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Figure B32: DMA results summary (Top) for Scenario PV-12 (fully laden Qmax passing at
7 knots inbound along channel centreline, 20 knots winds at 300 deg TN), for FSRU
Hoegh Esperanza with smaller LNGC Grace Dahlia. FSRU time histories of surge and
sway motions (Bottom)

Achwsed Motion Limils

Toa
I Forcs
3 ® inibial Position g [capacity
8t L]
2, =
- = 400
tim - g
E, &
I -
1 100
A aE e A E 7k o dd
Surge {mj, *+" Astom = i
TOO
B Foce
500 e VO MBL= 136
= sm0 =3
: :
g s 50% MBI =85t
ot i)
180
; BN anlBERnnunnn
B o E F G I A it Ling:
N FCTITCEETLENTTLY o P T T eas
) Acvsed Moton Lims B Forco
3 ® nitisl Position 800 [ Jcapacity
. =11
5 ﬁ-ﬁﬂ |
£ i g |
I -
11 1m 1
I ot ' 9 b : d
Surgm im), “=* Asiam 4 th

50% MBL = B2t

Foarcan (13

..lln-.!lﬁﬂn‘_j!mii

Sdooiing Line

_,-o-'-"'"_'--ﬂl'.
f”ﬁfg@\s&az 1I"L|=- 11 September 2018

87/99



Mot MacDonald | Dynamic Moonng Analysis
Pakistan FSRU FEED Study

Figure B33: Time histories of surge and sway motions for Scenario PV-12. FSRU motions

{Top) and LNGC Grace Dahlia motions (bottom).
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Figure B34: DMA results summary for Scenario PV-13 (fully laden Qmax passing at 7
knots inbound along channel centreline, 20 knots winds at 105 deg TN), for FSRU Hoegh

Esperanza with smaller LNGC Grace Dahlia
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Figure B35: DMA results summary for Scenario PV-14 (fully laden Qmax passing at 7
knots inbound along channel centreline, 20 knots winds at 315 deg TN), for FSRU Hoegh
Esperanza with smaller LNGC Grace Dahlia
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Figure B36: DMA results summary (Top) for Scenario PV-15 (fully laden Qmax passing at
7 knots inbound along channel centreline, 20 knots winds at 45 deg TN), for FSRU Hoegh
Esperanza with smaller LNGC Grace Dahlia present.
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Figure B37: Time histories of surge and sway motions for Scenario PV-15. FSRU motions
{Top) and LNGC Grace Dahlia motions (bottom)
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Figure B38: Time histories of surge and sway motions for Scenario PV-16 to PV-21. FSRU

motions (Top) and LNGC Grace Dahlia motions (bottom)
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Figure B39: DMA results summary for Scenario PV-17 (fully laden Qmax passing at 10
knots inbound along channel centreline, 20 knots winds at 240 deg TN, 1.5 knots steady
currents at 240 deg TN), for FSRU Hoegh Esperanza with Qmax Al Ghuwairiya
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1. INTRODUCTION
1.1, Scope

The specification covers to determine sand/mud transport regime and accretion rates in
the dredged approach channel to the project following development of the berth facilities,

2. SUMMARY

2.1. Results of Sedimentation Analysis

The aim of FEED was to quantify sedimentation in the approach and nearshore channels,
berth and turning basin area. The offshore region and islands around the nearshore channel
are understood to be characterized by fine sand. In contrast, sediments in the approach
channel comprise silt and clay. These different sediment types are thought to merge
gradually in the area adjacent to Muchak Island. To correctly represent the different
dynamical properties of these sediment types, two modelling approaches have been
undertaken in this phase of the works:

Sand Transport model (ST) - for the non-cohesive sandy sediment in the nearshore and
approach channel, and

Mud Transport model (MT) — for the muddy cohesive sediments in the approach channel,
berthing and turning basin.

The results obtained from both models show that, in general, the approach channel is mainly
dominated by sand processes, with some additional mud deposition during the monsoon
season. Whereas, the area of the turning circle and the berths is dominated by deposition of
cohesive sediments.

The volume of sand and mud deposited in the approach channel and project site have been
added together. A table with the estimated deposition over the years is included in Appendix
A in report. As a result of analysis, in the area of the turning basin and the berth pocket, no
significant sand accretion is observed.

As regards to the uncertainty pertaining to the sediment transport modeling, especially on
restrictions and calculation limitations, the following points are noted.

- Restrictions from availability of calibration data:
Limited information was available to calibrate the mud transport model. However, extensive
literature review established that the suspended sediment concentration in the estuary is
small, in the range of 25 to 180mg/l. Survey data used to calibrate the model from SSC
values at site between 20ma/l and 40mg/l, with peak concentrations during the ebb tide of
up to 150mg/l. Hence, literature data and measured data agreed reasonably well, and it was
eventually possible to use this data for model calibration purpose.

- Calculation limitation on computed concentration:
During neap tides, the model slightly underestimates the suspended sediment load by
approximately 10mag/l. However, since the suspended sediment concentrations are low, this
underestimation is considered not to affect the model results greatly, especially when the
monsoon seasonal effects are factored in.

- Restrictions from duration of calibration data:
The model was calibrated with data collected outside the monsoon season, in March 2019,
It is recommended to collect data during the monsoon season in order to check that the

JGC JGG GORPORATION
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values assumed in this modelling study are appropriate.

- General comment on model performance and limitations:

It is considered that the model results are broadly conservative and reflect the expected
cohesive sediment behavior and associated accretion around the Project site and more
widely in the approach channel. Nevertheless, the mud transport result presented in this
study must only be used as a guide to likely sedimentation rates and if used to assess
dredging requirements must also include some element of uncertainty to mitigate risks.

3. APPENDIX
Appendix-1_FEED_Phase-Sediment_transport_P6

4 /92




MACDOMNALD

Pakistan FSRU FEED Phase

Sediment Transport

11 September 2018
Confidential

JGC Corporation

5/92



Mott MacDonald

Mott MacDonald House
8-10 Sydenham Road
Croydon CRO 2EE
United Kingdam

T +44 (0)20 B774 2000
F +44 (0120 8681 5706
matimac, com

JGC Corpaoration

Mt MacDan: .ug_Gm i@ Limabed
Ha -:| 5 1gland and Walas na
Ir~-c~:| u‘h e Mok

%:%' L5a, B 10 Sydannam Road
i-} =l rllcs. <r-:|c|n'r

Pakistan FSRU FEED Phase

Sediment Transport

11 September 2019
Confidential

JGC Corporation

7192



Mott MacDonald | Confaeial | Pakisian FSRU FEED Phase
Sediment Transpon

Issue and Revision Record

P& 10/08M18 5 Costa DM Price JJ Williarms Final — Additional Comments
addressed

Document reference: 396490 | 004 | P&

Information class: Standard

This document is issued for the party which commissioned it and for specific purposes connected with the above-
captioned project only. It should not be relied upon by any other party or used for any other purpose.

W accept no responsibility for the consequences of thes document being relied upon by any other party. or being
used for any other purpose. or conlaining any efror or omission which is due 10 an efror or omission in data supplied
to us by other parties.

This document contains confidential information and proprietary inellectual property. it should not be shown to ofher
parties without consent from us and from the party which commissioned it

)

9/92



Mott MacDonald | Confidorhia | Pakistan FSRU FEED Phase
Sedimenl Transpart

Contents

Executive summary 1
1 Introduction 3
1.1 Project Background 3

1.2  Report Structure 3

2 Sand Transport Modelling 4
2.1 Introduction 4

211 Study area 4

22 Background 5

2.2.1 Littoral drift 8

222 Dredging records 5

2.3 Approach 5]

24  Model domain and mesh 7

2.5 Boundary conditions 12

26 Morphological conditions 13

261 Morphological tides 13

262 Morphological waves 15

263 Maorphological waves boundaries conditions 20

2.7  Hydredynamic (HD) module setup 23

28  Spectral Wave (SW) module setup 23

2.9 Sand transport (ST) module setup 23

210 Sand transport results 23
2101  Sedimentation in the nearshore channel 29

2.10.2 Sedimentation in the approach channel and berths 32

211  Summary and conclusions 33

3  Mud Transport Modelling 35
3.1 Introduction 35

311 Study area 36

3.2 Background a7

321 Geology and geotechnical 37

322 Suspended sediments 38

323 Dredge volumes 40

324 Borehole information 40

3.3 MT model setup 42

33 Calibration and validation data 43

34 Mud Transport model inputs and parameter setting 49

341 Hydrodynamic and suspended sediment parameters 50

ﬁ&% F'E.'II11 Seglember 2013

R

—
e

]

10/82



Matt MacDanald |

infidential | Pakistan FSRU FEED Phase

Sediment Transpon

3.5 Calibration — Spring tide results
36 \Validation — Neap tide results
3.7  MT model sensitivity tests
3.71 Settling velocity
372 Meonsoon season
38 MT model results
381 Baseline model
gz Proposed layout
_ 383 Monsoon season assessment
3.9 Summary and Conclusions
4  Conclusions and Recommendations
5 References
Appendices
A Depaosition rates table
Tables

Table 1: Morphological waves calculated with the EFM at the Oceanweather data point
Table 2: Estimated wind speed and direction related tc morphological waves conditions
Table 3: Morphological waves and wind conditions at the Oceanweather data point (derived

342 Bed parameters
343 Boundary conditions

from hourly data)

Table 4: GEMS suspended sediment sampling results — 11 March 2017

Table 5. Suspended sediment concentration values from Phitta Creek

Table 6 Summary of near-surface sediment properties at Locations BH-01 to BH-04

Table 7: Summary of near-surface sediment properties at Locations BH-11 to BH-15

Table 8: Description and properties of surficial sediments from borehole data at sites BH-01

to BH-04

Table 8: Suspended sediment sample campaign summary

Table 10: MT model parameter settings

Table 11 Summary of estimated deposition rates calculated using a dry density of

400kg/m? (bulk density 1270 kg/m?).

Table 12: Summary of estimated deposition rates calculated using a dry density of

1000kg/m? (bulk density 1640 kg/m?).

Table 13: Accumulated depth level change (m) resulting from the deposition of sand and
mud material, per box. The highlighted (orange) results are showing that the deposition rate
has reached the minimal depth of -14mCD. Please note that the values of the table do not
include any factor to allow for model inaccuracies. Please refer to the calculation

assumptions below for further information.

/

1}&1{?4 L "-‘E 11 September 2018
—

51
52
52
53
55
55
56
57
57
58
64
68

70

3

75

76

20
20

22
38
39
41
42

42
44
51
68

68

77

11792



Mott MacDonald | Confident s | Pakistan FSRU FEED Phasae
Sadimen] Transparl

Figures
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Figure &: Bathymetry difference showing the zones of dredging

Figure 7: Changes to the MIKE 21 FMST bathymetry to merge the nearshore channel and
the approach channel: (a) Nearshore channel location and minimum depth of -15.3mCD (-
17.24m MSL); (b) ariginal bathymetry of Pre-FEED model; and (¢) modified bathymetry to

merge both channels,

Figure 8. Nearshore island bathymetry {(m MSL). The equilibrium profile rule was used as a
guidance to create the bed levels in these areas.

Figure 9: Location of madel boundaries in the MIKE21 HD model

Figure 10: First morphological tide approximation

Figure 11: Final marphological tide and model simulation time

Figure 12: Cumulative transport for a point for a neap-spring cycle, including water level,
Both the initial and the final morphological tides are shown,

Figure 13: Definition of directicnal bins by the Energy Flux Method (EFM) with each wave
direction class containing 1/5 of the total wave energy (upper two panels). Sub-division of
each direction class into 20-height classes, each containing 1/20th of the total wave
enargy, is shown in the bottom panel. Note that this is an example only and does not
represent the conditions at the project site.

Figure 14 Oceanweather data point selected for the morphological wave analysis

Figure 15 Oceanweather data wave rose

Figure 16 Oceanweather data distribution against wave direction: (a) wave height (Hs)
against wave direction, {b) energy flux against direction.

Figure 17: Schematisation of Oceanweather data point to derive morphological waves
using the EFM,

Figure 18; Location of the Oceanweather data point with respect of the model boundary
Figure 18 Wind map example used in the morphological simulation to ensure that the
merphelogical waves, applied to the model boundary were not being modified by the wind
before the Coeanweather data point.

Figure 20: Annual net potential sand transpart patterns for the study area

Figure 21: Annual net potential sand transport patterns for the approach channel

Figure 22: Annual net potential sand transport patterns for the berths and turning circle
area

Figure 23: Pakistan FSRU sand transport Analysis Boxes. (a) analysis boxes in the
nearshore and approach channels; (b) detail of boxes in the approach channel.

Figure 24: Schematic representation of how the sediment deposition or erosion is
calculated for each Analysiz Box using the sediment flux across each section and the area
of each Analysis Box. The sedimentation is estimated for one year with a sediment porasity
value of 0.4

Figure 25: Total annual average bed level change for the entire study area.
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Figure 26: Total annual average bed level change for the nearshore channel.

Figure 27: Total annual average bed level change for the approach channel and berths.
Figure 28: Study area

Figure 28: Creek, islands and channel in the study area.

Figure 30: Geology of the Project area

Figure 31: Locaticn of TSS and turbidity measurements, 11 March 2017

Figure 32: Locaticn of sediment samples in Phitta Creek,

Figura 33: Appraximate location of suspended sediment measures available in the
literature.

Figure 34: Locaticn of borehales BH-11 to BH-15. Borehales BH-1 to BH-04 were at the
Project site.

Figure 35: Suspended sediment samples locations

Figure 36: Suspended sediment concentrations at the three samples locations for (a) spring
tide and (b) neap tide. Please note that 100mg/l are equivalent to 0.1kg/m?.

Figure 37: Suspended sediment concentrations at the three samples locations for the
spring tide, plotted with water level and current speed for each site. Please note that
100mg/l are equivalent to 0.1kg/m3.

Figure 38: Agualogger results of S5C ({mg/l) — Please note that the time axis is in local time
(GMT+ 5 hours)

Figure 34: Niskin bottle SSC (black lines) compared to Aqualogger SSC (red line) for the
same location and time. Please note that the madel SSC is expressed in kg/m? instead of
mg/l = 0.1kg/m* is equal to 100mg/l.

Figure 40: Mud transport model parametars and processeas

Figure 41: Comparison between measured (black ling) and madelled (rad ling) suspended
sediment concentration during Spring tide conditions at the sampling locations. Please note
that the model S5C is expressed in kg/m® instead of mg/l = 0.1kg/m® is equal to 100mg/.
Figure 42: Comparison between measured (black line) and maodelled (red ling) suspendad
sediment concentration during Neap tide conditions at the sampling locations. Please note
that the model S5C is expressed in kg/m? instead of mg/l = 0.1kg/m*® is equal to 100mag/.
Figure 43: Applied concentration profile when flocculation is selected in the MT module.
Figure 44: Modelled suspended sediment concentration during Spring tide conditions MET1
sampling location. The predicted SSC values using an increased settling velocity are
shown by the green line. Please note that the model S5C is expressed in kg/m3 instead of
mg/l — 0.1kg/m3 is equal to 100mg/l.

Figure 45: Modelled suspended sediment concentration during Spring tide {(a) and Neap
tide (b} conditions MET 1 sampling location. The predicted S5C values using increased
offshore concentrations are shown by the green line. Please note that the model S5C is
expressed in kg/m® instead of mg/l — 0. 1kg/m? is equal to 100mag/l.

Figure 46: Net annual deposition rate — Baseline conditions. a) Deposition calculated using
a dry density of 400 kg/m?* (bulk density 1270 ka/m?}. b) Deposition calculated using a dry
density of 1000 kg/m?* {bulk density 1640 kg/m*).

Figure 47: Changes between the simulated baseline S5C (red ling) and proposed SCC
{green line) for the three-sampling location during Spring tide. Please note that the model
S5C is expressed in kg/m? instead of mg/l = 0. 1kg/m® is equal to 100mag/l.

Figure 48: Spatial difference in current speed (baseline vs post dredge scenario) during
typical spring tide show the difference between flood and ebb
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Figure 49: Changes in maximum suspended sediment concentration between the proposed
layout and the baseline over a Spring-Neap cycle.

Figure 50: Net annual deposition rate (m/year) — Baseline (a), proposed layout (b) and
differences in accretion (proposed minus baseling) (¢). This deposition has been calculated
using a dry density of 400kg/m? (bulk density 1270 kg/m¥)

Figure 51: Met annual deposition rate (m/year) — Baseline (a), proposed layout (b) and
differences of accretion (proposed minus baseline) {c). This deposition has been calculated
using a dry density of 1000kg/m? (bulk density 1640 kg/m®)

Figure 52: Modelled suspended sediment concentration during Spring tide conditions at the
sampling locations for the proposed layout, normal conditions (red line) and the proposed
layout, monsoon conditions (green ling). Please note that the model SSC is expressed in
kg/m? instead of mg/l = 0.1kg/m? is equal to 100mg/l.

Figure 53: Maximum S3C around the study site for the proposed layout during normal
conditions (a) and mansoon conditians (k). Please note that the model 35C is expressed in
kg/m? instead of mg/l — 0.1kg/m? is equal to 100mg/l.

Figure 54: Met annual deposition rate (m/year) — (a) Proposed layout with 12 months of
normal conditions, (b) proposed layout including 4 months of monsoon conditions and 8
months of normal conditions, and (c) zoom into turning circle for the results including 4
months of mensoon and 8 months of normal conditions. This depoesition has been
calculated using a dry density of 400kg/m? (bulk density 1270 kg/m?). Please note that the
figures do not have the same colour legend as the previous deposition figures.

Figure 55: Net annual deposition rate (m/year) — (a) Proposed layout with 12 months of
normal conditions, (b) proposed layout including 4 menths of monsoon conditions and 8
months of normal conditions, and {c) zoom into turning circle for the results including 4
menths of monscen and 8 months of normal conditions. This deposition has been
calculated using a dry density of 1000kg/m?® (bulk density 1640 kg/m®). Please note that the
figures do not have the same colour legend than the previous deposition figures.

Figure 58: Study area — channels definition and project site
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Executive summary

JGC corporation (JGC) is undertaking Basic Design services for the marine facilities associated
with the FEED Design services in Chann Waddo Creek, near Port Qasim, Karachi, Pakistan,
hereafter termed "the Project”.

Mott MacDonald was commissionad to undertake the sediment transport studies for FEED of the
Project. The primary aim of FEED was to quantify sedimentation in the approach and nearshore
channels. The offshore region and islands arcund the nearshore channel are understood to be
characterised by fine sand. In contrast, sediments in the approach channel comprise silt and clay.
To correctly represent the different dynamical properties of these sediment types, two modelling
approaches have been required in FEED;

» Sand transport model (ST) - for the non-cohesive sandy sediment in the nearshore channel,
and

» Mud transport model (MT) - for the muddy cohesive sediments in the approach channel.

The models were setup using MIKE modules and calibratedivalidated with the existing
information. For the MT a data campaign was undertaken in order to obtain suspended sediment
concentration at the site, over a tide, during spring and neap tide conditions. the samples weare
used to support the mud transport calibration. No calibration data existed at this stage for the
sand transport model. This was verifigd by comparing the model results to available anecdotal
dredging records.

This report is based on best presently available data and predictions. Climate change within the
design life of the project is expected; the consequences of which are unknawn, It can, however,
be expectad that such consequances will have an impact on the conclusions reached herain.

In summary, the sediment transport models indicated that:

= There are important potential net sand transport pathways, both in the nearshore and in the
approach channels which can lead to sand deposition. The nearshore sand is generally driven
towards the channels and then offshore creating deposition in the nearshore channel and an
intertidal sandbank offshore;

+ The sand transport modelling results indicate accretion of up to 2m in the entrance to the
approach channel, mainly in the areas close to the islands;

= Inthe area of the turning circle and the berth, no significant accretion of sand is predicted;

= Mud deposition is related to the offshorg concentrations and is pradicted to increase in the
monscon season. The present simulations assume 4 months of interrupted monsoon
conditions. In the waorst-case scenario considered, this gives rise to a deposition of around
0.45m/{year at the edges of the turning circle; and

s The calculation of mud deposition by the model is highly dependent on the assumed properties
of the bed layers, and therefore, results should be treated as being indicative only.

When interpreting the model results it is impertant to understand the model limitations. Both the
sand transport and mud transport models have been built with the limited available information.
This has required assumptions to be made. While both models have been calibrated/verified
within the constraints imposed by available data, the results presented in this report should be
treated as indicating the expected sediment accretion rates and locations rather than absolute
figures. It is noted also that sediment transport formulae and models have a significant empirical
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foundation and often relate best to the data set upon which they were derived. At best sediment
transport can only be predicted to within a factor of two or three (e.g. Schoonees & Theron, 1995;
Camenen & Larroudé, 2003; Winter, 2007, Papanicolaou et al., 2008; Amoudry & Souza, 2011)
and thus model precision must always be treated with caution and allowances made for
inaccuracies,
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1 Introduction

1.1 Project Background

JGC corporation (JGC) is undertaking Basic Design services for the marine facilities associated
with FEED Design services in Chann Waddo Creek, near Port Qasim, Karachi, Pakistan,
hereafier termed the Project.

During Pre-FEED of this work, Mott MacDonald Ltd. (MML) undertock a numerical modelling
study of hydrodynamics to support the Project. The study used a range of survey and existing
data to build and calibrate a two-dimensional, depth-averaged, MIKE21 flexible mesh (FM)
hydrodynamic (HD) model using bathymetry that encompasses the Project site, the complex
network of surrounding tidal channels and intertidal mudflats and mangroves and the coastal and
offshore areas. The model was driven by a global tidal model at the offshore boundary and was
calibrated and validated using measured tidal flows obtained at four locations arcund the Project
site using ADCP instruments.

In addition, an assessment of post-dredging channel hydrodynamics around the Project site was
undertaken. The results showed a small reduction of the current speed around the dredging
pockets. For additional information please refer to MML (2018) hydrodynamic modelling report
(Ref. 396450-002-A).

Pre-FEED also included a spectral wave model to simulate wave conditions outside and within
the approach channel and Project site. The model was built using Mike 21 Flexible Mesh (FM)
Spectral Wave (SW) and was driven by offshore waves and wind. The model was calibrated,
validated and used to obtain extreme waves conditions in the project site. For additional
information please refer to MML (2018) wave modelling report (Ref. 39639-003-A).

In this report a distinction is made between: (a) the existing dredged channel extending offshore
from Bundal Islands that forms part of the access to Qasim Port, hereafter termed “the nearshore
channel”; and (b) the channel that connects the nearshore channel and the Project site, hereafter
termed “the approach channel’. These channels are shown in Figure 1.

With reference to the models and data from Pre-FEED, the primary aim of FEED is to quantify
sedimentation in the approach and nearshore channels. The offshore region and islands around
the nearshore channel are understoed to be characterised by fine sand. In contrast, sediments in
the approach comprise silt and clay. These different sediment types are thought to merge
gradually in the area adjacent to Muchak Island (Figure 1). To correctly represent the different
dynamical properties of these sediment types, two modelling approaches have been required in
FEED:

s Sand transport model (ST) - for the non-cohesive sandy sediment in the nearshore channel,
and

# Mud transport model (MT) — for the muddy cohesive sediments in the approach channel

1.2 Report Structure

The report comprises:

s Chapter 2 — Sand transport modelling;
s Chapter 3 — Mud transport modelling; and
s Chapter 4 — Conclusion and recommendations

e
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2 Sand Transport Modelling

2.1 Introduction

A MIKE 21 Flexible Mesh sand transport model (MIKE21 FMST) for the Pakistan FSRU Pre-
FEED was setup to determine the sand transport regime and accretion rates in the dredged
approach channel to the Project following development of the berth facilities. The MIKE21 FMST
model is driven by two dynamically linked modules: (a) the Hydrodynamic (HD) Module and; (b)
the Spectral Wave (SW) Module previously presented in the Mott MacDonald (2018)
hydrodynamic and wave modelling reports (396480-002-A and 38639-003-A, respectively)

2.1.1 Study area

The main features of the study area comprising the nearshore and approach channels, principal
islands and the Project site are shown in Figure 1

Figure 1: Study area

T

Sourca:  Maott MacDonald, 2019

‘l ”.lli_\ﬁq:h‘*fi?-& P& 11 Seplember 2019

18 /92



-

3

-

Mot MacDonald | Confdeial | Pakistan FSRU FEED Phasa
Sediment Transpan

2.2 Background

2.2.1 Littoral drift

On the coast of Pakistan, littoral drift is driven predominately by wave action during the southwest
monsoon. In waters west of Karachi Port, littoral drift is predominantly in an easterly direction.
However, littoral drift between Karachi to Phitti Creeks is complicated by the local topography.
The Hydraulic Research Station Report EX557 (1971) indicates a littoral drift division on Bundal
Island with roughly equal proportions of sediment being transported north and south from a
location around the middle of the island. This is supported by evidence of coastal retreat of this
and other islands in the delta region. At most locations south of Bundal Island, littoral drift is
variable in direction and determined by seasonal and other meteorologically-driven changes in
wave direction. The net effect of littoral transport is the deposition of littoral sediments into the
Project approach channel (see Section 2.2.2).

222 Dredging records

Anecdotal historical evidence gatherad by JGC and made available to Mott McDonald on 18
February 2019, details dredging requirements for the nearshore channel to the Project site (Figure
2). These data show that:

s Between navigation buoy 1 and buoy 9, dredging in the range 2.5 to 3.0 million m® is required
every year after the monsoon,

» Between navigation buoy 12 and buoy 14, dredging in the range 1.5 to 2.0 million m? is
required annually. and

» At other location within the confines of the nearshore channel, dredging in the range 0.5t0 1.0
million m? is required at other (variable) locations every two years. There is no information
available for the project site.

Estimates of dredge volume requirements in Phitti Creek of around 1.7 Million m? per annum for
the period 1973 to 1974 were reported by Hydraulics Research (Hydraulics Research Report
Ex698). These figures were derived from trial dredging and scaled-up to reflect the dredging
requirements for the B8km length of Phitti Creek. These earlier estimations of dredging
requirements therafore agree broadly with the values reported above.

In addition, according to the feasibility study undertaken in 2002 from the deepening and widening
of Port Qasim navigation channel (Hennessy el al, 2002), the nearshore channel is infilling
approximately 1.5m during the annual SW monsoon season. An average of 2.5 million cubic
metres of material are removed from the whole channel, up to Port GQasim, each year, with almost
80% of this dredged from the nearshore channel. Most of the removed material is fine sand,
according to the report.

While these dredging records are broadly informative, their accuracy cannot be established
Further, the bulk density of the dredged material and the proposition of cohesive and non-
cohesive sediments is unknown making interpretation of these data problematic. For these
reasons we do not consider that the dredging records provide sufficiently robust evidence for
model calibration and/or validation purposes. Mevertheless, these data provide evidence of
sedimentation in the shipping channels around the Karachi area and indicate that the monsoon
period probably gives rise to more sedimentation that at other times of the year It is not
unreasonable to anticipate that sedimentation will occur in the approach channel to the project
site, and at the project site itself. The sand and mud transport modelling studies presented here
aim to provide the best possible estimates of sedimentation using the available information.
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Figure 2: Anecdotal dredging information for the Project nearshore channel
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Source: Anecdotal Dredging information provided by JGC, 18 February 2019

2.3 Approach

A schematic diagram of the ST modeiling approach is shown in Figure 3. Dynamic links with the
hydrodynamic and spectral wave modules provides MIKE21 FMST with the required input data
on tidal and wind-driven current speeds, water depths and wave stirring effects. The method is
founded on the morphological waves and tide approach described in Section 2.6. The Pre-FEED
HD and SW calibrated models were used to setup the coupled model, including sand transport
(ST). The coupled model was run with waves and water levels only, to allow the model to warm-
up pnor to the sediment transport module being started
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Figure 3: Modelling approach

Hydrodynamic

i warm up period

Source; Mottt MacDonald, 2019

24 Model domain and mesh

Results
Analysis

The model domain and mesh reported in Mott MacDonald, 2018. Pakistan FSRU - Hydrodynamic
Modelling Study (396490-002-A) were largely unaltered for the MIKE 21 FMST model. The
domain extended approximately 150km offshore with an approximate width of 100km (Figure 4)
and, following normal modelling practice, the resolution of the model mesh was defined as being
coarser in the offshore region where mesh element edge lengths were approximately 2000m. The
mesh resolution progressively increased shoreward to reach around 15m to 20m. measured

between element centres, in the nearshore areas and at the Project site.
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Figure 4: Model domain and flexible mesh for the Mike 21 FMST model
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Some small modifications to the Pre-FEED MIKE21 model bathymetry mesh were made:

* To accommodate some minor updates in bathymetric survey data, the MIKE21 FMST mesh
and bathymetry were slightly maodified from those described and used during the HD model
setup and calioration presented in Mott MacDonald, 2018. Pakistan FSRU - Hydrodynamic
Modelling Study (396490-002-A), and

s To resolve in greater detail the wave-driven currents likely to play a role in the transport of
sediments into the dredged approach channel, the MIKE 21 FMST mesh resolution in the
nearshore and around the islands was increased up to 15m to 20m, measured betwean
element centres (Figure 5). This resclution is normally considered to be sufficient to resolve
surf zone processes,

It is also noted that the study area is characterised by broad and shallow intertidal areas (Figure
5). The initial model results showed that waves break at the seaward edge of the intertidal flats
and in doing so, they lose a significant portion of their energy. Waves propagating shoreward from
this break point are much smaller and continue to dissipate energy due to bed friction as they
propagate further inshore. These model results are in agreement with the Hennessy ef al (2002)
report. Therefore, the nearshore model mesh, comprising at least 8 elements, provides sufficient
resolution to capture wave processes in the nearshore breaking zone (including wave-driven
currents) with sufficient resolution to meet the requirements of the present study. This view is
supported by evidence showing that nearshore wave-driven currents make only a small
contribution to the total sediment transport in the main channel.

- 22 /192
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Figure 5: Increased mesh resolution around the nearshore islands
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Source.  Matt MacDonald, 2019

Following previous work, the model was set up in geographical |atitude and longitude coordinates
based on the WGS84 horizontal datum. The vertical datum for the model bathymetry and
boundary conditicns is referenced to Mean Sea Level (MSL).

The model bathymetry in the MIKE 21 FMST model included the dredging of the approach
channel, tuming circle and the berth basin defined in the Pre-FEED study. Figure 6 shows the
dredging requirements in order to obtain the necessary minimum depth of -15.94mMSL (which is
-14m CD) with a side slope of 1:5. This demonstrates that the changes to bathymetry required for
the Project are relatively minor when considered in the wider context of the entire approach
channel,
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Figure 6: Bathymetry difference showing the zones of dredging
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The nearshore approach channel (see Figure 7) is also included in the model bathymetry with a
depth of -17.24mMSL. Some adjustments to model bathymetry were required in order to merge
smoothly the approach channel with the nearshore channel and the bathymetry was modified to
comply with the minimum depth requirements, (Figure 7).
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Figure 7: Changes to the MIKE 21 FMST bathymetry to merge the nearshore channel and
the approach channel: (a) Nearshore channel location and minimum depth of -15.3mCD (-
17.24m MSL); (b) original bathymetry of Pre-FEED model; and (c) modified bathymetry to
merge both channels.

Source: Mot MacDonald, 2019
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The bathymetry of the nearshore islands was also modified. In the absence of measured
bathymetric or topographic data for these areas, the equilibrium beach profile to the depth of
closure (Bruun rule) was used to modify the model bathymetry. The Bruun rule defines an
equilibrium beach profile using

h(y) = Ax?3

where h is the water depth at a seaward distance, y, and A is a scale parameter which depends
primarily on sediment characteristics (Dean, 1991). A sediment with a dso of 0.17mm was used
as described in more detail in the sand transport assumptions of Section 2.9, The Bruun rule was
used to define the beach profile in front of the island and was adjusted in order to merge it with
the available data further offshore. Figure B shows the interpreted bathymetry around the
nearshore islands. Qualitatively, this agrees broadly with available aerial images of the site. In the
absence of any suitable data this approach was considered to be appropriate.

Figure 8: Nearshore island bathymetry (m MSL). The equilibrium profile rule was used as
a guidance to create the bed levels in these areas.

LRE bosis LR = e T fr=e L Lreon sy

Source: Mott MacDonald, 2018

No other changes to the model bathymetry were made. For information regarding the rest of the
dataset used to build the model bathymetry please refer to Mott MacDonald, 2018. Pakistan
FSRU - Hydrodynamic Modelling Study (396490-002-A)

2.5 Boundary conditions

MIKEZ1 provides tidal data from a fully-validated Global Tidal Mode! with a grid resolution of 0.125
degrees. These data were used to define the water level boundary conditions for the
hydrodynamic meodel, as described in Mott MacDonald, 2018. Pakistan FSRU - Hydrodynamic
Modelling Study (396490-002-A). The MIKE 21 HD model has one continucus open offshore
boundary located at water depth greater than 120m (MSL), Figure 8. Time-varying water levels
along this model boundary are predicted using tidal constituents and include spatial variation
along the boundary to capture the vanable tidal range and associated phase differences.

The SW model is driven by waves and wind conditions along the same boundary, as described
in Section 2.8 of this report. It is assumed that waves conditions are spatially invariant at this
deep-water offshore location
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Figure 9: Location of model boundaries in the MIKE21 HD model
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2.6 Morphological conditions

Coastal models are generally complex and computationally intensive. In order to maintain a
balance between data availability, model complexity and computational effort, a schematisation
of model inputs is often used. Since the primary aims of the Pakistan FSRU FEED Phase model
is to better understand sediment mobility and how this may impact on channel sedimentation, the
schematisation of hydrodynamic and waves conditions was used to represent an annual wave-
current climate driving sand transport. This approach has used the morphological tide and
morphological wave concepts.

2.6.1 Morphological tides

A morphological tide is defined here as the tide that when repeated will produce the same
sediment transport as a Spring-Neap tidal cycle. To determine the morpheological tide, a sediment
transport model for a paint (MIKE Litdrift module) was run for a full spring-neap tidal cycle and the
total sediment transport rates determined at several locations. The sediment transport rates for
each tide (high water to high water) during the full spring-neap tidal cycle was then calculated and
factored up to simulate the whole period of the spring-neap cycle.

The results indicate that the tide on 10/06/2016 21:45 to 11/06/2016 22:25 (Figure 10) produced
the closest total sediment transport when factored to account for the whole period of the spring-
neap cycle.
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Figure 10: First morphological tide approximation
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Source: Mott MacDonald, 2018

However, in order to ensure that the transport was not underestimated, and that all intertidal areas
were flooded by the tide, a tide with a slightly larger range was selected. Figure 11 shows the
selected final morpholegical diumal tide of 25hrs, from 13/06/2016 6:00 to 14/06/2016 7:00. The
figure also shows the total model simulation time assumed in the subsequent simulations.

Figure 12 shows an example of the cumulative transport calculated at a point in the study area.
The figure shows the initial selected tide and the final morphological tide. The results indicate
that there is very limited transport during Neap tides, while there is significant transport during
Spring tides. Locking at these results, it was decided that selecting a larger tidal range to
represant the morphological tide would be more conservative and would ensure that the rasults
do not under estimate the potential transport.

Figure 11: Final morphological tide and model simulation time
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Figure 12: Cumulative transport for a point for a neap-spring cycle, including water level. Both

the initial and the final morphological tides are shown.
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Source: Mottt MacDonald, 2018

26.2 Morphological waves

To define morphological (or representative) waves, the full wave climate is reduced fo a set of
representative (morphological) wave-wind conditions. Running model simulations with a number
of these representative wave conditions for a morphological tidal period and multiplying wave-
current impacts on morphology by a factor related to the frequency of occurrence of a given wave
condition, enables estimation of the annual sand transport rates.

Morphelogical waves were derived by the Energy Flux Method (EFM) described by Benedet af
al. (2018) where the wave energy flux, Ef, of each wave record from a wave time series is
calculated using

Mt

Ef = (pg=)cCyg (1)

where p is the water density (1025 kg/m?), g is the acceleration due to gravity (9.81 m/s?), Hs is
the significant wave height, and Cg is the deep-water wave group celerity.

In the approach, the wave climate was first split into 5 directional sectors with each sector
containing 1/5™ of the total wave energy as defined by Eqg. 1 (Figure 13). Each sector was then
further sub-divided by wave height before determining the frequency of occurrence of wave
conditions within each direction and wave height class. The morphological wave energy, direction,
period and height were then obtained for each wave class calculated according to the mean wave
energy flux of each wave class.

Wave height is calculated from the mean wave energy of each class, deriving it from the above
formula (1). Wave direction and peak pericd corresponds to the mean value of each class

Ewrmubmis fmSim|
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Figure 13: Definition of directional bins by the Energy Flux Method (EFM) with each wave
direction class containing 1/5 of the total wave energy (upper two panels). Sub-division of
each direction class into 20-height classes, each containing 1/20th of the total wave
energy, is shown in the bottom panel. Note that this is an example only and does not
represent the conditions at the project site.

Hs {m})

Incoming Wave Direction (degreses) fncoming Wave Dwection (degreas)

H& (m)

-| ‘: w @ i1 i 13 140 S i K
Incoming Wave Direchon (degrees)

Source: After Benedel ef al, 2016

For the Pakistan FSRU FEED MIKE21 FMST model, the EFM was applied to the Oceanweather
data point (Figure 14). This included simulated wave data from 1979 to 2016 at intervals of 1
hour. Figure 15 shows a wave rose derived from this offshore wave data

T
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Figure 14: Oceanweather data point selected for the morphological wave analysis
AR, @ :
Source- Google Earth, 2019
Figure 15: Oceanweather data wave rose
"

Source. Mott MacDonald, 2019, Contains Oceanweather data, 2015
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The Oceanweather data is plotted in Figure 16 showing: (a) wave height vs. wave direction; and
(b) wave energy vs. wave direction. Please note that the direction of the waves is defined as the
direction that waves are travelling from. Both figures show that there is a clear dominant wave
direction, with larger waves coming from the 210 deg N to 240 deg N sector. Figure 15 shows
that waves from the southwest (225 deg. N) dominate the records in terms of height and energy.

Figure 16: Oceanweather data distribution against wave direction: (a) wave height (Hs)
against wave direction, (b) energy flux against direction.

al

Source: Mott MacDonald, 2015, Contains Oceanweather data, 2018

The results of the waves schematisation are shown in Table 1 and Figure 17. Here the wave
climate has been discretised into 11 wave conditions and 1 calm condition. The waves have been
further discretised into six main directions based on the energy distribution shown in Figure 16b
and include

s 150to 180 deg. N;

|

f‘fhl

-

F'ﬁ‘ 11 September 2019

e 32/92

T



"

1 =il

Matt MacDonald | Confdorial | Pakistan FSRU FEED Phase
Sediment Tranapan

= 180to 210 deg. N;

= 210 to 240 deg. N,

* 240to 270 deg. N;

= 270 to 300 deg. N; and

# 300 to 330 deg. N.

All waves coming from 330 to 150 deg. N direction were considered calm conditions. Please note,
that the direction of this wave sector indicates that they are travelling away from the site, and

therefore, they do not contribute to wave conditions in the study area. In terms of wave height,
each of the direction classes have been sub-divided into different sub-classes

As previously noted in Figure 16, Figure 17 shows that almost 80% of the energy comes from the
210 to 240 deg. N sector (E3). Some significantly smaller energy contribution can be observed in
the adjacent sectors, 180 deg. N to 220 deg. N (E2) and 240 deg. N to 270 deg. N (E4). The
remaining waves have an almost insignificant contribution to the total energy observed in this
offshore point. It is noted also that these smaller waves will also have negligible impacts with
regards to sedimant mobility and need not be considered further.

Figure 17: Schematisation of Oceanweather data point to derive morphological waves

using the EFM.
a @ B @ E @
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Source; Mott MacDonald, 2015

Table 1 summarises the selected morphological waves, with their corresponding wave direction
and peak period. Please note, that in the case of the calm condition, wave height, direction and
peak period were selected considering the most relevant processes to the project site. While a
large amount of the waves corresponding to the calm conditions are from the northeast direction
(Figure 17), as noted above, these waves would not have any effect on the site and therefore, the
calm condition direction was selected to be irrelevant to the study.
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Table 1: Morphological waves calculated with the EFM at the Oceanweather data point

Morphological Hs Direction Tp % of the total
wave scenario {m} {deg. N} (s) energy

025 ) 13
Spurce:  Matt MacDonald, 2019

2.6.3 Morphological waves boundaries conditions

Based on the relationship between wave height and hourly wind speed at the Oceanweather
point, estimates of the corresponding wind speed and wind direction were derived for each of the
morphological wave conditions. It is noted that only the wind-wave component of the wave data
was used to define the wind direction.

The relationship between the wind speed and the wave direction was found by fitting a regression
curve through the data, although there was a significant amount of scatter. The final regression
used correspond to wind speed = 6y/Hs

A similar approach was used to determine a relationship between the wind direction and the wave
direction (sea waves only): wind direction = 0.9842 « wave direction

The derived wind speed and direction for each morphological wave condition at the
Oceanweather data point are summarised in Table 2.

Table 2: Estimated wind speed and direction related to morphological waves conditions

Morphological Wind speed Wind direction
wave scenario (mis) (deg. N)
T A T PR
E21 - B39 0
68 225

E33 99 219

E34 e L 221

A 59 253

E42 85 254

E5-1 B4 8

61 , 63 L e A S
Calm Nowind  Nowind

Sourca: Mot MacDonald, 2019
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It is noted that the morphological conditions (wind and waves) were denved at the Oceanweather
data point located in the middle of the model domain, approximately 20km from the offshore
boundary (Figure 18).

Figure 18: Location of the Oceanweather data point with respect of the model boundary
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Source: Mott MacDonald, 2019

The maorphological waves, applied to the existing model boundaries (Figure 9), would be modified
by wind over the longer fetch and therefore, would tend to overestimate wave conditions at the
Oceanweather data paint. To overcome this issue, the wind field was applied in the SW model
module only east of the Oceanweather data point using wind maps appropriate for each of the

W/ simulated morphelogical conditions. An example wind map is shown in Figure 19. The final
morphelogical wave and wind conditions are shown in Table 3.

\
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Figure 19: Wind map example used in the morphological simulation to ensure that the
morphological waves, applied to the model boundary were not being modified by the wind
before the Oceanweather data point.
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Table 3: Morphological waves and wind conditions at the Oceanweather data point
(derived from hourly data)

Morphological Hs Direction Tp Wind speed Wind direction
wave scenario {m) (deg. N) is) (mis) {deg. N)

E1-1 056 174 11.1 59 171

£2.1 i 69 203

E2-2 2.89 209 122 102 206

EH 1.27 229 R 225

TR SR 224 RS T R T

£33 275 223 110 10.0 T
E3-4 341 224 114 11.1 221

Ed-1 097 mE 0 B 5.9 253

T R 1.90 %8 &8 85 254

Es1 1.14 286 60 &4 282

E6-1 1 3. 58 B L o

Caim 0.25 225 5 No wand Nt; wu.ud

Source.  Matt MacDonald, 2012
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2.7 Hydrodynamic (HD) module setup

The HO module was setup as described in Mott MacDonald, 2018, (396490-002-A) and the wave
radiation stresses (from the Mike 21 SW model) were added. This allowed wave-driven currants
to be simulated and enabled a more realistic simulation of processes resulting in an enhancement
te mobilisation and transport of sediment.

2.8 Spectral Wave {SW) module setup

The SW model was setup following the SW calibration, undertaken in Mott MacDonald (2018)
wave modelling report (38638-003-A). To allow the simulation of morphological conditions the
following changes were made:

# The model used the water level from the HD module, but was run without taking into account
the tidal current influences,

« Wind was included as a constant value applied only from the locations east of the
Oceanweather point (Section2 8.3), and

» Morphological waves defined the wave boundary conditions and were applied at the model
boundaries.

2.9 Sand transport (ST) module setup

Limited information regarding the sediment properties was available at this stage. The Factual
Geotechnical Investigation Report for Geotechnical Investigation for Pakistan FSRU Project
(STS, 2018) contained information regarding a barehole campaign in the area of interest. The
report is reviewed in more details in Chapter 3, but in general indicated that surficial sediment at
the Project site and other locations in the area, is dominated by fine sediment, mainly clay and
silt. Limited information regarding the sand fraction is available in the Factual Geotechnical
Investigation Report.

The MIKE21 FMST model was setup with the following conservative assumptions:

» A median grain size (dsa) of 0.17mm was selected, with a grading of 1.1 corresponding to fine
sand;

» The sand is composed of silica with a density of 2650 Ka/m?*,

s There is no morphological development of the seabed (e.g. erosion/accretion or bedforms)
and therefore, no subsequent feedback upon waves, hydrodynamic and sand transport
calculations (i.e. a fixed bed model);

« Sand depth (sand bed thickness) is unlimited and is available throughout the whole model
domain, and

s The model has zero sediment flux gradient at the boundaries.

The MIKE21 FMST model was forced both by waves, obtained from the SW module, and
tides/currents, from the HD module. Sand transport rates were derived using an efficient look-up
table pre-generated to define transport rates for any combination of water depth, bed slope,
current, wave condition and sediment property properties which are representative of the
expected range, and within the model domain.

2.10 Sand transport results

The large-scale and detailed annual net potential sand transport patterns for the study area,
obtained with the MIKE21 FMST medel, are shown in Figure 20 to Figure 22. Since it is assumed
that sand availability is unlimited across the whole model domain, the term “potential” has been
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used to indicate this. The annual net potential sand transport has been derived for all the
morphological scenarios, then factored together according to their percentage of occurrence
(Table 1).

The annual net potential sand transport vectars shown in Figure 20 indicate that as expected the
currents in the channels create a net ebb dominant sand transport direction. The nearshore sand
transport is generally driven towards the channels and then offshore. The intertidal areas in front
of the nearshore islands show that littoral and tidal transport moves sand towards and into the
main channels. Additionally, pathways can be seen that help form the sand banks which are
evident on the southern ends of Bundal and Muchak Islands, and the northern end of Khand
Island (see Figure 1).

The vectors show that sand transport into the dredged nearshore channel is predicted, and
therefore deposition would be expected. The patterns would agree with the existing dredging
records, were large amount of sediment is extracted from the southern areas of the nearshore
channel (Figure 2 and Section 2.2.2).

The high current velocities areas observed in deeper water (refer to the bottom of Figure 20) are
simply a reflection of the higher current velocities predicated by the model. The direction of net
sand transport is offshore and while the amounts of material being transported is subject to some
unavoidable uncertainty associated with the empirical nature of the transport formula, the net
direction is well defined in the model and thus provides confidence in the conclusion reaches
regarding sand accumulation in the approach channel.

Figure 20: Annual net potential sand transport patterns for the study area
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Figure 21 shows, in more detail, the annual net potential sand transport patterns in the approach
channel, While sand transport from the nearshore areas towards the main channel due to tidal
and waves forcing is predicted, sand availability will greatly limit local accretion.

Figure 22 shows the predicted annual sand transport patterns in the berths and turning circle. The
image indicates that in general the transport is southwards, due to the ebb dominance of the tidal
currents and thus if fine sand is available it is unlikely to accrete in these areas.

Figure 21: Annual net potential sand transport patterns for the approach channel
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Source: Mott MacDonald, 2019
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Figure 22: Annual net potential sand transport patterns for the berths and turning circle
area
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Source:  Mott MacDonald, 2019

To understand further the sand transport regime in the study area, the proposed nearshore and
approach channels and the berths have been sub-divided into a series of Analysis Boxes (Figure
23) both along their length and across their axes. Sand entering and leaving each Analysis Box
has then been used to calculate the annual sediment budget and the corresponding changes in
bed elevation.
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Figure 23: Pakistan FSRU sand transport Analysis Boxes. (a) analysis boxes in the nearshore
and approach channels; (b) detail of boxes in the approach channel.

Source: Mott MacDonald, 2015

The method used to estimate the sediment volume change for each of the Analysis Boxes (Figure
24) involves calculation of the sediment flux crossing the sides of each Analysis Box to obtain a
sand transport budget. Put simply, if more sand enters than leaves each box, accretion will occur
and vice versa. Assuming a sediment porosity of 0.4, the annual changes in bed level were
calculated using the resulting sediment volume change data in each Analysis Box.

1". "1\—)}:&:{; P& 11 September 2019
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Figure 24: Schematic representation of how the sediment deposition or erosion is
calculated for each Analysis Box using the sediment flux across each section and the area
of each Analysis Box. The sedimentation is estimated for one year with a sediment
porosity value of 0.4

i o - = = Tl - arm - e -

Source; Mot MacDonald, 2019

Sand budgets were obtained for all the Analysis Boxes and for all morphological scenarios by
considering the net sand fluxes into/out of each box. Average erosion/accretion rates were then
derived over the area of a given box. As previously described, the results were then factored
together to give an annual erosion/accretion depth using the corresponding occurrence of each
scenarios (Table 1).

The results of this box analysis are shown in Figure 25 The figure indicates significant depasition
in several areas of the nearshore channel and the proposed approach channel. This deposition
ranges from less than 1m to up to 3.5m in one year.

ﬂ's\ 11 Sagtember 2019
- Sk
B

\

42 /192



Moit MacDonald | Confaerial | Pakistan FSRU FEED Phase
Sediment Transpon

Figure 25: Total annual average bed level change for the entire study area.

Mot MacDonald. 2019
MNaote: Positive numbers are showing accretion, while negative numbers are indicating erosion

2.101 Sedimentation in the nearshore channel
When interpreting the sand transport predictions, it should be kept in mind that:

« The model assumes an unlimited sand supply available

# The morphological (representative) conditions do not account for infrequent extreme events
explicitly;

¢ Fluvial sediment inputs are unknown and assumed to be zero

1‘ ‘l.ll__}q'_. 0 504 | P8 | 11 Sestember 2015
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+ Owing to extensive water extraction for irrigation and dams at many locations along the river
caurse, the delta area around the project site now receives very little sediment from fluvial
sources. Consequently, the seaward limit of the delta is now subject to moderate erosion.
During the flood tide, modelling shows there is sediment ingress into the tidal channels around
the project site. In the case of sand size sediments, the ebb-dominated flows act to flush
material imported primarily as bedload during the flood tide seaward again so that there is little
or no net deposition. In the case of cohesive material, this remains in suspension and is easily
transported into and up the tidal channels where is can deposit in favourable conditions.
Depending on the location, the subsequent ebb tide may not have stuffiest velocity to
resuspend this material; and

» Account is taken of sand-sized sediments only. In the upper reaches of the approach channel,
cohesive sediments dominate.

Maoting carefully that the sediment budget calculations take a conservative view and assume an
unlimited source of sandy sediments, Figure 26 shows the calculated potential annual bed level
change for the nearshore channel. In general, it shows a combination of accretion and erosion
areas in the dredged channel, with deposition in the range 3.5m to 4m in some areas {e.g. Box
16-1). The areas with deposition are correlated with the transport patterns previously shown in
Figure 25, and are related to sand transport into the channel from shallower areas
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Figure 26: Total annual average bed level change for the nearshore channel.
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Jonald, 2015
Mote: Positive numbers are showing accretion, while negalive numbers are indicating erosion

The deposition rates cbtained have been compared to the anecdotal evidence of dredging records
provided by JGC (2013) and previously described in Section 2.2.2. According to the information
presented in Figure 2, the annual nearshore channel dredged volume is between 4 million m? and
5 million m? per year, after the monsoon season.

The results obtained in this study indicate a sand deposited volume in the nearshore channel of
the order of 1.8 million m* over the simulated year. This number is about 2.5 times lower than the
dredging records. However, it is important to understand that dredge volumes and MIKE 21 FMST
mode| predictions cannot be directly compared since:

s« The MIKE 21 FMST model predictions only consider sand and the anecdotal dredging records
do not provide any information regarding the characteristics of the dredged material, grain size
or water content to discriminate the percentage of sand; and
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s |tis assumed that the dredge data are yearly records, However, the timeling is not confirmed.

The results obtained in this study are also in agreement with the volumes reported by Hennessy
el al. (2002) study. which reference dredging volumes of 2.5 millien m® per year.

While the existing uncertainties prevent direct comparisons between model predictions and
dredging data, the agreement is sufficiently close to conclude that model predictions are
reasonably reliable if one assumes sediment deposition in the nearshore channel is a combination
of sand and mud.

2.10.2 Sedimentation in the approach channel and berths

Smaller sand deposition rates are predicted in the approach channel, (Figure 27). The results
indicate a maximum deposition up to 2m, mainly in the areas close to the islands. As shown
previously in the sediment patterns, Figure 21, there is a sediment transport pathway driven by
tide and wave action, from the nearshere islands into the channelg, leading to the deposition in
the approach channel.

In the area of the turning circle and the berth, no significant sand accretion is observed. Indeed,
there is actually some evidence of erosion associated with the local increasing in flow speeds due
to the enlargement of the tidal prism. It should be noted however that the evidence suggests that
cohesive sediment exists in and around the berthsfturning circle and therefore these results
require further examination using the mud transport model presented in Chapter 3.

In terms of potential sand deposition volumes, the results are showing a depasition of the order
of 1.2 million m? over the simulated year, from Box 1 to Box 11. Figure 27 also provides an
indication of the areas where accretion is likely to happen and where the dredging effort should
be focussad.

As with all sediment modelling, due to the number of assumptions and the modelling limitations,
it is good practice to consider a safety factor when the estimated volumes are used to determine
dredging requirements in order to take into account, the model limitations and the selected
approach

Figure 27 provides an indication of the areas where accretion is likely to happen and where the
dredging effort should be focussed.

Annual sand accretion of the order of 1.2 million m?is predicted in the approach channel.

“-“:Ill Jﬁl‘k};héi;?d | P& '._ 11 Seplember 2010
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Figure 27: Total annual average bed level change for the approach channel and berths.
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Mote: Positive numbers are showing accrefion, while negative numbers are indicating erosion.

2.11 Summary and conclusions

A MIKE21 FMST sand transport model for the Pakistan FRSU = FEED, was setup to determine
the sand transport regime in the study area. The model was also used to understand accretion
rates in the dredged nearshore and approach channels and berth facilities

Since the primary aims of the work is to better understand sediment mobility and how this may
impact on channel sedimentation, the schematisation of hydrodynamic and wave conditions was
undertaken using the morphological tide and wave cencept. In the case of the tide, a 25 hours
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period was selected for the simulations since the study area is driven by mixed diurnalisemi-
diurnal tides

In addition, the effect of the wave-driven currents has been included in the model, since it was
considered potentially impaortant in the nearshore areas around the islands, Wave-driven currents
could be an additional source of sediments into the dredging channel and in order to be
represented in the model, the mesh resolution in the nearshore areas was increased to 25m, as
per the project site mesh resolution,

The results of the modelling indicate that:

= There are important potential net sand transport pathways, both in the nearshore and in the
approach channel which can lead to sediment deposition. The nearshore sediment is generally
driven towards the channels and then offshore creating deposition in the channel and an
intertidal sandbank growing in an offshore direction;

» The predicted sand accretion location in the nearshore channel agrees broadly with the
existing anecdoctal dredging records;

# The results indicate annual accretion of up to 2m in the entrance to the approach channel,
mainly in the areas close to the islands,

# In the area of the turning circle and the berth, no significant sand accretion is observed, and
there is evidence of localised erosion. The accretion of cohesive sediments at this location is
considered in Chapter 3; and

» Annual sand accretion of the order of 1.2 million m*is predicted in the approach channel. In
the nearshore channel the annual accretion is estimated of the arder of 1.8 million m* over the
simulated year,

When interpreting the model results it is important to understand the model limitations. At best,
sand transport modelling is accurate to a factor of two or three but can be subject to larger errors
in some circumstances (cf. Schocnees & Thercn, 1995, Camenan & Larroudé, 2003; Winter,
2007, Papanicolaocu et al., 2008; Amoudry & Souza, 2011). Further, taking a conservative view,
it has been assumed that sand is unlimited in availability (from erosion) and for deposition. Any
hard, non-erodible substrate will act to reduce the sand transport potential. The presence of
cohesive and cother material will increase the potential rates of deposition. The sand transport
result should be freated therefore as being indicative since the sand transport rates obtained
using the model are based on assumptions about the size, density and availability of mobile
sediments.

The results presented have been estimated using a morphological medelling approach
representing the typical annual wave and tidal conditions at the site. The impact of storms, and
their effect on the sedimentation in the area, has not been undertaken. Extreme events by their
nature will enhance sedimeant mability for relatively short periods and it is highly recommended
that they are investigated as part of the detailed design.

il_‘};:sm}!ﬂ o4 | FE 11 Seplemier 2019
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3 Mud Transport Modelling

31 Introduction

Suspended sediments at the project site comprise: (a) resuspended fine, mainly cohesive

sediments which are mobilised from the bed during peak tidal flows; (b) suspended sediment from

sources upstream (east) of the Project site; and (c) suspended sediments from sources

downstream (west) and offshore from the Project site, Together, these sources combine and give

rise to the observed suspended sediment concentrations (SSC) at the Project site. Using the

MIKE by DHI mud transport module (MIKEZ21 FMMT, hereafter termed the MT model) driven by

the existing calibrated MIKEZ21 FMHD model, (hereafter termed the HD model) the modelling work

reported here aims to reproduce as closely as possible the temporal and spatial variations in SSC

| measured in March 2019 (Section 4.3.1). Using this calibrated model, with an update to the

bathymetry to represent the proposed layout, it has been possible to identify areas of sediment

et accretion and thus provide guidance on the likely maintenance dredging requirements for the
FSRU facility.

This section of the report:

= Provides available background infarmation to inform the interpretation of sediment dynamics
around the Project site;

= Details the establishment, calibration and validation of the MT model for baseline conditions;
and

= Prasents results from the MT model for the Project. focussing on changes to sedimentation
processes and on the likely maintenance dredging reguirements.

It is noted from the outset that in common with many studies of this nature, the availability of data
relating to bed sediment composition and the concentration and provenance of suspended
sediments are extremely limited. While these data limitations have been supplemented by field
measurements and laboratory analyses, it has been necessary to make a range of broad
assumptions during the model build and calibration phases. These assumptions are based an
experienced gained in past studies and the skill and knowledge of the modelling team and have
been examined systematically in several sensitivity analyses reported below. This approach
provides a well-founded basis for subsequent comparative studies of scheme impacts for this
strategy.

The MT module is based on the cohesive sediment formulae from Mehta et al. (1989). The model
is driven by the HD model-derived currents that define the bottom shear stress and include
descriptions of bed sediment strength, sediment entrainment and deposition thresholds and
suspended sediment settling velocities (accounting for flocculation and hinderad settling,
Lumborg ef al., 2012). The MT module is appropriate for estuaries where a large proportion of the
sediments have cohesive properties. As reported in Section 3.2 4, the area encompassing the
Project site is dominated by mudflats composed of clays and silty sands and remnants of
consolidated sediment. Use of the MT model is thus appropriate for these conditions.

’_-i-'—i?}?}m&;:;d | PB 11 Seplemzar 2074
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3.1.1 Study area

As described in the Sand Transport modelling chapter. the study area encompasses a nearshore
channel, an approach channel and the project site. These sections are shown in Figure 28

Figure 28: Study area

. b

Source: Mott MacDonald, 2018

However, for the Mud Transport modelling, it is important to identify the different creeks and
channels that are part of the estuary. The suspended sediment concentrations available in the
iterature are always related to the creek's names, and therefore, the image below has been
added to help to locate and relate the information

\ ,_"L_“i:l‘ﬁ* 304 | PE | 11 Sepiember 2019
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Figure 29: Creek, islands and channel in the study area.

Source. Mott MacDonald, 2015

3.2 Background

3.21 Geology and geotechnical

The geology of the project site comprises guaternary deltaic deposits of fine sands, silt and mud
and forms part of the extensive Indus delta (Figure 30, Global Environmental Management
Services - GEMS, 2017).

Figure 30: Geology of the Project area

e e
.. e e . 2
|:| Quaternary deltaic and tidal deposits
e Project sile

Source:  Hagler Bailly Pakistan, 2016
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3.2.2 Suspended sediments

Total suspended sediment (TSS) concentration and turbidity were measured on 11 March 2017
at four locations (Figure 31, Table 4) and reported in GEMS, 2017. The measurement locations
are north east of the Project site in Phitta Creek and may not therefore be representative of the
local conditions for the present study.

The relationship between reported TSS values (in units of mg/l) and turbidity (in nephelometric
turbidity units, NPU, Table 4) is weak, indicating that backscatter readings from the turbidity meter
are influenced by both organic and non-organic suspended sediments. Unfortunately, no further
information is provided in the GEMS (2017) report to reconcile this.

Figure 31: Location of TSS and turbidity measurements, 11 March 2017
= F, = . " - E

Source: GEMS, 2017

Table 4: GEMS suspended sediment sampling results — 11 March 2017

Sample 1 Sample 2 Sample 3 Sample 4
North 247 45 580" 24° 46' 00.0° 24° 46' 24 0" 24" 45 3.5
Eas! - 67° 16' 36.4" 67" 17 02.6° 67 16' 59.4" §7° 17 25.0°
TSS (mgh) 12 m <5 12 '
Turbidity (NPU) 4 2 i 8

Source: GEMS, 2017

Suspended sediment concentration values measured monthly at two locations in Phitta Creek
(Figure 32) are also reported by Naz ef al. (2014) for the period January 1988 to December 1898
These samples were obtained as part of a study locking at meso-zooplankton and other biclogical
components of the suspended sediments and no information is provided regarding the sampling
or analysis methodology. It is possible that this was unsuitable for TSS per se. Table 5 shows
concentration values less than 1.0mg/l and the minimum and maximum TSS values are around
one order of magnitude less than the GEMS data (Table 4) Unfortunately, there is insufficient
information to enable reconciliation of these data differences.

The above research also refers to the Rizvi ef al. (1994) study, which found higher suspended
sediment concentrations due to the southwest monsoon (May to August), up to 110-115 mg/l in
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Gharo Creek, and lower values during March, September and November. According to the
research the higher suspended sediment load is due to the greater tidal flows and wind speeds.

Figure 32: Location of sediment samples in Phitta Creek.

r 3 A

Source: led fr

L

Naz ef al., 2014

Table 5: Suspended sediment concentration values from Phitta Creek

81 52
mean min max mean min max
Concentration (mg/) 0.69+0.05 0.01 0.20 0.065+0.04 D.01 0.02

Source: Maz et al. (2014)

According to Environmental Impact Assessment for the Engro Fast Track LNG Regasification
Project, prepared by Environmental Management Consultants (EMC) in 2014, the suspended
sediment concentration in the creek areas have an annual range of 25-170 ma/l. The higher
values are observed, similar to the previous research, during the southwest monsoon period (May
to August). The average suspended |oad during June-July was, according to the report, between
80-115 mag/l. However, EMC ({2014) reported higher values (115-170 mg/l) at some places in the
Phitti/Koragi /Kadiro creek system. Lower suspended sediments concentrations (25-50 mg/l) were
recorded from September to March each year. The research indicated that the suspended load
in the creeks also exhibits variations with the degree of turbulence dunng the tidal cycle.
Furthermore, during the flood season (June to September) in the Indus River {located 100km
south of the site), the suspended load rises to about 400 mg/l in Khobar Creek. Please note that
no information is available regarding how the above data has been collected.

In addition, according to Harrison ef al. (1997), the suspended load in Isaro Creek ranged from
about 100 to 180 mg/l (measured in 1991, but no addition information available). Harrison ef al.
(1987) explains the high suspended load in the creeks are because of the fine sediments (about
5 % sand, 75 % silt and 20% clay). These fine sediments are easily suspended by high tidal
currents (0.5 to 1.5 m/s) caused by semi-diurnal tidal ranges of up to 4 m during spring tides

All the above available information has been plotted in Figure 33. Please note that the locations
of the suspended sediments are approximated. and they should be only used as a general
guidance for the potential suspended sediment concentrations observed in the creek system.
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Figure 33: Approximate location of suspended sediment measures available in the
literature.

115-178 mgh

000 50154 mg
' "

Scurce: Mott MacDonald, 2018

The uncertainties associated with data discussed above therefore demonstrates clearly the need
to acquire in situ suspended sediment information at the Project site to avoid ambiguities during
the MT model calibration process. This has been addressed by the surveys undertaken by TCl in
March 2019 (Section 3.2.2).

3.2.3 Dredge volumes

As previously mentioned in the Sand Meodelling Chapter (Section 2.2.2), information provided ta
Mott MacDonald by JGC on 18 February 2019 details anecdotal dredging records for the
approach channel to the Project site. While providing a broad indication of possible dredging
reguirements, and while they have some value, they are of anecdotal nature and therefore must
be interpreted with caution.

3.24 Borehole information

The STS (2018) report provides information on sediment core analysis for 9 locations: BH-01 to
BH-04 at the Project site and BH-11 to BH-15 in Phitta Creek (Figure 34). Information from the
borehole repert has been extracted and used to define several MT model setup parameters

RS s

54 /92



Mot MacDonaid | fidantal | Pakistan FSRU FEED Phase el
Sedimen Transpart

Figure 34: Location of boreholes BH-11 to BH-15. Boreholes BH-1 to BH-04 were at the
Project site.

Source: ST3, 2018

Table 6: Summary of near-surface sediment properties at Locations BH-01 to BH-04

Sediment BH-01 BH-02 BH-03 BH-04
Sand depth MNone Mane Moz None
Clayisilt depth 0 to 6.8m 0 to 4.5m 0to7.5m Q1o 4.0m

Source: STS, 2018
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Table 7: Summary of near-surface sediment properties at Locations BH-11 to BH-15

Sediment BH-11 BH-12 BH-13 BH-14 BH-15
Sand depth 0 to 10.5m MNone 0to 3.5m 1.0t0200m Oio1.5m
Clay/siit depth MNone D25 None 0to1.0 MNone

Source: STS, 2018

Table 8: Description and properties of surficial sediments from borehole data at sites BH-
01 to BH-04

e

e
#D““)‘L;‘ |78 11 September 2018
v 2 e
-

Location Description Sand (%)  Silt (%) Clay (%)
BH-01 Clay I Siit: brownish grey, siity clay / clayey 6.6 45 4 458
~ sit racesofsand 28 515 457
= 28 587 385
5 425 525
76 59.9 331
BH - 02 Clay /Siit- brownish grey, very soft, a2 43 535
) silty clay / clayey sit. traces of sand 42 515 ' -3
32 414 554
32 343 62.5
BH-03 Clay | Silt: brownish grey, very soft, sity 8.8 455 457
 clay  clayey sit, traces of sand 48 506 358
s 86 443 a5
46 595 ear
74 435 431
B_H_- I:H Clay: brownish grey, silty, traces of sand . _9.2 419 48.9
e 64 55 481
42 34 618

Source: STS, 2018

Data in Table 7 and Table 8 indicate that surficial sediment at the Project site and at more distant
locations are dominated by fine sediment. With clay content by percentage exceeded 50% in most
case (Table 8) the physical behaviour of the material will conform to typical cohesive sediments.
Using these data, the density of surficial sediments was determined to be in the range 1,300 kg/m?
te 2,005 kg/m?. These values provide some guide for subsequent MT model calibration, especially
in terms of the deeper and more consclidated sediment layers.

3.3 MT model setup

Following DHI guidance the MT model was set up using all available information and estimates
of several required site-specific parameters including the threshold for erasion and accretion and
for bulk density. Following standard practice, the model calibration was undertaken iteratively,
using successive model results to guide adjustments to key MT parameters (erosion/accretion
properties, bed thickness initial conditions, initial SSC, boundary conditions, etc.) and to define
the initial conditions for subsequent MT model runs. By this means, it was possible to converge
the 55C values predicted by the MT model towards values defined by the calibration data (SSC)
described below. The selection of initial values for MT parameters was guided by DHI
recommendations and the experience of the modelling team in other projects.

Our approach to calibration of the MT model has been founded on what we believe to be the most
reliable data available, albeit limited in spatial and temparal extent to achieve the best modelling

o
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outcome possible. However, it should be specifically noted that it is well recognised that without
extensive data defining the nature and behaviour of the estuarine sediments, the establishment
of an accurate MT model is extremely difficult to achieve. Nevertheless, although the model is
unable to provide accurate specific values for sediment erosion and accretion it will allow
assessment of the relative changes that may result from the FSRU Project. It is considered
therefore that the model has a capability to address concerns associated with potential changes
to sediment budgets and morphology, and the associated maintenance dredging as required in
this study.

The MT model calibration aimed fundamentally to optimise agreement between model predictions
and measurements of suspended sediments at the three sampling locations. Calibration of the
model for suspended sediments was undertaken for Spring and Neap tides.

The calibraticn period selected was:
= Spring tide: 21 to 23 March 2018 — Tide range of approx. 2.8m (at Port Qasim); and
The validation period selected was:

» Neap tide: 29 to 31 March 2019 — Tide range of approx. 1.4m (at Port Qasim).

3.31 Calibration and validation data

Although an extensive review of the published literature was undertaken to identify suitable
datasets, only a limited amount of data was identified as being suitable for the purposes of
calibrating the model.

3:3.11 Suspended sediment concentrations (S5C)

Suspended sediment data was collected for a spring tide (21-23 March 2019) and neap tide (29-
31 March) by TCI. The data were collected at three locations (Figure 35) using Niskin Boitles. At
each location, the water samples were obtained at two depths (near-bed and mid-water) over a
13-hour period (Low water to High water to Low water) at 30-minute (MET1), or 1-hour intervals
(MET3 AND METnew). For additional information regarding the survey, please refer to the TCI
(2019) report.

/’/’tﬂg’;ﬂ 11 Sestamber 2019
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Figure 35: Suspended sediment samples locations

\/

“/

MNew T55 sampling site —
MET New

Source:  Matt MacDonald, 2019

Table 9 provides a summary of the suspended sediment sampling campaign

Table 9: Suspended sediment sample campaign summary

MET1 MET3 MET New
Location — 67.212878, 6722972222, 67.19104444,
Longl st (WGEDG) 24, 720502 i s 24.8980500
mp:ﬁ’;mwﬁg } 145 75 247
Sping sample. . 2Mach  21"Marh 2 Marn
MNeap sample 30" March 29" March 31" March
Sampﬂm interval 0.5hr 1hr 1hr

Source: Mot MacDonald, 2019

The S5C results are shown in Figure 36a (spring tide) and Figure 36b (neap tide) for the three
locations, including the modelled water level for the project site. Please note that due to the
proximity of the sample locations, the water level at the site has been used as a reference for the
three locations.

The sample results show that, in general, background SSC values range between 20mg/ to
40mg/l. This is similar to the values reported by EMC (2014), which quotes SSC values of the
order of 25-50 mg/l from September to March

The results indicate that there is no clear pattern between the bottom and the middle water depths
S50 values. The samples show similar S5C values for both the bottem (red lines) and the middle
water depths (blue lines), Figure 36, but there is no evidence that indicates higher SSC values at
the bottom or the middle water, which could potentially indicate that there is good mixing in the
water column.

fﬂ-’{ L | P&Y 11 Sepember 2018
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The S8C time-series also show short peak concentrations for the spring tide during the ebb phase
(Figure 38a). The peaks concentrations are both in the middle and bottom depths samples,
depending on the location. Again there is no clear relationship between bottom and middle water
S5C values.

The spring tide SSC values are plotted against the current speed and the water level at each
sampling location in Figure 37. Please note that the currents were extracted at each sample
location to ensure the correct comparison between sediment concentrations and phase of the
tide. The figure shows that the peak concentration tends to occur during the ebb tide, generally
close to the peak in the current speeds. This suggests that the recorded peak concentrations
could be related to local erosion of the bed close to the sample location. This increase in the S5C
values is not observed during the flood tide, potentially due to the smaller current speed.

The sample results are, in general terms, in agreement with the ebb dominance of the estuary in
that the peak of S5C is observed to occur during the ebb tide. In addition, the peak in SSC can
be observed in all three samples, which provide seme confidence in the measured data,

Itis important to note that the results do not show a clear influx of 3SC into the estuary. The influx
of offshore sediment would be expected at the METnew location during the flood tide phase if
sufficient suspended sediment was available. However, there is no evidence for this which
suggests that, at least during the sampling period, the suspended sediment in the estuary is re-
worked local sediment, with little or no input of sediment from the coastal area.

During monsoon seasons, the suspended sediments concentrations in the estuary are expected
to increase and be more influenced by the offshore availability of material. A sensitivity test
regarding the effect of the monsoon season has been undertaken as part of the model calibration
and is reported in Section 3.7,
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Figure 37: Suspended sediment concentrations at the three samples locations for the
spring tide, plotted with water level and current speed for each site. Please note that
100mg/l are equivalent to 0.1kg/m3.
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3312 Turbidity measurements — Aqualogger

To measure turbidity, a measurement device, Aqualogger, was deployed at MET1 station from
the 15" of March 2018 until 1# of April 2019 to obtain time-senes SSC data for single location as
part of the TCI survey campaign. The turbidity measurements were used to derive S3C after the
instrument calibration. For additional information regarding the calibration and the derivation of
the SSC, please refer to TCI (2019) report.

The measured SSC time-senes provided by TC| (2019) are shown in Figure 38. Longer SSC
time-series are not available at this time. Figure 39 compares the Agualogger data with the SSC
values derived from the Niskin Botile samples. Please note that the Agualogger data was digitized
from the TCI report, as the raw data was not provided.

Figure 38: Aqualogger results of SSC (mg/l) — Please note that the time axis is in local
time (GMT+ 5 hours)

SPRING TIDE CYCLE 2157 MARCH L100WES - 22ND MARCH 2300MRS

WATFE I TUEL |

ACQUA LOGGER S5C 215T MARCH 1100HAS - 22ND MARCH I I00HRS

Source: TCI, 2019
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Figure 39: Niskin bottle SSC (black lines) compared to Aqualogger S5C (red line) for the
same location and time. Please note that the model S5C is expressed in kg/m?® instead of
mg/l — 0.1ka/m? is equal to 100mg/l.
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From Figure 39, it can be noted that there are discrepancies between the two datasets. The S3C
obtained using the Agualogger are considerably smaller than the data recorded using the Niskin
bottles. VWhile both datasets indicate peak concentration during the ebb tide, Niskin bottle data
are three to five time higher than the Aqualogger data. While the reasons for this disparity cannot
be determined, it is understood that TCI used water samples to calibrate the Agualogger data and
thus much better agreement between the two data sets would be anticipated

Being unable to reconcile the differences between SSC values from the Aqualogger instrument
and the MNiskin bottles a decision was made to calibrated the MT model using the S3C values
from the Niskin bottles, This decision was based on the observation that: (&) the higher 35C
values from the MNiskin bottle sample analyses represents a more conservative approach; and (b)
the analysis used to obtain SSC values from the water samples is simple and usually reliable
unlike the Agualogger data which can be compromised by materials in the water column other
than cohesive sediments (e.g. algae) and requires a calibration procedure to derive S5C values.

3.4 Mud Transport model inputs and parameter setting

In the MT model the erosion, transport and accretion of sediments is governed by the
hydrodynamic conditions derived from the HD model. The bottom sadiments are described using
three vertical layers with each layer having a defined thickness, a bulk density value and threshold
erosion/accretion properties and rates. The bed layers are organised so that the “weakest" layer
itypically fluid mud or newly deposited sediment) is defined as the uppermost layer. Layers
beneath this have increasing bulk density and shear strength to reflect the natural consclidation
and compaction of cohesive sediments. The properties of these layers are defined further in
Section 3.4.2 If mobilised the sediment is transported by the currents predicted by the
hydrodynamic madule,

Two diagrams showing how the mud transport model parameters are defined and the main
processes are shown in Figure 40,
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Figure 40: Mud transport model parameters and processes
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3.41

Critical bed shear stress values are defined in the MT model to describe when the suspended
sediment will start to ercde or accrete. Following MT model guidelines, the critical shear stress
for deposition was defined as being constant throughout the model and set to 0.1 N/m?2. This is a
calibration factor, which is at the upper end of the appropriate range, but one that would be mare

T

Hydrodynamic and suspended sediment parameters

04 | F"E"'I 11 Septemier 2010
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conservative for estimating deposition.  In reality, the threshold bed shear stress for erosion and
accretion may be different (cf. Whitehouse ef al., 2000).

in the MT module, the model uses a constant settling velocity when suspended sediment
concentrations are below 0.01kg/m®. Abowve this concentration, the model calculates a settling
velocity value that depends upon the suspended sediment concentration in the water column,
accounting for the flocculation of the suspended sediment particles when the ambient conditions
are suitable, and for hindered settling when particle concentrations are sufficiently high.

3.4.2 Bed parameters

As there is insufficient information available to define the variability in either bed or suspended
sediment properties across the model domain, for simplicity the erosion and deposition
characteristics of the sediments in the MT model are defined as being spatially invariant. Thus,
the properties of each of the three sediment layers across the MT model domain are defined as
being constant in composition

Appropriate values for the erosion coefficient, critical bed shear stress and dry bulk density of
each layer were estimated using recommended empirical equations in Whitehouse ef al. (2000)
and the information available from the boreholes. A transition coefficient (representing
consolidation) can be used in the MT module to determine a rate at which the properties of the
sediment from upper layers are transformed to that of the sediment in lower layers. This coefficient
was set to a value of 107 kg/m#/s for the transition between layer 1 and layer 2, and a value of
107 kg/m?fs for the transition between layer 2 and layer 3. These values are founded on
experience and broadly in agreement with DHI recommendations, where transition values
between 10-% Kg/m/s and 10-% Kg/m?/s are indicated (DHI, 2006). It is noted that in the MT model,
the consoclidation of bed sediments is generally only relevant over times-scales of several weeks
or more. Therefore, over the period of the present simulations, changes in bed consolidation were
expected to be negligible and thus will have little impact on the model calibration and results.

As limited information was available to define the density of the sediment around the Project site,
the borehole information (Section 3.2 4) was used in combination with the recommended values
in the literature. It is important to note that the boreholes do not provide information for the
superficial recently deposited sediments, but instead represent the nature of the slightly deeper
consolidated material,

To account for different sediment consclidation in the MT model, the density of the three layers
were variable with a value of: (a) 100 kg/m? defined the uppermost soft unconsolidated layer: (b)
400 kg/m? for the middle layer; corresponding to medium consolidated bed (1 month to 1 year
consolidation);, and (c) 1000 kg/m? for the deepest, most consolidated third layer (Table 10), The
density of the third layer is of the same order of magnitude as reported in the borehole information

Table 10: MT model parameter settings

Layers Layer Thickness  Erosion Critical Sheer Dry Density
{m} Coefficient x 10¢  Stress
(kg/im?is) {Nim?) (kg/m?)
1 0. 0.2 04 100
2 0.20 1 o S
3 1000 1 3 1000

Source; Whitehouse et al,, 2000, Mott MacDonald, 2015

After the initial MT model run, the thickness of the sediment layers was adjusted using a data
post-processing routine so that sediments were not present at locations where the peak bed shear
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stress exceeded the critical stress for erosion of a given sediment layer. It is considered that this
approach approximates to what would naturally happen if a uniform sediment bed was exposed
to the variable bed shear stress distribution in the estuary. This is used as a starting bed layer
map for a "cold start”" simulation. The initial conditions for subsequent simulations, were then taken
from the end of the “cold start” simulation,

3.4.3 Boundary conditions

It has been assumed that the sediment available in the estuary is re-worked sediment from the
estuary itself. Owing to extensive water extraction for irrigation and dams at many locations along
the river course, the delta area around the project site now receives very little sediment from
fluvial sources. and therefore, no fluvial input has been considered in the model. There is no
information regarding the offshore suspended concentrations to define the model offshore
boundary. It has baen assumed that these concentrations are very small, of the order of 15mg/|
for a non-monsoon period.

3.5 Calibration - Spring tide results

Calibration involves varying model parameters, boundary conditions, bathymetry, bed and
suspended properties such as erosion and deposition thresholds, densities, etc., to reproduce
real world data as accurately as possible within the model requirements and limitations. Model
calibration was undertaken using the Niskin bottle results, as described in Section 3.3.1,

The final model calibration is shown in Figure 41 for the 3 sampling locations during the Spring
tide period. Please note that sensitivity tests were undertaken in order to determine the final
calibration parameters. These sensitivity tests are described in Section 3.7. In general, predicted
SSC values have the same patterns over the tidal cycle. Peaks in concentrations are obsarved
during the ebb tide, especially at MET1 and MET3. Background concentrations are lower,
between 20 to 40mg/l, as per the measured data. There is a slight delay in the modelled peaks
of 85C. Hhowever, the peak magnitudes are of the right order. This is clearly observed in MET1
and MET3 results.

It is noted that the maodel results for METnew do not repreduce the short peak of SSC observed
in the measured data (which is only present in one observation). The model produces a later and
longer peak in S5C during the late ebb and early flood in the tide. While being slightly out of
phase, the concentrations simulated by the madel are of the right order of magnitude, bath for the
peaks and the background concentrations.

The phase difference between the observed and modelled S5C peak values can be attributed to
a range of possible factors, for example: (a) passing vessels or other local bed disturbances that
artificially elevated SSC values at the time of the water sampling; (b) advection of higher
concentration of suspended sediment at the time of sampling (e.g. fast flowing water runoff fram
an adjacent creek); and bed disturbance and local resuspension caused by the sampling process
itself.
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Figure 41: Comparison between measured (black line) and modelled (red line) suspended
sediment concentration during Spring tide conditions at the sampling locations. Please note
that the model S5C is expressed in kg/m® instead of ma/l — 0.1kg/m? is equal to 100mg/l.
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It is impartant to note that the main aim of the MT model is to determine the spatial and temporal
behaviour of cohesive sediments at the project site and to understand the potential deposition
expected so that potential dredging requirements can be estimated. While the short peaks in SSC
are impartant it is equally important that the model is able to simulate the observed background
SS8C values accurately as these determine the rate and amount of accretion at the project site. In
this regard the MT model calibration has achieved good agreement between observed and
predicted SSC behaviour.

3.6 Validation — Neap tide results

Validation is the process of comparing the model against a different set of data (or tidal range)
using the model parameters/setup derived during the calibration to prove that the maodel is robust
enaugh to be applied to different periods of time or input conditions. Validation was also
undertaken using the SSC data from the Niskin bottle measurements reported in Section 3.3.1.
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The final model validation is shown in Figure 42 for the 3 sampling locations during the Neap tide
period. The figure shows that due to the lower current speeds, there are no SSC peaks during
the ebb flows. The figure also shows that the background concentrations are generally lower with
a value arcound 20mg/l. The simulated medel results show similar concentrations to those
measured on site, although the model results under predict the SSC slightly. In general, however,
cancentrations are very small with the model predicting 10mg/l, while the measured data is around
the 20mg/l over these neap tides,

The slightly lowear concentrations predicted by the model during the validation stage may be
related to the deposition threshold value being a little too high, This reduces the amount of
sediment in suspension. Since no information regarding deposition rates is available at this stage,
the potentially larger deposition is considered to be conservative in this case, since the model aim
is o determine the potential for accretion of the dredging channels. Deposition from such low
concentrations is also considered to be small.

Figure 42: Comparison between measured (black line) and modelled (red line) suspended
sediment concentration during Neap tide conditions at the sampling locations. Please
note that the model S5C is expressed in kg/m? instead of mg/l - 0.1kg/m? is equal to
100mag/l.
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3.7  MT model sensitivity tests

Model sensitivity tests seek to establish and to guantify how the MT model output values are
affected by changes to the model input values. Although constrained by data awvailability,
sensitivity tests have been undertaken to assess model responses to uncertainties in:

+« Sediment seitling velocity; and

+ Monsoon season.

371 Settling velocity

The settling velocity is dependent on the size of the particles in the water column. If the
concentration of suspended sediment is high encugh, other factors act such as salinity and/or
temperature changes can affect the physical and dynamical properties of the suspended
sediment (e.g. flocculation). When this happens collisions between particles/flocs will increase
and floc size will increase further leading to higher settling velocities,

In the MT module, the settling velocity is constant when suspended sediment concentration
values are less than 0.01kg/m?, Above this concentration value, the MT mode! defines the settling
velocity by accounting for the SSC value and the shear stress in the water column, so that
flocculation of the particles is included. In the sensitivity test, the settling velocity coefficient in the
model was varied fo determine its effect on SSC values. Figure 43 shows the concentration profile
when flocculation is included in the model and it highlights the settling velocity coefficient used in
the sensitivity test

Figure 43: Applied concentration profile when flocculation is selected in the MT module.
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As expected, and as shown in Figure 44, increasing the settling velocity coefficient in the model
by 45% from 7.5 to 12, the predicted SSC decreased. The figure indicates that slightly lower
concentrations of sediments are predicted at MET 1 sampling location, with differences between
the 5 to 10mag/l.

Thus, while settling velocity has been demonstrated to control to some extent S5C values, the
effect is significantly smaller than the variation in observed concentrations. Therefore, for the
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range of settling velocity values tested, it was judged to have relatively little effect on the overall
sedimeantation regime. Please note that Figure 44 shows sensitivity test results and not the final
calibration run.

Figure 44: Modelled suspended sediment concentration during Spring tide conditions
MET1 sampling location. The predicted SSC values using an increased settling velocity
are shown by the green line. Please note that the model SSC is expressed in kg/m3
instead of mg/l — 0.1kg/m3 is equal to 100mg/l.
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Since no information regarding settling velocity was available, it was decided to set the settling
velocity coefficient to 7.5 to ensure that, especially during neap tide, not all the suspended
sediment was settling, and therefore maintaining the measured background concentration
measured by TCI during the neap tide period.

3.7.2 Monsoon season

During the monsoon season. May/June to August/September, it is expected that the SSC in the
estuary is considerably higher than that measured during the survey. This increase in the
available material is expected due to higher offshore concentrations entering the estuary,
attributable to the larger wave action and (potentially) the input from the river sources. According
to EMC (2014}, during the flood season (June to September) in the Indus River {located south of
the site), the suspended load rises to about 400 mg/l in Khobar Creek. This suspended load
appears to be similar to what has been observed closer to the project site during monscon season.

Based on available information and a conservative approach we have assumed a high offshare
55C value of 400 mg/l for the monsoen runs over a Spring-Neap cycle These larger S5C values
represent suspended sediment arising from all identified sources. To best represent the bottom
stirring caused by wave action and the associated reduction in deposition offshore in the monsoon
simulations no sediment deposition was allowed in the offshore areas.

The effect of the monsoon season on the SSCs at the MET1 during the spring tide and the neap
tide is shown in Figure 45 This figure shows that the background suspended sedment
concentrations at the site are increased four-fold up to mare than 200mg/l indicating that there is
a significant amount of suspended material entering the estuary. An assessment of the monsoon
season effects on S5C values and associated deposition in the estuary is considered further in
Section 3.8.3.
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Figure 45: Modelled suspended sediment concentration during Spring tide (a) and Neap
tide (b) conditions MET1 sampling location. The predicted SSC values using increased
offshore concentrations are shown by the green line. Please note that the model S5C is
expressed in kg/m?® instead of mg/l - 0.1kg/m? is equal to 100mg/l.
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3.8 MT model results

381 Baseline model

The highest observed SSCs within the study area tend to occur during the ebb tide on Spring
tides. S5Cs in the vicinity of the project site and at the site (MET1) are, for the most part, between
20mg/l and 40mg/l with short-term peaks up to 150 mg/l (Figure 41). During neap tides, the
background concentrations are smaller, being under 40mg/ (Figure 42).

The model shows that in general, SSCs in the study area are low and therefore, the existing
deposition is limited by the amount of material in suspension.

The model results indicate that the accretion around the study area, for the baseline conditions,
is limited, of the order of millimetres per year. The estimated model accretion is highly dependent
on the density of the bed material, and it has been calculated using a dry density of 400 Kg/m?
(layer 2 density, corresponding to a bulk density of 1270 kg/m?) and 1000 Kg/im? (layer 3 density,
corresponding to a bulk density of 1640 kg/m?). These represent partial and fully consclidated
sediment.

The simulated annual accretion rates are shown in Figure 46 for the two sediment densities. The
accretion rates have been calculated using the Spring-Neap cycle deposition results and
extrapolated to one year.

The total material deposited and eroded over the 15-day simulation, in g/m?, has been multiplied
up to 1-year period and transformed into a bed thickness change using the material dry density.
Due to the uncertainties related to the bed properties alluded to above, the results are always
presentad using the second- and third-layer density values,. Please note that these accretion
rates do not include any seasonal effects and are explored further when the proposed layout is
analysed in Section 382
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Figure 46: Net annual deposition rate — Baseline conditions. a) Deposition calculated using a
dry density of 400 kg/m? (bulk density 1270 kg/m?). b) Deposition calculated using a dry
density of 1000 kg/m* (bulk density 1640 kg/m?).

Source: Mottt MacDonald, 2019

As expected, the model shows that accretion is mainly confined to the mangrove/intertidal areas.
Accretion is also observed in the intertidal area in front of Muchak Island. Here the model
indicates that accretion is limited to millimetres per year with higher accretion rates up to 0.2m
where Rakhal Creek and Jhan Creek meet just north of the site

3.8.2 Proposed layout

The model was run with the proposed dredging areas for the approach channel and turmning circle
included, as described in Section 2.4 Figure 47 shows simulated SSC for the baseline (red line)
and the proposed layout (green line) at the three sampling locations. The figure shows that the
dredging of the approach channel, turning circle and berths has results in almost no change to
S5C values in the vicinity of the site
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Figure 47: Changes between the simulated baseline SSC (red line) and proposed SCC
{green line) for the three-sampling location during Spring tide. Please note that the model
S5C is expressed in kg/m?® instead of mg/l - 0.1kg/m® is equal to 100mg/l.
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It is considered that the minor changes in 33C values are related to the small local changes in
current speeds atiributable to the new bathymetry. These small changes in currents speeds are
described in the hydrodynamic model report (Mot MacDonald, 2018) and in Figure 48 below
which shows some limited areas where the current speeds were increased, both during ebb and
flood conditions, potentially causing some very small changes to local SSC values.
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Figure 48: Spatial difference in current speed (baseline vs post dredge scenario) during
typical spring tide show the difference between flood and ebb
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Figure 48 shows the changes in the maximum suspended sediment concentration between the
proposed layout and the baseline conditions during the Spring-Neap simulation. As indicated by
the time-series from the sample locations (Figure 47), the maximum SSC values show small
localised increases up 10mg/l around the project site, probably due to the small variation in the
local currents. Please note that the isolated spots in Figure 47 are attributed to the model elements
wetting and drying at different times in the model, and they do not represent a real
increase/decrease in the S5C.
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Figure 49: Changes in maximum suspended sediment concentration between the
proposed layout and the baseline over a Spring-Neap cycle.
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The predicted net annual accretion expected at the site, including the proposed dredging scheme,
is shown in Figure 50 together with the baseline net annual deposition rate. This accretion has
been calculated using a dry density of 400kg/m® for one year. Figure 51 shows the same
comparison, however using a dry density of 1000kg/m?, therefore the magnitudes are smaller due
to the more dense and consolidated material. Similar to the baseline case (Figure 48), the model
results show net accretion in the mangrove areas and the intertidal, especially in front of Muchak
Island and north of the site, were the two creeks meet. The model results also indicate that there
is some accretion expected at the proposed berth locations and turning circle (Figure 50b and
Figure 51b). This accretion varies between 0.1m/year and 0.2m/year depending of the density of
the sediment use in the calculation.

Figure 50c and Figure 51c show the differences in deposition between the baseline and the
proposed layout results. Both figures indicate that the changes in the deposition patterns are
mainly limited to the berths/tuming circle south edge, where deposition is increased by the
proposed layout up to 0.2m per year.

The deposition changes described above are mainly related to the changes in the hydrodynamic
conditions attributable to dredging at the site. Figure 48 shows that currents tend to decrease
slightly in the berth pocket, due to the deepening of the bathymetry, and therefore the cause of
the higher deposition observed in the sediment model results. However, the accretion rates
predicted for cohesive sediments are small, and it is considered that they do not represent a
problem to the required minimal depths for the approach channel and tuning circle. Flease note
that the deposition described in this section does not include any seasonal effect. This is explored
further in Section 3.8.3.
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Figure 50: Net annual deposition rate (m/year) — Baseline (a), proposed layout (b) and
differences in accretion (proposed minus baseline) (c). This deposition has been
calculated using a dry density of 400kg/m® (bulk density 1270 kg/m?)
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Figure 51: Net annual deposition rate (m/year) — Baseline (a), proposed layout (b) and
differences of accretion (proposed minus baseline) (c). This deposition has been
calculated using a dry density of 1000ka/m? (bulk density 1640 kg/m?)
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Source:  Maott MacDonald, 2018
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383 Monsoon season assessment

Increased offshore concentrations have a significant effect on the S3C values in the estuary and
the study site related to wave action and the stirring of the offshore mud banks during the
monsoan, andfor to material from the southern Indus River. The changes in S5C values at the
sampling locations, far a spring tide during the mansoon simulation is shown in Figure 52, This
assumes SSC comprise cohesive sediments with a concentration of 400mg/l offshore. Compared
to the normal conditions, the background SSC values are increased by a factor of 4 at the three
sampling locations, indicating the material entering the estuary from offshore changes
considerably the suspended concentration patterns at the site (MET1) and the nearby locations
(MET3 and METnew).

Figure §2: Modelled suspended sediment concentration during Spring tide conditions at
the sampling locations for the proposed layout, normal conditions (red line) and the
proposed layout, monsoon conditions (green line). Please note that the model S5C is
expressed in ka/m? instead of mg/l — 0.1kg/m® is equal to 100mag/L.
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Figure 53 compares the maximum suspended sediments simulated in the estuary during: {a)
nermal conditions. and (b) during the assumead monsoon conditions. The figure shows that there
is a considerable increase in the SSC values for the whale estuary due to the higher offshore
concentrations. Of interest for the present study, concentrations at the project site during the
monsaon season increase by around 50% from 150mg/ to 230ma/,
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Figure 53: Maximum S5C around the study site for the proposed layout during normal
conditions (a) and monsoon conditions (b). Please note that the model SSC is expressed
in kg/m® instead of mg/l — 0.1kg/m* is equal to 100mg/l.

Source: Mott MacDonald, 2018

- It is considered that the higher suspended sediment concentrations entering the estuary would
have an effect on the deposition rates expecied at the Project site and in the dredged channels.
In order to including the monsoon in estimates of the annual deposition rates, it has been
assumed that the monsoon lasts for 4 months (June to September) and that the rest of the year
has 'normal’ conditions. This is a conservative approach, since in reality the monsoon conditions
would vary during the 4 months, with periods with less suspended sediments available due to a
smaller wave climate or river inputs.

The estimated annual deposition rates are shown in Figure 54 (dry density of 400kg/m®) and
Figure 55 (dry density of 1000kg/m?), together with the normal conditions results, in order to allow
comparison and appreciate the effect of the 4 months monsoon conditions on the results.

The results show that the annual deposition rates are increased dunng the monsoon resulting in
deposition rates up to 0.5m/fyear for some areas on the edge of the turning circle and berth
pockets (assuming a dry bulk density of 400kg/m?). There is also some evidence of an increase
in the expected deposition in the approach channel, up to 0. 3m/year, when the lower sediment
density is used. This is attributed to the proximity to the higher than normal offshore suspended
sediment concentrations

\ﬂ'\‘}:hl:l 6\ 11 Seotambar 2019
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Figure 54: Net annual deposition rate (m/year) — (a) Proposed layout with 12 months of
normal conditions, (b) proposed layout including 4 months of monsoon conditions and 8
months of normal conditions, and (c) zoom into turning circle for the results including 4
months of monsoon and 8 months of normal conditions. This deposition has been
calculated using a dry density of 400kg/m?® (bulk density 1270 kg/m®). Please note that the
figures do not have the same colour legend as the previous deposition figures.

Source: Mottt MacDonaid, 2019
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Figure 55: Net annual deposition rate (m/year) — (a) Proposed layout with 12 months of
normal conditions, (b) proposed layout including 4 months of monsoon conditions and 8
months of normal conditions, and (c) zoom into turning circle for the results including 4
months of monsoon and 8 months of normal conditions. This deposition has been
calculated using a dry density of 1000kg/m? (bulk density 1640 kg/m®). Please note that
the figures do not have the same colour legend than the previous deposition figures.

in e
.
=
-

REAlEESSAEREY §

Source:  Mott MacDonald, 2018
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3.9 Summary and Conclusions

A MIKE21 FM MT mud transport model for the Pakistan FRSU — FEED, was setup to determine
the cohesive sediment transport regime in the study area. The model was also used to understand
accretion rates in the nearshore and approach channels, turning circle and berth facilities.

Limited information was available to calibrate the mud transport model. An extensive literature
review was undertaken to gain a general understanding of the available suspended sediment
cancentrations in the estuary and their variability over the year. From this review, it was concluded
that in general, the suspended sediment concentration in the estuary is small and in the range of
25 to 180mg/l, with the larger values expected during the monsoon season (June to September).
According to the literature, the sediment available in the estuary is mainly reworked material,
since there is a very limited input from the rivers

Survey data used to calibrate the model from TCI in March 2019 showed background SSC values
betwaen 20mg/l and 40mg/l, with peak concentrations during the ebb tide of up to 150mg/l. The
calibrated model demonstrated good skill in simulating the temporal spring tide concentration
characteristics and reproduced the magnitude of the cbserved peaks in SSC values during the
ebb tide. However, during neap tides, the model tended to slightly underestimate the suspended
sediment load by approximately 10mg/l. However, since the suspended sediment concentrations
are low, this underestimation is considered not to affect the model results greatly, especially
when the monsoon seasonal effects are factored in.

A summary of model results showing cohesive sediment deposition rates at three locations is
shown in Table 11 and Table 12 for different assume dry bulk density values and for 12 months
of Spring-Neap cycles and for 4 months of monsoon conditions and 8 months of Spring-Neap
cycles.

Table 11: Summary of estimated deposition rates calculated using a dry density of
400kg/m? (bulk density 1270 kg/m?).

Area Deposition during normal conditions  Deposition during monsoon conditions
12 manths of Spring-Neap cycles 4 months of monsoon conditions + § months of
Spring-Neap cycles
Approach channe D_.Bl_:a-ﬂ.mauﬁe: D.ﬁ?—n.am_'y_gw
Turning cirmf_ N 0.004 - 0.2 miyear 0.01 = 0.45 miyear
Berth 0.006 - 0.02 miyear 0.01 = 0.05 miyear

Source: Mot MacDonald, 2019

Table 12: Summary of estimated deposition rates calculated using a dry density of
1000kg/m? {bulk density 1640 kg/m?).

Area Depaosition during normal conditions  Deposition during monsoon conditions
12 months of Spring-Meap cycles 4 montha of monsoon conditions + B months of
Spring-Neap cycles
Approach channel 5 __ﬂ_.DDT - D.EIJ_:! miyear .03 = 0.1 miyear
Tumiqg cicle 0.001-0.08 m':.legr_ . 0.003 - 0.2 miyear
Berth 0,002 - 0.008 miyear 0.006 = 0.05 miyear

Source:  Mott MacDonald, 2019
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When interpreting the model results it is important to understand the model limitations. The model
was calibrated with the existing available information collected cutside the menscon season in
March 2019. To better understand the influence and implications of the monsoon season, it is
highly recommended to collect data during this period of the year to check that the values
assumed in this modelling study are appropriate.

Despite the limited model calibration data and the assumptions made in this study to
accommodate this, it is considered that the model results are broadly conservative and reflect the
expected cohesive sediment behaviour and associated accretion around the Project site and
more widely in the approach channel, Nevertheless, the mud transport result presented in his
study must only be used as a guide to likely sedimentation rates and if used to assess dredging
requirements must also include some element of uncertainty to mitigate risks.

-
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4 Conclusions and Recommendations

JGC corporation (JGC) is undertaking Basic Design services for the marine facilities associated
with FEED Design services in Chann Waddo Creek, near Port Qasim, Karachi, Pakistan

The primary aim of FEED was to quantify sedimentation in the approach and nearshore channels,
berth and turning basin areas (Figure 56). The offshore region and islands around the nearshore
channel are understood to be characterised by fine sand. In contrast, sediments in the approach
channel comprise silt and clay. These different sediment types are thought to merge gradually in
the area adjacent to Muchak Island. To comrectly represent the different dynamical properties of
these sediment types, two modelling approaches have been undertaken in this second phase of
the works:

# 5Sand transport model (ST) — for the non-cohesive sandy sediment in the nearshore and
approach channel, and

» Mud transport model (MT) - for the muddy cohesive sediments in the approach channel,
berthing and tuming basin.

Figure 56: Study area — channels definition and project site

Source: Mott MacDonald, 2013
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According to the sand transport results:

There are important potential net sand transport pathways, both in the nearshore and in the
approach channels which can lead to significant deposition. The nearshore sediment is
generally driven towards the channels and then offshore creating depesition in the channel
and an intertidal sandbank growing in an offshore direction, as the tidal flow is ebb-dominant;

The predicted sand accretion location in the nearshore channel agrees broadly with the
existing anecdotal dredging records;

The results indicate accretion of up to 2m in the entrance to the approach channel, mainly in
the areas close to the islands;

In the area of the turning circle and the berth, no significant sand accretion is observed, and
there is evidence of localised erosion in these areas; and

Annual sand accretion of the order of 1.2 million m?is predicted in the approach channel, as
defined in Figure 27 between boxes 1 to 12.

In the nearshore channel the annual accretion is estimated of the order of 1.8 million m?* over
the simulated year. It is understood from anecdotal evidence that around 3 million m? has been
dredged per annum previously. From this evidence, the nature of the material dredged is
unclear. It is possible therefore that the accretion predicted in this report underestimates the
actual accretion at the site. This may be due to model limitation and the selected approach.
Note however that in absence of a detailed sediment type/particle size distribution map there
will always be some level of uncertainty attached to these results.

According to the mud transport results:

Limited mud accretion is abserved during normal conditions (spring-neap cycle) in all the study
area, including the approach channel, turning circle and berthing basin. However, as would be
expected, there is a supply of sediment onto the intertidal areas where the mangroves grow.
The maximum accretion is observed towards the southern edge of the turning circle reaching
a maximum estimate of 0.2m/year.

When the monsoon season is considerad. for a period of 4 months, the deposition of the mud
in the study area is increased considerably. The approach channel accretes up to 0.3m/iyear,
while the south edge of the turning channel reaches 0.45miyear. Note however, that the
deposition is considered conservative, assuming a constant high concentration (400mg/) of
offshore supply of material during four consecutive months. In reality, mensoon conditions will
vary over the June to September period.

The deposition calculated during the mud transport simulations are based on a large amount
of assumption, but with expert judgement. Without additional data, there will be some
uncertainty.

To reduce uncertainty, it would be advised to obtain more information regarding the suspendad
sediment concentration in the estuary during mensoon conditions, as well as additional
information on sediment properties.

The results obtained from both models show that, in general, the approach channel is mainly
dominated by sand processes, with some additional mud depasition during the monsoon season.
Whereas, the area of the turning circle and the berths is dominated by deposition of cohesive
sediments.

The volume of sand and mud deposited in the approach channel and project site have been added
together. A table with the estimated deposition over the years is included in Appendix A. Please
note that the results showed in the table assumed:

The average bed level for each box has been assumed.

e Ay
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» The average annual deposition for the sand and the mud results per box has been used.

» Although the average condition bed level has been used, there may be some localised areas
of higher deposition and therefore, regular bathymetry survey should be undertaken.

= Erosion rates (negative rates) would not occur indefinitely and therefore they have been
removed from the analysis.

+ Assessment of the risk allowance to be made by JGC.

» The results presented in the table should be treated as indicating the expected sediment
accretion rates and locations rather than absolute figures. It is noted also that sediment
transpart formulae and models have a significant empirical foundation and often relate best
to the data set upon which they were derived.

» At best sediment transport can only be predicted to within a factor of two or three, as per
literature review three (e.g. Schoonees & Theron, 1895; Camenen & Larroudé, 2003; Winter,
2007, Papanicolacu ef &, 2008; Amoudry & Souza, 2011) and thus model precision must
always be treated with caution and allowances made for inaccuracies.

Finally, to reduce some of the uncertainty in the model results (due to limited data). it would be
advisable to collect mare sediment data. This would be aimed at improving knowledge of the
saediment type distribution across the delta, obtaining longer term SSC measurements (to
encompass monsoon seasens) and also sediment properties such as erosional threshold, surface
bed densities and settling velocities. The data could help to refine and verify the models further,

It would also be advisable to undertake bathymetry surveys both before and after the monsoon
seasan, to gain an improved understanding of the seasonal effect upon the depositional regime
of the area. This would help in validating the deposition within the model to improve predictions
of accretion rates with the proposed scheme.

This report is based on best presently available data and predictions. Climate change within the
design life of the project is always to be expected; the consequences of which are unknown. It
can, however, be expected that such consequences would have an impact on the conclusions
reached herein.
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Appendices

A Depaosition rates table
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A. Deposition rates table
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