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PREFACE

This is a collection of manuscripts presented at The Middle East - Mediterranean Materials
Congress on Energy and Infrastructure Systems (MEMA 2015), a specialty conference organized
by The Minerals, Metals & Materials Society (TMS) and other institutions. The congress was held
in Doha, Qatar on January 11-14, 2015.

The intent of this event was to focus on new materials research and development in applications
of interest for Qatar and the entire Middle East and Mediterranean region. The main goal was
to build synergy among researchers working on different materials applications but with similar
objectives of enhancing design, sustainability, and functionality of materials. The congress was a
forum for establishing collaboration among academia, research institutions, and industry in the
region and the rest of the world, with a goal to help bring sustainability and stability to the region.
Attendees represented government organizations, academic institutions, and industry working in
various fields of materials for energy extraction, conversion, and storage; sustainability; as well as
cross-cutting approaches in computational materials science. The long-term goal of this materials
congress in the region is to further develop it into a periodic international materials congress in the
Middle East and Mediterranean.

Over 200 authors and attendees from all over the world contributed to this congress in the form
of presentations, lively discussions, and manuscripts presented in this volume. The international
advisory committee members representing 9 different countries actively participated and promoted
the congress.

The specific tracks and topics highlighted during this congress included:

* Track 1: Sustainable Infrastructure Materials. This track included sessions on cementitious
materials and composites, and their sustainability, environmental degradation of infrastructure
materials, asphaltic materials, and multi-scale characterization and simulations;

» Track 2: Materials for Energy Extraction, Conversion, and Storage. This track included
sessions on lightweight and high performance materials, energy storage materials, ferrocaloric
and ferroelectric materials, nanomaterials for energy conversion, photovoltaics, and shape
memory alloys; and

» Track 3: Computational Materials Design. This track included sessions on alloy and
microstructure design, ab-initio materials modeling, computational approaches towards
mechanical damage and environmental degradation, and modeling materials across the scales.

The congress consisted of all-conference sessions and parallel sessions that integrated 3 keynote
and 14 invited presentations from international experts, 93 contributed presentations, and 62 poster
presentations. From the poster session, outstanding posters were selected for awards, which were
presented to the authors at the congress banquet.

The 56 papers presented in these proceedings are divided into five sections: (1) Sustainable
Infrastructure Materials; (2) Computational Materials Design; (3) Materials for Energy Conversion
and Storage; (4) Lightweight and High Performance Materials; and (5) Materials for Energy
Extraction and Storage: Shape Memory Alloys. These manuscripts represent a cross section of the

ix



presentations and discussions from this congress. It is our hope that the MEMA 2015 congress
and these proceedings will provide new knowledge base for enhancing design, sustainability, and
functionality of materials that are of interest for the Middle East and Mediterranean region; broaden
the collaboration between the region scientists, industry, and the rest of the world; and ultimately
help industry design and produce new materials more efficiently and effectively.

The organizers would like to thank all individuals and organizations that supported this congress.
Special thanks are given to the Gold Sponsors of the congress: Qatar Petrochemical Company
(QAPCO), and Qatar Foundation.
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TMS Middle East - Mediterranean Materials Congress on Energy and Infrastructure Systems (MEMA 2015)
Edited by: Ibrahim Karaman, Raymundo Arroyave, and Eyad Masad
TMS (The Minerals, Metals & Materials Society), 2015

CORROSION CHALLENGES FOR THE OIL AND GAS INDUSTRY IN
THE STATE OF QATAR

Roy Johnsen

Norwegian University of Science and Technology (NTNU), Richard Birkelands vei 2b, N-
7491 Trondheim, Norway

Keywords; Qatar, oil and gas, corrosion, hydrocarbon mixture, aquifer water
Abstract

In Qatar oil and gas has been produced from onshore fields in more than 70 years, while the
first offshore field delivered its first crude oil in 1965. Due to the atmospheric conditions in
Qatar with periodically high humidity, high chloride content, dust/sand combined with the
temperature variations, external corrosion is a big treat to the installations and connecting
infrastructure. Internal corrosion in tubing, piping and process systems is also a challenge
due to high H,S content in the hydrocarbon mixture and exposure to corrosive aquifer water.
To avoid corrosion different type of mitigations like application of coating, chemical
treatment and material selection are important elements. This presentation will review the
experiences with corrosion challenges for oil & gas installations in Qatar including some
examples of corrosion failures that have been seen.

Introduction

The first oil well in the State of Qatar was spudded in October 1938. This was an onshore
well — named Dukhan 1 — that produced 5.000 barrels per day in January 1940. The first
offshore concessions were granted in 1949. However, due to political reasons the first
commercial offshore fields - Idd Al-Shargi and Maydan Mahzam fields - were discovered in
1960. In 1970 the large Bul Hanin field were discovered and came on stream in 1972. In
these early years major international oil companies were responsible for the exploration
activities in Qatar. However, early 1970-ties, the State of Qatar got its independence from
UK and in 1974 they nationalized the oil sector and established Qatar Petroleum (QP).
During the coming years Qatar took full control over all oil and gas activities onshore and
offshore and the international oil companies were “sent back home” for a period.

In 1991 Qatar intensified their focus on oil and gas exploration and production. This resulted
in a boost in oil & gas production from existing and new discovered offshore fields. To
assist QP in more efficient exploration and production, international oil companies like
ExxonMobil, Occidental, Total, Shell and Maersk Oil were invited to participate in the
activities. All these international operating companies have been active during the last years
bringing both capital, technology and technical skills to develop and improve the oil and gas
exploration and development in the Qatar.



The North Field (together with South Pars on the Iranian continental shelf) - the world’s
largest single non-associated gas field - located in the Arabian Golf is shared between Qatar
and Iran. The field holds an estimated 1,800 trillion cubic feet (51 trillion m’) of in-
situ natural gas and some 50 billion barrels (7.9 billion m?) of natural gas condensates. The
field was discovered in 1971 but the first gas was produced in 1991. Still the North Field is
the main field for producing natural gas in Qatar.

Due to the easy access to huge amount of natural gas in Qatar and the demand for utilizing
this gas commercially, the development of downstream industry to utilize the gas reserves
have been a prioritized activity by the Qatar authorities. Big onshore petrochemical plants
have been developed in two main regions as can be seen in Table I:

Table I. Overview of main onshore process plants in Qatar.

Messaid Industrial City (south of Doha) Ras Laffan Industrial City (north of Doha)

Qatar Fertilizer Co. Ltd (QAFCO) Liqufied Natural Gas (LNG) — QatarGas and RasGas
Qatar Chemical Company Ltd (Q-Chem) Gas to Liquid (LNG) — Oryx GTL and Pearl GTL
Qatar Vinyl Company Ltd (QVC) (Gas processing

Qatar Petroleum (gas treatment) Laffan refinery

Qatar Petroleum (refinery) Power company

Power company

Qatar Steel (steel production)

Qatalum (aluminium production)

The daily production volumes in Qatar in 2012 were:
o Gas 150%10° Sm’
e Oil 1.5%10° barrels

Operation conditions in Qatar

Atmospheric conditions

The environmental conditions in Qatar are a strong driver for afmospheric corrosion on
metallic materials and degradation of coatings. It occurs when the surface is wetted by
moisture formed due to rain, fog or condensation. Atmospheric corrosion is a complex
process involving large number of interacting and constantly varying factors such as e.g.
weather conditions, air pollutants, actual metal and surface condition. Studies have
demonstrated that most atmospheric corrosion phenomena are an electrochemical nature.
These corrosion phenomena are influenced by several environmental factors like [1,2]:

Atmospheric pollution
Airborne salinity
Sand/dust
Temperature

Time of Wetness

A classification of the corrosivity of an atmosphere is given in ISO 9223 [3]. In this standard
the corrosivity is divided into six classes — Category C1; Very low corrosivity, CX: Extreme
corrosivity.
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Figure 1  Average and maximum temperature and average and maximum relative
humidity during the period 1997 to 2000 measured in Kuwait [2].

Hydrocarbon mixture

The composition of the hydrocarbon mixture varies between different fields and with type of
field — oil reservoir or gas/condensate reservoir. One main challenge is the H,S content of
the reservoirs that can give partial pressure of H,S in the range up to (and even above) 10
bar. This means that the reservoir fluid (hydrocarbon mixture) is characterized as sour
according to ISO 15156 and materials have to be selected and qualified according to ISO
15156 — Part 2 and 3 [4]. Typical reservoir values are given in Table II.

Table II. Typical reservoir data for oil and gas/condensate wells in Qatar.

RESERVOIR | BHP [bar] BHT ['C] %CO, %H,S
Oil 250 100 5 2-8
Gas/condensate 360 100 2 1
Agquifer water

In Qatar natural aquifer reservoirs exists in the ground. These sources are used for pressure
support to wells (Powered Water Injection — PWI). In addition many production wells go
through the aquifer. Since these aquifers are used to dump produced water from oil & gas,
they contain a significant amount of dissolved salts in addition to presence of H,S, CO, and
sulfate reducing bacteria (SRB). Typical values are; total dissolved solids up to 50.000 mg/1,
chloride content up to 40.000 mg/l, pH ~ 6.5, water temperature < 40°C, CO, < 80 mg/l, H,S
< 20 mg/l. They can also solved contain oxygen. Due to this composition the aquifer is
often a corrosive fluid.

Main material challenges from earlier experiences

The biggest treat to the integrity of oil and gas facilities is corrosion and fatigue. This has
been documented by different reports. Statoil presented one analysis based on all material
related failure analysis done in-house during the period 1997 — 2010. Figure 2 Left shows a
summery of the findings; 62% of all failures were caused by corrosion and fatigue with an
equal potion of each failure mechanism. Qatar Petroleum (QP) did a similar evaluation of
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reported material related failures during the period 2002 — 2006. The output from this
evaluation — shown in Figure 2 Right — shows that for 29% of the failures corrosion was the
root cause of failure.

Failures — Phenomena Classification

INSTALLATION 2% 1%

CHESE  LIQUID METAL
WEAR 3% EMBRITTLEMENT
5% Corrosion

Materi
HYDROGEN aterifh

EMBRITTLEMENT
FABRICATION

BRITTLE
FRACTURE

Mechanical

Figure 2. Results from evaluation of material related failures. Left: Statoil operated
installation during the period 1997 — 2010. Right: QP operated installation during 2002 —
2006.

These analyses confirm the experiences from other oil & gas operators; Corrosion (and
fatigue) is the biggest challenge for the integrity of oil and gas facilities. This is one main
driver for ISO developing the standard “Petroleum, petrochemical and natural gas industries
- Materials selection and corrosion control for oil and gas production systems” [5]. This
document describes preferred materials for the different parts of the oil and gas production
chain (not the downstream part, e.g. refinery) and is based on “best practice” from the major
oil and gas operators in the world.

Corrosion challenges in Qatar

Corrosion under atmospheric conditions

Due to the special atmospheric conditions in Qatar external corrosion has been a major
challenge for the operating companies — both onshore and offshore. For structural
parts carbon steel is the main material choice. To prevent external corrosion carbon steel
needs to be protected by a coating. The preferred solution is to apply an organic coating
(often called a paint) to the structure to be protected. To secure a coating system with
acceptable lifetime (min. 10 years maintenance interval), important factor are; selection of
coating system, pre-preparation/cleaning before coating, application and curing. ISO 12944
“Paints and varnishes — Corrosion Protection of steel structures by protective paint
systems” [6] is an important standard to follow to select the “best” coating system for a
specific application.

However, due to the specific atmospheric conditions with periodically high temperature, high
humidity, high chloride content, industrial pollution and periodically high content of
sand/dust, degradation of a coating system followed by corrosion of the substrate material
can be extremely high. Figure 3 shows two examples of damaged coating on carbon steel
components. Heavy corrosion attacks can be seen on the carbon steel after the coating has
lost its adhesion to the steel surface.
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To repair damaged coating in the field and to achieve the same quality as for a component
coated under controlled conditions in a factory is impossible. This means that as soon as a
coating is damaged (or degraded) an intensive maintenance program needs to be put in place
to avoid further corrosion degradation of the structure or component.

Figure 3. Damaged coating followed by corrosion of the carbon steel substrate material.

As mentioned earlier several elements are important to control to secure an organic coating
with acceptable lifetime. Application of a metallic coating as an alternative to an organic
coating (paint) has been more popular during the last years. To secure protection of the
substrate material it is important to select a metallic coating that is less noble than the
substrate material (normally carbon steel). Zinc and aluminium are two metals that are less
noble than carbon steel. As long as a thin water film covers the surface, these alloys will act
as a sacrificial anode and prevent corrosion of the carbon steel. Both Hot Dip Galvanizing
(HDG), thermal spayed zinc (TSZ) and thermal sprayed aluminium (TSA) can be used to
apply the metallic coating.

Corrosion under insulation (CUI) is another major problem for all the industrial plants in
Qatar. The challenge is that parts of the piping systems are externally heat insulated. It is
very difficult to avoid water to penetrate the insulation and be entrapped in the insulation.
Today it is normally required to paint a pipe/vessel beneath insulation. However, the paint
will degrade followed by corrosion of the substrate material. Since inspection of the
structure beneath the insulation is very difficult without removing the insulation, the result is
often not-expected penetration of the pipe/vessel walls followed by serious leakage. Figure 4
shows an example of CUI on a carbon steel storage vessel. Original wall thickness was 16
mm, while the left picture shows that more than 50% of the wall thickness was corroded
away when the inspection was executed.

One way to reduce the risk of initiation of corrosion under insulation is to apply thermal
sprayed aluminum (TSA) instead of using organic coating (paint) on the substrate material.
This has been a preferred solution for refineries for several years [7-10] and according to
Houben [7] TSA coating with 250 um thickness can be used in a wide temperature range -
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40°C to 540°C and reach a design life of min. 30 years without maintenance. ExxonMobil
has used this solution on the NGL plant in Ras Laffan with very good results.

Figure 4. Corrosion under insulation in a storage vessel made from carbon steel.

Even if carbon steel is the most used material, stainless steels are also used for special
components/equipment mainly due to their improved corrosion resistance. Stainless steels
are normally protected from corrosion by an oxide layer. However, under the atmospheric
conditions that exist in Qatar — combination of high chloride content, presence of pollution
(e.g. SO4, H;S) and high temperature — the oxide layer can be degraded. The result is then
excessive localized corrosion on stainless steel. Chloride Stress Corrosion Cracking (CSCC)
is the most severe type of corrosion on stainless steel, but pitting and crevice corrosion can
also result in leakages and loss of technical integrity. CSCC to occur requires 1) a susceptible
material, i1) local stresses in the material, ii1) pitting/crevice corrosion. Several failures due
to CSCC have been reportedin Qatar [11, 12]. Most of the failures are related to the use of
lower alloyed stainless steels like AISI 304 (UNS S30400) and AISI 316 (UNS S31600).
Bolts, screws, pipes and vessels are typical components/equipment that have suffered from
CSCC. The “easiest” way to prevent CSCC to occur is to select an alloy that is resistant
against CSCC under the actual conditions. Alternative stainless steel alloys are; 904L, 22%
Cr duplex stainless steel, 25% Cr super duplex stainless steel, 6Mo austenitic stainless steel,
Alloy 625. However, be aware that all these alloys have limitations regarding temperature
and chloride content. One important lessons learned: Do not use AISI 304 or AISI 316 in
components that are exposed under atmospheric conditions and have local stresses (residual
stress from welding, due to temperature, load)!

Corrosion in hydrocarbon environment

A hydrocarbon mixture containing CO, and H,S is not corrosive as long as water is not
present. However, the hydrocarbon mixture always contains water when it is retrieved from
the reservoir — either formation water or condensed water. This means that the hydrocarbon
mixture is corrosive. The corrosivity depends on parameters like pCO2, pH2S, acid species,
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pH, bicarbonate, temperature, water content, chloride content, flow conditions. Two
degradation mechanisms are most important; 1) Corrosion, i1) Hydrogen embrittlement [5].
Compared to other regions — e.g. the North Sea, Gulf of Mexico, Brazil — the content of H,S
in the hydrocarbon mixture is very high (see Table 1). Despite this high H,S content, carbon
steel 1s used for most of the tubing, production piping and pipelines without suffering
corrosion. The main reason for this is the build up of a dense protective iron sulfide (FeS)
scale on the surface. As long as this FeS scale is intact uniform and pitting corrosion will be
reduced to an acceptable value (but, not completely prevented) [13]. However, if the FeS
scale locally is damaged/removed, high corrosion rates can occur in these areas with bare
steel due to a galvanic effect between FeS scale (cathode) and the bare steel (anode). To
reduce the corrosion susceptibility mitigation through the use of corrosion inhibitor is also
used for some wells.

Corrosion in production wells has shown to be a challenge. This is due to the fact that steel
(API Spec. 5CT grade L80) is used as tubing material corrosion is a potential problem due to
the composition of the hydrocarbon mixture. As long as a protective FeS scale is present on
the tubing surface, corrosion will be kept at an acceptable value. Experiences have shown
that the stability of a FeS scale in a tubing varies along the tubing. T7his is due to the fact that
both the composition of the hydrocarbon mixture changes along the tubing and not at least
the flow conditions. Another important element is the lack of reliable inspection and
corrosion monitoring methods for tubing’s. Existing multi-finger caliper tools can give
direct quantitative measurements of the inner tubing walls. The caliper readings can be
translated into wall thickness readings and assumptions around external conditions of the
tubing. However, these assumptions often entail a high degree of uncertainty. A mechanical
caliper tool can also damage a FeS scale on the tubing surface and increase the corrosion rate
in these areas. Magnetic flux leakage tools can also be used to measure thickness loss as
well as localized corrosion on the inner and outer tubing surface.

Several operators have experienced serious local corrosion attacks on tubing — in worst cases
penetrating the tubing wall and force sour fluids into the annulus between the tubing and the
casing'®. This can give increased corrosion on the on the external of the tubing surface and
on the casing. Figure 5 shows external corrosion on a tubing with the worst corrosion attack
penetrating the tubing. The Right picture indicates that the penetration started from the
outside. The root cause here was local corrosion from the tubing inside forcing hydrocarbon
mixture into the annulus.
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Figure 5. Tubing corrosion — Left: External corrosion including a penetration
(hole). Right: The hole seen from the inside of the tubing.

Corrosion in aquifer water

External casing corrosion has been the main threat with the aquifer water'*. For some wells
the casing goes through an aquifer before the well again enters the solid ground down to hit
the reservoir. To avoid external corrosion on the casing, special mitigation actions have to
be taken. The most frequently used method is to apply a dense concrete coating on the
outside of the tubing. As long as this concrete coating prevent water to penetrate and to hit
the casing surface, corrosion will be prevented. If not prevented, the casing can be
penetrated by corrosion and aquifer water will come into the annulus causing corrosion
problem for the casing/tubing.

Corrosion in the well and the surface equipment 1s another challenge with the aquifer water.
Corrosion in the down hole tubing is one of the serious and costly problems encountered in
the field. Alzahrani et.a. [14] has presented a figure showing casing/tubing leak history in
one of their field due to exposure to aquifer water. During the period 1998 — 2006, they
report 18 leaking wells.

Due to the high corrosivity of aquifer water a detailed Corrosion Management Program
needs to be put in place. This program should at least include; 1) Risk Assessment including
Risk Based Inspection (RBI), ii) Corrosion Mitigation Plan, iii) Corrosion Monitoring Plan,
iv) Process Monitoring Plan, v) Inspection Plan, vi) Key Performance Indicators (KPI), vii)
Plan for System Management.

Corrosion in seawater

Seawater is a very corrosive fluid due to the combination of high chloride content and
oxygen. Seawater is used for several services — e.g. cooling water, fire water, fresh water
generation — in a process plant. To avoid serious corrosion problems when exposed to
seawater, ISO 21457 [5] lists the following alternative materials for use in chlorinated
seawater; 25% Cr super duplex stainless steel/6Mo-austenittic stainless steel (max. 20°C),
Inconel 625 (max. 30°C), titanium, Glass Fiber Reinforced Plastic (GRE).

In Qatar the seawater will have temperature above 20°C most of the year. Selection of a
material with documented properties under these conditions is very important to avoid
unwanted corrosion problems. Experiences when using AISI 316 or 22% Cr duplex stainless
steel for seawater applications have shown that serious pitting and/or crevice corrosion have
occurred and damaged the integrity of a system.

Carbon steel exposed to seawater will also suffer from corrosion. But contrary to stainless
steel that suffers from pitting and/or crevice corrosion in seawater, the attack on carbon steel
will be more uniform with insulated pits. If accounting for this during the design stage by
adding a Corrosion Allowance (CA) and/or apply cathodic protection (normally combined
with paint), carbon steel in contact with seawater can be an economical solution. This is the
case for offshore structures.
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Figure 6. Schematic drawing of dry wellhead offshore Qatar. Serious corrosion on 13-3/8
casing due to limited effect of the CP system.

Offshore Qatar the water is shallow — max. water depth 50 m. This means that wells are
completed with dry XMAS trees at surface on wellhead jackets. Offshore wells are
constructed with 20” conductor casing, while the wellhead itself is installed on 13-3/8” outer
casing. A window is cut in the 20” casing to monitor cement return for 13-3/8” outer casing
protection. Due to this that seawater will fill annulus between the 13-3/8” casing and 20”
conductor. The level of seawater stays inside the 20” conductor at splash zone level through
the communication with cut window at sea bed, see Figure 6. A cathodic protection (CP)
system is installed to protect the wellhead jacket structure and the 13-3/8” conductor
(outside) and 20” conductor (inside and outside) from corrosion.

Qatar Petroleum has reported one failure due to corroded casing in seawater [15]. Figure 6
includes a schematic presentation of the corroded area on the 13-3/8” casing. As can be seen
from the figure the outer of the 13-3/8” casing suffered from serious corrosion attacks in two
regions; i) in the splash zone and ii) a region below the seawater level. The most serious
corrosion attacks occurred in the splash zone. The corrosion resulted in wall thinning finally
ending in fracture due to high stress in the remaining conductor wall. The main reason for
the corrosion attack in the splash zone was lack of coating and limited effect of the CP
system. Another contributing factor was the temperature of the casing that could reach 60°C
due to the production fluid inside the tubing/casing. The pattern of the corrosion attack -
highest corrosion rate in the splash zone, less corrosion just below the water level, increased
corrosion rate further down and finally reduced corrosion in the bottom - can easily be
explained with a combination of the effect of the CP system inside an annulus and reduction
of oxygen deeper into the annulus due to oxygen consumption as part of the corrosion
reaction. To avoid future similar problem with the actual well Qatar Petroleum decided to
fill the actual annulus with concrete to remove the seawater from the casing surface.
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Abstract

This paper explores the feasibility in utilising materials generated from C&DW to produce a
‘green’ concrete. The two materials that are considered here are, (i) up-sizing silt-size material
generated from recycled aggregates to produce a synthetic silt-sand and (i1) processed recycled
coarse aggregates (RA) sourced from a Gulf Region landfill site. The work has demonstrated
that there is potential for utilising silt wastes into foamed concrete, which can then be crushed to
a sand-sized material suitable for use in concrete, however the porous nature of the material has
highlighted that the water demand of this RA is high. RAs were characterised to BS EN 12620
and found suitable for use in concrete. The effect of RA on concrete properties is minimal when
used up to 35% replacement levels, provided that they are pre-soaked.

Introduction

There is an increasing global demand for using alternative “green” construction materials, with
the pressure be even greater for countries under rapid infrastructure development. Moreover, the
Middle East region has recently concentrated in major construction projects over the last 10
years. However, the problems of such projects carried out today are two-fold, namely; (i) with
current reserves of quality sand and aggregates, for use in concrete construction, diminishing and
the majority of local quality natural aggregate being limited and therefore, aggregates are
imported from neighbouring countries and (i1) large quantities of construction and demolition
wastes (C&DW) are being generated and with only 50% of this may be recycled into aggregates
suitable for construction [1].

Although over the past decade there have been major strides in minimising, reusing and
recycling of wastes, large quantities of materials still have to be landfilled. Of these, silt-sized
materials (i.e. <Imm) are a particular problem. Conservatively, silt-sized waste arising generate
20% of the total crushed rock production (MPA Sustainability Development Report, 2013 [2]).
Small amounts of these silts are recycled as a filler in bituminous mixes but the majority are too
difficult to reuse, as they are generally volume unstable in fills and BS EN 12620 (2013) restricts
this content to <3%, if deemed ‘harmful’ (i.e. containing clay minerals). If used in concrete they
generally increase water demand, and require additional chemical admixtures to maintain
workability and adversely affect volume stability [3-6].

This paper explores the feasibility in utilizing materials generated from C&DW to produce
‘greener’ concrete mixes and products. The two materials that we focused on were, (1) up-sizing
silt-size material generated from recycled aggregates to produce a synthetic silt-sand and (i)
processed recycled coarse aggregates (RA). The main aim of the whole project is to incorporate
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CSA cement with recycled materials to produce a 100% ‘green’ concrete (although outside the
remit of this paper).

Experimental Programme

Synthetic Sand Production: Silt from processed RAs from a landfill site in the Gulf Region were
used. A stockpiled fly ash, obtained from a UK power station, was used as a reference material.
The silts were characterised with respect to their physical properties (maximum particle size,
particle density, moisture content and specific surface area) and chemical and compositional
properties (sulfate and chloride contents, loss-on-ignition and SEM images). The basis of the
process was to incorporate the silt initially into a foamed concrete mix at a Portland cement/Silt
ratio of 1:3, with enough water added to ensure workability of the base mix. The foamed
concrete was crushed to sand size using a standard laboratory jaw-crusher and the resulting
material was placed in a CO; chamber for 10 days to carbonate to improve mechanical
properties.

Recycled Aggregate (RA) characterisation: The physical (composition, grading, density, water
absorption), chemical (SO3; and CI contents) and mechanical (Los Angeles value, Flakiness Index
and drying shrinkage) properties of RAs were carried out on two size fractions (10mm and
20mm) in order to classify the RAs and determine their suitability for concrete. The processed
RA was collected from the same landfill site as the silt material.

Effect of RA on Concrete Properties: The effect of replacing 20 and 35% of coarse natural
aggregates with RA was determined by testing the fresh properties (slump and plastic density),
engineering properties (compressive, flexural and tensile strength) and permeability properties
(ISAT-10 and sorptivity). Limestone and gabbro aggregates used extensively throughout the
Middle East were used as a reference.

Test Methods and Process Methodologies

Up-sizing via Incorporation in Foamed Concrete

This was carried out by incorporating the silts into the foamed concrete base mix using a slow
speed rotary drum mixer using a pre-formed protein-based foam to achieve a target plastic
density. The workability of foamed concrete was assessed in terms of slump flow spread [7] and
plastic density using BS EN 12350-6 [8]. The foamed concrete was then cast into standard cube
moulds, covered for 24hrs, then demoulded and sealed cured for 14 days. Compressive cube
strengths and hardened density of foamed concrete were measured in accordance with BS EN
12390-3 [9] and BS EN 12390-7 [10] respectively.

Material Characterisation

Silt: Particle density of silt was measured using the BS EN 12620 [11] method for fine
aggregates and moisture content in accordance with the procedure described in BS EN1097-5
[12]. A Malvern 2000 particle size analyser was used to determine the particle size distribution
of the ashes. Specific surface area of silts were carried out using BET nitrogen adsorption and
their typical microstructural appearance determined by SEM. The loss-on-ignition (LOI) was
determined by igniting approximately 1.0g of material in a furnace at 975°C for 1 hour [13].

Recycled Aggregates: The composition and fines content were calculated in accordance with BS
EN 933-1 [14] whilst the water absorption and particle density followed BS EN 1097-6 [15].
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Mechanical properties were determined in accordance with BS EN 1097-2 [16] (Los Angeles)
and BS EN 933-3 [17] (Flakiness Index) and total SO; was determined using a Panalytical
MagiX fluorescence spectrometer with an RhKa source. Acid-soluble chloride was determined
to BS EN 1744-5 [18]. Drying shrinkage tests were carried out using the BS EN 1367-4 [19]
method.

Concrete Properties

Concrete mixes were designed generally following the BRE procedure [20]. Concrete was
mixed following procedures in BS 1881-125 [21] and consistency and plastic density was
determined to BS EN 12350-2 [22] and BS EN 12350-6 [8] methods respectively. Compressive
strength was tested at 3, 7 and 28 days in accordance with BS EN 12390-3 [10] and flexural and
tensile strength following BS EN 12390-5 [23] and BS EN 12390-6 [24]. ISAT and water
absorption tests were carried out in accordance with BS 1881-208 [25] and BS 1881-122 [26]
respectively to determine permeation properties.

Experimental results

Foamed-sand production

The silt characteristics are given in Table I and SEM images are shown in Figure 1. The RA silt
had a maximum particle size of 125um and a particle density of 2560kg/m*®. The stockpiled FA
was much coarser, with maximum particle size being 340um. The material was sprayed with
water to reduce dust during transportation and the moisture content was found to be 19.0% for
RA and 10% for stockpiled FA. The specific surface area was relatively high compared to that
of stockpiled FA. The RA silt had a sulfate content of 2.5%, suggesting that there was Portland
cement paste present, which is supported by ettringite, observed using SEM in Figure 1 (shown
as fine ‘needle’ like crystals).

Table I. Raw Silt Characteristics

. ) Moisture | Specific | Loss-on- Total chemical
Maximum | Particle . 0
. } content, surface ignition, content, % by
Property particle | density, o o $
. ke/m? % by area, % by mass
size, jm mass m?/g mass SO3 Cl
RA Silt 125 2560 19.0 19.6 23.0 2.5 0.6
Efg"kpﬂed 340 2060 10.0 8.0 15.3 2.0 nd*

*not detected, *determined by XRFS
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B) Stockpiled FA

Figure 1. General Micro-Structure of Raw Silts

A) RA

The test materials were added to the foamed concrete base mix and foam was added to give a
target plastic density of 1300 kg/m? (Table II). The properties of the resulting foam concrete are
given in Table III. The water required to achieve a flow of 240mm for RA silt was considerably
more than that of stockpiled FA, suggesting that particle shape and size alone is not enough to
characterise this material in terms of flow properties. This issue was reflected in the total surface
area for RA silt shown in Table I and the mineralogical composition shown in Figure 1.

Table II. Foam Concrete Constituent Mix Proportions

N : 1 3
e Mix Proporions, ke Total wie | Total wif
. Cement Silt Foam ratio*® ratio
ratio water
RA 195 585 560 26 2.87 0.72
Stockpiled FA 225 675 405 27 1.80 0.45

*wic: water/cement, “w/f: water/fines (cement+silt)

The compressive strength of foamed concrete has a general relationship with the cement/silt ratio
and the total water/cement ratio. Results show that in this instant the RA required too much
water and as a result did not achieve a sufficient strength at 14 days for crushing. Further work
on pre-treatment methods with (or without) chemical admixtures is required to ensure that the
water demand is kept to a minimum. Figure 2 shows a typical ‘crushed’ foamed concrete
containing stockpiled FA.

Table III. Fresh and Hardened Properties of Silt Foamed Concrete

. Compressive cube strength
3 >
Silt Type Slump Density, kg/m N/mm?*
1:3 PC/Silt ratio flow, mm ) Hardened* 7
Plastic (28 days) days 14 days | 28 days
RA 235 1290 1255 0.4 0.4 0.4
Stockpiled FA 245 1300 1200 1.0 1.4 2.0

*sealed cured
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Figure 2. Typical Ungraded Silt Sand (Stockpiled FA 1:3 cement/silt ratio)

Recycled Aggregate
Physical Properties

Table IV gives the BS EN 12620 (2013) [11] limits for coarse RA properties and the results of
the tests on recovered RAs.

BS EN 12620 states that fines content is declared, as an excess of fines can lead to consistency
and shrinkage problems when used in concrete. The fines contents of these aggregates are less
than 1.5%.

BS EN 12620 classifies two types of recycled aggregate depending on their composition. Type A
has a 95% Ry (Rc + Ry) [Re = concrete + R, = unbound aggregate] content, as these are deemed
to be the materials with the best mechanical properties, and Type B with 70% R, (Rc + Ry)
content. Table IV gives the content of R, (R, + Ry) content at above 95%, therefore both size
fractions are classified as Type A. The RAs used in this paper did not contain any such material
(as shown in Figure 3).

In accordance with BS EN 12620, RAs can be classified as Type A, as their oven-dried densities
are >2100 kg/m?. The water absorption values for 10mm and 20mm size fraction were relatively
high at 4.9% and 5.9% respectively. BS EN Standards do not limit the absorption values
(although values must be declared).
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Table IV. Physical-chemical Characteristics of Coarse RAs

Limits/
RA Recommendations
Property
20 mm 10 mm BS EN 12620 [11]
Type A:Rcoo, Reuos,
.. Rpio-, FLy. XR1-
Composition % 99.0 99.0 : :
P (Reu), % Type B:Reso, Reuo,
Ryzo.. FLo. XRoo.
Shell Content None None 3% max
Fines content, % by mass <63mm fis fis Declare
Apparent particle density, kg/m’ 2785 2720
Particle density, ke/m® SSD 2580 | 2480 >2100(A)"
>1700(B)
Particle density, kg/m® oven-dried | 2460 2350
Water Absorption, % 49 59 Declare
Flakiness index Fli Flig 50
LA Value LA25 50
Drying shrinkage, % 0.069 0.075
Acid-soluble chlorides, % 0.0 0.0 0.01-1%"
Acid-soluble sulfates, % <0.48 | <0.70 02,08

Y Standard applied only in oven dried condition for Type A and B of RA
2 Provided the value is below 0.01%, the standard allows to use for in concrete
»  Total sulfates determined using XRFS

RA, 4-10 mm RA, 10-20 mm

Figure 3. General Appearance of Processed RA
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Flat shaped aggregates can cause problems with bleed water and air voids forming underneath
particles and in both primary and recycled aggregates this is assessed by the Flakiness Index (FI).
BS EN 12620 limits this to 50 for aggregates. The mechanical properties of aggregates influence
suitability for different applications, e.g., pavement construction or concrete subjected to high
wear. The Los Angeles (LA) test combines attrition and abrasion and the research has shown
good correlation with the actual wear of aggregate when used in concrete and with compressive
strength. BS EN 12620 gives a maximum LA value of 50 for recycled aggregates. The FI value
of 10 and LA values of 25 and therefore, RAs conform to Standard (Table IV).

Aggregate characteristics, particularly shrinkage strain influence concrete durability and
structural performance [27] and aggregates with high absorption values generally increase
shrinkage. BS EN 12620 limits shrinkage to 0.075% and results given in Table IV show that the
RA complies with this requirement.

Chemical Properties

The chloride content of concrete is normally limited to between 0.2-1.0% by mass of cement
based on the sum of the contributions from all constituents. Although this is only pertaining to
structural concrete. BS EN 12620 also includes categories for recycled aggregate based on acid-
soluble sulfates, as these can lead to volume instability in hardened concrete, with two categories
being SS0.2 and SS0.8 (% by mass). Table IV gives the acid-soluble Cl and SO; contents and
both were found to be lower than limits set by BS EN Standards. It should be noted that the
results given in Table IV are for total SO3, as determined using XRFS, hence the acid-soluble
concentrations would be lower and therefore may conform to the Standard limits. Figure 4
shows the XRD traces for RAs, and belite, portlandite, gypsum, ettringite, calcite, dolomite,
quartz, albite and kaolinite were found to be the most prominent, which are typical of a recycled
concrete aggregate. From the components observed, the sulfate containing phases are likely to
be associated with gypsum and ettringite.

R: reference (corundum), C: calcite, G: gypsum

20mm RCA
B: dicalcium silicate (belite), P: portlandite
10mm RCA Q: quartz, A: albite, K: kaolinite, D: dolomite,
= E: ettringite
a -
& C
s
£
- e k. R cC :
B DR [ p.Q R

0 10 20 30 40 50 60
ANGLE, 2theta degree

Figure 4. XRD Trace for RAs
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Concrete Properties

The mix proportions are given in Table V and results are shown in Table V1.

Table V. Mix Constituent Proportions of Concrete Containing Coarse RA

Constituent, kg/m’

Replacement Sp

level, % by Coarse aggregates y K

mass PC | Water | Sand 10mm 20mm °

NA RCA NA RCA

0 300 180 865 350 - 705 - 03

20 300 180 865 280 70 565 140 03

35 300 180 865 230 120 460 245 03

*Glenium 51 (dosage: % by batch weight of cement)
Table VI. Properties of Concrete Containing Coarse RA
Limestone | Gabbro
Properties RA content, % by mass
0 20 35 0 20 35
Slump, mm 95 80 55 110 75 65
Plastic density, 2390 2370 2370 2400 2370 2360
kg/m
Compressive strength, N/mm?
3 days 295 32.0 30.5 30.0 28.0 26.5
7 days 36.0 40.0 35.0 39.0 37.0 36.0
28 days 43.0 44.0 42.0 45.0 43.0 41.0
Flexural strength, 5.8 6.1 5.4 6.2 5.5 52
N/mm
Splitting tensile
strength, N/mm? 4.6 4.6 4.7 4.5 4.0 39
ISAT-10 minute, 5.8 5.8 5.9 5.8 5.8 5.9
ml/m“/s
Sorptivity coefficient 0.35 0.40 0.40 0.35 0.45 0.45
Fresh Properties

The consistence of concrete was found to decrease as the replacement level was increased, but
this was probably due to an incorrect batching issue. It was noted that establishing the saturated
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surface dry density of these recycled aggregates was difficult. Thus, the batched free water
content of these mixes was not achieved.

This issue can be eliminated by treating RA like a lightweight aggregate, and pre-soak the
material for 24 hours prior to mixing. Further work is being carried out in Dundee to address
this need.

Engineering Properties

The compressive strength results are given in Table VI. The findings show that whilst there is a
slight decrease in strength as replacement levels reach 35%, this is minimal, and within the range
of variability. Similar results were noted for both flexural and splitting tensile strength tested at
28 days.

Permeation Properties

Permeability of concrete is usually a function of the strength —with higher strengths resulting in
lower permeability. As noted above, there was little difference when RAs were introduced (see
Table VI).

Conclusions and Further Work

The research summarized here shows that, otherwise impossible to utilize silt wastes, can be up-
sized to a sand-sized material suitable for use in concrete. This lightweight sand also
sequestrates CO; and could be used in non-structural precast products such as blocks. Not only
will this protect natural sand deposits in the Gulf Region (and reduce dependence on imported
material), but will also enhance thermal and acoustic properties of blocks, which is advantageous
for housing. Together with colleagues in Aberdeen University, these applications are now being
investigated.

The processed coarse RA, obtained from a landfill site, was found to conform to BS EN 12620
(2013) and therefore suitable for use in concrete. However, SOz content could be an issue. In
further work with Aberdeen University, this is being investigated, to assess whether this phase
does contribute to any long-term volume instability. In addition, research is being undertaken to
utilize a new type of cement that can react favourably with any soluble sulfate phases in recycled
aggregate and will be reported at a later date.

Using RA as a replacement of natural aggregate in concrete, was found to decrease the
workability, and whilst this could be due to aggregate surface roughness and shape, it is more
probable that the amount of free water absorbed during mixing was much higher than initially
determined by following water absorption tests. This in turn has resulted in lowering the
water/cement ratio of concretes containing RA and therefore enhancing the engineering and
permeation properties. Further work into pre-treatment of RA prior to mixing will be required.
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Abstract

Unbound granular materials that are used at base layer of flexible pavement cannot resist tensile
forces. These materials are called no-tension materials . In this paper, a modified strain-energy
function was used to describe the constitutive behavior of granular materials to simulate flexible
pavement within the finite element framework CAPA3D .The constitutive model was defined
such that the positive stresses in principal directions were zero. Comparisons between the no-
tension materials and linear elastic materials for different boundary conditions and geometries
were presented in this paper. The results of FE analysis show that effect of using no-tension
model for base layer on pavement performance is significant. The deformation at top and
horizontal strain at the bottom of asphalt concrete layer are higher when the no-tension model is
used.

Introduction

Predicting accurate pavement performance is one of the most important tasks for the pavement
engineering community [1]. The non-linear, stress dependent response of granular materials
typically used in pavement construction, necessitates the utilization of appropriate constitutive
models capable of simulating the fundamental response characteristics of this type of materials.
In the context of the Finite Element method (FE) several constitutive models have been proposed
by various researchers for simulation of the response of unbound granular materials and their
influence on the overall pavement performance. Since unbound granular layers exhibit
completely different strength and stiffness characteristics when subjected to tension and
compression, a variety of techniques have been proposed to address this issue.

Some studies consider unbound granular materials as an anisotropic material [2, 3, 4]. Typical
elastic anisotropic constitutive models may be adequate in describing the differences in material
stiffness in the horizontal and vertical directions within a pavement layer, nevertheless, they
cannot address the dependence of stiffness on the nature of the prevailing stress i.e. tension vs.
compression.

Utilization of models based on the theory of anisotropic plasticity can introduce state of stress
dependent differences in the stiffness characteristics of the material, but requires information
which is typically way beyond that which is available to pavement designers and, the use of
complicated nonlinear finite element analysis techniques.
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An alternative to the use of anisotropic plasticity and nonlinear analysis techniques is the
simulation of the low tensile response characteristics of granular materials by means of what is
known as no-tension models. These are anisotropic elasticity models in which the stiffness of the
material in each of the three principal axes is determined on the basis of the prevailing state of
strain. Nguyen et. al. [5] used a modified strain energy function to model the no-tension
characteristics of granular-like materials on the basis of principal stretches. They used the model
to simulate a quasi-static test on ballast materials. The results showed that the influence of the
no-tension model in a granular structure can indeed be significant [5].

The objective of this study is the evaluation of the contribution on the overall pavement
response, of the simulation of the unbound granular material layers by means of the Nguyen et.
al. [5] no-tension model. In the first part of the paper, a brief description of the constitutive
model is presented followed by a numerical evaluation and comparison of its response
characteristics versus a standard elastic model. Next, the results of FE simulations are presented
for a two layer flexible pavement. The results show that overall deformations in the asphalt
concrete (AC) and the base layer are higher when the base is modeled by means of a no-tension
constitutive model.

Concept of no tension model

The perfectly no-tension material model assumes an idealized continuum made up of granules
incapable of sustaining any tensile stress between them. On the other hand, the material is
perfectly capable of sustaining uniaxial compressive stresses, Figure 1, [6].

Assume a uniaxial compression-tension test in which Hooke’s law describes the uniaxial stress-
strain relationship. In order to simulate the no-tension response, the constitutive law was
modified as it is expressed in Eq. (1)

{G:KE ife <0, M

o=0 otherwise,

Where ¢, €, and K are stress, strain, and material constant respectively.

!
(/zu
T @ B
toot

Figure 1. Concept of no-tension model for unbound granular materials
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Similar to the 1D example, for a 3D case the constitutive law was adjusted such that in principal
space the material does not resist against tension. Eq. (2) shows the normal stress acting on of

any element with unit normal #,, cannot be positive, and the 3x3 matrix 6, will be negative semi
definite [6].

c,=0,nn <0, Vn:nn=1, (i,j=X,Y,7) (2)

yorJ
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Hyperelastic model

In order to use a no-tension material in constitutive law which was used to describe the response
of granular base, a hyperplastic material model was utilized and modified. This modification was
such that in compression the material behaves like a normal hyperplastic, while in tension, it
shows negligible strength.

In this study, the response of the standard elastic materials was simulated by means of a small
strain hyperelastic model in which the strain energy function ¥ depended only on strains [7]

Y = %k[gsa} + gu[sa] 3)

where ¢, are the principal strains, and A and | are Lame’s constants.

No-tension model

To simulate the no-tension behavior of granular-like materials, the strain energy function that
was introduced in previous section was modified [5] such that the tensile stresses in the material
are always zero. The redefined strain energy function is

a=1

2
1 3 B 3 ) 2
VY = Ek{{Zsa} } + Zu[sa] : “4)
a=1
where the operation (¢)  indicates the negative part of ¢

Lo
¢ =700 o) ©)

The net effect of the above choices is the removal of the stiffness and corresponding stress values
along tensile principal strain material directions. Details of the model formulation and the
evaluation of the tangent moduli can be found in [5] and [9].

Validation

The finite element system CAPA-3D [8] was utilized for evaluation of the fundamental model
characteristics. The response of a cube was compared for a no-tension material and a
hyperelastic material. As shown in Figure 2(a), a linearly increasing uniform pressure with a
magnitude of 0.02 MPa in the Y direction and 0.04 MPa in the Z direction was applied on a cube
whose faces in the X-Z, X-Y and Y-Z planes were restrained against motion in the Y, Z and X
directions respectively. The values of A and p for this material were 1153.84 MPa and 769.23

MPa respectively.
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(a) (®)
Figure 2. (a) The boundary condition and load direction for a cube, (b) position of the element
The results of strains for a point in the middle of an element near the top face of the cube, Figure

2(b), are shown in Figures 3 and 4. It can be seen that the no-tension material demonstrates a
much more flexible response than a standard hyperelastic material.
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Flexible pavement simulation

To understand the effect of granular base simulated as a no-tension material on pavement
response, a two layer mesh was created and implemented into CAPA-3D. The material
properties which were chosen are shown in Table 1. Lame’s constants were calculated based on E
and Poisson’s ratio for the strain energy function and its derivatives. The Asphalt Concrete (AC)
top layer with thickness of 150 mm was simulated as hyperelastic material while the base layer
with a thickness of 1500 mm was specified in one case as a no-tension material and in another as
hyperelastic.

Table 1. Material Properties

Material Type Model E (MPa) Poisson’s ratio
AC layer Hyperelastic Material 3500 0.35

Base Hyperelastic Material 600 0.35

Base No-tension Material 600 0.35
Boundary Condition

Due to symmetry of the geometry and load about the X-axis, half of the pavement was simulated.
The model domain was chosen large enough to avoid any boundary effects. The structure was
restrained at the bottom of the mesh to avoid movement along the X, Y and Z directions.
Furthermore, it was restricted on the Y-Z and the Y-X planes to avoid movement along the X
and the Z directions respectively, Figure 5(a).

Load Characteristics

Super single 495/45R22.5 tire loading was specified with a contact area of 428 mm and length of
180 mm [10] and a uniform pressure of 0.707 MPa. The distance between the center of two
wheels was 1.887 m, Figure 5(a). In addition, gravity load was applied. The density for AC was
specified as 2.39 gr/cm’ and for the base layer as 2.9 gr/cm’.

Tire
AC la I i i
yer s Horizontal strain
Base layer * Compressive strain
I
(@ (b)
Figure 5. (a) FE pavement geometry and boundary conditions, (b) Critical locations for strain

evaluation
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Results of flexible pavement simulation

The effect of granular base material properties on the state of stress in the pavement, the vertical
surface deflections and the strains at critical pavement locations , Figure 5(b), are now presented
in the following.

BAMEA
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o 4341
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Figure 6. Stress distribution in the X direction in the pavement for hyperelastic base layer
response

The three-dimensional state of stress over the height of the AC and base layer is plotted at the
peak load in Figure 6 and 7. As it can be seen the pavement deforms more when the base layer is
modeled by no-tension model.

Figure 8 shows the pavement surface vertical deflections for the two different base layer material
models. As it is shown, when the material properties are specified as no-tension, the deflection of
AC layer is almost 1.3 times higher than the case in which base layer was modeled by a
hyperelastic model.

Also, from Figures 9 and 10 it can be concluded that tensile strains at the bottom of the AC layer
and the vertical strains at top of the base layer are higher when the base layer is modeled by the
no-tension model.
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Figure 7. Stress distribution in the X direction in the pavement for no-tension base layer
response
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Figure 8. Deflection of AC layer along X axis
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Figure 10. Vertical strains at the top of base layer for no-tension and hyperelastic model

Effect of No-Tension Model on State of Stress

In Figure 11, the distributions of compressive stresses at two different depths within the base
layer along the horizontal axis are compared for the no-tension and the hyperelastic models in
the presence of only one wheel. It can be seen that the compression stresses in the base layer
have slightly higher values for the hyperelastic model compared to the no-tension model.
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Figure 11. Base layer compressive stresses at Y=1450 mm and Y=1350 mm (see Figure 5(a)) of
the base corresponding to the no-tension and hyperelastic material models for the granular base
layer

Sensitivity analysis for no-tension model

A sensitivity analysis on the effect of Poisson’s ratio on the pavement surface vertical deflection
was carried out considering the base layer as a no-tension material. The results are plotted in
Figure 12 and it can be seen that as Poisson’s ratio increases, the vertical deflections of the
pavement surface increase as well.

Deflection of AC layer

0.00E+00 T T T
0,00E+00 S.00E+02 1.00E+O3 1.50E+03 200E+03 2. 50E+03 3.00E+03 3.50E+03

-5.00E-02
1.O0E-01

-1.50E-01
== Poisson's ratio = 0.1
== DPoisson's ratio = 0.35
-2.00E-01 : .
Poisson's ratio = 0.45

Deflection (mm)

-2.50E-01
-3.00E-01

-3.50E-01
Distance from center line (mm)
Fi gure 12. Top deflection of AC layer based on no-tension model for different values of
Poisson’s ratio

Conclusions

Evaluation of a no-tension constitutive model for simulation of the state of stress of granular
materials utilized in pavement construction has indicated that significant differences in various
pavement response parameters can be observed in comparison to typically utilized elastic
models.



removal the capability of the granular material layer to resist tension has resulted to a significant
increase in the overall flexibility of the pavement with corresponding consequences on the values
of some of the typically utilized distress measures.

10.
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Abstract

The main objective of this preliminary investigation is to identify and characterize the damage
evolution of angle ply ([+45]:6) flax-reinforced epoxy composites using an energy-based damage
model combined with Scanning Electron Microscopy (SEM) observations. The damage model’s
parameters for the flax-reinforced epoxy composite were determined from quasi-static and
fatigue tests. The preliminary results showed that the energy-based damage model is able predict
accurately the damage rate in both longitudinal and transverse directions for loads. The
mechanism of damage initiation in the flax/epoxy composites and the damage evolution, during
each test, were monitored using SEM. A direct correlation between the microstructure of the
flax-reinforced epoxy composites and the damage was obtained.

Introduction

Natural fibers such hemp, jute, and flax have attracted the attention of many researchers because
of their potential to substitute synthetic fibers [1—4]. Since, the use of natural fiber composites in
structural applications is fairly new, knowing the mechanical behavior of such materials, in
particular, the fatigue life and damage accumulation is crucial in designing new natural fiber-
based composite structures with high performances.

Unlike most engineering materials which exhibit a safe stress level called fatigue limit (or
endurance limit) below which failure does not occur, fiber-reinforced polymer composites
(FRPC) do not typically have such limit. Instead, they undergo a damage accumulation due to
matrix cracking, delamination, interface fiber/matrix degradation, fiber breakage, etc. This
damage accumulation phenomenon takes place during the entire material’s life leading
eventually to the progressive failure of the composite even at low applied stresses. The aim of
this study is, therefore, to investigate and model the fatigue damage of flax fiber reinforced
composites using thermodynamic-based damage model.
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Materials and Methods

Flax/epoxy prepreg was purchased from LINEOQ, Belgium. The product type is a unidirectional

(UD) flax fiber treated by a patented sizing and drying process (US Patent No. 8080288) and
impregnated with partially cured epoxy resin system (Huntsman LYS5150). The flax/epoxy
prepreg has an area density of 180 g/m2 with an epoxy content of 50 % per weight. Flax/epoxy

laminate plates were manufactured using 16 layers of 300 mm X 300 mm sheets with ply [+45]is

orientation and. The material was placed on a plate in a sealed vacuum bagging set-up and cured
in an autoclave at 150°C for 2h under 4 bar pressure while a 0.7 bar vacuum was maintained
during the entire cure cycle. The tested specimens were 25 mm width, 250 length and 3 mm
thickness.

Tension-tension fatigue tests were conducted on a servo-hydraulic MTS test machine equipped
with a 100 kN load-cell capacity. Strain measurements were obtained using an extensometer with
a 25 mm gage length, placed at the center of all specimens. Fatigue experiments were conducted
in accordance with the ASTM standard D3479 at room temperature and under load control with
a minimum to maximum stress ratio of 0.1 and a cyclic frequency of SHz. The fatigue limit was
assumed to be reached for all tests that did not produce fatigue failure after 6 million cycles.

Fatigue damage model formulation

A fatigue damage model is developed through a phenomenological approach in the framework of
thermodynamics. Based on the Ladevéze and Le Dantec work [1], the proposed model takes into

account the damage stages characterizing the fatigue damage in natural fiber reinforced polymer

matrix composites. Indeed, in such materials, the fatigue damage kinetic occurs according to
three stages [2]: 1) damage initiation corresponding to an important stiffness reduction during the

early stage of damage evolution, namely the first thousands of cycles. ii) Coalescence and
propagation of micro-cracks. This second stage is characterized by a behaviour accommodation

and a relative steady damage evolution reduction. iii) Macroscopic cracks propagation, damage

localization up to the final material failure. According to the continuum damage mechanics, the

damage is introduced as an internal state variable coupled to elastic behaviour. The proposed
damage model has been formulated through five damage variables [3-4] but in the present paper,

only the formulation for in-plane damage involving three variables: di1, d22 and di2 is considered.

Assuming a thin structure (in-plane stress) where $33=0, made of an orthotropic material, elastic

moduli of the damaged material are then expressed as follows:

En = Elol (1 _dn)
Ezz =E§2 (l_dzz) (1)
GIZ = Gloz (1 _dlz)

FEn (resp. F22) 1s the Young’s modulus in the longitudinal (resp. transverse) direction. (12 is the
in-plane shear modulus. djj are the damage variables associated to the corresponding moduli. The

superscript O indicates initial values measured when d;=0.
For a damaged material, the elastic strain energy is dependent on the state variables dj. Then, the

strain energy (Wa) of a damaged material is given by equation (2):
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Where (<A>+) and (<A>-) stand for the positive and negative parts of A, respectively.

The damage affects £1; when g, +v,&,, 1s positive and £ when ¢, +v,,€,, is positive. For

instance, when the composite is subjected to a longitudinal compressive loading, transverse
cracks do not initiate damage and thus they don’t have any effects on the damage evolution of
the composite.

The dual thermodynamic variables Y;; associated with the damage variables djj are deduced from
the elastic strain energy Wy of the damaged material as follows:

o, 1 1
__ s _2 0
n - ﬂél’n 7 1—V12V21 Z;ngn<£11 +V21£22>+ ]
o, 1 1
__ s _2 0
2 36?'22 7 1—V12V21 522822 <£22 -"‘/12‘("11>+ ] G)
o, 1,

12 Jd E 12712

12

In the present paper, the damage rate describing the damage kinetic with respect to the cycle
number and is formulated as a sum of two components:

7 _ a/QIll/ _ allﬁll Bt (8, V)
dll_ a//\//_l+ﬁll(}/ll) +}‘11(}/11)(€ ) (4)
— a/dm/ _ azzf’zz Pt (827V)
dzz - 8//\// - 1+B22 (}/22) +}‘22(}/22)(€ ) )

7 _ 8/6/12/ _ alzﬁlz Fio-1 ~(8,,4)
dlZ_ N ) _1"'612 (}/12) +}‘12(}/12)(€ ) (6)

The first contribution, scaled by (Yij)Bij-l in equations (4) to (6), is derived from the Norton power
law that describes the dissipation potential. The second component is introduced to describe the
rapid stiffness reduction occurring during the cyclic loading. The state variables d;;(N) are
obtained by numerical integration of the damage rates, with the initial conditions dii(N=0)=d";.

Where d* stands for the initial damage induced during the first loading ramp prior to the cyclic
loading. These initial values are function of the applied stress level.
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The developed fatigue damage model requires 12 parameters to be identified namely, four
parameters per damage variable. In this work, the model is developed for tension-tension fatigue
loading and hence 4 parameters have to be identified.

@ Cyclic loading

Omad--=-=+==-

Static preloading ——
ramp
W/ \ ./ R=Omin [ Ormax

(TITIII - e 1ff v

- Lt "‘t
L

Fig. 1. Load history obtained from a force controlled fatigue test. Note that quasi-static pre-
loading ramp (prior to the point S) gives rise to an initial damage representing the quasi-static
damage (denoted by d,).

Model damage parameters identification procedure

An identification method involving homogeneous tensile fatigue tests have been used to
determine the longitudinal damage parameters. The goal is to identify the parameters involved in
the damage evolution, for the longitudinal direction (a1, P11, A11 and 017 governing the damage
dq;). For this purpose, load control tension-tension fatigue tests on composite specimens have
been performed in longitudinal direction [2]. These fatigue tests have been carried-out at three
stress levels: Omax =65% OuTs, Omax =70% Outs and Omax =80% outs. The applied stress ratio
R=0min/Omax remains constant for the different configuration (R=0.1) and the frequency was fixed
up to SHz.

The identification procedure relies on a cost function S(P) that has been built as an objective
function representing, in the least squares sense, the difference between experimental and
computed damage values. It has been minimized using the gradient-based Levenberg-Marquart
(LM) algorithm [5-7] which can be written as follows:

a 2

E I:diexp (]_3) _dinum]

s(p)=H (7)

)

i=1

Where a is the number of experimental data. d“”denotes the experimental damage values

determined using the dynamic modulus reduction curve (Fig. 3) : d™ =1-E(N)/LE,. d"" are

the computed damage values predicted by the developed model. P is the unknown parameter
vector that contains the model parameters (o1, P11, M1, 611).
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