wavelength. By taking the
complex (1,Q) data for a given range cell for a group of successive sweeps spaced
evenly in time at the prf, the Fast Fourier Transform (FFT) can be used to calculate
the Doppler frequency spectrum, in which each frequency has its own complex
coefficient. Calculating the squared-magnitude of each coefficient yields the power
of that frequency component. Each frequency corresponds to a different velocity.
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For reference, at X-band, a Doppler shift of 100 Hz corresponds to a velocity of
1.6 m/s, or 3.1 knots. The maximum unambiguous frequency of the Doppler
spectrum is one-half the sampling rate (usually the prf); higher Doppler frequencies
will alias and appear as lower frequencies. The resolution of the Doppler spectrum
is determined by the time duration of the data; the longer the duration the better the
resolution.

Figure 2 shows sample amplitude data and Doppler spectra for HH
segments taken from the same data set as in figure 1, with one segment at the target
range and the other at a range where there is only strong sea clutter. Although the
growler and sea clutter are inseparable based on power, note how in the Doppler
spectrum the component due to the growler is much narrower as compared to the
sea clutter, and it is separated in frequency. The power of the sea clutter is spread
over a frequency interval, indicating that its return is produced by a number of
scatterers which exhibit a relative velocity spread, whereas the ice target, being a
single integral object, produces essentially a single velocity return. In terms of
target detection, the total target power now competes against only that clutter power
which occurs in the same frequency bin. This increases the signal to clutter ratio in
that bin, greatly enhancing target detection. For example, the ratio of total target to
total clutter power for the data of figure 2(b) is 3 dB, whereas after Doppler
processing (figure 2(d)), the target to clutter ratio in the target's frequency bin is
over 30 dB.

To give a longer term view of this Doppler behaviour of the target and the
sea, figure 3 shows the Doppler spectra versus time for the data set of figure 1, at
the ranges of figure 2. The Doppler spectra were calculated with a sliding 512-point
FFT, with 64 time samples separating each spectral estimate. The spectra are thus
estimated over an interval of 1/2 second, and are separated by 1/16 seconds. The
log-magnitude for each spectrum was greyscale coded, and plotted as one line of
the image.

A number of observations can be made from this frequency-time plot. First,
and foremost, the target is easily identified as compared to the sea clutter. Compare
the ease of detection with the amplitude-only case of figure 1. Second, the power of
the sea clutter varies periodically, and corresponds to the occurrence of the gravity
waves (swell). The period agrees with the waverider measurements. Third, the
growler, while having a overall long-term drift velocity of about 0.5 kt, exhibits
short-term velocity changes in response to the passing of the swell. It may be
possible to relate the amount by which a particular ice target responds to the swell
to the target's mass. Fourth, the sea clutter exhibits its largest frequency spread
coincident with its strongest power. It is felt that the strongest return will occur as
each swell wave reaches its peak, which is also the time at which the wave
scatterers assume their largest horizontal speed. For other examples of Doppler
behaviour of floating targets versus time, see [5].
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Polarization

The IPIX radar has the ability to alternate the transmitter polarization on a
pulse-to-pulse basis. Using a prf of 2 KHz, this yields interleaved HH-HV and
VV-VH data sets, each with an effective prf of 1 KHz. Using such an interleaved
data set for the growler in sea clutter, both the HH and the VV Doppler spectra
versus time were calculated. The two sets of spectra were used in two ways to
investigate polarization effects [6].

First, the difference in phase between the HH and VV returns was
examined. The growler showed a much narrower distribution of this phase
difference than did the sea clutter, as shown in figure 4. This difference relates to
the coherence of the ice target as compared to the diffuse nature of the sea.

Second, the mean shift of the Doppler spectral content due to the sea, and
the associated spectral width, was estimated for both the HH and VV data sets. The
HH spectra had a consistently larger Doppler shift (further from 0 Hz) than the VV
for the same sea condition, but the HH spectra had a narrower Doppler spread.

Examination of other data sets showed that the amount of frequency shift
varies with the wind velocity and the angle to the waves, but the spread remains
reasonably constant for a given sea condition.

Regarding cross polarization, the sea depolarizes the radar signal more than
does the ice target, resulting in a lowering of the target-to-clutter ratio. In one data
set containing both sea and weather clutter, however, cross polarization was
effective in removing the Doppler component due to wind-driven rain.

DETECTION

As an example of the detection performance achievable with Doppler
processing, figure 5 compares the target declarations for amplitude-only data and
for Doppler processed data. For the noncoherent case, a fixed threshold was used,
while for the Doppler processed data, an adaptive threshold based on adjacent
frequency bins was used. In the amplitude-only case, because of the
nonhomogeneity of the sea clutter amplitude, there is no reliable method of
establishing an adaptive detection threshold based on either spatial or temporal
averaging, meaning that if the threshold is set to permit correct target detection,
there are an unmanageable number of false alarms due to clutter. With Doppler
processing, however, the threshold in the appropriate frequency bin can be set to
reliably detect the growler with minimal false alarms.

For Doppler processing with a rotating antenna, there is a trade-off between
the desire for faster rotation to provide quicker update over a larger angle versus
sufficient time-on-target to provide enough duration for the required Doppler
resolution. To examine the performance of Doppler processing for a rotating
antenna, data was collected with the antenna scanning at 3 rpm. With the 2.2 deg
beamwidth and a prf of 1 KHz, this yielded 122 hits per beamwidth. Figure 6(a)
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shows an amplitude-only image for part of the scan, containing the radar reflector
on a buoy. The reflector is inseparable from the clutter. Figure 6(b) shows the same
scanning data after Doppler-based processing. The reflector is clearly visible. With
the requirement to detect slowly moving ice targets, a scan rate of the order of 3
rpm will provide sufficiently fast update.

FUTURE RESEARCH

There are three major activities to be undertaken in the near future:
continued analysis of current data and development of processing algorithms,
addition to IPIX of a second simultaneous frequency of operation, and execution of
another field experiment.

As seen in the examples of this paper, the IPIX radar permits the
measurement of a number of signal properties simultaneously, each of which has
its own characteristics and advantages. Although each can be studied individually
as a first step, multidimensional processing should be addressed to maximize the
combined benefits. Algorithms must be developed to automate detection in the
various signal domains. Antenna scanning strategies must be established for
providing timely coverage with sufficient dwell for Doppler purposes.

The IPIX radar is currently being re-engineered to permit incorporation of a
microwave frequency synthesizer, capable of changing its frequency in 1 us. The
radar will have the capability of transmitting both its current fixed frequency, and a
second frequency agile over the 500 MHz bandwidth of the TWT. The two
frequencies can be simultaneous, or offset by a selectable amount in time. This
capability will enable study of frequency agility, but will also permit investigation
of sub-pulse-length range profiling of the target, and study of space/time coherence
of the target and the sea.

Another field experiment is planned for spring 1992 (iceberg season) on the
east coast of Newfoundland. Data will be collected for (hopefully) a variety of ice
targets in a variety of environmental conditions. Many of the data processing
algorithms will be coded in software, and executed in the field as the experiment
continues. Experiments will be conducted to test specific properties of signals,
targets, and the sea. Data from this and the previous trip will be used to finalize the
design of the prototype radar to be developed by LSL.

MARINE RADAR IMPLEMENTATION

The natural evolution of the current CRL activities and the field experiments
will be the initiation of the marine radar implementation phase. This phase will
utilize Litton System Canada Limited's (LSL) 15 years experience in airborne
maritime patrol radar design and production. LSL's experience in the maritime
patrol field relates directly to any marine radar development as the sea effects are the
major contributors to target detection problems in both applications. For the marine
radar case the problem is compounded by the requirement to detect much smaller
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radar targets. The technology applied to the airborne radars such as TWT
transmitters, pulse compression and coherent signal processing is common to
marine radars but must be extended as described in the first part of this paper.

The hardware packaging approach and some of the environmental
considerations will differ between the marine and airborne areas. However, it is
appropriate to note that the IPIX radar used by CRL utilizes basic elements in
common with the LSL APS-504 (V) 5 airborne radar system.

The System

While the number of boxes or Line Replaceable Units (LRU) may vary, it is
anticipated that functionally the radar will be as shown (Figure 7). The major
elements of the system are: the antenna and controller; transmitter receiver; signal
processor; motion sensor; system control unit; and the display processor and
control unit. From their nomenclature their functions are evident. Some of the
considerations in their design are described in the following paragraphs. Signal and
control flow is as shown, with some liberties taken as to the definition of control
and data. Further, signal processing is defined as processing within the radar
portion of the system, i.e. pulse compression, dual-polarization and coherence,
while processing undertaken after coherent detection and analog-to-digital
conversion is data processing. The data processing includes such items as digital
FFT processing to exploit the Doppler characteristics of the signal returns.

Transmitter/Receiver

The Transmitter/Receiver (T/R) generates and receives the radar returns and
provides the general signal processing functions. The system is fully coherent, a
requirement of both the signal and data processing. The transmitter is a Travelling
Wave Tube (TWT), incorporating pulse compression for high range resolution.
Functions such as multi-frequency and dual-polarization capabilities are
accommodated in this unit. The output signals from the T/R are the transmitted
waveforms to the antenna system and the coherently detected videos to the radar
signal processing unit. The inputs to the T/R unit in addition to the radar returns
from the antenna are the control signals from the system control unit. The
parameters for the design of this unit will be similar to those currently employed in
the IPIX system with some modest adjustments resulting from the experimental and
analytical activities.
Antenna and Controller

This unit includes the radar antenna, its rotary drive and accommodation for
accepting control signals which may be necessary for antenna stabilization.
Stabilization will be required for mobile platforms such as ships. Input signals will
be derived from the motion sensor package and external sources. The radar input
and output signals are interfaced with the T/R unit. The size of the antenna will be
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somewhat platform and environmentally dependent. A significant driver will be the
mechanical considerations effecting maintenance and reliability.

Motion Sensor

On a mobile platform, and to a lesser degree a fixed platform, some form of
motion sensor and some motion compensation will be necessary. This includes
pitch and roll stabilization as well as other antenna movements which will effect the
coherent processing of the radar data. The extent to which these latter affect the
system will require consideration in the data processing, and will be explored in the
field experimental phase of the program.

Data Processor

This unit incorporates the results of the CRL research. Processing
algorithms developed by CRL will be incorporated into this digital signal processor
where appropriate. Its requirements in terms of processing power are continually
being refined. The completion of the research activities will determine its final
configuration. In terms of hardware, it will be a specialized digital computer using
currently available components.

Display Processor and Control

The fundamental requirement of this unit will be to permit flexibility in the
presentation of the end results to the user. This may be in the form of a
conventional radar presentation such as a cathode ray tube (CRT), or data presented
on moving maps or electronic charts. A further user requirement may be for remote
transmission of information to multiple locations via data-link. The final structure
of this unit and its capabilities will evolve as the experimental phase progresses and
inputs are solicited and received from the various user communities.

System Control Unit

This unit will be a relatively simple, general purpose computer used for
system command and control. It is probable that this unit would be incorporated
with the Display Processor and Control function as one LRU, since they provide
both the user input to the system, and the complementary function, the output to the
user.

Summary

The previous paragraphs have described very briefly the functional elements
of the Marine Radar System and its planned implementation. Initially its application
is targeted towards ice detection with its associated capability as a navigational aid
in ice covered seas; a prime market area being the evolving offshore petroleum
industry and Arctic transportation. However, as the research has progressed, it has
become quite evident that the radar’s application will not be limited solely to this
area but that it will have application wherever there is a requirement for very small
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target detection in the marine environment. This includes search and rescue (SAR),
ice navigation, the military or para-military, as well as commercial application in
shipping areas where there may be heavy small boat traffic interspersed with large
ships, such as in major ports and third world waterways.

The planned schedule for the implementation phase of the Marine Radar is
three years beyond the experimental field testing. This includes one year of
development and two years to take the hardware from the development into
production. This schedule can be accelerated should the demand increase.

CONCLUSION

This paper has described the ongoing research and development program of
the Communications Research Laboratory and Litton Systems Canada, with the aim
of producing an improved marine radar. The research to date, and that planned for
the near future, indicate significant improvements in detection performance will
result from the use of the additional radar signal properties of phase and
polarization, combined with suitable data processing algorithms. Although the
radar’s initial application is ice surveillance, a radar capable of reliably detecting
small floating objects will find wide application in other areas as well.
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Figure 1 Amplitude of the four polarization channels in a range versus time format for a
growler in sea clutter. Radar pulse length of 200 ns equates to 30 m in range. The visible
part of the growler was estimated as 2 m high by 10 m across. The ocean had a significant

wave height of 1.6 m, and peak period of 11 seconds. The periodic fluctuation in time of
the return amplitude due to the swell is evident.
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Figure 2 Example of ability of Doppler processing to significantly improve detection of a
growler. The upper graphs show the power versus time for (a) a neighbouring range cell
containing only sea clutter and (b) the cell containing the growler and sea clutter. The
growler is not detectable. However, graphs (c) and (d) show the Doppler frequency spectra
for inputs (a) and (b) respectively. The narrow frequency spike due to the growler is
clearly evident in (d), permitting significant detection improvement.
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Figure 3 Images showing Doppler frequency spectra versus time for (a) sea clutter only,
and (b) a growler and sea clutter. As in figure 2, the growler generates a narrow frequency
peak, which permits improved detection. Note how the frequency (hence velocity) of the
growler varies in time in response to the ocean wave motion.
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Figure 4 Distribution of the phase difference (in radians) between the HH and VV Doppler
frequency components due to (a) the

a) Non-Coherent growler and (b) sea clutter. The narrowness
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Figure 6 Example of Doppler-based target detection, with the antenna scanning at 3 rpm.
Image (a) shows the return amplitude over a 20 degree sector containing a moored radar
reflector with a radar cross-section of 2 sqm. The ocean had a significant wave height of
2.1 m and a period of 8 seconds. Image (b) shows the result of Doppler -based processing,
in which the reflector has been clearly detected, with no false alarms.
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f;dgure 7 Block diagram showing the main components of the proposed improved marine
ar.
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Abstract - Among the devices emerging as possible tools for pro-
viding comprehensive information on ocean surface parameters
is the high-frequency (HF) radar operating in the ground wave
mode. In particular, a four-element square array known as a CO-
DAR (Coastal Oceans Dynamics Applications Radar) has success-
fully produced surface current maps. The problem addressed in
this paper is that of creating an algorithm which would extend the
capabilities of this CODAR to include the yielding of directional
waveheight spectra.

Fourier coefficients of both the first- and second-order portions
of the CODAR spectrum are developed. The Fourier basis func-
tion approach allows the broad beam cross sections to be written
as a system of integral equations which is reduced to matrix form.
Subsequently, a singular value decomposition yields the Fourier
coefficients of the ocean wave directional spectrum. The algo-
rithm is tested with field data.

L. INTRODUCTION

A Doppler radar spectrum of HF radiation backscattered from the ocean
surface is generally characterized by two strong peaks appearing above and be-
low the carrier frequency (see Figure 1). Crombie [4] experimentally deduced
that the physical mechanism producing this phenomenon is Bragg scatter.
These ‘Bragg’ peaks represent, for grazing incidence, radiation being reflected
by ocean waves travelling towards or away from the radar site (see Figure 2)
and having wavelength one half that of the transmitted signal. Surrounding
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the ‘first-order’ Bragg peaks is a higher-order continuum that contains the
bulk of the ocean spectral information.

Barrick [1] and Walsh and Howell [13] have presented narrow beam radar
cross sections of the ocean surface. Incorporating these into a Fourier basis
expansion of the broad beam cross sections advanced in [3], we show how a
four-element square array can be used to obtain ocean wave parameters.

The treatment of noise and ocean currents observed in the field data is
rather elementary here, but nonetheless encouraging results have been ob-
tained. Significant waveheight and peak frequency are shown to compare
favourably with wavebuoy data. Initial indications are that directional infor-

mation is also obtainable from the array spectra.

II. DEVELOPMENT AND INVERSION OF THE FOUR-ELEMENT
SQUARE ARRAY CROSS SECTIONS

A. Fourier Formulation of the Four-element Square Array Cross Sections of
the Ocean Surface
1) The General Form of the Wide Beam Cross Sections: Given by [3], the

wide beam radar cross section, o(w, ), at scan angle ¢ may be considered
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as the integration, over narrow beam look direction, ¢, of the product of the
narrow beam cross section, o,(w, ¢, d), and the power pattern, G(v, ¢), of the
wide beam array. To simplify subsequent calculations, ¢ and ¢ are measured
with respect to the 2-4 axis of the array. Referring to Figure 2, we write for
water of fixed depth d,

05w, ) = % [ 69w 8,d)ds. )

Equation (1) represents the first- or second-order wide beam cross section
for j = 1 or 2 respectively. The quantity w is the angular Doppler frequency,
while 2 is the total angle of sea surface subtended by the coastline for a
given annulus of ocean—i.e. a given radar range cell.

Adapting the narrow beam cross sections provided in [9], Gill [6] gives,

for water of constant but arbitrary depth, the following normalized forms:

orn,¢) =4z > Z(—m'ko)b(n — m') (2)
mi=%£1
and
&, y*,8,D) dn . 3
oxn, ¢, D m;ﬂ/ ah o (3)

We note that the first-order cross section is essentially independent of depth
for the upper HF band. The quantities appearing in (2) and (3) are defined
in [6] as

) n= u% where wp is the angular frequency of the Bragg wave expressed

by wg = \/Qg—ko with ko being the radar wavenumber and g the gravita-
tional acceleration; (2) D = 2kod ; (3) ko is a unit vector in the direc-
tion of Ko; (4) Z(-) is the normalized ocean spectrum related to an un-
normalized form S(-) by Z(-) = 2k§S(-) ; (5) 6 is the delta function; (6)
I(y,0,D) = 2*x |Ty| Z(mI-(‘)Z'(m'I?')y3 where K and K are the normalized

. =k k
wavevectors (i.e. K = — and K’ = ) associated with a pair of scatterers,

2ko

y = VK, Ty is a normalized coupling coefﬁaent consisting of electromagnetic
and hydrodynamic terms (the size of the expression for this parameter pre-
cludes its inclusion here — for details see [9] and [13]), Z/(-) is defined similarly
as (4), 0 is the angle between K and ko, and m,m’ = +1 represent the four
possible directional combinations of K and K’ to give backscatter; (7) h is a
function of y, 8, and D and is given in [6] by
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my\/taTnh(yzD) + m'\/?’ tanh(K'D)

\/tanh(D) ’
(8) y* is the solution to the delta function of the form é(n — h(y, 6, D)) and
(9) finally, letting tanh(-) = f(-), and sech®() = Q(")

ay| _ (D)
.~ o s e e - |

2) The Four-element Cross Sections as a Fourier Series: In expressing

k(y,0,D) =

the four-element array cross sections as a Fourier series, it is necessary to
similarly represent the beam pattern and the ocean spectrum. The beam

pattern factor in the integrand of equation (1) is given in [8] as
kor T g
= 2 ) RO e (i — 2) — sin(d — —
G(p,¢9) = cos {ﬂ[sm(d) 4) sin(¢ 1 )]}
kor s g
. cos?{ 2 A _Zz
cos {ﬁ[cos(z/) 4) cos(¢ 1 )]} (4)
The general form for the double Fourier expansion of such a function is

Gyd) = S [gepe cos(th) cos(ps) + Gipes cos(t) sin(pe)

t,p=0

+ gtpsc Sln(t"/’) COS(P¢) + gtpa s"l(t“/)) Sln(p¢)] (5)

where gipey Gtpess Jtpses and gyps are the Fourier coefficients of the beam pattern.
Gill [6] has derived these coefficients, in terms of Bessel functions, in closed
form. In fact, gipes and gips. are identically zero.

We assume that the ocean can be modelled as the product of a non-
directional spectrum and a cardioid directional factor. Taking 0 as the angle
between wavevector k and the narrow beam look direction, the directional

spectrum may be expressed in a Fourier series, truncated to five terms, as

S(k,0+¢)= -21; > [an(k) cos(n(8 + ¢)) + bu(k)sin(n(8 + ¢))] . (6)

n=0
The form of the spectral coefficients is provided in [3]. We note that the
ao(k) coefficient found in equation (6) is the non-directional waveheight spec-
trum. From definition (4) in the previous section, we may write normalized

coefficients
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an(K) = (2ko)*an(k);  ba(K) = (2ko)*ba(k) . (7)

Following a procedure previously used in [3] for a crossed-loops wide beam
radar, we are now in a position to give a Fourier representation of equation
(1) for the four-element square array. Multiplying equation (5) by % and
interchanging [ and J_ upon substituting the former into equation (1) give

sort) = g 33 feoey) [ 2000 o 4,445

t= Op—o
13 Y T Gips sln(p¢)
tar s finten) [ 228008 0.1 o

We may further compress the notation by changing the range of ¢t to be from
-3 to 3 and letting g, = 0 for ¢t < 0 and gtps = 0 for ¢ > 0. Defining a
quantity, by(w), as

x 4
bw)== [ { 5~ (5t c05(6) + g sin(p¢>)} o(w.dd)ds,  (9)
VI | p=0
equation (8) may be written as
oy(w, ) = — Z b(w)tfe() (10)
T 4=3

where

_ s(ty) , >0
thl(¥) ‘{ :ion(|t|¢) i<

Since (10) is a Fourier representation of a,(w,¥) , we can immediately write

bw) = = [ 0,0, 0)thith) dy (1)
where
_f2, t=0
“T11, t#£0

Equation (11) is used to calculate b,(w) from the wide beam radar data (see
Gill [6]). Then, equation (9) is inverted to yield the Fourier coefficients of the

ocean wave spectrum contained in a;(w, ¢, d).
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To simplify the detail associated with the calculation and inversion of the
cross sections as well as to make the equations more readily adaptable to any
operating frequency, we write equation (9) in normalized form as

B() = Teke

T

L ()fgtpccos(ms)+g,,.sin(p¢)) oy(n ¢ D)dé . (12)

p=0

Substitution of &1(n,¢) from equation (2) into (12) yields, upon expanding
Z(—mbko) after the fashion of equation (6) and carrying out the resulting

¢-integration,

Bln) = 2 3 2 [ loueac(t) cos(td) cos(pd)

m'=+1£=0p=0""

+Gepabe(1) sin(€9) sin(pg)] (—m')'6(n — m') d¢ . (13)

Similarly, substituting o3(7, ¢, D) from equation (3) into (12), after writing
Z(mK) and Z(m'K') in series form and noting that the integrand is an even

function of 8, gives for the normalized second-order coefficients

8 2 2 4 6o 2
B = - ¥ LYY [irs
Gl m,m'=%1 n=0 (=0 p=0 o

{a,.(K) [cos(n0) c0s(£8')C1, ., + sin(nd) sin(w')Cg“,p,]
+b,(K) [cos(n0) c0s(£0")Ch, 4

%
oh

o ly=yr

+ sin(nf) sin(¢9')Ca,) } 40 (14)
where
Clotwe = 9ipcte(K')Sntpy + gipsbe(K')sntp,
Zantpt gtpcal(K’)sane - gtpabl(Kl)snlpv (15)
Tonepe 9ips0e(K')Sntpr + Iipcbe(K")Sntps
Corpntm = —Gtps@e(K")Sntp, + tocbe(K')3ntp,
with
Sntpy = [, cos(nd) cos(£8) cos(ps) dé
twe = [y cos(n6) sin((d)sin(p) d .
Sntpe = I, sin(ng) sin(£¢) cos(p¢) do
Sutpy = J7.,sin(né)cos(£9) sin(p¢) d¢
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The missing terms, Spzp,, Sntps, Sntps, and 8,4, similar to those of equation
(16), are those which integrate to zero over the natural course of the al-
gebra. The integral limits are easily shown to be 0,7 for Il € V2 and
0, [7r - cos‘l(%)] for |p| > /2. Also, as explained in [9], (17) is valid when
the rms waveheight, hrms, is less than 1 /ko, beyond which the radar spectrum
begins to saturate. This leads to underestimated ocean wave heights.
B. The Integral Inversion

1) Matriz Representation of the Second-order Cross Section: From equa-
tions (14) and (15) it may be seen that the integrands of the second-order
coefficients contain products (eg. an(K)a,(K’) etc. ) of the unknowns. The
backscatter condition requires that £ + K' = —léo, and these products thus
make the integrands nonlinear. The linearization follows a technique proposed
in [7] in which the K’ vectors are assumed to lie in the saturated region of the
ocean wave spectrum and are related to the Bragg waves through a Phillip’s
equilibrium spectrum [11]. Taking the normalized Bragg wavenumber to be
Kp(= fk% = fg- = 1), the result is

a(K') = 24E2) and by(K') = 4Ke) (17)

Barrick [2] indicates that the approximation introduced by (17) is valid for
kohrms > 0.15. Gill [6] shows how the quantities a,(Kg) and b(Kp) may be
estimated from the first-order four-element array spectra. Substituting (17)
into (15) will accomplish the linearization of (14) and also remove the system
and path gains and losses, assuming these are essentially the same for both
the first- and second-order portions of the radar spectrum.

By taking the ocean spectral coefficients to be constant over small ranges

of wavenumbers, equation (14) may be approximated as

A-X=B (18)

where B is the column vector of radar spectral coefficients, A is the matrix
whose elements come from the summations and integrations, and X is the
column vector of ocean spectral coefficients whose values are desired.

2) Solution of the Matriz Equation: The matrix system of (18) is a dis-
cretized form of a Fredholm-type integral equation of the first kind, and the
inversion problem is usually ill-posed. Despite this fact, we have had success
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in obtaining an optimal linear least squares solution of (18) using a singular
value decomposition (SVD) of A (see eg. Stewart [12]).

III VALIDATION OF THE ALGORITHM FROM FIELD DATA

A. Ezperimental Design and Data Collection

In June, 1989, the Remote Sensing Group at the Centre for Cold Ocean
Resources Engineering conducted a CODAR wave experiment near Lumsden,
Notre Dame Bay, Newfoundland. Figure 3 depicts the operations site. The
four-element receive array was erected just above the high-water mark on
a gently sloping beach. The 24 axis of the array, directed 4° east of true
north, bisected a viewing angle (27) of 83°. The ocean was illuminated with
vertically polarized 25.4 MHz radiation from a three-element Yagi antenna
whose half-power beamwidth is 160°.

Ground truthing was carried out by means of a Datawell Digital Wa-
verider buoy located 11 km from the radar site along a line through the 2-4
axis of the array. The buoy data was telemetered back to a shore station
where further processing provided the non-directional waveheight spectrum
and associated parameters. Each data set consisted of 20 minutes of buoy

data and approximately 27 minutes of radar data with a 10 minute overlap.
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Figure 3 The Lumsden radar site. ~ Figure 4 Typical singular value plot.
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The direction of the wind, as measured by compass and weather vane at
the shore site, was taken as a rough indicator of the dominant direction of
the wind driven portion of the ocean spectrum.

B. Data Analysis

1) Radar Spectral Coefficients: In calculating the radar spectral coeffi-
cients from the cross spectra (see Gill [6]), time series from each of the four
elements for three data runs and three successive range cells, of radial width
1.2 km, were Fourier transformed to provide a 36-sample average. The result-
ing spatial resolution was 3.6 km radially and about 16 km in the transverse
sense. From equations (11) and (12), normalized radar spectral coefficients
were calculated. An average ocean depth of 48 m was used in (12).

2) The Problem of Ocean Currents: Figure 1 accentuates the fact that
the first-order peaks of the radar spectrum are distinctly shifted from their
theoretical centres of 5 = +1 by ocean currents. Unfortunately, because
the range cell is large, the current shift produced at each Doppler point is
unlikely to be constant. Here, we simply assume that the shift in the Doppler
spectrum beyond and between the Bragg peaks is the same as that for the
first-order itself. Whenever the shifts in the centroids of the left and right
peaks are not the same, the average variation is used.

C) Ocean Spectral Parameters from Inversion

1) The Inversion Process: Having obtained the Bragg wave coefficients
according to [6], equation (14) is inverted for the remaining a,(K)’s and
b,(K)’s. Fifteen points from each of the four Doppler sidebands of the radar
spectrum were used.

A sample plot of a typical singular value curve found from the SVD of
matrix 4 appears in Figure 4. The curve is much less smooth than those
obtained by Gill [6] for simulated data. A possible explanation is that the
first-order inversion results, which are factors of each element of the 4 matrix
by equations (14), (15) and (17), involved truncation of the singular values
due to noise. Still, estimates of the relevant parameters are stable over a
singular value dynamic range (i.e. the ratio of the largest useable singular
value to that of the smallest) of about 100. The number of singular values
chosen is governed by the smoothness of the ocean spectrum to the right of
the spectral peak.
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Figure 5 Comparison of radar and buoy spectra for the Barrick and Walsh-
Howell cross section models.

Results of the inversion process given in Figure 5 are the temporal spectral
estimates, E(f), rather than spatial estimates. The quantity f is ocean wave
frequency. It is not difficult to show that E(f) = ao(f) where

0 (2ko)3/? (g tanh(K D) + KDgsechz(KD))
a, =

° 47K \[gK tanh(K D)

We note that it is not surprising that spectral shape is difficult to reproduce

) ao(K) . (19)

since the buoy gives a point measurement while the radar-produced spectra
represent averages over large range cells. The shape variation is likely to be
less obvious on the open ocean, where the assumptions of constant depth and
spectral homogeneity are more likely to be realized.

2) Peak Frequency, Significant Waveheight and Dominant Direction: In
Figure 5, the peak frequency is defined simply as the frequency of the most
energetic wave. Using the Barrick cross sections, this parameter was recov-
ered to within 2 % on average. The Walsh-Howell cross sections gave this
parameter to within 12 % on average.

The average of the one-third highest waves in the wave record, called the
significant waveheight (h,), can, as indicated by Earle and Bishop [5], be
estimated from E(f) according to
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h,=4'//o°°E(f)df. (20)

The actual frequency limits used in this analysis were from 0.074 Hz to 0.24
Hz. The average deviation between the h, values for the radar and the buoy
was 7.7% for the Barrick model and 7.3% for the Waish-Howell model. With
so few spectra to consider, it is difficult to draw definite conclusions as to
which model gives the best spectral estimates.

We define the dominant direction of the wavefield for any frequency as that
value of (6 + ¢) which maximizes the directional spectrum, E(f,0+ ¢). While
no rigorous directional ground truthing was available, Figure 6 indicates that
the wind-driven portions of the spectra to the right of the spectral peaks do
follow the general trend of the wind direction at the site. Large fluctuations

in direction near the spectral peaks are, as yet, unexplained.

Date: June 7. 1989 Date: June 9, 1989
360 3601 Time: 1030
270 | Wind direction: 202*

180

0.00 0.05 0.10 0.15 020 0.25 0.00 0.05 0.10 0.15 020 025
Frequency, (Hz)

Dominant Direction

Figure 6 Radar-deduced dominant wavefield directions.

IV CONCLUSION

The development of a procedure which could be used to extract directional
waveheight spectra from HF ocean backscatter received by a four-element
square array has been examined. The technique is based on a method in
which the wide beam HF radar cross sections of the ocean are expressed as
an angular Fourier series. The resulting system of equations has been solved
using a singular value decomposition to give the Fourier coefficients of the
ocean wave spectrum. Significant waveheight and peak frequency have been
shown to compare favourably with those of a nondirectional wavebuoy. Over-
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all, the Lumsden experiment has provided an encouraging first attempt at
extending the capabilities of the four-element square array to include estima-

tion of the ocean wave directional spectrum.
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A RADAR PERFORMANCE PREDICTION MODEL FOR ICEBERG
DETECTION

Abstract - This paper outlines ongoing efforts to develop a
comprehensive microwave radar performance prediction model.
Radar performance prediction models are required for radar
system specification, trade-off analyses and risk assessment.
The choice of radar parameters, signal processing and
operational procedures may dramatically influence performance.
It is therefore very important to be able to quantify expected
performance for a particular radar in a given application. The
present work has seen the analysis of calibrated radar data,
which has been used to develop models for icebergs and sea
clutter. A statistical model has been formulated based on
iceberg, clutter and noise statistics and is capable of modelling
radar performance against icebergs in K-distributed sea clutter
and Rayleigh receiver noise. The model can simulate the effect
of noncoherent integration on detection for both fixed frequency
and frequency agile radars. Future upgrades to the model will
permit the analysis of coherent processing techniques. Some
sample results illustrating iceberg detection performance under
different environmental conditions and signal processing
scenarios are provided.

INTRODUCTION

Microwave radar is presently used for iceberg detection in support
of shipping and offshore oil exploration and will be used to support offshore
oil production and transportation. The major difficulty in this application is
that near-range iceberg detection by radar is frequently limited by sea

clutter.
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Sea clutter is the return of radar energy from the surface of the sea.
It becomes a problem when clutter returns from the resolution cell
containing the iceberg and adjacent resolution cells are of comparable or
greater strength than those from the target itself, making detection difficult.
This problem is compounded by the fact that icebergs are poor reflectors
of electromagnetic energy.

The choice of radar parameters, signal processing and operational
procedures can dramatically influence performance. It is therefore very
important to be able to quantify expected performance for a particular radar
in a given application. In order to do this accurately, estimates of signals
received from the target and background clutter must be obtained and
applied to a model of the radar system and detection process. The
resulting radar performance prediction model can be used for radar system
specification, trade-off analyses and risk assessment.

The radar signal detection process is basically statistical in nature.
In order to predict radar performance, returns from the sea surface and
target must be modelled. This modeliing consists of two parts - mean
power return (or average radar cross section) and fluctuation statistics.

The fluctuation statistics of a radar signal are modelled by probability
density functions (pdf's). After envelope detection, a Gaussian signal has
a Rayleigh pdf. Some pdf's proposed for non-Gaussian signals include
Weibull, Chi, Log-normal, and K distributions.

A data base of calibrated radar data has been compiled by Sigma
Engineering Limited. It contains data from about 50 icebergs and over 50
sea clutter events, an event being a unique combination of radar
parameters and environmental conditions. The sea clutter data base
contains data for standard marine radars at both X and S bands, collected
from a ship-based system and from a semi-submersible drilling platform.
it also contains X band data from an airborne search radar, using both

990



fixed frequency and frequency agile modes. The iceberg data base is

similar.
ICEBERG MODEL

The performance prediction model requires a model for the target.
The Chi-square and the Log-normal pdf's are possible models for the
fluctuations of iceberg radar cross-section. The distribution of the iceberg
data has been compared with these candidate pdf's using the Chi-squared
{(x?) goodness of fit test. This analysis has shown that the data is equally
represented by these two distributions.

However, closer examination reveals that the Log-normal distribution
fits better when the radar cross sections are sampled over large range
intervals. The Chi-square distribution usually fits better when radar cross
sections are sampled at a single range or over a relatively small range
interval. Thus, the Log-normal distribution may be useful for a cumulative
analysis, with the Chi-square distribution more suitable for stationary
analysis. The Chi-square distribution has been chosen for implementation
in the performance prediction model.

The Chi-square distribution can be written as [1]

B e
P =0y !}[

Jx
X

e

M

where X is the mean value of x and there are 2k degrees of freedom.
Analysis of the data has shown that icebergs are best modelled by
a Chi-square pdf with k=1. Thus p(x) becomes

p(x) = L g% @)

Xl
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which is equivalent to Swerling Case 1. The signal voltage from a target
of this cross-sectional distribution is Rayleigh distributed. The performance
prediction model uses a Rayleigh pdf to represent the statistical properties
of icebergs.

The model for the target also requires an estimation of the mean
radar cross section. Based on the data accumulated, an empirical model
has been developed which relates iceberg size to its mean radar cross
section. This model is valid for X and S band radars.

SEA CLUTTER MODEL

A number of models have been developed that relate the average
sea clutter radar cross section, ¢°, to environmental conditions. These
models include the Georgia Institute of Technology model [2], the
Technology Service Corporation model [3] and the H. Sittrop model [4].

The data has been compared to these models for ¢° using the x2
goodness of fit test. These comparisons have shown that the Georgia
Tech model provides good predictions for the average radar cross section
of sea clutter [5]. The Sittrop model also works well, however, it is only
applicable to X and Ku bands.

There is less agreement on the statistical properties of sea clutter
fluctuation. Sea clutter is known to exhibit temporal correlation times on
the order of 10 ms for wind driven capillary waves and on the order of
seconds for clutter spikes caused by larger wave fronts. Models for the
statistical properties of sea clutter vary from the Rayleigh distribution for
low resolution radars and high grazing angles to Weibull and Log-normal
for high resolution radars and/or low grazing angles [6].

The K distribution has been proposed as an alternative model for
sea clutter (see, for example, [6,7]). In the K distribution model, the
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envelope of the amplitude of the clutter returns consists of two
components, permitting the modelling of clutter having components with
different correlation times. The first is the local mean clutter level,
described by a Chi distribution. The second component, termed the clutter
speckle, is Rayleigh distributed with a mean determined by the first
component. As the correlation of each component can be identified simply,
the compound distribution enables both amplitude and correlation effects
to be taken into account.

The K distribution can be written as

px) = [plxly) py) dy
]

ax?
X

where p(x|y) = 2X ¢ o° (4)
2y?

is the pdf of the speckle component with a mean level y and

_ 2Byl .
Dy T ¢ (5)

is the pdf of the clutter mean level. Solving for p(x) [8] gives

4c

T (cx)¥ K, , (2cx)

p(x) =

where ¢ = 525 and x,(x) is the modified Bessel function.

The K distribution model is a two parameter model, with parameters
¢ and v. The scale parameter, ¢, is related to the second moment of the
data (ie. the mean power level) by c=Vv/m,. The shape parameter, v, is
a measure of the spikiness of the signal. It varies from zero, indicating
very spiky or long-tailed clutter, to infinity, indicating Rayleigh clutter. The
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K distribution is effectively a Rayleigh distribution for values of v of 30 or
more.

Using the moments of the data to compute the parameters of the
potential fluctuation models, it has been found that the K distribution is the
most appropriate model. The performance prediction model uses the
compound form of the K distribution to mode! sea clutter statistics.

INTEGRATION OF THE COMPONENT MODELS

The sea clutter model and the iceberg model can now be integrated
into the performance prediction model. The single pulse probability of false
alarm (P,,) is given by

Py = {p(y) [p(aly) dady @)

where p(aly) is the clutter speckie plus noise distribution and the clutter
distribution parameters v and b are derived from experimental data.
Similarly, the single pulse probability of detection (Py) is

Py = [p(y) [p(Bly) dBdy (®)

where p(Bly) is the target plus clutter speckle pius noise distribution and
the target mean is supplied by the target model. The noise component is
assumed to be Rayleigh distributed.

SIGNAL PROCESSING CAPABILITIES

The performance prediction model has the capability to simulate

several different signal processing techniques, including pulse to pulse and
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scan to scan integration. The model can simulate the effect of either a
uniform weight integrator or an exponential weight integrator (single pole
filter). It can also simulate the effect of using a frequency agile radar. It is
assumed that during fixed frequency operation, the clutter speckle
component is correlated from pulse to pulse, while for frequency agile
operation this component becomes independent from pulse to pulse [6,7].
The performance prediction model can accommodate signal processing
effects such as collapsing loss and CFAR.

PULSE TO PULSE INTEGRATION

Pulse to pulse integration is effective in reducing the variance of
signal components that are independent from pulse to pulse. For fixed
frequency applications, this includes only the noise component; hence in
the presence of clutter, this processing scheme will not yield significant
improvement over single pulse detection.

The probability of false alarm is given by

P, = {p(y) [p(xly) _[CN[p(aIX)] dadxdy ©)
where C, [p(a|x)] represents the integration of the instantaneous clutter
speckie plus noise component p(a|x) (a Ricean distribution) over N pulses.
The integration of N pulses is performed by computing the convolution of
N pdf's.

For pulse to pulse integration, the probability of detection is

b, = [p(y) {p(BIy) [CN [p(a|B)] dadBdy
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where p(Bly) is the target plus clutter speckle distribution. This assumes
that the clutter speckle and the target have the same distribution (Rayleigh)
and the same correlation time. Therefore (10) is valid only for Swerling 1
targets. The instantaneous target plus clutter speckle plus noise
distribution is given by p(a|B), a Ricean distribution.

For a frequency agile radar, however, the clutter speckle becomes
decorrelated from pulse to puise. Now pulse to pulse integration will
provide better performance than single pulse detection. However, the Chi
component of the sea clutter is still correlated from pulse to pulse.
Therefore, there is a limit to the amount of improvement that be achieved.

The probability of false alarm is given by

P,y = [p(y) ‘[CNLp(aIy)] dady a1

where now p(aly) is the clutter speckie plus noise (Rayleigh) distribution.
The probability of detection is given by

P, = {p(y) _{p(B) _[CN[p(a|B,y)] dadBdy (12)

where p(B) is the target distribution and p(a|B,y) is the instantaneous
Ricean pdf for the target plus clutter speckle plus noise.

SCAN TO SCAN INTEGRATION
in the case of scan to scan integration both components of the
clutter are assumed to be independent from scan to scan. This processing

scheme will therefore yield significant improvement in detection
performance.
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P.. for a fixed frequency radar employing both pulse to pulse and
scan to scan integration is given by

da (13)

P = [ €| [Py) [ pixly) € iptalx)] dxdy
t 0 [s]

where C,, represents the integration of M scans, while P, can be calculated
as

P, = [CM ‘Of-p(y) [p(xly) 'of.p(B) (14)

1B+x|

[ ptzlx,B) C,ptal2)] dzdBdxdy
1B-x]
Tg

P(x|y) is the clutter speckle distribution, p(B) is the target distribution,

da

4

where  p(z|x,B) =
Tt xB

| x2+B2-z?
2xB

P(z|x,B) is the instantaneous clutter speckle plus target pdf and p(alz) is
the instantaneous target plus clutter speckle plus noise (Ricean)
distribution. The general form of this equation differs from the one for
pulse to pulse integration (10) because it is no longer assumed that the
clutter speckle and the target have the same correlation time, or even the
same distribution. This allows the target to be modelled by any appropriate
distribution.

If one wished to consider a target that was completely correlated
from scan to scan, it would mean taking the distribution p(B) outside the
integration operator C,. In the case of a frequency agile radar, P, would
become

Py = {mm{cﬁ {p(y)c,,[p(alB,deydadB (15)
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IMPLEMENTATION OF THE MODEL

The model is currently implemented on a PC-based system. Itis a
computationally intensive program, as numerical convolution is used to
perform the pulse to pulse and scan to scan integration. In addition, it is
necessary to perform many numerical integrations.

As in most models, there is a trade-off between speed and
accuracy. It has been attempted to optimize both. The model! is run under
a UNIX environment using a Weitek 3167 or 4167 math co-processor. A
typical run of the model may take from seconds to minutes, depending on
the signal processing scenario. An analytical method for computing the
integration of pulses is currently being investigated in an attempt to
improve the speed of the model.

PERFORMANCE PREDICTIONS

The figures presented below represent a bergy bit with a radar
cross-section of 1 m2. The data is for an X-band radar with a 30 ns pulse
length. The iceberg is assumed to be a Swerling 1 target. The probability
of false alarm in all cases is 10°. The clutter mean is calculated using the
Georgia Institute of Technology mode!.

Some typical detection performance curves illustrating the effect of
the sea clutter shape parameter on probability of detection are shown in
Figure 1. It is evident that a decrease in v can have a dramatic effect on
performance.

The shape parameter is a function of several variables, one of which
is radar pulse length. As the pulse length increases, so does v. At the
same time, however, the mean clutter level also increases, due to the

increase in size of the radar resolution cell. In most circumstances this
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increase in clutter mean more than offsets the effect of the increased
shape parameter, and better performance is achieved using a high
resolution (shorter pulse length) radar [9).

The decrease in probability of detection due to an increase in the
mean clutter level is shown in Figure 2. The curves are for sea states 3
and 4, 10 puises and 5 scans integrated, v=1.

Figure 3 demonstrates the improvement in P, as a result of non-
coherent pulse to pulse integration for both a frequency agile radar and a
fixed frequency radar. The plot is for 10 pulses integrated with v=1. As
expected, there is no gain in performance for the fixed frequency case until
the clutter drops below the noise (this occurs at a range of 22 km). The
frequency agile radar provides better performance. For a range of less
than 18 km however, the clutter still severely limits detection of the bergy
bit.

When scan to scan integration is added, the result is seen in Figure
4. The plot is for a frequency agile radar integrating 10 scans (plus 10
pulses) and a shape parameter of v=0.3. This configuration (as described
at the beginning of this section) is typical of the Litton APS-504(V)5 radar.
Now, because both components of the clutter are being integrated,
performance improves for the fixed frequency case.

It should be noted that these results are for the ideal case only. If
the scan to scan integration is not ideal (for example, there is some
problem with ground stabilization), then losses will be introduced and
performance will be less than predicted.
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CONCLUSIONS

A radar performance prediction model has been developed using the
K distribution for the sea clutter component. It has been shown how target
detection predictions can be made, including the effects of non-coherent
integration (both pulse to pulse and scan to scan) and frequency agility.
Some detection results have been presented which illustrate the wide
variation of performance which may be observed, depending upon the
signal processing used and the clutter conditions. Future upgrades to the

mode! will permit the analysis of coherent processing techniques.
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COMPARISON OF CANADIAN AND ALASKAN BEAUFORT SEA ICE
SCOUR DEPTH DATA AND ANALYSIS METHODOLOGIES

Abstract - For years both American and Canadian
investigators have been collecting scour data from
their respective areas of the Beaufort Sea. In recent
years it has come to light that scour depth
distributions and scour parameters such as the impact
rate and scour depth distributions for the U.S.
Beaufort Sea were significantly different from that
obtained for the Canadian portion. These differences
had led to speculation that these discrepancies were
either a result of a different scouring regime in the
American, compared to the Canadian, portions of the
Beaufort Sea, (i.e. different soil parameters, ice
conditions, bathymetry, driving forces, etc.), or
different analysis methodologies being used by
investigators when analyzing the raw data. To answer
the question as to what the major cause of the
discrepancy was, a data exchange was arranged between
the United States Geological Survey (USGS) and Gulf
Canada Resources Ltd. (GCRL). This paper presents the
results of a comparison obtained from a Canadian
analysis of USGS records with the USGS analysis of the
same data. This paper also presents a comparison of
scour depth data from Canadian and American areas
roughly 200 miles apart in the Beaufort Sea. This
comparison shows a surprising similarity in the scour
depth distributions, which result from the same
analysis procedures, for water depths out to 20 m.
This paper also briefly describes an analysis
procedure which ties scour orientation from sidescan
records with scour depth and cross sectional geometry
from the echosounder records. The scour depth results
provided utilize this analysis procedure.

Keywords - sea ice, ice scour depth data, side scan
sonar, echosounder, scour orientation, Beaufort Sea,
ice gouge depths, ice gouge regime, ice scour regime.
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INTRODUCTION

It has been stated that documented differences in ice scour
parameter may be due to differences in ice scour analysis
methodology (i.e. different scour classification techniques and
assumptions, etc.), (Weeks at.al. (1983), Morrison and Marcellus
(1985).) It has been found that in general the negative
exponential distribution can be used to describe the shape of the
scour depth distribution. The probability density function of the
exponential distribution is written as: P.D.F. = ke’ d, where k
is equal to the inverse of the mean scour depth and d is the depth
of ice scour. The parameter k then is all that is required to
fully describe the scour depth distribution as long as the
exponential function adequately describes the distribution of
scour depths. Both Weeks et.al. (1983) for the American Beaufort
Sea, and Lewis (1977) for the Canadian Beaufort Sea express k
values as a function of water depth for their different regions.
The difference in their published k values for the two regions is
illustrated in Figure 1 from Marcellus and Morrison (1986). To
answer the question as to what the major cause of the discrepancy
was, a data exchange was arranged between the United States
Geological Survey (USGS) and Gulf Canada Resources Ltd.
C.M.E.L.*, acting on behalf of GCRL, sent echosounder and side
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Figure 1 Historical Comparison of k values for U.S.
Beaufort and Canadian Beaufort Sea vs. Water Depth
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scan records along with the reduced results of their analysis for
a survey line they had previously analyzed, to the USGS for their
analysis and comparison. In return the USGS sent echosounder and
side scan records and their reduced results (Rearic et.al. (1981))
for two lines they had analyzed to C.M.E.L.

This paper presents conclusions from a comparison of the
results obtained from our analysis of USGS records with the USGS
analysis of this same data, by addressing what areas were affected
by our different analysis methodologies, and by how much the
various results were affected.

ANALYSIS TECHNIQUES

The objective of our manual analysis was to identify each
scouring event crossing the ships’ track observed on the side scan
sonar records and correlate these events to the echosounder
records (Figures 2a, 2b and 3). If the scouring event was
correlatable, that is, the scour observed on the side scan was
identified on the echosounder, then the width and the orientation
data for the scour were recorded from the side scan sonar records
and the depth was measured off the echosounder records. The
incised width (width of a scour minus the spoil pile) and the
orientation relative to true north was a relatively direct
measurement from the side scan sonar records, however, the scour
depth was not as direct a measurement. Before the scour depth
could be determined a seafloor datum line had to be established.
The establishment of this seafloor datum line is an estimate of
where the seafloor would have been if there were no scouring
present. For this work the datum line was visually approximated
by the analyst. This line was generally selected to bisect the
areas of spoil and scour equally (i.e. the soil above the line
equaled the void below the line over a reasonable length of ship's
track). (See Figure 2a for an illustration of a datum line drawn
on the echosounder records.)

Assumptions in approximating the seafloor datum line and
measuring the scour depth relative to it introduces some errors
into the scour depth measurements. These assumptions were as
follows:

i) The selection of the seafloor datum line assumes

that the undisturbed seafloor would be relatively flat
with few anomalies in seafloor relief.

ii) The method of estimating the datum line assumes that
the volume of scoured material in spoil piles at any
point along the analyzed line is equal to the volume of
material that has been removed in the troughs.
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iii) This methodology of estimating the datum line assumes
that visually determining this 1line 1is nearly as
accurate as mathematically calculating it using
digitized records (e.g. see Gilbert and Blasco, 1986)}.
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Figure 3 Diagram of the Typical Gouge Measurements made from Side
Scan Sonar and Fathometer Records (from Barnes and
Reimnitz, 1986)

The observational error in the scour depth that would arise
from these assumptions may be in the order of 0.1 to 0.2 m
depending on the scale of the echosounder records. This error was
evident where a scour was visible on the side scan but the
relative depth compared to the datum line was close to zero. A
number of zero depth scours were recorded for each line analyzed.

Some important assumptions were made when defining a scour
event. Multi-keeled scours and multi-scour zones were treated as
one event. If a multi-keeled scour had numerous distinct scours
it was still counted as a single event, not as numerous single
events. When measuring the width of these types of scouring
events the whole zone was recorded as the width while the depth of
the deepest scour was recorded as the depth for that event.

The USGS analysis methodology differs from that presented
above in that they count individual furrows of a multiple scour
(Barnes and Reimnitz, 1986) as single events. Other differences
are discussed further below. Figure 3 illustrates the basic
measurements taken by the USGS data analysis group.
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ANALYZED DATA

The following data were analyzed:

The USGS sent to GCRI echosounder and side scan
records of lines 7-35 and 9-44 along with collected
and reduced data of the depth, width and orientations
of the scours.

Figures 4 and 5 show the location of these lines. C.M.E.L.
analyzed side scan and echosounder records for two lines:

1) 9-44, which extends north from a location, east northeast
of Prudhoe Bay, to water depths of about 30 m and crosses
the inshore boundary of the Stamukhi Zone (offshore zone
of intense ridging) where there is very intense scouring,
and

2) line 7-35, which extends from shore toward the middle of
the large embayment of Harrison Bay with the scouring
intensity being low to‘moderate.

The main focus of the analysis centered on the determination
of scour depths and correlating the data between the echosounder
and the side scan records.

Although the quality of the echosounder was good the quality
of the side scan was only fair for both these lines. Poor
sidescan resolution affected the data gathered from line 9-44
(which had a high density of scours per kilometre) because
correlation between the side scan and echosounder was difficult.
Scours that were at times not visible on the side scan were quite
evident on the echosounder but since C.M.E.L.’'s criteria for
recording scours is by correlating identified scours from the side
scan to the echosounder and measuring their depth from the
echosounder, some scours were not recorded.

Since the echosounder equipment used in the line surveys had
an accuracy of *15cm, the USGS, in their analysis, labeled any
scour less than 20 cm as NMP, meaning "no measurement possible”,
whereas our analysis technique would record scours less than 20 cm
deep. In addition scours visible on side scan but not on the
echosounder (i.e. they did not intersect the ships track) were
also counted as NMP. In contrast, C.M.E.L.’s analysis would only
count those scours that crossed the ship’s track. The USGS
divided each line into kilometre sections and designated these as
kilometre AB, kilometre BG, kilometre CD, and so on. C.M.E.L.'s
analysis followed this same segmented format in order to correlate
results. It should be explained that for both lines 7-35 and 9-
44, kilometre posts AB and GH were not analyzed since these were
in the shallow water zone that had very few scours.
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COMPARISON OF RESULTS

The two lines that were analyzed represented basically two
different scouring regimes; both the USGS analysis and C.M.E.L.’s
analysis bore this fact out. Line 7-35 is a shallow survey that
begins in approximately 4 metres water depth and ends 25
kilometres further in 16 metres water depth. The scouring density
was from low to moderate with many shallow scours being recorded.
Line 9-44 also begins in 4 metre water depth, but the bathymetry
quickly increases to 20 metres and ends 18 kilometres further
offshore in 32 metres water depth. Since this line crosses the
inshore boundary of the Stamukhi zone, the scouring is much more
intense and the scour depths are deeper compared to line 7-35.
However, when comparing the total number of scours recorded by the
USGS analysis and those recorded by our analysis there is almost
an order of magnitude in difference. This is shown in Figures 6
and 8 where the total number of scours observed (this includes
those that are designated as no measurement possible (NMP) for
both the USGS and C.M.E.L. analysis) are compared on a kilometre
to kilometre basis. Figures 7 and 9 show the respective scour
depth exceedence plots. The k values of the USGS and C.M.E.L. are
very similar but the distributions are offset because the C.M.E.L.
analysis identified about 10% of the total number of scours the
USGS identified.

Since there was such a disparity in the number of scours
observed it was felt that scours designated as NMP should be
discarded from any comparison. This was because in the kilometre
to kilometre analysis, NMP was the category of scours where the
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greater difference lay between our analysis and the USGS. This
was most certainly true of line 7-35. Figures 10 and 12 show the
comparison of the number of measured scours on a kilometre to
kilometre basis but with scours designated as NMP not included.
In the case of line 7-35, although the number of measured scours
recorded by USGS was still generally more, the difference was much
smaller in comparison. The scour depth exceedence plot (Figure
11) shows the result of this change with both scour depth
exceedences being nearly the same without any offset. However
making the same comparison for line 9-44 (Figure 12) the
difference is still significant with the number of measured scours
observed by USGS being generally 3 to 5 times greater. At two
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kilometre posts the difference was almost 20 times as great.
Thus, the disparity is still significant with respect to line 9-44
and is due to a number of differences in scour analysis techniques
between the USGS and C.M.E.L. as described in the next section.

Figure 13 shows that the plotted USGS depth data is offset
from the C.M.E.L. data. The significance of this offset is
explained by the different philosophies used in selecting a
seafloor datum line. C.M.E.L.'s analysis selects a seafloor datum
line as described in the first section; the USGS selects a datum
line that is consistently higher. This results in recording more
scours with deeper(scour depths.
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SUMMARY AND CONCLUSIONS

By comparing the USGS analysis with our analysis a number of
differences are evident which affect the results that are

obtained.

The following is a list of these differences in

analysis methodologies:

1)

2)

3)

The USGS analysis counts all scours visible on the side
scan including those that do not cross the ship's track.
Scours that do not cross the ship’s track along with
ones shallower than 20 cm are classified by the USGS as
NMP. In contrast C.M.E.L.'’s analysis does not count
scours that do not cross the ship’s track and
correlatable scours 20 cm or less are also recorded.
The result is that the USGS will observe more scours
than the C.M.E.L. analysis. As a result of this, any
correlation between their data and our data must be done
on the basis of only those scours that were observed and
with their depths recorded (i.e. NMP scours are not to
be included in any comparison).

The USGS records every furrow of a multiple scour as a
single scouring event whereas our analysis identifies
multi-keel scours and multi-keel scour zones as single
events. Again because of this factor the USGS analysis
will record more scours than the C.M.E.L. analysis.

From close scrutiny of the USGS analysis it was
discovered that the positioning of their seafloor datum
line is also different than C.M.E.L.’'s. This was
indicated when comparing the number of scour events that
were counted by the USGS analysis and our analysis.
After the NMP scour events were eliminated from the USGS
analysis, a comparison of the number of scour events for
both our analysis for line 7-35 was close, while it was
significantly different for line 9-44. The reason for
this is that line 7-35 has a seafloor only slightly
disturbed by scouring. As a result there is little
question to where the seafloor datum line should be
approximated. On the other hand the seafloor of line 9-
44 is very much disturbed and different methodologies in
selecting a seafloor datum line is much more evident.
Rearic et.al. (1981) do state that "In areas of
considerable seafloor relief .... it was often necessary
to subjectively estimate the level of the undisturbed
sea floor". 1In any event it is clear from this
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comparison that they position it above where we would in
our analysis. This would also tend to increase the
number of scours observed on the echosounder. More
importantly, however, their analysis would record deeper
scours than our analysis.

On the basis of these two lines, it is clear that even
though there are major differences in our scour measurement
methodologies and techniques, both our analyses show k values that
are very similar when using a consistent basis for the comparison.

In Figure 14 we have compared the k value results obtained
for the American Beaufort Sea data from this study with k values
obtained from our analysis (using the analysis procedures of
correlating side scan and echosounder records as described above)
for areas within the Southern Canadian Beaufort Sea, from
Marcellus et.al. (1985a). The results of this comparison shown in
Figure 14 also show a surprising similarity in the scour depth
distributions (which result from the same analysis procedures) for
water depths out to 20 m. It could be expected that the same
trend in scour depth data similarity should hold for the deeper
water areas as well. However there is a paucity of data for the
deeper water areas in the U.S. Beaufort Sea with which to compare
the Canadian data.

From the data shown in Figure 14 (assuming that the seabed
soils in the two regions are the same) it can be concluded that
the ice features causing the scouring in the two areas are
essentially the same (stochastically). However this observation
and the assumptions upon which it is based require further
research.

DISCLAIMER

The contents in this paper are for information and
discussion purposes only, and are not to be relied upon in any
particular situation without the express written consent of the
authors. Further the opinions and statements within this paper do
not necessarily represent the current views of Gulf Canada
Resources Ltd.
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PRELIMINARY RESULTS OF PHYSICAL MODEL TESTS OF ICE
SCOUR

Abstract - Two physical model studies were undertaken to
investigate the process of ice scour of the seabed. The first of
these studies involved eight model tests conducted within a
laboratory scour tank facility at one gravity (1-g). The modelling
was carried out in both dry and partially saturated, submerged
sand. Sand conditions, model iceberg dimensions, and scour cut
depth were varied in these tests. The second study involved two
model tests performed on a geotechnical centrifuge, each at an
acceleration level of 100-g. In this case, model scours were
created in saturated, submerged clay samples of two different soil
stress histories. In both studies, data were obtained on the
effects of scouring, including surface and subscour soil
deformation, stress changes within the soil, and model iceberg
loading. Experimental procedures and preliminary test results
are presented in this paper.

INTRODUCTION

Scour of the seabed by a moving ice mass is a common phenomenon
in the Canadian offshore and other ice infested regions. A scouring iceberg
or pressure ridge may damage a pipeline or other structure located on or
beneath the seabed, either by direct impact or through the effects of forces
transmitted to the soil. An understanding of soil behaviour during a

scouring event and, in particular, subscour soil deformation is essential to
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the development of safe and economic design methods for seabed structures.
Current knowledge concerning ice scour has been recently summarized at an

international workshop (Canadian Oil and Gas Lands Administration, 1990).

Small scale physical modelling is recognized as an important tool in
the investigation of ice scour (eg. Harrison, 1973; Chari, 1979; Abdelnour et
al., 1981; Poorooshasb et al., 1989; Been, 1990). This paper outlines the
procedures and preliminary test results of two recent experimental studies.
In the first of these studies, model tests were conducted at 1-g in a
laboratory scour tank. These tests were conducted to examine scouring in
dry and partially saturated, submerged sand. The second study involved
model tests performed on a geotechnical centrifuge at an acceleration level
of 100-g. These tests were performed to investigate the scour process in

saturated, submerged clay.
1-G TESTS

Test Description and Procedure: Eight physical model tests were
conducted by C-CORE at Memorial University’s scour tank facility
(Poorooshasb, 1989; Paulin, 1991). The objectives of the tests were to
measure forces and pressures on the iceberg model during scouring, to
monitor pore water pressures and total stresses in the sand, and to measure
the resultant surface and subscour sand deformation. Variables are shown
in Table 1.

The test bed was prepared in a tank by raining silica sand from a
hopper. It was completed to the dimensions shown in Figure 1. In the
submerged tests, the water level was raised to a height 100mm above the

sand surface.
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Instrumentation in the sand consisted of displacement markers, total
stress cells (TSC’s), and, in the case of submerged tests, pore water pressure
transducers (PPT’s). Measurement of the position of objects placed in the
sand was accomplished using a 3-dimensional pointer and an automatic
measurement system mounted on the gantry. The displacement markers
were engraved % inch ball bearings and solder strands. These were buried
at various locations in the sand. The solder was laid horizontally,
perpendicular to the scour axis, and its position was measured approximately
every 100mm along its length. Instrumentation was positioned, its location
was recorded, and it was then covered by the sand. By this means, a
uniform test bed was built up containing instrumentation at known positions,

as shown in Figures 2 through 5.

The model iceberg consisted of aluminum plates bolted to a steel
frame which was in turn bolted to the gantry through a mounting frame.
One configuration of the model is shown in Figure 6. Also shown in this
figure are the positions of face pressure cells (FPC’s) which were mounted
flush on the outside face of the model to measure pressures at discrete
locations. The model was attached to the mounting frame through 4 beam
load cells (BLC’s) which permitted measurement of the uplift force. Two
load cells (HLC’s) were also positioned so that the horizontal force on the
model could be monitored. During a test, the model was driven by the

gantry at a constant velocity of 0.06m/s.

After each test, instrumentation in the sand was located using a metal
detector and excavated using a vacuum system. The post-test positions were
then recorded with the pointer system. Scour profiles were also recorded at

0.5m intervals along the scour track.
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Preliminary Test Results: Figure 7 shows a typical scour profile
measured in one of the tests. During a test, a mound of spoil was built up
in front of the model iceberg as it progressed. Much of the material flowed
out from in front of the model to the sides creating part of the berm. In
front of the spoil, successive blocks of soil were seen to surface during
scouring (see Figure 8). A similar process was observed at the sides of the
model where small rupture surfaces appeared and these can also be seen in
the figure.

The recorded peak responses of the face pressure cells are presented
in Table 2. For all tests, the greatest pressures were imparted on the
inclined face of the model while the pressures on the horizontal face were
considerably smaller, in some cases negligible. Of the three cells located on
the inclined face, the two next to the inflection line were subjected to the
greatest pressures in all tests. The relative magnitude of the face pressures
in the 89-series tests was greater than that of the 90-series tests because of
the greater scour cut depth and because of the denser sand present in all
four tests. The pressures in the last two tests of the 90-series were lower by
21-58% since these tests were submerged and less force was required to

scour the sand.

Table 3 shows the measured maximum vertical and horizontal forces
exerted on the model during scouring. The ratio of the vertical to horizontal
force typically ranges from 1.1 to 1.5 with the exception of test 89-3
(ratio=0.9) which was the only test with a 30° attack angle. The vertical
force was dominant for small attack angles while for large attack angles the
horizontal force was dominant. In the 90-series tests, the maximum vertical
force dropped by 41-53% during the submerged tests while the horizontal
component dropped 29-43%.
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A typical response from a total stress cell buried within the sand is
shown in Figure 9. Total stress cells were positioned as shown in Figure 3.
In the 90-series tests, the stress measurements obtained from this

instrumentation were unreliable.

Pore water pressure response was successfully measured by the six
pore water pressure transducers in both tests 90-3 and 90-4. The response
from PPT #6 (Test 3) is shown in Figure 10. This was the largest pore
pressure response measured; more typical values are shown in Table 4. In
Test 3, the maximum pore pressure was not measured from the PPT closest
to the surface and on the scour axis as might be expected, but rather from
the PPT (#6) nearest to the edge of the scour.

Post-test ball bearing positions are shown in Figure 7. Balls located
above the scour cut depth tended to be caught up in the mound of spoil in
front of the model and deposited in the berm (Zone A). Balls in Zone B
tended to be pushed up and out while those in Zone C, located on the scour
interface, were ridden over within a very short distance. Movement was
readily observed in the loose sand while in the dense sand the movement

was much smaller.

Solder strand positions were carefully measured after the scour event
and the positions were plotted as shown in Figure 11. In this figure, each
solder strand is identified by its original z-coordinate. Scour-induced
movements of the solder strands in the dense sand of the 89-series tests were
restricted to shallow depths immediately below the scour. Variation of
horizonta! displacement with depth in the loose sand of Test 90-2 is shown

in Figure 12.
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CENTRIFUGE TESTS

Due to the complex mechanical behaviour of soil, there are inherent
difficulties in carrying out small scale model tests in the laboratory which
provide quantitative results directly applicable to the full scale. These
difficulties may be avoided through centrifuge modelling, in that correct soil
conditions may be established in the model, both in terms of the effective
stress level and the stress history. This technique was used to investigate the
ice scour process. Model tests were conducted on the beam centrifuge at the
University of Cambridge Geotechnical Centrifuge Centre in Cambridge,
England. Details of the Cambridge beam centrifuge and of the principles
of centrifuge modelling were given by Schofield (1980).

Test Description and Procedure: Two model ice scour tests were
performed. Both tests were carried out using 1/100 scale models at an
acceleration level of 100-g. As described below, changes in the prescribed
stress history of the soil constituted the primary difference between the two
tests.

The soil in which the model scouring was conducted was reconstituted
saturated Speswhite kaolin clay. The clay samples used in the first and
second tests were consolidated in the .laboratory under uniform vertical
effective stresses of 139 and 110kPa respectively. At equilibrium conditions
on the centrifuge, the samples had undrained shear strengths of not more
than about 31 and 26kPa respectively, and the near surface clay of both
samples was in an overconsolidated state. At prototype scale each sample

represented a stratum of clay which was 85m in diameter and 18.3m deep.

Each clay sample was instrumented in order to provide information

on scour effects. Miniature pore water pressure transducers were installed
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at several locations within the sample. A series of easily deformable lead
powder trails were injected into the sample, in specified patterns. Grids
constructed of coloured, dry spaghetti and model pipelines were set into
trenches excavated within the sample, and the trenches were then backfilled
with clay. After placement within the sample, the spaghetti soaked up water
and became flexible while retaining its original configuration. In the second
test, very fine solder strands, which could be detected using radiography,
were attached to the grids of spaghetti. Lead shot markers were also placed
in predetermined locations on the surface of the sample. The lead powder
trails, the grids of spaghetti, the solder strands, and the surface lead shot
were used to facilitate post-test examination of the soil deformation resulting

from scouring.

The model iceberg (Figure 13) was constructed of aluminum and had
the same overall geometry as that used in the previously described 1-g tests
in sand. The width of the model was 100mm, corresponding to a prototype
scour width of 10m. The attack angle of the scouring face was set at 15° to
the horizontal. The mass of the model was 2.16kg (2160 tonnes at prototype
scale). During a test, free water covered the surface of the sample to a
depth of 100mm (10m at prototype scale). The model was partially buoyant
and it could be lifted or rotated by interaction with the soil. Instrumentation
was used to provide information ‘on the position and orientation of the
model, the pressures acting at discrete locations on the outside surface of the
model, and the force developed to pull the model. Figure 14 shows a view
of the centrifuge package. The output signals from all of the
instrumentation on board the package were monitored and recorded

remotely as a test proceeded.

As soon as consolidation equilibrium conditions had been established,

the model iceberg was pulled across the sample to create the scour. The
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model was advanced at a constant velocity of 0.065m/s. Due to the
relatively low permeability of the clay, essentially undrained conditions
prevailed during the scouring event and the influence of diffusion processes
was insignificant. Consequently, time effects were modelled using a scale
factor for inertial events and the velocity of the model represented an
identical prototype velocity. The total length of pull of the model was about
460mm or 46m at prototype scale.

After the completion of the test, a site investigation was carried out,
the main purpose of which was to determine the soil deformation associated
with the model scour. Photographs of the sample surface were taken to
allow for the quantification of movement of the surface markers using a film
measurement machine (James, 1973). A large number of depth
measurements were made in order to establish a profile of the scoured
surface of the clay sample. The sample was then sectioned and a
radiographic examination was undertaken to display the post-test
configuration of the lead powder trails and solder strands. This examination
also served to define the positions of instrumentation and model pipelines
within the sample. The grids of coloured spaghetti were exposed through
careful excavation and provided additional information on subscour soil
deformation. Finally, the condition of the model pipelines was inspected for

any scour related damage.

Preliminary Test Results: Figure 15 shows a view of the model scour
which was created in the stiffer clay of the first test. The scour was
relatively uniform in appearance after attaining an equilibrium cut depth of
about 4mm or 0.4m at prototype scale. On average, surface heave measured
2mm immediately adjacent to the scour and decreased to zero at a distance
of 70 to 100mm from the edges of the scour. Very little loose or spoil

material was evident at the sides of the scour or in front of the final resting
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position of the model iceberg. A portion of the shallowest model pipeline
(crown at Smm depth) was exposed within the scour incision. A depression
and surface cracks (extending to 270mm from one edge of the scour) formed
in the vicinity of this model pipeline. This was the only model pipeline

which displayed any measurable plastic deformation.

The grids of coloured spaghetti were exposed to permit the
examination of soil deformation. The vertical and horizontal strands of each
grid were moved forward below the scour. The horizontal strands showed
vertical soil deformation occurring in a manner which mirrored the
morphology of the scoured surface. Forward and downward soil
deformation was observed to a depth of approximately 25Smm. At shallow
depths, soil deformation was evident at positions laterally outward from the
edges of the scour. Examination of the configuration of lead powder trails
using radiographs provided further confirmation of the extent of subscour

soil movements.

Some of the data which were obtained in the first test are presented
in Figures 16 and 17. A plot of pore water pressure versus time for a
transducer located at the edge of the scour, at a depth of about 60mm (6m
at prototype scale) is shown in Figure 16. At this particular location within
the clay sample, an increase in pore water pressure of roughly 60kPa was
measured. An increase in pore water pressure of approximately 10kPa was
measured at the deepest transducer location (at 130mm depth). A plot of
the horizontal force developed to pull the model iceberg versus time is
shown in Figure 17. A peak force on the order of 300N was measured,

which is equivalent to a force of 3000kN at prototype scale.

Figure 18 shows a view of the model scour which was created in the

softer clay of the second test. An apparent equilibrium scour cut depth of
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12mm or 1.2m at prototype scale was initially established. However, the cut
depth decreased to about Smm (0.5m at prototype scale) immediately
beyond a specific cross section, accompanied by the deposition of sizable
mounds of berm material. A model pipeline (crown at 15mm depth) was
located at this same cross section and may have influenced the behaviour of
the model iceberg. On average, for sections beyond the reduction in cut
depth, surface heave measured 2mm immediately adjacent to the scour and
decreased to zero at a distance of 70 to 80mm from the edges of the scour.
A linear depression formed in the vicinity of the shallowest model pipeline,
indicating that movement had occurred over a substantial portion of its
length. This pipeline was deformed plastically during the scouring event.
Massive mounds of loose or spoil material and considerable surface heave
were observed to the front and sides of the final resting position of the

model iceberg,

The grids of coloured spaghetti again provided evidence of subscour
soil deformation. At cross sections beyond the reduction in cut depth, soil
deformation was observed to a depth of approximately 35mm. In addition
to downward movement, soil deformation in the forward direction of
scouring was noted above a particular depth below which deformation in the
opposite direction was observed. Figure 19 presents some of the evidence
obtained from the radiographic examination of the clay sample. The figure
shows a plan view radiograph of the sample which was taken after the test.
Solder strand movements served to verify the pattern of soil deformation
which was noted above, in that the upper strands were deformed in the
forward scour direction and the lower strands backward. In addition, lead
powder trails which had been placed perpendicular to the scour axis were

moved backward in the vicinity of the scour.
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Figures 20 and 21 display some of the data which were obtained in
the second test. Figure 20 shows a plot of the pore water pressure response
for a transducer which was located at the edge of the scour, at a depth of
about 60mm (6m at prototype scale). An increase in pore water pressure of
roughly S0kPa was measured at this particular location within the clay
sample. An increase in pore water pressure of approximately SkPa was
measured at the deepest transducer location (at 130mm depth). A plot of
the horizontal pulling force versus time is presented in Figure 21. The peak
horizontal force which developed was almost 500N, which is equivalent to

a prototype force of SO00kN.
CONCLUSIONS

Laboratory 1-g model tests were conducted in both dry and
submerged sand. Soil deformation below the scour was observed in these
tests. This deformation was greatest in sand which had a lower relative
density. A change in attack angle from 15° to 30° reduced the amount of
subscour deformation and also changed the dominant force acting on the
model iceberg from vertical to horizontal. Pressures acting on the model

were greatest on the inclined face near the inflection line.

The scour process was similar in both the dry and submerged tests.
In both cases, spoil material built up in front of the model and failure
surfaces appeared in front of and to the sides of the model. However, a
greater amount of infill and smaller berms were noted in the submerged
tests. The presence of water substantially reduced the horizontal and

vertical forces required to create the scour.

Centrifuge model tests were carried out to simulate the ice scour

process in saturated, submerged clay. Data on scour effects were obtained
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for a given set of boundary conditions and two different soil stress histories.

Some of the preliminary test results were presented.

Soil deformation below the scour was evident in both of the tests
which were performed. In the softer clay of the second test, soil movements
opposite to the direction of travel of the model were noted to occur below
a particular depth. This pattern of soil deformation is of particular interest
since it has not been observed in previous studies. Further evaluation of the
test results will provide detailed information on the extent and magnitude

of subscour soil deformation.

The successful execution of the centrifuge tests has demonstrated the
practicality of centrifuge modelling of the ice scour process. Centrifuge tests
achieve most closely a complete similarity with the full scale prototype.
Consequently, further tests are planned in which parameters involving soil
conditions and the geometry of the model iceberg are varied over ranges of
practical significance in order to examine their influence on the effects of
scour. In addition, tests will be undertaken in which an identical prototype
event is modelled at different acceleration levels in order to establish the
internal consistency of the method. Such tests will provide greater
confidence in extrapolation of the results to full scale conditions. This study,
in conjunction with theoretical modelling and available full scale field
evidence, should ultimately lead to improved designs for seabed structures

located in regions where ice scour is prevalent.
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Table 1 - Test Variables

Test | Attack | Model Scour Sand Wet
No. | Angle | Width { Cut Depth Relative or
(Deg.) | (mm) (mm) Density Dry
| 89-1 15 430 75 2.4% ] 21.6% | Dry
89-2 15 860 75 0.7% / 21.6% | Dry
89-3] 30 860 75 -9.8% / 42.5% | Dry
89-4 15 860 75 40.5% / 28.6% | Dry
90-1 15 430 40 -1.3% Dry
90-21 15 430 40 -25% Dry
90-3 15 430 40 -3.0% Wet
90-4 | 15 430 40 -38% Wet
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Figure 8 Creation of Scour - Test 89-1

Table 3 - Horizontal and Vertical Forces
TEST NO.
LOAD 89-1 89-2 89-3 89-4 90-1 90-2 | 90-3 | 90-4
Max. Vert. Force 6100N | 8900N | 7600N | 12500N | 1755N | 1629N | 970N [ 826N
Max. Horiz. Force 5100N | 8000N [ 8500N | 9500N | 1358N | 1123N | 768N | T99N
Vert. Force / Horiz. Force | 1.196 | 1.113 [ 0.894 1.316 1.292 | 1.451 [ 1.260 | 1.033

Table 2 - Maximum Face Pressures

MAXIMUM PRESSURE (kPa)

TEST | Cell #1 [ Cell #2 | Cell #3 | Cell #4 | Cell #5
89-1 12 18 118 55 90
89-2 8 6 47 21 52
89-3 3 0 74 38 73
89-4 2 1 45 38 58
90-1 2.37 2.40 26.70 13.89 22.29
90-2 2.97 1.82 19.44 12.58 22.31
90-3 1.07 — 15.86 8.45 17.62
90-4 0.99 — 11.02 7.50 9.84
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Figure 9 TSC #1 Response - Test 90-3
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Table 4 - Pore Pressures

7026 — |\ ~—" 0

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
HORIZONTAL DISPLACEMENT (m)

8
2 Pore | Max. | Min.
s Test | Press. | Pore Pore
<8 No. | Traus. | Press. | Pres.
g No. | kPa | kPa
ws T | 0.261 | -0.143
&8s 2 | 0.168 | -0.395
281 m 3 0220 [0.347
gi‘ 4| 0.270 | -0.090
ag 5 | 0.542 | -0.196
Wy § | 1.642 | -1.717
S8 1_ 0376 ] -0.052
< 7 [ 0.286 | -0.324
g v 3 | 0.384 | -0.143
"o o 20 0 450 0 7 B0 50 100 110 4 0.301 | -0.082
TIME C(s) 5 0.338 | -0.007
8 | 0.281 | -0.078
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Figure 14 Centrifuge Test Package
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NONLINEAR CONSOLIDATION UNDER GRAVITY TYPE STRUCTURES

Abstract - Many existing exploratory, drilling and production struc-
tures are based on the gravity concept and several others are being
designed for the North sea, Beaufort Sea and the Gulf of Alaska.
The analytical treatment of the consolidation settlement of these
structures has received considerable attention in the past using the
Biot's poro-elastic theory. Since a more realistic solution requires
the soil nonlinearity to be considered, the present paper is concerned
with the consolidation phenomena of porous medium with elasto-
plastic soil skeleton. After presenting the governing field equations
and their numerical solution procedure, a qualitative parametric
analysis is presented on the influence of linear and nonlinear con-
solidation with a special relevance to offshore gravity structures,
idealized as strip footings, resting on the ocean bottom. By com-
parison of linear and nonlinear analyses, the importance of the rate
of loading and the soil nonlinearity is highlighted.

INTRODUCTION

Gravity based structures have played a major role in the exploration and pro-
duction of offshore hydrocarbons. Most of these structures todate have been
placed on strong overconsolidated soils. As the industry is planning to extend
these structures to large water depths and soft soil conditions (Figure 1), there
is a greater need to understand the behaviour of these structures (Dyvik et al.
1989). Among the several design problems related to these types of structures,
the settlement and the stability of these structures are of fundamental impor-
tance. Traditionally these two problems have been treated independent of each
other and significant research is still being done in both these areas. The total
settlement of the structure is made up of three components, viz., initial set-
tlement, consolidation settlement and secondary settlement. Among these, the
consolidation settlement forms a major portion and has received the attention
of several researchers. There are many existing theories of consolidation among
which the theories of Terzaghi and Biot are popular (Schiffman et al. 1969).
Though Terzaghi's theory is simple and often used in practice, Biot’s theory is
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more realistic in considering the coupling between the two phases of the satu-
rated soil. Because of the complexity of Biot's theory, its analytical treatment
has been confined to relatively simple cases and numerical methods have to be
used for general cases.

The stability of the structure is usually computed with the assumption that
soil behaves in a rigid plastic manner. However, it is well established from ex-
perimental research that soils in general deform nonlinearly as they approach
collapse load. The progressive failure analysis attempts to combine the de-
formation analysis with stability analysis into a single problem. Because of the
complexities involved in both problems, the progressive failure behaviour of soils
can only be studied numerically by using techniques such as the finite element
method. Such a numerical analysis is more useful in the case of offshore gravity
based structures, since the peak environmental forces act some time after the
installation. As the structure undergoes consolidation settlement, the strength
of soil increases and hence the resistance of the structure to the environmental
forces. Therefore the resistance of the structure is a function of elapsed time
(since the installation of the structure till the peak environmental force is ap-
plied) as well as the rate of increase in the environmental force. Becker et al
(1985) emphasized the importance of consolidation rate and strength gain as
these are related to stress redistribution and rising pore pressures. The signifi-
cance of such studies in the presence of additional shear stress due to ice loads
was also emphasized by Been et al. (1985).

The present paper attempts to examine the progressive failure behaviour of
a porous medium subjected to time dependent loading which can be eccentric
and/or inclined, which is typical of marine gravity based structures. Before
describing the analysis, a brief review of previous research on linear elastic con-
solidation and progressive failure of single phase medium will be presented.

PREVIOUS RESEARCH

Though Biot's consolidation equations for a saturated elastic soil have been
known for a long time (Biot, 1941), analytical solutions to these equations are
still being developed by various approaches (Gibson et al 1970, Sabin 1988, Sel-
vadurai and Karpurapu 1989). In order to obtain solutions to specific problems,
Sandhu and Wilson (1969) proposed a finite element scheme based on Gurtin's
variational functional that replaces the equations of equilibrium and conserva-
tion of mass. Subsequently, several researchers contributed to the improvement
of the solution and an excellent state of the art has been reported by Sandhu
(1982). Prasad and Swamidas (1989) evaluated the efficiency of various kinds
of elements for the consolidation under axisymmetric conditions and concluded
that the composite element consisting of quadratic and bilinear serendipity el-
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ements, for the interpolation of displacements and pore pressures respectively,
is computationally economical and gives reasonably accurate results.

Similarly the progressive failure analysis of geotechnical problems by the
finite element method dates back to as early as 1970 and further improvements
are still being considered. An account of the developments in this area have
been reported by Prasad and Swamidas (1990). This approach idealizes the
soil as a single phase medium and analyzes the failure behaviour by total stress
approach. This approach is well suited for the situations where the rate of
loading is either too high to allow drainage (fluid flow with respect to the soil
skeleton) to take place, or slow enough for full drainage to take place so that
the excess pore pressures developed can be neglected. To cover the situations
where partial drainage takes place, it is essential to base the predictions on
effective stress analysis.

There are relatively few publications available on progressive failure analysis
based on the effective stress approach. Lewis et al (1976) modelled the soil
skeleton by a piecewise linear elastic hyperbolic model while Lewis and Tran
(1989) extended this model to the interfacial element to study its effect on the
soil consolidation. Carter et al (1979) incorporated both geometric nonlinearity
and material nonlinearity into the consolidation analysis and concluded that the
effect of geometric nonlinearity is relatively small compared to that of material
nonlinearity. In their analysis, the soil skeleton was modelled as an elasto-plastic
Mohr-Coulomb material. Siriwardane and Desai (1981) studied the effectiveness
of two numerical algorithms in the nonlinear consolidation and concluded that
the initial stress method of accounting plasticity effects is more reliable and
economical than the tangent stiffness approach.

The present paper is an attempt to combine the authors’ previous work on
poroelastic consolidation, and progressive failure analysis of undrained medium
(Prasad and Swamidas 1989,1990) to the effective stress analysis of a porous
medium with an elasto-plastic soil skeleton. Symmetric as well as eccentric
and inclined loading are considered. The effect of the time elapsed after the
installation on the foundation response to environmental loading as well as the
influence of the rate of loading are also studied in a qualitative manner. Before
presenting the results and discussion, the governing equations and the details
of the numerical procedure adopted are presented in the following sections.

GOVERNING FIELD EQUATIONS

Biot (1941) idealized the soil as a two phase material consisting of an elastic
soil skeleton and pore fluid. The field equations governing the behaviour of
such a medium consist of equilibrium equation in terms of total stress and
continuity equations satisfying the law of conservation of mass. Assuming the
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soil to be homogeneous and linearly elastic, the pore fluid to be incompressible
and neglecting the geometric nonlinearity and the fluid acceleration terms, the
generalized governing equations for plane strain conditions can be summarized
as

(% + pbij),, =0 1
6 = %(u,,, +u;) @)
d.; = Dijrien 3)
= —kyp, (4)

€ = —u,, (5)

where 5;; and ¢;, are components of the effective stress and strain tensor; p is
the pore fluid pressure; u and w are displacements of the soil skeleton and pore
fluid; D;jii and k;, are the tensors representing elastic stiffness and permeability
of the skeleton; and &;, is Kronecker delta. Index notation is followed in the
above where a comma denotes a spatial differentiation and repeated indices
denote summation.

The governing equations (1 to 5) to be satisfied over a domain V enclosed
by boundary S are subject to the following boundary conditions: u, =d; on Sy;
(g3 + pbiy)n; = T on S2; p = pon Ss, wn, = Q; on Sy, where 4,, T., p
and Q. are prescribed displacements, tractions, pore fluid pressures and the
rate (denoted by a superposed dot) of fluid flow respectively on portions of
the boundary Sy, S,, S3 and Sy. Also n, represents the outward unit normal
vector to the boundary. Equations (1 to 5) together with the initial condition:
€, = 0 when t = 0%; defines the mixed initial-boundary value problem whose
solution is to be sought in terms of field variables w,(z,t) and p(z,,t) over the
domain V.

FINITE ELEMENT FORMULATION

The transformation of the governing equations into the finite element equa-
tions can be accomplished either by directly using the variational principle as
suggested by Sandhu and Wilson (1969) or by minimizing the energy potential
derived from fundamentals. Whatever be the approach, the final equations of
motion for the discretized porous elastic domain can be written as (see Christian,
1977 for details)

[c{(T —aitHJ{g}h:[C(']T (l—«i))AtHJ{g}to
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F,
t { aAtQy, + (1 — a)AtQy, } (6)

where U and P are nodal displacements and pore fluid pressures; K is the
stiffness matrix of the solid phase; C is the coupling matrix between solid
and fluid phase and its transpose is denoted by a superscript T; H is the
permeability matrix; F is the external load; @ is the discharge of the pore fluid
through the boundary and the subscripts to and ¢, refer to the magnitude of
the corresponding variables at the beginning and end of the time step At. The
time integration parameter o can vary from 0 to 1. But from stability point of
view Booker and Small (1974) have suggested a > J. Various matrices in the
above equation can be detailed as

— T ne . . T ne . _ T
K_/‘,BuDB.,dV ; C_/VBquN,,dV : H_/VB,,kB,,dv

F= [{NI}tas ; Q= [{N}Qas

where N, and N, represent the vectors of shape functions of the element for the
interpolation of nodal displacements U and pore pressures P respectively; B,
is the matrix relating the strains and displacements; B, is the matrix relating
pore pressure gradient to the pore pressure; D° and k are the tensors of the
elastic stiffness and permeability of skeleton and {m}” = {110 }. It is to be
noted that in the above equations the body forces have been neglected and the
pore pressure computed is the excess pore pressure above the initial hydrostatic
pressures.

In order to account for the nonlinearity in the soil skeleton, it is necessary
to write the above equation in incremental form. Considering the soil skeleton
under instantaneous equilibrium at time ¢, with the displacements Uy, and pore
pressures P, under the influence of the external forces F,,, and the change in
external forces up to the time ¢, (given by AF = F;, — F,,) is taking place
in n load steps, the change in displacements and stresses at any stage can be
written as

Ui, = U+ AU + 8U°
5l = &'+ As 468 )

where the superscript j ranges from 1 to the assumed number of load steps n
and 7 is the iteration count ranging from 1 to the allowable number of iterations
or till the Euclidian norm of the vector §U is smaller than a specified tolerance.
Also 6U" is the change in displacement during the iteration i and AU is
the total change in displacement within the load step j up to and including
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the contribution from (i — 1)th iteration. For the first load step U;, and &7
can be taken as the converged solution from the final load step of previous
time step, i.e., U;, and &, when the soil medium was assumed to be under
instantaneous equilibrium. Substituting eqn.(7) into the equations of motion
for the poro-elastic case (eqn. 6), they get modified as

5 (), [ B 257
| e a7

AFI — [, BTA&
+{ alhiQy + (1 — a)ALQ,, } (8)

From the continuity requirements, the interpolation functions for the pore
water pressure and displacements must be quadratic and cubic respectively,
in terms of spatial coordinates. A special element known as composite ele-
ment, has been suggested by Sandhu (Christian 1977), which uses quadratic
displacement functions and linear pore pressure functions. Though this element
is an order lower than that required theoretically, it has been used in the lin-
ear consolidation analysis quite successfully. The performance of this element
in comparison with various other types of elements under axisymmetric condi-
tions has been verified by Prasad and Swamidas (1990) among others. The
same type of element will be used in the present analysis along with the finite
element mesh shown in Figure 2.

Nonlinearity of Soil Skeleton

Though the soil nonlinearity is made up both of geometric as well as mate-
rial nonlinearity (Carter et al. 1979), the former is neglected in this paper. The
latter can be accounted for, by either nonlinear elasticity or by theory of plas-
ticity. The scope of this paper does not permit a detailed discussion on the soil
nonlinearity and an elaborate but lucid treatment of this subject can be found
in a recent publication by Desai and Siriwardane (1984). In this paper the soil
nonlinearity is based on plasticity theory which assumes that total strains can
be decomposed into elastic and plastic strain increments. The elastic strain in-
crements are directly obtained from theory of elasticity. The incremental plastic
strains are related to those of stress increments by a flow rule when the stress
path goes beyond the yield surface. The yield surface generated by the yield
function describes a relation among various com ponent of stresses to start the
initiation of the plastic strains and contains the material properties in the form
of coefficients. The yield function can also depend on the plastic strains that
have already taken place. A series of soil models have been implemented in
the computer code developed using the above formulation. These include: (a)
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isotropic linear elastic model, (b) elastic perfectly plastic von Mises model, (c)
elastic perfectly plastic Drucker-Prager model and (d) elastic-perfectly plastic
Mohr-Coulomb model and finally (e) the modified cam clay model. Models
(b) and (c) have been implemented in conjunction with the nonassociated flow
rule so that the plastic volumetric strains are zero. A detailed account of the
various assumptions and capabilities and limitations of these models are avail-
able in Desai and Siriwardane (1984). As the intention of the present paper is
only to calibrate the numerical results using the available analytical solutions
and observe the differences between linear and nonlinear solutions, an idealized
situation of isotropic and homogeneous soil mass is considered in this paper.
The soil properties (chosen arbitrarily) are presented in Table. | along with the
definition of nondimensional parameters used in this paper.

Initial Conditions:

Immediately after the installation of the platform, because of the low perme-
ability of the soft clay, the problem can be idealized as an undrained problem. A
rigorous solution for the undrained problem with incompressible pore fluid is not
possible by the displacement based finite element method. This incom pressibil-
ity constraint is approximated in the present analysis by taking a Poisson’s ratio
of 0.499 in case of total stress analysis or by taking a bulk modulus for the fluid
1000 times greater than that of soil skeleton for the effective stress analysis.

VALIDATION OF NUMERICAL SCHEME

In order to verify the accuracy of numerical scheme being used, several
runs were made to compare with the available analytical solutions. The total
settlement (i.e., initial and consolidation settlement together) at the center of
a smooth flexible strip supported by a poroelastic soil layer of thickness equal
to the half width of the footing resting on smooth, impermeable, rigid bed was
given by Gibson et al (1970). The finite element mesh shown in Figure 2 has
been modified for this case as follows: the rigid strip footing was removed,
only half the mesh was considered because of the symmetry and the ordinates
of the nodes were multiplied by 0.1. A detailed investigation revealed that
the initial solution very much depends on the type of boundary conditions and
their location. Four alternative boundary conditions were simulated such as: (i)
rough rigid base and rough rigid side wall, (ii) smooth rigid base and smooth
side wall, (iii) rough rigid base and no side wall and (iv) smooth rigid base and
no side wall. A comparison of the undrained solutions (Figure 3) for the case ii
with the side boundary at two locations and case iv indicated that the analytical
solutions can be obtained to a great accuracy with case iv.

1043



In order to investigate the influence of the side boundary in further detail,
the foundation resting on the semi-infinite half space is simulated with the sym-
metric half of the mesh shown in Figure 2 without the rigid foundation. The
analytical solutions corresponding to this case are those given by Schifffman et
al (1969), by McNamee and Gibson (1960) and that of Gibson et al (1970)
in various forms. The computed centerline pore pressures with permeable top
surface for the schemes (i-iv) are shown in Figure 4 along with analytical val-
ues. Based on Figure 4 similar conclusions can be drawn again that the initial
pore pressure distribution is affected by the artificial introduction of rough or
rigid boundaries and the pore pressure prediction with minimum number of con-
straints on the system (i.e., case-iv) matches with the analytical solution very
closely. Significant differences observed in the surface profile at initial times
were found to decrease as the consolidation proceeds and almost disappear in
the final drained state. The comparison of solutions in two forms for different
boundary conditions with analytical solutions is presented in Figures 5 and 6.
These figures suggest that the initial solution is very much dependent on the
boundary conditions and the final drained solution is almost unaffected. For
the present paper, case-i, i.e rough rigid boundary conditions for both the base
and side wall are used, as the advantages of smooth and free boundary condi-
tions could not be clearly established, and the rough boundary conditions helps
reduce the number of equations to be solved at each time step.

CONSOLIDATION OF A FLEXIBLE FOOTING

The effect of the rate of loading and soil nonlinearity on the development
of vertical displacements and pore pressures are shown in Figures 7-14. Many
of the consolidation solutions published in the literature are for the case of sud-
denly applied loading which lasts till the end of consolidation. As in real life the
construction proceeds over a period of time, it would be interesting to study the
influence of loading rate on the consolidation behaviour. Assuming the load-
ing to increase linearly up to a certain time (corresponding to a nondimensional
ramp time, T,m;), the influence of the rate of loading on the time displacement
response is shown in Figure 7. The case of suddenly applied loading is simulated
by applying the total load in the first time step, corresponding to Tyypmp = 10~5.
It is seen that the effect of different loading rates is only to delay the develop-
ment of settlement but not to change its magnitude. The consolidation curve
for the suddenly applied load forms the lower bound for different rates of load
application. However the rate of variation of pore pressures on the centerline at
a depth of 0.833 times the half width of the footing shown in Figure 8 convey
the importance of rate of loading. When the loading is suddenly applied the
pore pressure increases above the initial value over a period of time before dissi-
pating. This phenomenon of increase in pore pressure which is popularly known
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as Mandel-Cryer effect (Schiffman et al 1969) is the characteristic of Biots the-
ory of consolidation and is attributed to the transfer of load from the partially
drained zones to far away zone during the process of consolidation. When the
loading is applied gradually, initially the pore pressure rises along with the load
and there is further increase in the pore pressure under the constant load (just
as in the case of suddenly applied load) before the dissipation process begins.
However, if the loading is applied very slowly, no Mandel-Cryer effect is seen and
also the peak magnitude of pore pressure is significantly reduced. The effect
of soil nonlinearity, simulated by a variety of elasto-plastic models in compar-
ison with the poro-elastic model, on the consolidation behaviour is studied in
Figures 9-14. Here the ramp time is taken as 1073. Except for the von Mises
model where the strength is independent of the effective hydrostatic stress, all
other models show a sudden deviation from the poro-elastic displacement which
seems to occur within a narrow zone of time and further rate of increase in the
settlement is same as that of poro-elastic case. Similarly the variation in the
pore pressure distribution along with different elasto-plastic models suggests
that the sudden jump in the pore pressure occurs within a narrow time zone.
Also the Mandel-Cryer effect occurs even with the elasto-plastic model, though
to a lesser extent. Indeed the sudden change from linear to nonlinear case is
due to the poor representation of soil nonlinearity by perfectly elasto-plastic
models. The soil nonlinearity can be better represented by the strain hardening
type elasto plastic models such as Modified Cam Clay Model. But this model
seems to be extremely slow in convergence as can be seen from Figures 9 and
10, the solution could not be obtained for this model for the complete zone of
consolidation. The effect of rate of loading on the consolidation phenomena
along with extension cone and Modified Cam Clay model are studied in Figures
11-14. Figure 15 depicts the influence of rate of loading on the vertical dis-
placement for the extension cone. As the loading rate is increased towards the
sudden application, more plastic deformations take place and also the jump is
sharper. The essential difference in the effect of rate of loading between the
poro-elastic and poro-elasto-plastic cases is the dependency of the settlement
at the end of consolidation. The slower the rate of loading, the smaller is the
final settlement. The time required for complete consolidation seems to be
independent of loading rate. The same conclusions can also be derived from
the pore pressure variation on the center line at a depth of 0.833 times the half
width of the footing (Figure 12). On par with the poro-elastic consolidation,
the rate of loading has some influence on limiting the Mandel-Cryer effect and
also to delay the consolidation in the intermediate time zone. However, the
consolidation is almost complete within the time factor of 100 irrespective of
the rate of the loading for both porous-elastic and porous elasto-plastic soils.
Similar plots using the Modified Cam Clay model for different rates of loading
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are shown in Figures 13-14. It should be commented that the computational
effort required to implement this model in consolidation analysis is much higher
and seems to be very much dependent on the discretization of the time domain.
The displacements and pore pressures predicted by this model are larger by an
order of magnitude. This can be attributed to the plastic deformation caused
by the change in the effective volumetric stress as well. This model seems to be
very much sensitive to the rate of loading and for the higher rates of loadings
the predicted pore pressures become so high that the solution broke down within
the specified tolerance of 40 iterations. From the slopes of the pore pressure
dissipation it can be extrapolated that the consolidation will be finalized by
the time factor of 100 even for this model. In Figure 13, the intersection of
consolidation curves (which is unrealistic) with different loading rates suggest
the necessity of more refined temporal discretization as the rate of loading is
increased. The results in all the figures except Figures 19 and 20 were obtained
using the time zones shown in Table. II.

CONSOLIDATION UNDER A RIGID FOOTING

The preliminary analysis from the earlier section is extended to study the
consolidation under a gravity structure, where the environmental loads are trans-
mitted to the underlying foundation in the form of eccentric and inclined load-
ing. For this purpose, because of the lack of symmetry in the loading, the
complete mesh shown in Figure 2 has to be used. Though the Modified Cam
Clay model is more realistic, because of the increased number of elements and
considerably high computational effort required for the use of this model, a
simple Drucker-Prager type extension cone yield surface has been used in the
rest of the calculations.

The effect of eccentricity e, and load inclination 6, (see Figure 2) is studied
in Figures 15-18. The data presented in Figures 15-20 assume that the load
increases linearly with Tamp=0.01 and for Figures 19 and 20, Tramp=0.001.
This variation is meant for improving the presentation of results. Figure 15
presents the lateral variation in the pore pressure at a depth of 0.416 times
the total width of the foundation under eccentric and inclined loading for both
linear and nonlinear cases. It can be observed that the effect of eccentricity
and inclination is to increase the magnitude of pore pressure and also to shift
the location of its peak towards the edge. These differences get magnified
significantly by considering soil nonlinearity. Also the boundary effect seems to
persist up to half the distance of the side boundary. Figure 16 presents the
temporal variation of the pore pressure under the edge of the footing below
a depth of 0.416 times the total width of the foundation. As in the case of
flexible foundation, the pore pressure increases even beyond the peak load due

1046



to Mandel-Cryer effect, and the time at which the pore pressure starts dropping
is independent of eccentricity, inclination and soil nonlinearity. Figure 17 depicts
the temporal variation in the settlement of the edge for all the cases of loading
considered in Figure 16. It can be observed from this graph that the differences
in the linear or nonlinear soil and eccentric or inclined loading vary only up
to the peak load level beyond which the rate of consolidation is more or less
independent of these factors. Also by the time factor of 100, consolidation
seems to have finished for all cases except for the nonlinear soil under eccentric
loading. The type of eccentricity studied in Figures 15-17 is known as positive
eccentricity, in the sense that the eccentricity is in the direction of horizontal
component of the total load. On the other hand, the conical type gravity
structures in Beaufort sea are subjected to negative eccentricity (Vivatrat and
Watt, 1983). The influence of the nature of eccentricity on the distribution of
pore pressures at the peak load level is presented in the contour plots of Figure
18 for linear and nonlinear soil. The distribution of contours indicate that the
effect of changing the direction of eccentricity is to shift the pore pressure
gradient towards the edge of the foundation closer to the load. However the
positive eccentricity causes a given level of the pore pressure contour to go
deeper into the soil. The soil nonlinearity intensifies the pore pressure gradients
in the same fashion. In all these plots it is seen that the fixed boundaries at
finite distance have significant influence, especially in the case of nonlinear soil.

In order to study the benefits of consolidation on the resistance of the grav-
ity structure to the environmental loads applied subsequently, a vertical load
corresponding to a stress of 0.2 MPa was applied varying linearly with time
(Tramp=0.001) and a horizontal load of the same magnitude was applied at
a height of 0.1 times the total width of the structure within a time factor
AT=0.0001 in ten increments at different times. The relative change in dis-
placements due to the external load increments are plotted in Figures 19 and
20. These figures indicate that the stiffness characteristics of the structure and
the strength increase with time. Though the pore pressure increases beyond
the initial pore pressures due to Mandel-Cryer effect, it seems only to be a local
phenomena and does not deteriorate the overall resistance of the foundation. It
can also be observed that the gain in the resistance for the vertical displacement
of the edge or to the applied moment is greater than that of horizontal sliding.

CONCLUSIONS

Biot's poroelastic consolidation analysis has been extended to incorporate
the nonlinearity of the soil skeleton by plasticity theory. After a brief description
of governing field equations and finite element solution procedure, the numer-
ical solution with various boundary conditions is compared with the existing
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analytical solutions for the poroelastic behaviour under plane strain conditions.
The differences in the linear and nonlinear consolidations under a smooth flexi-
ble footing subjected to uniform vertical stress were investigated. A rough rigid
footing was used to study these differences under eccentric and vertical loading.
Based on this study the following conclusions can be derived:

1. The location and nature of the boundary conditions seem to have sig-
nificant effect on the numerical solution of poroelastic consolidation un-
der plane conditions. The substantial differences between numerical and
analytical solutions gradually reduce as the consolidation proceeds and
become negligible at the end of consolidation.

2. While the rate of loading does not have any influence on the total set-
tlement at the end of consolidation, it has enormous influence in case of
nonlinear consolidation. As the rate of loading increases, especially in the
case of strain hardening models such as Modified Cam Clay model, highly
refined time stepping scheme should be adopted.

3. The Mandel-Cryer effect is seen both in the case of linear and nonlinear
soil consolidation for higher rates of loading. However, below a certain
loading rate, it is virually eliminated. The total consolidation time seems
to be independent of the rate of loading and the soil nonlinearity.

4. The effect of eccentricity and inclination are to increase the pore pres-
sure and settlement near the edge of the structure and they are further
accentuated by considering soil nonlinearity. The time at which the peak
pore pressure occurs (i.e., due to Mandel-Cryer Effect) seems to be inde-
pendent of load inclination, eccentricity and soil nonlinearity. The nature
of the eccentricity also influences the pore pressure distribution under the
foundation. Positive eccentricity gives higher pore pressure gradients than
negative eccentricity and these differences are further magnified by soil
nonlinearity.

5. In a situation where the environmental load acts some time after the
installation of the structure, the gain in resistance of the foundation due
to consolidation is greater with respect to the tilting than for horizontal
shiding.
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Table I. Soil Properties and Nondimensional Parameters

Shear Modulus (G)

Effective Poisson’s ratio (#)
Permeability (k = k. = k;)
Effective cohesive strength (¢’)
Effective friction angle (¢')

10 MPa.

0.0, 0.33 or 0.499
1.16 x 10 1 m/sec.

100 kPa
35 deg.

Properties for Modified Cam Clay:

slope of critical state line (M)
slope of virgin consol. curve (1)

1.42
0.15

slope of elastic rebound curve (k) 0.01

initial void ratio (eo)
preconsolidation pressure (p.)
over consolidated ratio (OCR)

1.0
210 kPa
1.5

coef. of earth pressure at rest (ko) 0.5

Time factor (T)

Distance and Depth

Displacement

Pore Pressure or stress

Half width of footing (a)
Vertical load intensity (go)
Unit weight of water ()

Q |n )
g
o~

QRN

and

QR

2G

2od (uz or u;)

%@wﬂ
75 m

0.4 NiPa.
10 kN/m?

Table II. Time Discretization Scheme

No. of Size of nondimensonal

increments time step

10 0.00001

9 0.0001

18 0.0005

18 0.005

18 0.05

18 0.50

30 5.00
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STRENGTH OF FIBRE REINFORCED LIGHTWEIGHT AGGREGATE
CONCRETE SLABS IN A SIMULATED COLD OCEAN
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Abstract - The paper describes the experimental results of tests
carried out on seven reinforced lightweight aggregate concrete
(RLAC) slabs and seven steel fibre reinforced lightweight
aggregate reinforced concrete (SFRLAC) slabs, cured in a moist
environment (ten) and in a simulated cold ocean environment
(four). After initial strength tests for compressive strength,
modulus of elasticity and flexural modulus (MOR), simply
supported concrete slabs of size 1.7 x 1.7 x 0.10 m were cast
and tested under load-controlled and deformation-controlled
modes; the deformation controlled mode assisted in the
determination of the decreasing portion of the load-deformation
curve. The results indicated that for the aggregate used (MEL-
lite) and the steel fibres (DRAMIX ZP 50/0.50) (0.815 % by
volume of fibres): i) Failure mode changed from ductile
punching to flexure-punching by the proper shaping of the shear
reinforcement; ii) Fibre addition changed the failure mode from
sudden punching to ductile punching; iii) Even though the cold
ocean environment slightly reduced the strength of SFRLAC
plates the reduction was marginal and SFRLAC plates were
stronger than the RLAC plates by 25% - 30%; and iv) MEL-
lite aggregate was found to be sufficiently strong to be used for
45 MPa strength concrete in seawater.

1. INTRODUCTION

In 1970-80’s, the concrete gravity based structures (GBS) used for oil
and gas exploitation, in the North Sea, marked an important development
regarding the offshore structures. They were selected in preference to the
tubular steel "jacket” structures based on a few decisive consideration, viz.,
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(1) economically attractive and durable; (ii) the large spread foundations used
as storage tanks for oil; (iii) availability of slip forming technique and (iv)
requirement of a short time of calm weather to instal the structures in position.

Different opinions exist among designers and researchers regarding the
use of reinforced lightweight aggregate concrete (RLAC) instead of normal
dense concrete (DC), both for onshore and offshore applications, mainly
because of the low tensile strength of RLAC, low modulus of elasticity and
low bond strength. To overcome these deficiencies steel reinforcement,
polymer additions and fibres are used together with good detailing and good
construction practice. Jamrozy studied the properties of SFRLAC (1), using
expanded shale aggregate, and concluded that the effects of steel fibre addition
to concrete yielded similar properties regardless of the aggregate type, i.e,
dense or lightweight aggregate.

The fibres with high modulus of elasticity, such as asbestos, glass,
carbon, and chopped wire fibres improve the strength of the matrix before
cracking, changing the brittle failure pattern into a ductile one, sometimes
improving the SFRC dynamic strength. The fibres with low E modulus, such
as polypropylene, and nylon are used to increase the energy absorption
capacity of structural concrete subjected to shock or impact loading (2). The
above mentioned classification becomes significant and easier to understand
when one considers the fact that fibres could have a higher or lower modulus
of elasticity than the matrix. Kobayashi et al. (3) used both fibre types,
obtaining a hybrid fibre reinforced concrete which had the maximum hybrid
effect when 1.0% steel and 1-3% polyethylene fibres were mixed.

It was reported that concretes containing steel fibres with end
anchorages and high aspect ratio achieve the same performances as concretes
with straight fibres, but with a reduction of 40 percent of the fibre volume (4),
emphasizing the effect of the fibre geometry on concrete performance.
Detailed design considerations for fibre reinforced concrete beams has been
given in Ref.5; it does not give any recommendations for shear load estimation
in plates. Ghalib (6) investigated experimentally eight SFRC composite slabs
and he proposed a design method for small plates with different support
conditions and loadings.

Steel fibres added to reinforced lightweight aggregate concrete would
yield a concrete, SFRLAC, which corresponds to the high strength and low
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ductility requirements of concrete for offshore structures. Only very few
research investigations have been carried out on SFRLAC as a material for its
structural behaviour: Swamy (7), Jamrozy (1) and Hannant (8). None of the
above study has considered the use of SFRLAC plates for use in an offshore
context. The present study tries to supply experimental data regarding
SFRLAC properties, especially those related to offshore applications.

The main tests of the present research work, were directed towards the
following objectives:

(@  To establish the feasibility of using an available lightweight aggregate,
MEL-lite, as the course aggregate for the cold ocean environment
offshore applications;

®) To determine experimentally the structural properties such as unit
weight, compressive strength, modulus of elasticity and flexural
strength of RLAC and SFRLAC; and

(©) To obtain the influence of steel fibres on the flexural and shear
behaviour of the RLAC plates.

2. PRODUCTION OF SFRLAC

The structural RLAC that was used in the present work was designed
to reach 41.37 MPa (6000.0 psi) as minimum compressive strength. The
chosen strength was in accordance with the provisions of the mix design
supplied by the manufacturer (9) for the delivered 12 mm to No. 4 MEL-lite
aggregates. In accordance with the suggested mix design the replacement of
lightweight fines with ordinary, dense, fines aggregates (sand) was used.

Two types of admixtures were used:(i) air-entraining, and (iij)water-
reducing (super-plasticizer) agents. The air-entraining agent (AEA), NVR
Sternson, was used as indicated by the fabricator, at the rate of 62.5 ml for
100.0 kg cement; the actual percent of AEA which was used had been
determined by tests on freshly mixed concrete. The amount of the melamine-
based super-plasticizer, Melment L 10, a synthetic water-soluble plasticizer
and at the same time a hardening accelerator, used was 0.4% by weight of
cement and it was adjusted accordingly in relation to the concrete workability,
at the mixer. DRAMIX ZP 50/.50 glued bundle steel fibres with deformed
ends (hooked ends) were used to obtain the SFRLAC. The initial aspect ratio
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of the fibre was 30 (before introducing them into the mix); after their
dispersion in the mix, it became 100. The fibres were added to the already
existing RLAC mix recipe, dispensing them by hand, slowly, trying to avoid
balling and clumping. 0.815 percent by volume of fibres (64.0 kg) yielded a
plastic, workable mix. The final mix recipe contained:

Water 183.0 kg/cu.m.
Cement 500.0 kg/cu.m.
MEL-lite 460.0 kg/cu.m.
Sand (dry) 646.0 kg/cu.m.
Steel fibres (0.815% ny volume) 64.0 kg/cu.m.
AEA 0.3125 1./cu.m.
Melment L 10 4.5 l./cu.m.

After the mould and formwork removals took place at 24 to 72 hours
from the moment of casting, the concrete standard specimens -cylinders and
prisms - and/or the plates were subjected to two curing environments: @)
Laboratory environment (LABE) - The standard specimens were moist cured
in fresh water tanks at 21-22°C after the moulds were removed until the
scheduled moment of testing; and (ii) simulated cold ocean environment
(COE): Immediately after removal from the forms, the standard specimens and
the plates were cured for about 4-7 days in the same conditions as the
specimens and plates cured in the laboratory environment (LABE); after that
period, they were immersed in sea-water at 0°C.

The temperature in the cold room, where the specimens were cured, was
maintained till curing period was over.

3. CHARACTERISTICS AND PROPERTIES

In this study, the following properties were determined, viz., (i) unit
weight; (ii) compressive strength; (iii) modulus of elasticity; (iv) tensile
flexural strength; and (v) absorption. The characteristic properties obtained for
RLAC and SFRLAC material are Table 1.

4. FLEXURAL STRENGTH TESTS ON PLATES
The tested plates were 1.95x1.95x0.10 m and 1.70x1.70x0.10 m, on
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a free span of 1.70 m and 1.50 m, respectively. The first two slabs, designated
herein as P1 and FP1, were larger in size and had more flexural steel in them
to simulate sudden punching shear failure; all the other slabs were smaller and
had less flexural steel with varying amounts of shear reinforcement to simulate
ductile or flexural-punching shear failure. The flexural reinforcement used
consisted of bars No. 10, grade 400, and the shear steel was 6.35 mm
diameter round bars, grade 300. The details of the plate, flexural
reinforcement and shear reinforcement are given in Figs. 1 and 2. The
concrete, either LAC or SFRLAC, had the same recipe as presented in section
2.

4.1. Test Set-up

The plates were tested as simply supported along the edges with the
comners free to lift. The supporting frame was placed on eight columns so
arranged as to give enough space for a person to enter under the plate, obtain
the cracking pattern, and take the readings, Fig. 3. A steel protective grid was
used under the plate to protect the person carrying out the above described
operations. The concrete and steel strain gage locations are shown in Figs. 4.

4,2, Methodology

In all, fourteen square plates with uniformly distributed flexural
reinforcement bars equal in both directions, were tested. Following the
removal from the curing environment, strain gages were glued on the concrete
top and bottom surfaces in two different arrangements, as shown in Fig. 4.
Between the steel loading plate and the concrete plate, a thin rigid rubber pad
was introduced to create an uniform pressure distribution under the steel plate.

The loading was applied in two ways: controlled increasing load or
deformation modes. When the tests were carried out in controlled increasing
load mode, the loading was applied in increments of 4.5 kN. The controlled
increasing deformation mode tests were completed such that the increasing
displacement increments corresponded to a 4.5 kN increase in loading; the test
was continued after the maximum plate capacity was reached, in order to
obtain the energy absorption capacity of the plates.

4.3, Results and Discussion
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A synopsis of the experimental results of the plates used in this work
is given in Table 2. The plates without or with fibres are marked as P or FP
plates, respectively. A few rheological and hardened state properties of
concrete, for each plate, are given in Table 3. Plates P1, FP1, P2, FP2, P3
and FP3 were tested in the controlled load mode; the rest of the eight plates
were tested under controlled deformation mode to obtain the post-failure
behaviour, and thereby to assess the ductility and energy absorption capacities
of the plates.

4.3.1. Deflection Measurements: The load-deflection curves are given in Fig.
5 for eight of the plates tested in this investigation. These deflections were
obtained under the controlled increasing displacement mode of testing, using
the readings from the LVDT. The LVDT was removed when it was found
necessary and the whole deformation curve was monitored by the transducer
connected to the MTS machine. Thus the whole behaviour after failure was
monitored in order to assess the energy absorption capacity of the plates and
their ductility. Regardless of the curing environment, fibre reinforced plates
(FP) show, with the exception of FP4, less deflection for the same load
compared with the plain concrete plates (P plates); this was more clearly
shown after the first crack occurred (initial cracking stage). The plates began
to behave nonlinearly at relatively low stages of loading, as shown by the
cracking loads (Table 4). The maximum reduction in deflection, after cracking,
occurred for FP4. These curves would suggest an increased plate stiffness of
the FP plates compared to the P plates, shown mainly after the initial cracking
stages. The average corner displacements are compared with the central
deflection (Table 4) at first crack loading and ultimate loading stages. Also the
concrete and steel strains, as measured, are given at the same loading stages.

4.3.2. Concrete Strains: The concrete strains were picked up at a few
locations shown in Fig. 4. The measured concrete strain values at two

important loading stages are given in Table 4. The observed strains on the
bottom surface of the plates are plotted in Figs. 6 and 7, for two strain gages
perpendicular to each other and parallel to the plate edges (orientation of
gauges given in Figs. 4(a) and (b)). Some of the given values are obviously
too high for concrete regardless of the fibres presence; that happened since the
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strain gages continued to pick up strains even after cracking until the crack
was large enough to destroy the strain gage. The strains in the central region
of top surface of the plate, in the vicinity of the loading area, are given in
Figs. 8 and 9. The concrete strains, for the FP plates (Fig. 9), reached almost
in all cases over 3000 microstrains, or over 0.003 and close to 0.004, while
for the plain concrete plates (Fig. 8), the maximum observed value was a little
over 3000 microstrains or 0.003 (P6 plate). As expected, the FP plates, are
capable of carrying more loads than the plain concrete plates, fact confirmed
by the concrete strain measurements given in Figs. 8 and 9.

The concrete strain gauge, p, (in RLAC plates) or fp, (in SFRLAC
plates), indicated at loads ranging from 68 to 86 percent and 73 to 84 percent
of the ultimate load for P and FP plates, respectively, smaller strains than in
the immediately previous load step. It is surmised that these changes indicated
the occurrence of the diagonal cracking within the region around which the
strain gage was glued, and from these readings the diagonal crack loading
could be obtained using Figs. 8 and 9; they are listed in Table 5, column 4.
The measured concrete strains are used in assessing the plate capacities.

43,3, Steel Strains: The measured strains on the flexural tension
reinforcement at the locations shown in Fig. 4, are given in Figs. 10 and 11.
The steel strain values at the first crack loading and in the proximity of the
ultimate loading are given in Table 4. According to the experimentally
obtained stress-strain curve for flexural/shear steel bars, flexural steel bar
starts to behave nonlinearly at about 1600 microstrains, and begins to yield at
about 2500 microstrains. Hence the steel strain values listed in Table 4, at
loads closer to the plate’s ultimate load, indicate that the flexural reinforcement
has yielded considerably (localized yielding has already occurred much
earlier). When assessing the plate capacities, these values are useful as they
relate through the stress-strain curve of steel reinforcement to the steel stresses
in the flexural bars. At about 62 to 88 percent of the ultimate load, a marked
increase in strain takes place, due to the crack widths, confirming that diagonal
cracking has occurred, Figs. 10, 11 and Table 5, column 5. The FP plates,
except FP6, show for the same level of steel strain, in the flexural
reinforcement, greater loads than the P plates mainly around the final loading
steps. At these ultimate loading stages, the fibres contributed more to the
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whole plate strength, bridging the existing cracks and thereby reducing the
steel strains in the flexural reinforcement, and at the same time increasing the
stresses in flexural bars. The steel fibres, in addition to increasing the flexural
strength of concrete (expressed as modulus of rupture) and ultimate load
carrying capacity of the SFRLAC plates, also increase the energy absorbing
capacity of the plates and thus prevent the occurrence of catastrophic failure.

The measured strains in shear steel bars are given in Fig. 12 and Table
6, from the experimental stress-strain curve obtained for the shear
reinforcement bar, the shear steel bar yields at about 1193 microstrains. It
appears as if the shear reinforcement carried loads mainly after the diagonal
cracking occurred (evident for FP plates), and the values are indicative of
yielding of the shear reinforcing bars, Table 6 (except FP7 plate).

4.3.4, Complete Load-deformation Curves: Fig. 13 shows (for a set of RLAC

and SFRLAC plates) the complete load-central deflection curves (pre- and
post- failure) as obtained during the tests; these curves are used, to assess the
energy absorption capacity of the plates; the residual strengths of the plates
were determined too (Table 7).

4.3.5. Modes of Failure: The three observed modes of failure are presented
in Table 2 as: sudden punching - Pl, ductile punching shear - FP1, and
flexure-punching shear, for example FP4. The punching failure occurred
suddenly (P1) when the maximum load had been attained, with just a few
cracks in radial directions being present (not well developed in length and
width) on the bottom surface of the plate; the loaded area punched through at
the maximum load, forcing a cone formed body, to separate from the plate.

The sudden punching failure (present in P1) was changed into a ductile
one, termed as ductile punching shear failure, by the reduction of the flexural
reinforcement and the presence of vertical "stirrups" as shear reinforcement
(P2), distributed as shown in Table 7, or by the added fibres, distributed in the
whole volume of the plate (FP1 and FP2). In this case, the extent of the cracks
on the bottom surface of the plate was about the same as in the first type of
failure (sudden punching), with larger vertical displacements.

FP3, P4, FP4, PS5, FP5, P6, FP6, P7 and FP7 failed in flexure-
punching shear. A circle like crack occurred close to the maximum (failure)
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loads on the top surface of the plates; these cracks, together with the cracked
patterns on the bottom of the plates, lends the idea that the plates failed in
flexure.

4,3.6, Computation of the Ultimate Loading of the Plates: The theories
available for conventional reinforced concrete were used to calculate the
maximum (failure) load of the plates. In this section, the necessary
computations were done using the actual (measured) material properties and
measured values of the concrete and steel strains. The fibres addition, resulting
in the improved strength of the plates, was considered as a contributor to the
plate capacity.

4,3.6.1. Flexural Strength: Using Equations 1, 2, and 3 (10-12) of Table 8,
the maximum flexural load was calculated for each plate; the results are listed
in Table 9 (a) and (b). No major changes were done with respect to the theory
except that the actual concrete compressive strength and steel stresses (via
stress-strain curves) replaced the design values in calculations. The calculated
values listed in Table 9 (a) correspond to the maximum measured flexural steel
strain values, while in Table 9 (b), the average measured flexural steel strain
values (this approach was considered more appropriate to the real situation)
were used.
Eqn. 2 gave the most appropriate results [Table 9 (a)]

to the experimental ones; it gave good predictions of the maximum strength
and mode of failure for the P plates but it was less precise for the FP plates.
The values listed in Table 9 (b) are used for the computations of shear
strength.

4.3.6.2, Punching Shear Strength: The punching strength values obtained
using different methods presented in Table 10 are given in Table 11. The
fibres contribution was taken into account when it was necessary (FP plates),
and if the theories provided for proper hypotheses.

Regan’s equations (13) (Eqn. 1), the equations of the Canadian
Concrete Code (14) (i.e., Eqn. 2 and Eqn. 4) and that of Ferguson & Cowan
(15) (Eqn. 3) were used to compute the punching shear strength of FP3, P4,
FP4, P5, FP5, P6, FP6, P7 and FP7, using two assumptions: the limitations
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imposed by the Clauses (11.3.6.3, 11.3.6.4 and 11.10.3.3) of the Code were
applied or not, the results being listed in columns 3 and 6, above or under the
bar line, respectively. In column 4, the results obtained using Eqn.5 (modified
Moe’s Equation) are listed. It is observed that Eqn.5 overestimates the
punching shear load of the plate specimen. The probable cause of this
overestimate may be due to the fact that the steel contribution V, to total shear
resistance has been calculated considering the same stress in all bars of the
shear head, though the stress was measured only on one of the shear
reinforcement bar. The Equations of the Code (14) underestimate the
punching shear strength of the plates; more appropriate values to the
experimental ones, are obtained when using Eqn. 6 (16).

CONCLUSIONS

On the basis of limited results of the experimental and theoretical
studies carried out as a part of this investigation {17], the following salient
aspects have been noted:

@) The flexural reinforcement reduction by 40%, from Series I to Series
II, decreased, as expected, the maximum load carrying capacity of the
plates regardless of the presence of steel fibres and/or shear
reinforcement. Within Series II, the shear reinforcement was changed
to provide an effective punching shear strength of the plates. The
inclined (bent-up) bars were more efficient than the vertical "stirrups”
in providing punching shear strength, changing also the mode of failure
from ductile punching shear to flexural-punching shear.

(ii)  The addition of fibres alone changed the sudden punching failure to a
ductile punching shear (Series I). When both fibres and inclined bars
as shear reinforcement were used (FP plates), the ductile punching
shear failure was changed into flexure-punching shear failure. The
latter situation occurred also when two rows of inclined bars were used
as shear reinforcement (P plates) vs. vertical "stirrups" (P2).
Consequently, well detailed shear reinforcement can induce ductile
flexural failures.

(iii) At 0.815 percent fibre volume addition, the ductility with respect to
maximum and ultimate loads were respectively increased by an average
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of 10.4% and 27.17%, compared to the plates without fibres. The
energy absorption capacity with respect to maximum and ultimate loads
increased by an average of 26.7% and 28.5% compared to the plates
without fibres.

(iv)  The Equations of the Canadian Code (14) regarding the shear capacity
of the plates, even when steel fibres contribution was considered,
underestimate the shear by 15 to 25 % for LAC plates and by 35% to
60% for SFRLAC plates. The other methods employed gave
overestimates of the shear strength of the plates. The equations of the
ACI committee 544 also underestimate the SFRLAC plates shear
strength by 25 to 30%.
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Table 1: Physical Properues of Fibre Reinforced Lightweight Aggregate Concrete and tis

Constituents.

Cement: Fine aggregate: Course aggregate = 1.1292:092 (by weight)

days)

Physical Constituents Fibre
Property reinforced
Fine Lightweight | agpregate
aggregates coarse concrete Table 2 Synopeis of experimental results
aggregates
(MEL-lite)
N S Fivre | Curing| Reinforcement Behaviour at Fallure
1. Unit weight - - 18,776 N/m Volume |Envir Mode of
12,450 N/m’— | 7,465 N/m*> = | - SerieaiPlate ~ment |Flexural Shear Deflect-{Fallure| Hode of Fallure Testing
15,730 Njm® | 8480 Njm® |- tion Load
() (kN)
2. Bulk specific 258 -260 15-193 1846
pravity 1 2 3 [] 5 6 7 8 9 0
3. Fineness modulus 300 . - Pl - - 9.82 | 195.71)Sudden punching
1 L 10 # 10 trolied
4. Water absorption 0.786% 10.86% 5.70 - 80% FP1 | .815 - 14,13 | 258.00|Ductile punching Fontrotte
(24 hr) (72 hrs) A
P2 - UL .21 | 160.1
5. Maxmum 42 mm 12.70 mm . 8 1 3|buctile punching increasing
parucle size Fp2 | .815 - 22.11 | 256.00|Duct!ile punching
6. Cof th E loadling
. Compressive streng! P3 - X\ /77 275 | ¥5.00|accidental punching
(in seawater)
- Desgn 414 MPa FP3 | 615 T/ 20| 2374
- Actual (28 days) 3776 MPa
(158 days) 6038 MPa Py - c 64 10 c “ ﬂ 3 27.66 | 164.57
7. Air content - Air entrainung agent: NVR- | 8.0% FPy | 815 <\ /2| 23.16 | 218.00
Sternson 0.0006% by weight 18 o Flexure Controlled
of cement |- . TN/} 212 | 160,13 shear
8. Siump - Superplasticiser FPs | 815 S\ [ 7| 26.u2 | 204.61 increasing
- without super-plasticiser - Melment L10 50 mm 6 - ,FV 7_,,
- with super-plasticiser - 0.88% by weight of cement v 32.06 | 162,37 deform-
75 mm FP6 | .815 A TS| B0 | 279 ation
9 wjc ratio - - 0372
i - 8 A\ f; 26.31 | 169.02
10 Cement - - -
FP? .81y E 26.4 20h.6
11 Steel fibres - Dramix ZP 50/0.50 0.815% by ./ 3 !
volume
12 Modulus’of elastioaty ;i% ;:N/m’ Accidental punching - sudden punching due to overloading of the plate - human error.
13. Modulus of ruptuse 7.63 MPa (28 days)
1075 MPa (20




Table 3 Properties of concrete usad for the plates

Age Curing Fibres Alr Concrete|Compressive|Compressive|Spllitting| Modulus
Plate | (days) |Environment| Content [Content] Slump Unit Strength Straln Tensile of
% by Volume 3 (rmm) Welght (MPa) x10* Strength | Elasticity
{(Kg/m") (MPa) (MPa)
1 2 3 4 5 6 7 8 9 10 1"
4} 2 - 7.25 | 65.00 | 1873.0 47.00 2920 S.u 21278.0
FP1 uy L .815 8.00 | 55.00 | 1931.0 .00 2780 5.23 20089.0
P2 28 A - 6.75 | 50.00 | 1959.0 40.28 2640 5.01 19954.0
FP2 32 B .815 5.70 | 75.00 | 2031.0 38.70 2570 .9 18963.0
P3 n E - 7.25 | 85.00 | 1853.0 ho.70 2840 5.03 21253.0
FP3 30 .815 6.25 [ 62.50 | 1959.0 39.21 3050 h.94 23955.0
Py 156 - 6.50 | 90.00 | 1807.0 55.00 2940 5.85 22624.0
FPY 154 ¢ 815 $.00 | 50.00 | 1858.0 53.23 2191 5.76 21353.0
P5 131 0 - 8.50 | 60.00 | 1815.0 53.72 2513 5.78 20970.0
EPS 125 g .815 8.00 | 70.00 | 1831.0 57.56 2658 5.97 2t009.0
P6 92 L - 6.50 | 70.00 | 1791.0 50.56 2743 5.61 22651.0
FP6 86 A .815 6.00 | 60.00 | 1873.0 51.22 3472 5.65 21735.0
P7 85 B - 5.85 | 67.50 | 1796.0 53.42 3039 5.77 19025.0
FP7 an E .815 6.00 | 50.00 | 1866.0 49,24 3072 5.54 23433.0
Table 4 Measured displacements, loads and strains
First Crack (oading. kN Proximity of Ultimate Load
Load | Central Corner |[Concrete|Steel |loading| Central Corner |Concrete| Steel
Plate|[kN] |Deflection{bisplace-] Straln [Straln| ([kN) |Deflection|Deflection| Straln [Strain
{mm]) ment. x 10° | x 10¢ {mm) [am) x 10* | x 10°*
(mm]
1 2 3 4 5 6 7 8 9 10 n
PU [4h 48 .63 .30 2u6 230 | 155.68 27.66 7.80 2598 10591
FPY |47.15 .33 .56 161 340 | 213.50 23.76 13.51 3000 19419
P5 [35.58 2915 .43 287 n 155.68 27.12 8.00 2600 1ks49
FP5 |l 48 1.26 .66 258 us8 | 188.82 26.42 9.63 3985 19541
P6 131.32 1.82 .66 128 215 | 171.92 32.06 9.30 3157 18799
FP6 |35.58 1.2 1.16 220 536 | 195.71 28.10 8.75 3866 21739
PT |22.24 1.13 1.20 60 165 164.58 26.31 9.54 2480 15906
FPT [35.58 1.38 0.77 196 295 | 191.26 26.43 8.20 3787 17874
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Table 5 Details of measured loads and straine

Plate ] Curlng First | Dlagonal Cracking | Failure | Col. Col. Col
Environment| Crack Loading, kN Load 2/5 3/5 s
Loadlng (k)
[kN) |Concrete Steel
Stralns | Strains

1 2 3 ) S 3 7 8 9

P6 L 31.32 156.27 141,26 182,37 A7 .86 .78

FP6 A 35.58 163.09 136,54 217.95 16 | .75 .62

e7 B 22.2% 132.38 113.97 169.02 A3 | .78 .67

FP7 E 35.58 112,26 161.74 204.61 .17 | .68 .79

Py §4_u8 149,44 14u.68 164.57 27| .13 .88
4

13 47.15 183.57 161.70 218.00 .22 | .BM 7Y
o

P5 35.58 18.23 120.8 160.13 22 | .78 .75
E

FPS LI 156.27 137.85 204.61 22 | .76 .67

Table 6 Measured loads, deflections and strains at failure

Plate| Curing Shear Steel Behaviour at Faflure |Steel Strains
Environment| Strain Cages Microstrains
Deflection|Failure Load x 10*
(om) [kN]
1 2
1 2 3 8 5 6 7
PU H 1”2 27.66 164.57 1330 | 1600
— c
FPU \ fl 23.76 218.00 10800 -
p—1 [}
S A 1{?2’ 27.12 160.13 1207 | was
L— E
FPS ~ it 26.42 204.61 2190 -
Pé L <= Hiﬁz” 32.06 182.37 2024 | 1660
FP6 A ~ fl 28.10 217.95 3903 -
7 B < W-ﬂz ’| 2631 169.02 2303 | h29
FPT E ~ ’L 26.43 204.61 799 -
Table 7 Salient results obtained from experiments
Plate] Cracklng | Maximum Ultimate |L Maximum| Col.| Col.| Col.|Ultimate Energy Absorptior
beflection| Lload |[Derlection| After | Load g ; 2 Ductllity [y | tp to As Unity [As Unity for
(om) Deflection (ma) Fallure| (kN} as Unlty . Ultimate|For P Plates|P Plates up
(sm) (KN} for 77 Loading |Loading [up to Max., [to Ultimate
WN - m | kN - & [Load Load
1 2 3 L] s 6 7 8 9 10 n 2 13 14
% 1.82 2,61 60.63 | 13% 25| 182.3723.m[33.31] 7% 1.22 | 6.206 | 7.768 1.00 1.00
PG 1.2% 37.89 55.56 | 138.25| 217.95(30.56}51.35 .61 1.88 | 6.783 | 8.061 1.09 1.08
4] 113 30.78 30.78 - | 189.02)21.20]27. 28} - 1.00 f3.93 | 3.938 1.00 1.00
FP7 1.38 32.36 5.00 90.16( 208.61]23.15(32.61 1.22 {s5.2%0 | 615 1.33 1.55
" 0.63 32.41 39.8 90.16| 168.57|51.83]62.55 2.30 | 3.800 | .8 1.00 1.00
FPR .33 25.69 32.8 90.16( 218.00|77.85{98.21 3.60 [ w509 | s.ar7 1.6 115
] .92 30.00 40.00 90.16( 160.13132.79|43.71} .56 1.60 | 3.199 | 4.068 1.00 1.00
PS5 1.26 .79 ¥2.75 90.16| 204.61)2v.88[33.93] .a 1.20 | a765 | 5.68% 1.49 1.%0
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Table 8: Flexural Strength Equations used in Numerical Comparison with Experimental

Values
Serial No. Formulation due to | Governing equation
1 Shukla [10} M = P /715 (1)
2 Ong & Manson [11) [P, = 8M [ 1/y.p1p1y -3 + 2/2] (2)
3 Joint ACI-ASCE Vier = Mo { 8/(4. ¢y - 137 3)
Committee [12]
where
M,m, = yield moment per unit width due to the applied loading
PP = maximum (collapse) load
b, = width of patch load
aL = free span of the plane
B = diameter of loaded area

ultimate flexural capacity determined from yield line analysis

Table 9(a) Theoretical predictions using measured maximum
steel strains

KN - - -

1 1 1

1 2 3 L] 5 6 7 8
2] 164.57 193.29 189.23 203.29 a7 1.15 1.23
FPU 218.00 268.32 262.69 282.20 1.23 .21 1.29
£S5 160,13 201.56 197.33 211,98 1.26 1.23 1.32
FP5 204.61 269.86 264.20 283.83 1.32 1.29 1.39
P6 182.37 202.50 198.25 212.98 nu 1.09 ta7
EPE 217.95 267.83 262.21 281.69 1.23 1.20 .29
P7 169.02 202.23 198.00 212,70 1.20 7 1.26
¥PT 204.61 266.72 261,13 280.53 1.30 1.28 1.37

Table 9(b) Theoretical predictions using measured average
steel strains

1] 164.57 161.02 157,68 169.35 0.9d 0.96 1.03
FPY 218.00 245.04 239.90 257.72 1.12 1.10 1.18
PS 160.13 189.53 185.55 199.34 1.18 1.16 1.24
FP5 204.61 269.86 264.20 283.83 1.32 1.29 1.39
P6 182.37 198.83 194,66 209.12 1.09 1.07 t.t5
FP6 217.95 267.83 262.21 281.69 1.23 1.20 1.29
P7 169.02 191,82 187.80 201,75 1.13 . 1.19
FP7 204.61 250.1t 2uu.86 263.05 1.22 1.20 1.29
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Table 10: Punching Shear Strength Equations used in Numerical Comparison
with Experimental Values

Serial No. Formulation due to Governing equations
1 Regan [13
gan (U] P, = 0.177(f,)*nh [B + h cotb(tan)”
Y1l+(cot )21 -(1)
2 Canadian Standard Code
(14] V, = (1 +2/8)  (0re {f. bd
<041 ¢ \f. bd -(2)
3 Ferguson and Cowan [15]
1
Vo gl b -@)
4 Canadian Standard Code VoVaerV -(4)
[14] P T Vet Vs
5 Modified Moe’s Based on a number of governing
equation - due to Regan | equations -5
[13] and Joint ACI-ASCE
Committee Report [12]
6 Modified Moe’s ,
equation - due to Regan V=Vor Vv Py -(6)
(16]
where
V, = shear steel resistance
P, = shear strength provided by fibres
V. = concrete shear resistance
f., = cube concrete compressive strength, MPa
f. = cylinder concrete compressive strength, MPa
h = overall depth of plate surface
8 = angle made by failure surface with horizontal plane
8. = (longside/shortside) of icaded area
A = low density concrete factor
b, = pseudo critical perimeter
d = effective depth of concrete slab
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Table 11 Computed punching strength using available methods

Failure RESH

Plate Ll()::;.ng Bgn. E;;n. Bgn- g';;" 27: 5/2
1 2 3 4 5 6 7 8

Pl 195.71 202.43] 85.201139.21{ 1.03 0.43] 0.71

FP) 258.00 241.381109.54|163.55| 0.94] 0.42] 0.63
P2 160.13 - 120.60 - - 0.75 -

FP2 256.00 221.50|103.761128.71| 0.86] 0.40] 0.50

Eqn. | Eqn. | Eqn.
4 s 6

99.10 0.42f

FP3 235.74 [109.18240.35)164.73| 0.48] 1.02{ 0.70
140.85 0.86

P4 164.57 [151.69]238.25(192.59 0.93] 1.45| 1.17
115,47 0.53

FP4 218.00 [116.83259.48[166.59 0.54] 1.19| 0.76
117.22 0.73

PS5 160.13  [117.22]245.73]206.28( 0.73| 1.53| 1.29
102.28 0.50

EPS 204.61 {102.28]261.37|153.65] 0.50] 1.28| 0.75
135,05 0.74]

P6 182.37 [150.00| 240.98|222.27| 0.82] 1.32] 1.22
113.27 0.52]

FP6 217.95 |114.54)265.05)171.45] 0.53| 1.22| 0.79
121.07) 0.72]

P7 169.02 1121.07]|249.21|215.93] 0.72] 1.47] 1.28
133.29 0.65

EP? 204.61 [133.79]233.28| 141.69| ©.65] 1.14] v.69
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