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PREFACE

This is the second Young Researchers Forum for early-career scientists and engineers
working in the field of construction materials to be held at Department of Civil,
Environmental and Geomatic Engineering, University College London, London. The
first meeting was organised by the Construction Materials Group, The Society of
Chemical Industry in May 2012.

The aims of this joint meeting are:

» To provide an opportunity to speak to a friendly audience of young researchers
(research students and those recently appointed in industry).

» To raise the level of contact and communication between people in the early stages
of their careers, from both industry and academia.

» To increase each individual's understandings of how skills and facilities are
distributed across the country.

» To provide an opportunity to learn more about the organisations hosting the event
and their roles in research and industry.

The response to the call for papers for this meeting was excellent, with 42 abstracts
received from the Czech Republic, Italy, Kenya, Lebanon, Netherlands, Poland, Spain,
UK and USA. We therefore decided to provide the students with Oral and Poster
presentations to accommodate the response. The extended abstract demonstrate a strong
continued interest and progression in research in the construction industry.

The extended abstracts have been divided in oral and poster presentations in the
following themes.

e Timber for Structural Applications

e Use of Waste Materials In Construction

e Materials for Nuclear Waste Immobilisation
e Cement Hydration

e Durability of Structures

e Materials Testing

e Concrete Technology

We wish to thank all the authors for their hard work in preparing their contributions and
meeting, tight deadlines that have enabled the production of extended abstracts.

We would like to thank David Ball Group, Grace, Isolearn, Sika and Zwick-Roell for
supporting the Young Researcher’s Forum II.



The Institute of Concrete Technology extends its thanks to Construction Materials
Group of SCI, The Institute of Materials, Minerals and Mining, The Institute of Asphalt
Technology and The Mineralogical Society for supporting the event.

We wish to thank Adrian Blacker (Chairman of Construction Materials Group, SCI) and
Dr Mark Tyrer (Chairman of Cementitious Materials Group, The Institute of Materials,
Minerals and Mining) for their help, and thank ICT, SCI, IOM?® and Quartz Scientific
for contributions towards the prizes.

Finally to University College London for hosting the event, and Jun Ren and Yanfei Yue
for their help in setting up the website and compiling the extended abstracts.

The editors express the wish, on behalf of all authors, that readers find the extended
abstracts topical, and useful in their work, also that it stimulates further work on
construction materials.

Raman Mangabhai ~ Chairman of Events & Marketing, Institute of Concrete
Technology

Mangabhai Consulting /Cement and Concrete Science
Dr Yun Bai Senior Lecturer in Materials, University College London
Dr Chris Goodier Senior Lecturer, Loughborough University
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POST-TENSIONING OF TIMBER BEAMS WITH
BASALT FIBRE REINFORCED POLYMER

E. McConnell, Dr D. McPolin, Prof S. Taylor
Queens University Belfast
emcconnell10@qub.ac.uk, d.mcpolin@qub.ac.uk, s.e.taylor@gqub.ac.uk

ABSTRACT: Development of the structural performance of glulam timber beams by
the inclusion of reinforcing materials has the potential to improve service performance
and ultimate capacity. In recent years research focusing on the addition of fibre
reinforced polymers to strengthen members has yielded positive results. However, the
FRP is still a relatively expensive material and its full potential has not been realised.
This paper describes a series of four-point bending tests that were conducted to failure
on reinforced and post-tensioned glulam timber beams where the reinforcing tendon
used was 12 mm diameter BFRP (Basalt Fibre Reinforced Polymer). The research was
designed to evaluate the additional benefits of including an active type of reinforcement,
by post-tensioning the BFRP tendon, as opposed to the previously discussed passive
approach of simple reinforcement.

From the laboratory investigations, it was established that there was a 16%
increase in load carrying capacity when the post-tensioned members were compared to
those with the passive reinforcement. Furthermore, when members containing the BFRP
composite are contrasted against control timber specimen’s stiffness is increased, with a
14% reduction of deflection under service loads. Further reductions are evident when
the induced precamber is considered, with a net reduction in deflection of 40% on
average. Additionally a more favourable ductile failure mode was witnessed compared
to the brittle failure of an unreinforced timber beam. The results support the assumption
that by initially stressing the embedded FRP tendon the structural benefits experienced
by the timber member increase in a number of ways, indicating that there is significant
scope for this approach in practical applications.

Keywords: BFRP, Four-point Bending, Glulam, Timber, Post-tension.

INTRODUCTION

Despite the many benefits offered by timber use over other construction materials it
remains underused in the industry, ‘timber is not widely used for primary structural
elements’ ™. The underuse of timber as a structural material may be attributed to the
naturally occurring defects within its structure. Undesirable characteristics include the
presence of knots and grain defects, susceptibility to the effects of moisture and other
time dependent vulnerabilities, such as the occurrence of creep, which will affect the
materials structural capabilities.
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Recently, extensive research has been completed regarding the reinforcement of
timber using both various metals and novel fibre reinforced polymers as an attempt to
enhance the timber’s strength and stiffness [2-41

BFRP is a corrosion resistant, composite material particularly suited to use within
timber reinforcement as it has a low elastic modulus and therefore the two materials will
have high strain compatibility. Additionally it has excellent tensile strength,
approximately 2.5 times stronger than steel while also being 3.7 times lighter ©.

Although extensive work reinforcing timber has been previously undertaken,
many researchers have concluded that the addition of the expensive FRP reinforcement
Is similar to the addition of a single timber lamina, making this method ineffective and
uneconomical &%), 1t is therefore arguable that the FRP’s utilised in these investigations
are not being fully exploited as only a fraction of their structural potential is used. By
initially tensioning the material and therefore using active reinforcement a number of
advantages may be further realised as, ‘prestressing effectively increases flexural
strength by introducing an initial compressive stress into the timber fibres that in service
are under tension’ '),

RESEARCH OBJECTIVES

This research was initiated to evaluate the feasibility of strengthening timber beams by
the addition of a post-tensioned basalt fibred reinforced polymer rods. Throughout the
full investigation, a combination of unreinforced and post-tensioned GL28 timber
beams, with unbonded and bonded rods, were tested experimentally to determine the
structural advantages. This paper discusses the investigation of unreinforced and BFRP
reinforced timber sections. Extensive material testing and theoretical investigations
examining the various stresses occurring throughout the materials, during the testing
process, were undertaken and analysed to allow the creation of a theoretical stress
model capable of accurately predicting the behaviour of the system.

EXPERIMENTAL TESTING

Test Variables
The instrumentation and test set-up shown in Figure 1 illustrates the flexural tests
conducted on each beam within the series. As timber is a particularly variable material it
was crucial to conduct numerous service load tests at each stage of the process to allow
direct comparisons to be drawn between the results. To facilitate this each beam was
tested in the following way;

1. Timber with 16mm void

2. Timber with 12mm BFRP rod slotted, slack, through the void
3. Timber with 12mm BFRP post-tensioned to 20kN, unbonded
4.

Timber with 12mm BFRP post-tensioned to 20kN, bonded

The sets of tests discussed within this paper are;
e 5 No. 45x155x3000mm timber beams, tested both elastically and to failure, (C1-C5)



e 5 No. 45x155x3000mm timber beams reinforced with unbonded post-tensioned
12mm diameter BFRP bar, tested elastically

e 5 No. 45x155x3000mm timber beams reinforced with bonded post-tensioned 12mm
diameter BFRP bar, tested both elastically and to failure (B1-B5)

Load Point Load Point

T2

3000
Fig. 1: Test Instrumentation and Flexural Test Set-up

Flexural Test Procedure
Beams were tested using the four point bending method in accordance to BS EN 408!,
The beams were supported on rollers, as was the spreader bar under the loading point.
For safety lateral supports were provided to prevent lateral torsional buckling in the
beams as they were tested. There was sufficient clearance to ensure they did not alter
the behaviour of the test.

For elastic tests, an initial load of 10kN was applied twice as the settlement load
in increments of 1kN with data recorded at each interval on all instrumentation. The
10KN load was held for five minutes, unloaded incrementally and all load removed for a
further five minutes prior to the second elastic loading test which proceeded in the same
manner. The tests to failure were carried out using the same process following the
previous elastic tests and subsequently loaded to failure. The response was monitored
both through instrumentation, but additionally documented using digital imagery.

Material Testing

Preliminary material tests were completed to test the feasibility and accuracy of the test
procedures rather than gain a comprehensive representation of the timber properties, at
this stage. Tensile and compressive tests were carried out in accordance with BS EN 408
(2010). Compressive blocks, 45x155x270mm, were crushed parallel to the grain using a
Dartec actuator, while 9x12mm tensile dog bones were failed using a Zwick static
material testing machine.

RESULTS

Material Testing Results

Table 1 & 2 below show a sample of the material testing results gathered from the
compressive and tensile tests. As is true for clear timber, timber with no visible defects
such as knots, the tensile and compressive stress values are similar indicating that these
results may be representative of the material. However, as timber frequently fails
because of the presence of natural defects further material testing is planned to allow
both the mean and characteristic values of the structural properties to be calculated.
Preliminary theoretical calculations have been completed using the average results listed
below as these were significantly higher than the values accordingly to the specific
strength class.



Table 1. Preliminary compressive test results

Sample No. Failure Load (kN) Compressive Stress (N/mm?)
1 264.94 37.4
2 281.78 39.8
3 247.63 34.9
4 273.41 38.6
5 260.26 36.7
Average 265.60 375

Table 2. Preliminary tensile test results

Sample No. Failure Load (kN) Tensile Stress (N/mm?)
1 3.65 33.8
2 3.68 34.1
3 3.33 30.8
4 5.02 46.48
5 5.77 53.4
Average 4.29 39.7

Flexural Testing Results
Unreinforced Beams

Typical Load/Deflection at Failure

Applied Loading (kM)

0.00 -10.00 -20.00 -30.00 -40.00 -50.00

Displacement (mm)

Fig. 2: Load Deflection of an Unreinforced Timber Beam to Failure

Figure 2 represents the typical deflection response of an unreinforced timber beam used
throughout the experimental programme. As is evident from the figure the typically
proportional trend line continues until the failure of the beam indicating that the failure
mode was sudden and brittle.

Using a simple beam deflection formula, Equation 1, and by assuming that the
four point bending method yields a 10% greater deflection than the application of a



UDL the modulus of elasticity can be calculated for the average unreinforced timber
beam tested.

1.1 (5.w.L?)
"~ 384.EI (1)

By using the average results yielded from this series of experiments a value of
9200N/mm? is obtained. This value is considerably lower than the expected from a
GL28 sample, however it may be used to quickly calculate and compare the relative
increase in stiffness, El, that the post-tensioning process causes.

Post-tensioned Beams

Figure 3 shows the typical load deflection response of a beam at various stages of
construction, under service loading. It is initially evident that with the application of
post-tensioning, both with the tendon bonded and unbonded, there is an increase in
stiffness, particularly evident under the 10kN applied load. From the figure above it can
be seen that there is approximately a 4mm reduction, approximately 14%, in service
deflection between the solid timber beam and the post-tensioned beam with the BFRP
tendon bonded in place at a 10kN applied load. BFRP was chosen for this investigation
due to its relatively low modulus of elasticity meaning that it should respond to load in a
similar way to the timber.

The figure supports this theory, that there is very little difference in the response
between the solid timber beam and the beam with a slack BFRP rod slotted through its
length. This further indicates that the increase of stiffness and the resulting advantages,
seen throughout these experiments, can be attributed to the post-tensioning process. The
graph represents the typical deflection response of the beams under service loading with
the precamber induced by the post-tensioning ignored, meaning that there are further
benefits offered by the post-tensioning process that initial evident from the figure.

Load Deflection Response at Post-tensioning Stage
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Fig. 3: Load Deflection Response under Service Loading



Table 3. Collapse Load & Predicted Capacity of Unreinforced and Post-tensioned Beams

Beam No. | Failure Load (kN) Failure Mode c angist?EN)

C1 16.25 tensile split on soffit
C2 19.25 tensile split on soffit
C3 23.75 tensile split on soffit
C4 22.50 tensile split on soffit 2110
C5 17.50 tensile split on soffit

Av.C 19.85
Bl 22.00 tensile split along tendon position
B2 20.00 tensile cracking near load points
B3 24.00 tensile split along tendon position o5 97
B4 22.50 knot on soffit opened and split
B5 26.00 compressive cracking on top under load points

Av. B 22.90

Table 3 highlights the difference between the unreinforced timber and the timber
post-tensioned to 20kN at the point of failure. Initially considering the failure loads it is
evident that there is an increase in capacity when timber is post-tensioned. In this
particular series of experiments there is a 16% increase in strength and a reduction in
the variability of the materials performance. Although timber is not strictly comparable
in this manner, due to the inherent variability of its nature, these results indicate a
positive shift in the materials capabilities when post-tensioned using a BFRP tendon.

Additionally the results correspond accurately with the predicted capacity
calculated for each experimental investigation. The theoretical process is discussed
further in overleaf and although preliminary the results are encouraging.

THEORETICAL PREDICTIONS

The principle and behaviour of linear elastic stress is a well-understood theory
commonly used within the concrete industry. As a preliminary investigation the theory
has been applied to this process and, as shown in Table 3, has yielded positive results.

The stresses induced by the application of both a post-tensioning force and a
load where considered separately, as shown in Figure 4. By using the timbers material
properties, compressive and tensile strength, it was possible to calculate the force
required to remove the elastic stress reversal caused by the post-tensioning. This then
indicated the additional loading that the timber would be able to support following post-
tensioning and thus the increase in strength.

P/A, -Pe/z My/I
X >
J N o e[
+ve -ve yd
Pelz -My/I

Fig. 4: Induced Stressed from Post-tensioning and Load Application



CONCLUSIONS

Although the small number of samples must be considered when evaluating the
following conclusions the process of post-tensioning offers a number of advantages
when applied to timber. Examining the data set indicated that there was an overall
flexural strength gain of 16%. This value corresponded reasonably with the theoretical
investigations that have been carried out to date. All beams tested, with the exception of
B5, failed in an elastic-type tension failure with splitting occurring near the soffit. This
would indicate that further structural improvements may be possible through post-
tensioning as it has the potential to encourage a compressive, plastic failure within the
timber.

The stiffness results of the various beams tested are positive; the BFRP having a
low modulus of elasticity increased the stiffness of the beams under a 10kN applied load
by 14% nevertheless. When considering the precamber the advantages increase making
post-tensioning a viable and worthwhile process in the attempts to strengthen timber.
Furthermore the failure mode of the post-tensioned beams exhibited a more ductile
form, due to the presence of the BFRP rod, indicating further benefits that the
development of post-tensioned timber would afford the industry.
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ENGINEERED GUADUA-BAMBOO PANELS USING
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ABSTRACT: Engineered panels were manufactured by cross laminating heat and
pressure treated strips of Guadua angustifolia Kunth (Guadua). Cross laminated Guadua
(CLG) panels comprised of three and five layers glued with a high performance epoxy
resin. Large specimens of these panels were tested in compression and their elastic
mechanical properties evaluated. The digital image correlation (DIC) method was
applied to measure strain variations in the X, Y (in-plane) and Z (out of plane) axes on
the surface of 600 mm? CLG panels. Strain results were analysed using VIC 3D
software and used to calculate the elastic values of the panels. Moduli of elasticity
(MOE) values from DIC for three and five ply panels were 13.50 GPa and 22.59 GPa in
the main direction (Eo) and 5.28 GPa and 12.54 GPa in the transversal direction (Eg).
While predicted MOE values for three and five ply panels were 21.43 GPa and 19.51
GPa in the main direction (Eo) and 11.83 GPa and 13.75 GPa in the transversal direction
(Ego). This study is part of a research project that aims to develop standardised industrial
structural products from Guadua and to measure and predict their mechanical behaviour.
Keywords: Bamboo, cross laminated panels, digital image correlation, Guadua
angustifolia Kunth, thermo-hydro-mechanical modification.

INTRODUCTION

Guadua has remarkable eco-credentials when compared to conventional building
materials and exceptional advantages when compared to wood forest products. As with
other bamboo species, Guadua is a fast growing non-wood forest resource that renews
itself; it also has a high yield per hectare and captures and fixes more carbon than most
softwood trees M. Vogtlander et al @, identified bamboo as one the best renewable
resource in terms of yield when used in durable applications. Comparison of the annual
yield of Guadua in m*/ha for products such as MDF is very similar to that of Eucalyptus



and Radiata Pine '@ which makes Guadua a competitive alternative material.
Furthermore, bamboos in general have a considerable strength to weight ratio which is
comparable to mild steel. Average values of elastic modulus per unit density (specific
modulus) of bamboo are very similar to those of steel (25 x 10° m%s?) Bl However,
factors such as the bamboo species, its variation in density across and along the culm
and anisotropic mechanical properties hinder its use in stiffness-driven applications
where steel has been widely used. Engineered bamboo products are scarce and require
complex manufacturing processes. For instance, fabrication of laminated Guadua
products results on an energy intensive process due to the machining of round culms
into rectangular strips that produces high amounts of waste * “. Therefore, the
development of engineered Guadua products needs to exploit its remarkable features,
tackle the issues regarding manufacture and improve durability.

Studies on heat treatments applied to bamboo have shown improvements on the
mechanical properties and resistance to termites and fungal decay ™ ©. These studies
and primary experimentation with THM treatments showed that temperatures below
160°C had a positive effect on the mechanical properties of Guadua and provided a
dimensionally stable flat sheet material with a densified profile ®l. Thus, THM
modifications were used as a way of reducing machining and producing durable
engineered Guadua panels with improved mechanical properties. The panels were
subjected to a testing programme with the aim of characterising their mechanical
properties and results from compression tests of large CLG panels were assessed using
the DIC method. This paper reports on the development of CLG panels at the University
of Bath, manufactured using straightforward densification and assembly methods that
could be easily applied industrially.

MANUFACTURE OF THE PANELS

Preparation of the Material

Round culms of Guadua were cut to the required length and its outermost layer was
removed using a professional burnisher fitted with a 100 mm x 289 mm x 40 grit
Zirconium cloth belt. This highly abrasive belt was used to remove about 100um of the
tough cutinized layer that covers the cortex of Guadua. Subsequently the peeled lengths
of cylindrical Guadua were radially cut into six to eight strips (depending on the
diameter) and the inner pith cavity membrane was also removed.

The strips were stored under controlled temperature (27° C + 2° C) and relative
humidity (70 £ 5 %) in a conditioning room, enabling them to reach equilibrium at 12%
moisture content (MC). By following the above mentioned process a reduction of 27%
of wasted material was achieved !,

Densification

Following immersion in water for 24 hours, the strips were subjected to an open thermo-
hydro-mechanical (THM) treatment for 20 minutes using a daylight opening hot press
with 1000 square mm oil heated platens. Pressure on the hydraulic press was computer
controlled using PressMAN software and applied across the radial direction. Maximum
pressure, temperature and compression set were fixed to 50 kg/cm?, 150°C and 45%

10



respectively. The compression set C is defined as C = (Ro-Rc)/Ro  where Ro and Rc
are the thickness of the samples before and after compression respectively.

Healen plates Vertical pressure

(a) (b) Temp. 150°C 50kg/cm? (+ 5 MPa)
y . H A 4
Plasticisation ! Densification | Cooling
(10min) (10 min) ' (-) ®
1 ' 5
g ' o1s0°C | £
£ | g | wama wawa wama |
: | =
Il 1
Il 1
| '
Time Guadua strips

Fig. 1: (a) THM diagram (b) Image and diagram of the heat and pressure process.

As can be seen in Figure 1, THM modification occurred in two stages; the first is a
plasticisation stage where temperature and pressure on the strips of Guadua is increased
for 10 minutes. The second is the densification stage, where maximum pressure and
temperature were maintained for 10 minutes. This densification process provided
densified flat Guadua strips (FGS) with improved mechanical properties (Table 1), as
previously reported on &I A slight reduction in the dry weight of the strips was recorded
post-THM treatment; however the MC was not markedly affected (-0.5%).

Table 1. MOE and Poisson's ratio of Guadua strips pre and post THM modification !

(a) Pre THM (control

(b) Post THM

sample) (FGS)

Fibre fraction area 25.53 % 47.78 %
EL 16.21 GPa = 0.76 31.04 GPa + 0.47

Es - 2.22 GPa

. 3 3

Density (p) 540 kg/m 830 kg/m

Specific stiffness
P ® 29.84 x 10° m?/s? 37.58 x 10° m?/s?
(average)
Lamination

FGS were used to form the individual plies of three and five layer cross laminated
Guadua panels, which were labelled CLG-3, CLG-5 respectively. The plies were glued
with a mix of wood epoxy resin (Sicomin SR 5550) and wood gap filler (Wood fill 250),
which also increased the viscosity of the mix. The content of resin by total weight of the
composite was 4% and the spreading rate was 215 g/m® Cold pressure of about 35
kg/cm? was applied to the panels until the resin was set (Figure 2b) and then left to cure

in a conditioning room for about 20 days before machining.

©
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Fig. 2: a) PressMAN hot press b )Lamination of the CLG panel c)Cross section of a CLG-5 panel.

The symmetrical composition of the laminate was determined by the odd number
of layers (three and five) and the lamination of alternating layers with regular
thicknesses (5.5+0.3) at 0° and 90°. For structural analysis the manufactured CLG-3 and
CLG-5 panels are considered as shell elements under plane stress conditions and their
orthotropic elastic properties need to be evaluated (MOE, shear modulus and Poisson’s
ratio).

The longitudinal orientation of the CLG panels corresponds to its load bearing
direction and is defined by the orientation of Guadua fibres in the outer layers (Figure
3a). This also represents the highest number of layers orientated in X; and a ratio of 2
to 3 for CLG-3 and 3 to 5 for CLG-5.

EXPERIMENTS AND ANALYSIS

Compression test

CLG-3 and CLG-5 panels of 600 mm x 600 mm were tested in compression in the X;
(longitudinal) and Xj (transversal) directions as illustrated in Figure 3. The panels were
tested according to the BS EN 789:2004 ! standard for structural timber elements.
Compression tests of the panels were carried out in a 200 kN Mayes universal test
machine (Figure 4a) at a rate of 0.5 mm/min. Ten loading series below the elastic limit
were undertaken per panel and special test fixtures were used to anchor the panels to the
test machine.

a) b) c)
Xy (L) L) —
3 Al
Xa[(T) X1 (L)
~ <
N
Xz (R) Xs (T) ™ ? ?

Fig. 3: a) Geometric (X;, X, X3) and orthotropic (L, R, T) axis of the CLG panel b) Diagram of the
compression test on the longitudinal direction of the panel c) Diagram of the compression test on the
transversal direction of the panel.

Digital Image Correlation Method

During mechanical testing, two monochrome high speed cameras (Fast Cam SA3)
recorded simultaneous images of a speckle pattern painted on the surface of the panel at
a rate of one frame per second (Figure 4). These sets of paired images were analysed
using VIC3D-2009 software and 3D strain maps were produced (Figure 4b and 4c). A
virtual extensometer (A-B) was placed on the face of the panel with the speckle pattern
and the axial strain variations per image were recorded. Figures 4b and 4c illustrate the
area analysed and the location of the extensometer.
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Fig. 4: a) Panel mounted on the test machine b) Strain map in X, (z)of a CLG tested on the transversal
axis ¢) in z of a transversal CLG Typical strain-stress graph of the compression test carried on CLG
panels

Determination of MOE

Strain values from the DIC method were used to calculate the MOE of CLG-3 and
CLG-5 panels in the longitudinal (Eg) and transversal direction (Egp). Typical stress-
strain response obtained from the compression test of three and five layers CLG panels
was plotted and a linear regression analysis performed (Figure 5). The longest portion of
the graph with a correlation coefficient = 0.60 was used to determine MOE.

0.00900
. Table 2. MOE results
0.00800 /:',
000700 -
/:/ Pr,;/ldcii:%ed MOE Correlat.
0.00800 /.,/ ¢ Test values |Coeff. (R?)
— values
S 0.00500 e ® o
D oowo D Eoclcs | 2143Gpa | 1350GPa | 094
w
E 000300 - /{
= o Eoo.cles | 11.83 GPa 5.28 GPa 0.84
oo o3 ’ 13.573x-0.0002
® y=15. X-U.
000100 .,‘ e : R7=0.9503 Eo, cLes 19.51 GPa 22.59 GPa 0.95
0.00000 T T T 1
000000 000020 00040 000060 000080 Ego, cLos 13.75 GPa 12.54 GPa 0.63
Strain (€)

Fig. 5: Typical strain-stress graph for CLG-5 panels tested in the longitudinal direction.

Results for Eq and Egg from the compression test of CLG-3 and CLG-5 panels are

presented in Table 2 together with predicted values using data from previous tests
reported in B3 Eo and Egy values depend on the number of layers and the stiffness’s of
the individual layers (E. and Er).

Predicted MOE values were generally higher than the MOE values obtained
through the DIC method. CLG-3 and CLG-5 panels longitudinally oriented presented a
load capacity between 1.5 and 2.5 times their transversal orientation in both predicted
and test results. No permanent deformation (post-test) in any axis was recorded by the
DIC; however, 3D strain maps showed areas prone to deformation in the X; (R)
direction that presented gaps or fabrication defects.
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CONCLUSIONS

Flat cross-laminated Guadua (CLG) panels for use in construction were manufactured
using a simplified process that reduced the wastage produced during conventional
lamination processing by 27%.

The elastic mechanical properties of engineered bamboo panels were characterised
using digital techniques and compared to predicted values using data from previous tests
B3, Similar MOE values (Eosply = 14 GPa) have been reported by ! for cross laminated
bamboo products using different techniques. However, validation of the obtained results
will require further testing using physical strain measurement systems. DIC methods
allowed for a qualitative assessment of the structural behaviour of the panels but
difficulties were encountered on the quantitative analysis of their mechanical properties.
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ABSTRACT: Incinerator bottom ash (IBA) is normally processed to extract ferrous and
non-ferrous metals with the coarse mineral fraction used to produce secondary
aggregate. This processing also produces significant volumes of fine IBA particles,
typically less than 4 mm, which are problematic because reuse options for this material
are limited. Fine IBA particles can be transformed milling and calcining into a raw
material suitable for the production of ceramics that exhibit low shrinkage during firing.
The processing involves the addition of glass to aid liquid phase sintering, milling to
reduce the particle size and increase reactivity and calcining to limit volatile loss and
control shrinkage during firing. Calcining changes the crystalline phases present in fine
IBA from predominantly quartz (SiO;), calcite (CaCO3) gehlenite (Ca,Al,SiO;) and
hematite (Fe,O3) to diopside (CaMgSi,Og), clinoestatite (MgSiO3) and andradite
(CagFe,Si301,). Pressed calcined powders exhibit low shrinkage (<5%) during sintering
and produce dense (2.78 g/cm®), hard ceramics that exhibit negligible water absorption
when fired at 1080 °C. The research demonstrates the potential for transforming the
problematic fraction of fine IBA particles into a raw material suitable for the
manufacture of ceramics such as tiles, with potential for use in urban applications.
Keywords: Incinerator bottom ash, energy from waste, resource efficiency, circular
economy, sintering, ceramics.

INTRODUCTION

There are currently 454 energy from waste (EfW) plants operating in Europe, the vast
majority of which combust residual waste. The combustion process produces incinerator
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bottom ash (IBA) that is normally quenched on exiting the combustion chamber. After
ageing and weathering IBA forms a loosely agglomerated granular material. Typically
250-320 kg of IBA is produced per tonne of input residual waste to an EfW plant. IBA
processing typically uses standard drum or flat screen decks with different mesh sizes to
sort size fractions, with further metal recovery using magnetic and eddy current
separators. The metals extracted have significant value and the mineral fraction greater
than 4 mm is extensively used as secondary recycled aggregate. IBA also contains
approximately 45 wt. % of fine particles significantly less than 4mm in diameter, which
are not ideal for use as aggregate. There are currently limited alternative beneficial reuse
options for this material which is typically either blended into IBA aggregate or
disposed of to landfill neither of which is ideal.

Previous research has used IBA for the production of ceramics and glass-
ceramics. Ceramic manufacturing typically involves sintering compacted powder
samples. In the glass-ceramic process raw materials are melted to form a glass at
relatively high temperatures and this is followed by subsequent heat treatment at lower
temperatures to promote crystallisation effects. An advantage of these processes is that
they encapsulate heavy metals in the ceramic or glass-ceramic formed so that metal
leaching is limited (Rawlings et al., 2010).

This research has investigated the potential for transforming the fine (<4 mm)
fraction of IBA into a raw material suitable for the production of sintered ceramic tiles,
that exhibit high density and hardness and low shrinkage during firing.

EXPERIMENTAL

Characterisation of the fine IBA fraction

A representative 50 kg batch of <4 mm processed IBA was obtained from a major
supplier of secondary IBA aggregate in SE England (Day Group, Brentford facility).
The chemical composition of the fine IBA fraction was determined by X-ray
fluorescence analysis (XRF Spectro 2000 Analyser). The milled powder sample was
also characterised by X-ray diffraction (Philips PW 1830 diffractometer) to identify the
crystalline phases present. The effect of temperature on the milled powder was
investigated by thermogravimetric analysis (TG/DTA, Stanton Redcroft, STA-1500
Series) on 25pg samples using a ramp rate of 10 °C.min™.

Ceramic processing
Previous work demonstrated that the addition of 20 wt. % of recycled soda lime silica
glass significantly improved liquid phase sintering of fine IBA. 500g sample batches of
80 IBA: 20 glass were therefore prepared with 1 wt. % of polyethylene glycol (PEG-
8000) added as binder. This was wet milled for 24 hours in a porcelain ball mill, rotating
at 40 rpm using high-density alumina milling media, a water to charge ratio was 2 and a
milling media to charge ratio of 5. The particle size distribution of milled slurry samples
was determined by laser diffraction (Beckman Coulter, LS-100 Series).

Milled slurries were dried overnight at 105°C, and lightly ground to pass through
a 500 pum sieve to form powders suitable for pressing. Tile samples (110 x 55 x 20mm)
and disc samples (40 mm diameter) were formed by uniaxial pressing at 48 MPa
(Nannetti S hydraulic press) using a steel die. Pressed samples were then sintered in an
electric laboratory furnace (Lenton Eurotherm 2416CC) at a heating rate of 6 °C/ min to
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temperatures between 1020 and 1100°C with a 1 hour dwell time at peak
temperature.Following wet ball milling and drying the IBA powders were calcined in
aluminum crucible at temperatures between 600 and 1100 °C. The powders were then
lightly ground in a mortar and pestle to produce ceramic powders suitable for
processing into ceramics using the same procedures as for the un-calcined powder.

Property characterisation

The linear shrinkage was calculated from disc samples by comparing the diameter
before and after firing using:

(Do — Ds)*100/ Do

where D, is the diameter of the green disc and Ds the diameter of the sintered disc.

The relative density of the sintered samples was determined using Archimedes
method taking into account of the effect of temperature on the specific gravity of water.

The water absorption of sintered samples was determined from the increase in
weight of dried samples after immersion in water for 24 hours under a vacuum to
remove the air entrapped within the open porous of the sample.

The Vickers micro-hardness of sintered samples was measured with a Leitz
Wetzlar 8423 microhardness tester using a 25 g load. The Vickers number (HV) with
units of kg mm, is calculated from:

HV=1.854 (F/ D%
where F is the applied load (kgf) and D? the area of the indentation measured in mm? .

Microstructural analysis used scanning electron microscopy (SEM, Jeol JSM-

5610LV) to examine gold coated fracture surfaces of sintered samples.

RESULTS AND DISCUSSION

As-received fine IBA

Chemical composition data obtained by XRF is given Table 1. Approximately 80% w/w
of the fine fraction of IBA consists of oxides of Si, Ca, Fe and Al. XRD data given in
Figure 2 shows that the major crystalline phases present are quartz (SiO,), calcite
(CaCO:3), gehlenite (Ca,Al,SiO7) and hematite (Fe,03).

Table 1. Chemical composition of the less than 4 mm fine fraction of IBA

Ca | SIO | ALO| Mg | Fe,O | K; | Nap | TIO | Zn | P,O | Other
(@) 2 3 O 3 O O 2 O 5 S

IB | 337|212 87 22 | 184 |19 | 30 | 16 | 16 | 15 6.2

Thermogravimetric analysis data (Figure 3) shows that from ambient temperature
to 120 °C weight loss occurs due to evaporation of moisture. Significant weight loss
occurs between 600 and 770 °C, related to an endothermic peak centred at 765 °C and
this results from the decomposition of calcite (CaCO3) to CaO and CO,. The weight loss
of 1.7% between 1020 and 1100 °C is from the decomposition of alkali metal sulphates
and evolution of SO,. The endothermic peak in the DTA curve is also associated with
melting. The peak identifies the energy consumption associated with the physical
change from solid glass to a liquid.
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Fig. 2: X-ray diffraction data of IBA/ glass Fig. 3: TG/ DTA of IBA/ glass

Physical properties of IBA ceramics

The effect of sintering temperature on the density and shrinkage of sintered samples is
shown in Figure 4(a). Maximum average densities of approximately 2.5 g/cm® were
obtained for samples sintered at 1040 °C. However, sintering at 1080 °C resulted in
lower water absorption, higher Vickers micro hardness and an improved appearance,
and on this basis this was selected as optimum temperature. Linear shrinkage was
relatively high ~20% and this tended to cause deformation and warping of tile samples
during sintering
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Fig. 4: Effect of: (a) sintering and, (b) calcining temperature on the density and shrinkage of ceramics
produced from uncalcined IBA glass powders.

Maximum average densities of 2.8 g/cm® were obtained from the mixture calcined
at 1080 °C and this had a linear shrinkage of just 3.7% which is significantly lower than
that for typical clay based ceramics. Sintering the uncalcined samples at 1080 °C
produced a ceramic with 4.1 GPa Vickers micro hardness, while ceramic tiles prepared
from calcined powder had a hardness of 4.5 GPa hardness when sintered at 1080 °C
(Figure 5). Water absorption of the IBA glass ceramics was negligible for samples
sintered at temperatures above 1070°C.
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Fig.5: Effect of sintering temperature (1 hour dwell) on the Vickers micro hardness and water absorption
of ceramics produced from uncalcined and calcined at 1080 °C IBA glass powders

X-ray diffraction data for milled IBA and glass mixes calcined at 800, 900, 1000
and 1100 °C are shown in Figure 7. While quartz (SiO,), calcite (CaCOs3), hematite
(Fe,03) and ghelenite (Ca,Al,SiO;) are the major crystalline phases identified in the as-
received IBA new crystalline phases are found in powders calcined above 800°C, with
diopside (CaMgSi,0s), clinoestatite (MgSiO3) and andradite (CasFe;Si3O1,) the major
crystalline phases in powders calcined at 1080 °C.
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Fig. 6: X-ray diffraction data of IBA glass wet ball milled for 24 hours, calcined IBA and glass powder at
800, 900, 1000 and 1080 °C and ceramic sintered at 1080°C with calcined at 1080°C powder

Ceramics produced without calcining have extensive closed porosity in agreement
with the density data, as shown in the SEM images in Figure 7.

4 3
s Y

400pm
a) ceramic without calcining pjceraimic with caicined at 1080°C

Fig.7: SEM micrographs of sintered at 1080 °C ceramics produced from IBA glass powder: (a) without
calcining, (b) calcined at 1080°C
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CONCLUSIONS

Powders can be produced from the fine fraction of IBA that are suitable for
manufacturing pyroxene group ceramics. The process involves milling the IBA mixed
with glass and calcining. The sintering conditions control the physical, mechanical,
mineralogical and microstructural properties of the ceramics formed. Sintering IBA
powders without calcining results in excessive shrinkage during firing which is likely to
be problematic for the production of ceramic tiles. Increasing the calcining temperature
increased the density of sintered ceramics and reduced firing shrinkage. Ceramics with
densities of 2.78 g/cm®, negligible water absorption, 4.5 GPa Vickers micro hardness
and approximately 4% linear shrinkage was obtained by sintering compacted powders at
1080 °C. While quartz and calcite were the major crystalline phases in the as-received
fine IBA diopside and clinoenstatite were the major crystalline phase present in calcined
powders and ceramics sintered at 1080 °C.
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ABSTRACT: In recent years, energy saving in buildings prescribes limits on thermal
transmittance of opaque structures that can be achieved with the use of materials with
low thermal conductivities. Mortars and concretes lightened with polystyrene pearls
belong to this class. In this work, the performance of lightweight mortars manufactured
with virgin polystyrene is compared with that of mortars manufactured with recycled
granules of polystyrene at the same volume dosage.

Six mortar mixtures with water/cement = 0.55 by replacing the 33% - 66% -
100% of sand volume with virgin or recycled polystyrene are manufactured.

The obtained results show that, at the same volume dosage, the replacing of virgin
polystyrene with recycled one improves the mechanical performance of mortars without
significant variation in the capillary water absorption and water vapour permeability.
The use of recycled polystyrene increases the equivalent thermal conductivity of
mortars that can be compensated with a higher dosage of polystyrene. The use of
recycled polystyrene allows a significant economical savings during the production
phase of mortars and a certain insulation degree.

Keywords: Building energy efficiency, lightweight aggregates, mortar, recycled
polystyrene, waste.
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INTRODUCTION

The importance of energy building efficiency is more and more relevant. Actually, the
global energy use contributed by buildings is about 40% M In the last years, European
directive 2002/91/CE ® and following prescribe limits about the transmittance value. It
Is possible to reach this objective using building materials with low value of
transmittance as example cementitious materials with virgin polystyrene. If the dosage
of polystyrene is increased, it is possible to obtain lightweight structural mortar with
density: 8= 1400 <+ 2000 kg/m® and compressive resistance (R.) more than 18 MPa,
lightweight concrete with low strength, 6 = 800 = 1400 kg/m3 and R, =7 +— 18 MPa,
and lightweight mortar with thermal properties with & = 300 < 800 kg/m® and R, = 0.5
+ 7 MPa Pl

Nowadays, it is also necessary to reuse wastes and by-products: recycling plastic
is a possible option ™ so decreasing both the volume of waste in dump and the
consumption of raw materials is viable. In this way industries producing polystyrene
packaging use to shred waste polystyrene into granules before the disposal. The
exponential growth in plastic waste from packaging incited a search for alternative
means of recycling ™! and a possible solution is the substitution of virgin (commercial)
polystyrene with recycled polystyrene.

SCOPE

The scope of this study is to compare fresh and hardened properties as density, strength,
durability and thermal conductivity of mortars made with different dosage of virgin and
recycled expanded polystyrene (EPS) used in substitution of a certain quantity of sand
during the preparation of mortar (33%, 66% and 100% by volume).

EXPERIMENTAL PROGRAM

Materials and methods

Materials

A commercial Portland-limestone blended cement CEM II/A-L 42.5 R according to EN
197-1:2011 (Cement-—Part 1: composition, specifications and conformity criteria) is used.

Table 1. Cement Chemical Composition.

Component | TiO, | ALO; | Fe,05 | Mgo | Si0 | Ca0 | SO; | K0 | Na0 E‘;ﬁsngrr‘]
Pe“z(%‘)tage 009 | 374 | 18 | 1.15 | 2967 | 59.25 | 325 | 079 | 026 | 11.62

The Blaine fineness of cement is 0.41 m%/g and its specific gravity is 3.05 g/cm?®.
The chemical composition is indicated in Table 1. Fig. 1 shows the grain size
distribution curves of aggregates. A calcareous natural sand, with 6 mm maximum
diameter is used. Specific gravity is 2.65 g/cm®. Two different types of polystyrene are
used: virgin and recycled (Fig. 2). For both the specific gravity is 0.012 g/cm?®. Sand has
the best distribution, virgin polystyrene has a regular spherical shape and more than
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90% of particles have a diameter from 2 to 4 mm. Recycled polystyrene has particles
with a less regular surface and a more distributed grain size between 1 and 8 mm.

An Air Entraining Agent (AEA) based on tensio-active agents is added both in
mixtures virgin and recycled with 66 % and 100 % of polystyrene at the dosage of 0.1
and 0.3% by cement weight to inhibit segregation.
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Fig. 1: Grain size distribution of aggregates: sand, virgin polystyrene and recycled polystyrene.
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The  mixtures are  prepared
following the standard UNI EN
1015-2:2007 (Methods of test for
Far, Iy " - mortar for masonry-Part 2: Bulk
[ e Weamicm| mmms  wemmicm sampling of mortars and preparation
Fig. 2: Virgin Polystyrene (A) and Recycled Polystyrene (B).  of tast mortars) with the proportions
shown in Table 2. The water/cement ratio is 0.55. The volume of aggregate is constant
in each mixture. After the preparation, the specimens are cured as described in UNI EN
1015-11:2007 (Methods of test for mortar for masonry-Part 11: Determination of
flexural and compressive strength of hardened mortar).

A vl Bia

Table 2. Mix design (Kg/m?).

Cement | Water AEA Sand Virgin | Recycled | Slump Mortar

Code Poly. Poly. density

(Kg) (Ko) (Kg) (Ko) (Kg) (Kg) (mm) | (Kg/m’)
V33 320 176 - 1257 2.74 - 120 1800
V66 320 176 0.32 610 5.23 - 116 930
V100 320 176 0.96 - 7.69 - 110 290
R33 320 176 - 1257 - 2.74 115 1900
R66 320 176 0.32 610 - 5.23 120 1370
R100 320 176 0.96 - - 7.69 115 600

Test Methods
The workability is measured according to UNI EN 1015-3:2007 (Methods of test for
mortar for masonry-Part 3: Determination of consistence of fresh mortar). Flexural (R¢)
and compressive (R.) strength of mortars are measured according to UNI EN 1015-
11:2007. Prismatic specimens are prepared for each mixture, 40 x 40 x 160 mm in size,
and tests are performed after 2, 7 and 28 days.

Water absorption due to capillary action of porous microstructure can decrease
mortar durability. The Water Absorption Coefficient (CA) is evaluated with UNI EN
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1015-18:2004 (Methods of test for mortar for masonry-Part 18: Determination of water
absorption coefficient due to capillary action of hardened mortar). The water flux by
capillarity through the specimen is measured by partial immersion (5-10 mm) in
distillate water. The difference of weight by 10 and 90 minutes is the water absorbed
due to capillarity action, 40 x 40 x 40 mm is the size for the specimen used.

Cylindrical specimens with diameter 140 mm and 25 mm high are prepared to
evaluate the water vapour transmission W according to UNI EN 1015-19:2008
(Methods of test for mortar for masonry-Part 19: Determination of water vapour
permeability of hardened rendering and plastering mortars).

Thermo characterization test is made by the experimental determination of
thermal conductivity A though cylindrical specimens (diameter 200 mm, thickness 25
mm) following the standard UNI EN 12667:2002 (Thermal performance of building
materials and products - Determination of thermal resistance by means of guarded hot
plate and heat flow meter methods-Products of high and medium thermal resistance).
The radial heat flow is used to determine A. The simulation of one-dimensional flow is
generated by two thermocouple placed on the sides of the specimen.

RESULTS AND DISCUSSION

All the mixtures have stiff consistence (slump @ = 11.5 = 12.5 cm). Fig. 3 shows
mechanical results at 2, 7 and 28 days. R. decreases when the dosage of polystyrene is
higher but with the same concentration the recycled polystyrene mortar resistance is up
to 5 times greater than the virgin polystyrene mortar. The better grain size distribution
and the uneven surface (Fig. 1 and Fig. 2) contribute to obtain these results. There is a
good exponential correlation between R, at 28 days and density (Fig. 4).
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Fig. 3: Compressive strength (R.) development of virgin and recycled polystyrene mortars.
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Fig. 4: Relation between R, after 28 days of curing and density of different hardened mortars.
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Water absorption due to capillarity at 33% of dosage is lower in recycled (Fig. 5) than in
virgin polystyrene mortar. This result is due to the recycled polystyrene irregular shape
that not being an absorbent material increases the tortuosity of the path of the water. At
higher level of polystyrene the trend is the opposite because in virgin polystyrene
mortar there are more macroporosities caused by regular spherical shape of grain than in
recycled polystyrene one (Fig. 6). There is no cement paste in that pores so the water
cannot be intake.

Macroporosity

Fig. 6: 100% Virgin Polystyrene mortar (A), 100%

Tag

Recycled Polystyrene mortar (B).

The water vapour permeability
W between the two types of specimens
iIs not significantly (Fig. 7). The
greater is that measured in V100
mortar due to the high presence of
macroporosities. Anyway, the use of a
hydrophobic admixture could decrease
the capillary water absorption of
mortar with recycled polystyrene and
increase its permeability to water
vapour 71,
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Fig. 5: Water absorption coefficient due to capillary  Fig. 7: Water vapour permeability of virgin and

action of virgin and recycled polystyrene mortars.

recycled polystyrene mortars.

For what concerns thermal properties, at the same dosage of polystyrene there is a
decrease in performance for the recycled polystyrene mortar. However, there is a good
linear relation between thermal conductivity A and the percentage of polystyrene (Fig.

8).
1.20
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Fig. 8: Relation between thermal conductivity A and percentage of polystyrene in different mortars.
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This relation is useful to know how much virgin or recycled polystyrene it is
necessary to add to the mixture to obtain a certain value of A. As example to prepare a
mortar with A = 0.4 W/mK, according to the trend line in Fig. 7 it is necessary to replace
79% of sand volume with virgin polystyrene or 87% of sand volume with recycled
polystyrene.

The comparison between the prices shows that at the same value of A, to prepare
mortar with recycled polystyrene is more convenient than to prepare it with virgin
polystyrene. The price for recycled polystyrene is 8 €/m> and the price for virgin
polystyrene is 25 €/m>, therefore a saving more than 25% can be achieved.

CONCLUSIONS

The manufacturing of lightweight mortar with recycled polystyrene instead of virgin

polystyrene, at the same volume dosage, implies:

o an increase in the mechanical properties;

o a decrease in capillary water absorption at low dosage of polystyrene (33% by
volume of sand) but a certain increase at higher dosages (66% - 100% by volume
of sand);

o no significant differences on water vapour permeability;

o an increase in the equivalent conductivity, compensated by an increase in the
percentage of polystyrene;

o that to obtain mortar with a certain thermal insulating capacity, the use of recycled
polystyrene is more economical convenient than virgin one.
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ABSTRACT: Appropriate waste management is one of the main requisites for
sustainable development at present. This task is nowadays tackled by the material
construction industry. A preliminary study about the proper valorization of the husk of
steel lamination process (HSL) for the production of advanced photocatalytic building
materials is here presented.

The HSL waste, being generated on the steel industry (HSL), is constituted by
Fe 03 (41.9 %), SiO; (10.6 %) and CaO (8.9 %), Cr (7.6 %), Al,O3 (6.8 %) and MgO
(4.1 %). The high presence of iron oxides was used to develop photocatalytic properties
through their thermal transformation into a-Fe,O3. The enrichment in hematite phase in
waste composition accounted at temperatures of 600 °C, HSL-T.

Mortar specimens containing HSL-T as photocatalyst admixture let the
preparation of self-cleaning and de-polluting materials. These mortars exhibited good
behavior towards the photochemical degradation of organic dyes, rhodamine-B (RhB).
Conversely, the use of wastes for the preparation of materials enhancing the
photocatalytic oxidation of NOy gases resulted more interesting. Moreover, building
materials with enhanced photocatalytic properties were prepared using the synergistic
effect of TiO, and HSL-T photocatalysts. Finally, the preparation of sustainable building
materials is demonstrated through an adequate reuse of steel lamination process wastes.
Keywords: Mortar, waste, photocatalysis, self-cleaning, NOx de-pollution.
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INTRODUCTION

The chemical industry is a very important sector contributing to ensure the continuous
improvement in the Sustainable Development. Currently, there are a variety of co-
products and wastes which could provide — through the proper treatment — a range of
materials with new features, including photocatalysis. It is known that construction
industry is one of the best targets for solid waste reconversion due to the consumption
of large amounts of raw materials and the large volume of the final products. Recently,
considerable interest has been aroused in the implementation of photocatalysts in
building materials, like TiO,, because it involves additional benefits such as the self-
cleaning of pollutants attached on surface or the de-polluting action over the
environmental air pollutants.™!

In that concerning to air purification, the presence of nitrogen oxides (NOx = NO
+ NO,) in the atmosphere is a great concern for modern society, due to the several
adverse and harmful effects of these compounds on human health. TiO,-containing
materials are interesting thanks to their ability to promote photocatalytic oxidation
(PCO) of these gases. Thus, by using TiO, as an efficient photocatalyst, NOy oxidation
is easily promoted using only atmospheric oxygen, water and UV-A solar radiation.
This simple mechanism is the basis for the preparation of de-polluting building
materials. Nevertheless, because TiO; is an expensive additive, the high cost of these
advanced construction materials precludes its widespread use, and therefore, promising
applications of this type of materials will be limited in our cities. An alternative to
mitigate this shortcoming could be the preparation of a semiconductor photocatalyst
from industrial wastes. Of the metal oxides which commonly appear in these wastes,
iron-based products are interesting because they could be transformed into
photocatalytic materials, as previously reported by our research group.**! Hematite (a-
Fe,03) is the most stable iron oxide with n-type semiconducting properties under
ambient conditions. Even though its photocatalytic activity is lower than that of the
TiO, anatase phase, this oxide can absorb visible light (1.9-2.2 eV band gap). This
absorption ability has attracted a strong interest in its potential applications for the
photocatalytic degradation of pollutants in water and air."®!

An interesting waste is that produced during the steel lamination process,
industrial activity producing this solid waste in large amounts. Because the content in
iron oxide is high in this waste, it can be used to prepare a raw material with potential
photocatalytic properties. This work shows a preliminary study about the proper
valorization of the husk of steel lamination process (HSL) for the production of new
self-cleaning and de-polluting materials, more specifically cementitious materials.

EXPERIMENTAL

The as-received HSL samples were dried at 110 °C until constant weight. In order to
homogenize the particle size, the samples were grinded using a planetary mill (300 rpm;
1 h). The chemical composition was determined by X-ray fluorescence analysis (XRF).
The mineralogical and crystalline phases identification was performed using X-ray
diffraction (XRD). The particle size distribution (PSD) curves for the overall mixed raw
materials were determined with a laser analyser (Mastersizer 2000 LF, Malvern, UK).
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A flooring mortar was studied to evaluate the use of HSL samples as additives for
the preparation of self-cleaning and de-polluting materials. Mortar specimens were
prepared by using cement (Portland BL 1 52.5 R), silica and dolomite sands, calcite as a
filler, and organic additives (dispersible polymer powders, plasticizer and
superplasticizer). The different formulations were adjusted to obtain an appropriate
consistency and acceptable workability (UNE-EN 1015-3 and 1015-2). The mortar
specimens were cast in 40x40x160 mm molds, using a cement/sand ratio of 1:2. After
48 h, the specimens were demolded and cured at 20 °C at 65 = 5% relative humidity
(RH). Specimens were tested after 28 curing days.

The evaluation of the self-cleaning property of mortar with the HSL was
performed according to the standard UNI 11259.1" Thus, the specimens were stained on
the surface with rhodamine-B (RhB, red dye). The variations in color during light
exposure were measured with a CM-5 colorimeter from Konica Minolta. The
degradability of RhB is represented by the Ry index: Ry = [a*(0h) — a*(26 h) / a*(0h)]
x 100, where a*(0h) and a*(26 h) denote the value of a* — the green (—) — red (+) axis
CIE color parameter — before and after 26 h of irradiation.

Concerning the air de-polluting action, the photocatalytic oxidation of nitrogen
oxide, NO, was studied. The NO oxidation tests were carried following the
methodology described in to ISO 22197-1, which is applicable to photocatalytic
materials produced for air purification. However, some of the specifications described
on this standard were modified in order to obtain the better performance with the
samples object of this study. Thus, the tests were carried out on 50 x 50 mm mortar
samples placed in a laminar flow reactor and irradiated with artificial sunlight (25 and
580 W/m?, UV and visible irradiance, respectively). Air was supplied with a relative
humidity of 50 £ 10%. Air and NO gas streams were mixed to obtain the desired
concentration, 500 ppb NO, and sent to the photoreactor (Q = 0.75 L/min). The removal
rate (%) of NOy was defined according to the following equation:

NO, removal rate (%) = [NOxJintet = [NOxJouttet / [NOxJintet X 100

RESULTS AND DISCUSSION

Waste characterization and transformation

The large number of HSL samples studied exhibited the following common
composition: Fe,03 (41.9 %), SiO, (10.6 %) and CaO (8.9 %), Cr (7.6 %), Al,O3 (6.8
%) and MgO (4.1 %) as the main components with 11.6 % of L.O.1I.
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Fig. 1: XRD patterns for original and heated waste: HSL (down), HSL-T (up).

The chemical analysis was in agreement with the XRD pattern recorded for the
HSL waste, Figure 1. Thus, iron oxides (Fes3O4ly-Fe,Os/a-Fe,O3) were present as the
main crystalline phases. Chromium appears as (Feo¢Cro.4)203 avoiding the existence of
Cr(VI1). A clear enrichment in hematite was noted after heating the waste at 600 °C (4h),
Figure 1. This sample is hereafter designated as HSL-T.

Mortar formulation and mechanical properties

The importance of internal microstructure in the mechanical and Ehotocatalytic
properties of cement based mortars have been previously reported.®®! Taken into
account this, we have examined eight different formulations using aggregates of
different nature, siliceous (1 to 4) and dolomitic (5) sands, and particle size and keeping
constant the percentage of cement and additives, Table 1.

Table 1. Mortar formulations (wt %).

Mortar components M-1 M-2 M-3 M-4 M-5 M-6 M-7 M-8
Sand 1 (400 - 3000 um) | 22.23 | 12.23 | 22.23 - - 12.23 | 22.23 | 43.47
Sand 2 (200 - 1500 um) | 43.47 | 43.47 20 43.47 20 20 - 12.23
Sand 3 (150 - 800 pm) - - - - 23.47 | 23.47 | 43.47 -
Sand 4 (100 - 500 pm) - - 23.47 - - - - -
Sand 5 (300 - 3000 pm) - 10 - 22.23 | 22.23 10 - -

Filler - - - - - - - 10

BLI1525R 33 33 33 33 33 33 33 33

Redispersible polymer 1 1 1 1 1 1 1 1
Surfactant wetting 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Fluidifying 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

Volume (%)

Particle Size (um)

Fig. 2: Particle size distributions of different mortars.
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Fig. 3: Mechanical strengths of the studied mortars after 28 days of curing.

Figure 2 shows the particle size distribution of the dry formulations M1 to M8.
The values of flexural, compression and abrasion resistances were obtained for the eight
mortars after 28 days of curing. In all the cases, the values were higher than 7 N/mm?
(flexural strength) and 30 N/mm? (compressive strength) and lower than 400 mm?
(abrasion resistance), optimal values deduced from the experience in the applications of
flooring mortars.!*% We conclude that the most appropriate formulations are the M3 and
M8, because the particle size distribution of the finer aggregates is most similar to that
of the HSL-T (0.3-110 um) to be introduced in the new the formulation of the mortar.

Self-cleaning and de-polluting materials

Subsequently, the potential applications of new cement-based photocatalytic mortars
containing the transformed wastes were examined. Table 2 shows the percent
composition of the mortars studied. In the new formulations of mortars M3 and M8, the
CaCO;s filler and Sand 4 were partially replacing by 5% HSL-T. The presence of this
new admixture does not origins significant changes on the mechanical properties, Table
2. Therefore, the use of HSL-T in mortars does not preclude their practical application.

Table 2. Composition of the studied mortars (wt%)

Mortar SiO, Cement Filler/Sand 4 | Additives | HSL-T TiO,
M3 55.7 33 23,47 1.3 -- --
M3-5HSL 55.7 33 18,47 1.3 5.0 --
M8 55.7 33 10 1.3 -- --
M8-5HSL 55.7 33 5 1.3 5.0 --

Table 3. Mechanical strengths of the studied mortars after 28 days of curing.

Mortar Flexural / N-mm™ Compressive / N-mm™ Abrasion / mm®
M3 9,3 68,9 156,0
M3-5HSL 9,4 64,7 123,0
M8 9,6 76,4 89,0
M8-5HSL 10,3 67,1 123,0

Rhodamine-B (RhB) degradation test was used to check the ability of these
building materials as self-cleaning pollutants based on their photocatalytic properties.
The red stain was reduced down after irradiation (Figure 4). Table 4 shows the Ry index
values as a quantitative evaluation of RhB dye photodegradation being the M3-5HSL
the mortar exhibiting the best self-cleaning performance.
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Table 4. RhB photodegradation in the studied

mortars
Mortar R/ %
M3 --
M3-5HSL 44,28
M8 --
M8-5HSL 21,70

Fig. 4: M8-5HSL before (left) and after irradiation (right).

The use of a photocatalytic flooring mortar is of interest in order to reduce the
urban pollution through the photocatalysis. On this sense, Ai et al. reported that the
removal of NO, accounts for its photocatalytic oxidation (PCO) to NO, /NO5 .M In the
mortars object of this study the PCO is clearly enhanced by the presence of the HSL-T
in the mortar formulation, Figure 5. The removal of NO, was higher for the sample M8-
5HSL. In order to enhance the photocatalytic properties, 0.25 or 0.5 % wt of TiO,
Evonik-P25 was also added to the M8-5HSL formulation (mortars M8-5HSL-0.25T and
M8-5HSL-0.25T, respectively). It is observed that HSL-T and TiO, works
synergistically, which is ascribed to the optical absorption ability of TiO, and a-Fe;O3
oxides in the longer wavelength region.!). Thus, the PCO efficiency of M8-5HSL-0.25T
Is better to that of M8-0.25T sample and similar to the M8-0.5T sample.
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Fig. 5: NOy concentration profiles obtained during the photocatalytic degradation of NO gas over MHSL
(left) and MHSL-TiO, (right) mortars under artificial solar light.

CONCLUSIONS

Appropriate HSL waste management was performed for its reuse as a new value-added
admixture in the preparation of sustainable photocatalytic materials. The preparation of
advanced photocatalytic materials exhibiting self-cleaning and de-polluting properties
was possible by the inclusion of HSL-T and HSLT/TiO, admixtures.
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ABSTRACT: Cementitious grout is one of the candidate materials for the high density
support matrix (HDSM) for the deep borehole geological disposal (DBGD) of nuclear
wastes, so that the waste containers can withstand mechanical stress when the HDSM
has solidified around them. The HDSM then has to maintain its integrity for a long time
under severe condition, for instance the temperature of surrounding environment can
rise up to approximately 180°C within 28 days of emplacement due to the heat produced
from radioactive wastes. We have studied the effect of hydrothermal condition on the
PC-BaSO, system as a candidate material for HDSM. The products had a significant
level of porosity and strength regression under the hydrothermal curing compared to
those cured at ambient conditions. It was found that C-S-H and monosulphate initially
formed were replaced by more stable lime rich phases such as jaffeite and
reinhardbraunsite under hydrothermal conditions. These phase evolution appeared to be
the cause of the significant level of porosity, and strength regression after the
hydrothermal curing.

Keywords: BaSO,, hydrothermal condition, phase evolution, strength regression

INTRODUCTION

Deep borehole geological disposal is an alternative methodology for the disposal of
nuclear waste to increase the geological barriers for the radionuclide transport to the
geosphere (Fig.1) 2. One of key components in the deep borehole disposal system
(DBDS) is the high density support matrices (HDSM) which keep the canisters safely
together without creating stresses that could lead to the release of the radionuclides to
the environment and also can be used for sealing the deep borehole. Physical integrity
of the cementitious HDSM placed in the borehole is of importance, especially under
hydrothermal condition. The heat produced by the radioactive wastes can raise the
temperature of the surroundings up to 180°C within 28 days ™2, meaning that cement
matrix has to withstand this temperature and high pressure.
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The present study investigated the effect of
hydrothermal condition on the PC-BaSQO, system as a
candidate material for HDSM. BaSO, has been used
an effective aggregate for the shielding concrete of
radiation owing to its high density ! and also known
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SR of 352 m%kg Blaine. Analytical grade BaSO, of
particle size of <1 um with 98 % purity (Acros

Fig. 1: Schematic diagrams of  organics) was also used both as in powder form and
ﬂ?ﬁp borehole geological disposal  granulated form. The BaSO, granules were prepared
by mixing BaSO4 powder with water (water/BaSO,

ratio = 0.5 on a mass basis); drying the slurry in an oven at 90 °C for 24 hrs; sintered in
an Elite (UK) furnace in air at 1000°C for 24 hrs; and crushing the solid to 0.6-5 mm.
The formulations of the specimens produced are given in Table 1. These formulations
mere selected based on the results obtained in a previous study conducted by the authors

Table 1. Formulation of cement samples

PC BaSO, BaSO,granul Water
Sample ID (9) powder e (9) wi/c w/s
(@) (9)
PC 100 0 0 53 0.53 0.53
12P48G 40 12 48 21.2 0.53 0.41

The cement pastes were prepared in accordance with the standard mixing
procedure described in previous study . After mixing, a portion of pastes were placed
in a sealed plastic container and cured at 40°C for 28 days. Another portion pastes were
cured at 180°C and left for 7 and 28 days in a sealed Teflon pot contained in a stainless-
steel vessel. After the required curing time, selected samples were subjected to the
immediate compressive strength test. The other materials were broken into smaller
pieces and submerged in acetone for 3 days to arrest hydration reactions, then dried and
and stored in sealed containers prior to analysis to avoid carbonation. The product
phases were analysed using Xray diffraction (XRD) and thermogravimetry (TG) after
ground to <63 um using mortar, pestle and a sieve. The microstructures of the products
were studied using scanning electron microscopy (SEM) on a carbon coated polished
surface of small pieces moulded in epoxy resin. Mercury intrusion porosimetry (MIP)
was also used on small cement pieces.
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RESULTS AND DISCUSSION

Neat PC

The crystalline phases identified in the XRD data for the sample cured at 40°C (Fig. 2 a)
were unhydrated alite (A) and belite (B), with portlandite (P), monosulphate (MS) and
calcite (C). In the hydrothermal curing (Fig. 2 b), in addition to the alite (A), belite (B),
portlandite (P) and calcite (C), hydrogarnet (Hg) was observed instead of monosulphate
(MS). Formation of lime-rich phases, Jaffeite (J: CgS;H3), reinhardbraunsite (R: CsS;H),
and a-dicalcium silicate hydrate (Z: a-C,SH) was also observed, which must be related
to the decomposition/dehydration of C-S-H. It has been reported that C-S-H is not stable

at higr[l5 g?mperatures and often replaced by such crystalline phases with a high Ca/Si
ratios ™.
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Fig. 2: XRD trace of neat PC samples: (a) cured at 40°C, (b) cured under hydrothermal condition

The lack of the water loss below 300°C in TG and DTG data (Fig. 3) in the PC
cured under hydrothermal condition confirms the absence of the C-S-H and AFm
phases. The presence of hydrogarnet (Hg) and portlandite (CH) are confirmed by a
shoulder in the DTG curve at 370°C and a clear peak at approximately 450°C,
respectively. Further small weight loss at around 500°C is due to the decomposition of
a-dicalcium silicate hydrate to dicalcium silicate which is slightly different from clinker

phase (B-C,S) ] The decomposition of calcium carbonates is also observed as a broad
peak at 600-700°C.
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Fig. 3: TG (a) and DTG (b) of neat PC cured at 40 °C and under hydrothermal condition
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The microstructure of the PC was clearly affected by the hydrothermal condition
as shown in Fig. 4. The sample is much more porous when cured under hydrothermal
condition. This porous microstructure is likely attributed to the lack of the usual C-S-H
gel. The C-S-H gel formed in the early hydration reaction of C3S is known to lose its
interlayer water under a similar condition (high pressure steam, 100-300°C) !, which
can be accompanied by a shrinkage of the interlayer thickness *” and the formation of
crystalline silicate hydrate phases with a high Ca/Si ratio such as jaffeite and
reinhardbraunsite by reacting with portlandite 1 1%,

PC-BaSO, system
The XRD and TG results (not shown) confirmed that reaction products in the PC-
BaSO, system were similar to those in the neat PC. The clear differences were the
presence of peaks attributed to BaSO, in XRD data, and less weight loss in TG data
associated wit the less PC in the system.

= = =T1G-7 days —T16-28 days . . .
- = D767 days —— DTG28days The effect of curing time on the hydration
10 " reaction under hydrothermal curing can
be seen in the TG data shown in Fig. 5.
The sample cured for 7 days showed the
conventional cement hydration phases i.e.
C-S-H and AFm whereas at 28 days, as
already discussed, neither C-S-H nor
AFm was observed. This suggests that the
9 1 \ N C-S-H phase progressively disappears
% | H during the hydrothermal curing and
R P replaced by more stable phases with a
0 W0 200 W A0 S0 60 00 80 S0 1000 higher Ca/Si ratio with a possible CH
— consumption !, The total weight loss of
Fig. 5: TG and DTG of 12P48G cured in PC- BaSO4 system cured for 7 days was
hydrothermal condition for 7 and 28 days. also significantly larger than that cured
for 28 days.

The microstructure of 12P48G (Fig. 6) was less heterogeneous compared with the
neat PC after the hydrothermal curing(Fig. 4). The possible reason is the filler effect of
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fine BaSO, particles. The large surface area of BaSO,4 powder can enhance the hydration
reaction and fill the porous interfacial transition zone between the cement paste and
BaSQO, granule, resulting in more homogenous microstructure.

BaSO, granule
BaSO, powder

Portlandite

Pores

Outer product

Inner product

A < %

Fig. 6: BSE images of 12P48G cured under hydrothermal condition for 28 days.

Strength regression

The mechanical strength was clearly decreased when samples were hydrothermally
cured (Fig. 7 a), compared to when cured at 40°C. This strength regression must be
attributed to the loss of the main binding phase (C-S-H) as a result of the hydrothermal
curing and formation a-C,SH. The o-C,SH has been known to increase in the
permeability and strength reduction due to the volume reduction as a consequence of the
formation of this phase ™ 2. The strength regression was more significant in the neat
PC (76%) whereas the 12P48G showed a less strength regression of 59%, probably
because the less PC content in this system compared with the neat PC system.
Corresponding to the strength data, the total porosity was greater after hydrothermal
curing in both systems, but the 12P48G showed a slightly less porosity.
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Fig. 7: Compressive strength (a) and total porosity (b) of the samples cured at 40 °C and hydrothermal
condition for 28 days.

39



CONCLUSIONS

The obtained results revealed that the neat PC and PC-BaSO, systems show a similar
response towards the hydrothermal curing at 180°C for 28 days. Both systems did not
contain C-S-H or monosulphate phase, but showed the presence of Jaffeite,
reinhardbraunsite, and a-dicalcium silicate hydrate. It was found that initially C-S-H
and monosulphate forms through the conventional hydration of PC cement, in addition
to a- C,SH through direct hydration of C,S. These phases are then replaced by more
stable lime rich phases such as Jaffeite and reinhardbraunsite, possibly with a partial
consumption of CH and a- C,SH. The significant level of porosity after the
hydrothermal curing is probably due to this phase evolution.
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ABSTRACT: Stray current is essentially an electrical current “leakage” from metal
conductors and electrical installations. When it flows through cement-based systems,
electrical energy is converted to thermal energy that causes increasing temperature due
to Joule heating phenomena. The aim of this paper is to shed light on the influence of
electrical current flow on cement hydration, morphological and structural changes of
cement-based systems, emphasizing on the potentially altered temperature effects when
electrical current flow is involved. Calorimetry tests show that degree of cement
hydration increases as a results of temperature increase due to electrical current flow
through cement-based systems. To evaluate the influence of electrical current on the
hydration mechanisms in cement-based systems, HYMOSTRUC will be used as a
modelling approach, where temperature effects due to electrical current flow are
implemented in the existing numerical simulation.

Keywords: Cement hydration, cement-based materials, microstructure, stray current,
temperature

INTRODUCTION

Cement hydration plays a critical role in the microstructural development of cement-
based systems. Cement hydration is a complex exothermic chemical process,
encompassing several phases which are linked to the contribution of different clinker
minerals. The hydration process presents a series of chemical and physico-chemical
reactions, accompanied by heat generation and heat evolution, which depend on cement
composition, cement fineness, and ambient temperature as main factors ™ 2. This
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process is a transformation from a high energy state to a lower one, where the energy is
transmitted as heat 1. By determining the heat of hydration, information about the
temperature development during the cement hydration process can be obtained.
Temperature is a parameter which significantly affects materials properties and
performance of cement-based systems at early age such as strength 3! thermal stress
[6] and distress (i.e. cracking) ! 2.

The temperature development in a cement-based system is not only effected by
the above-mentioned internal factors but also related to external factors (i.e. surrounding
environment, stray current flow etc.). Stray current can flow in the surrounding medium
through conductive paths and can therefore also flow through concrete and reinforced
concrete structures. The effects of stray current (both AC and DC) are well recognized
in the engineering practice from the view point of steel-corrosion initiation and
propagation. However, the influence of stray current and electrical current in general on
hydration mechanisms or micro-mechanical properties of concrete structures is not well
understood and reports are limited. Electrical energy produced from electrical current
flow can be converted to thermal energy that causes increasing temperature in the
cement-based systems due to Joule heating phenomena. The amount of released heat is
proportional to the square of the electrical current, flowing through the system 1. The
altered heat release will have a potential effect on ion and water transport which will
influence the hydration process and the microstructure development. This paper aims to
shed light on the influence of electrical current flow on cement hydration, emphasizing
on the potentially altered temperature effects when electrical current flow is involved.
To evaluate the influence of electrical current on the hydration mechanisms in cement-
based systems, HYMOSTRUC will be used as a modelling approach, where
temperature effects due to electrical current flow are implemented in the existing
numerical simulation. Additionally, isothermal calorimetric tests were performed to
evaluate the hydration properties of cement-based systems at early-age. In this paper,
the hydration properties are evaluated from hydration parameters including heat release,
temperature development and degree of hydration.

EXPERIMENTAL MATERIALS AND METHODS

Materials
The studied specimens were cement paste, cast from Ordinary Portland Cement (OPC CEM |
42.5N), water-to-cement ratio of 0.5. The chemical composition (in wt. %) of OPC CEM I
42.5N (ENCI, NL) is as follows: CaO 63.9%; SiO, 20.6%; Al,O, 5.01%; Fe,O, 3.25%; SO3
2.68%; K,0 0.65%; Na,O 0.3 %.

electrode

ampoule

N ) _—~Cement paste
a) Isothermal calorimetry set up b) Cables to apply 8 channel calorimetry with
electrical current insulated thermostat lid

Fig. 1: (a) Isothermal calorimeter (TAM-Air-314) used to measure heat release of cement paste;

(b) Schematic pictures of the holders for “under current” regime
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Methods
Isothermal calorimetry test. The rate of hydration of cement paste was measured by
Thermometric isothermal conduction calorimeter (TAM-Air-314) (Figure 1), using 10 +
0.01g samples and appropriate amounts of mixing water (+ 5g); w/c ratio of 0.5 was
employed. Before mixing, all the materials were tempered in the oven for at least 12
hours at the desired testing temperature i.e. 20°C. The cement paste was cast into
capped glass vials (ampoules) and afterwards placed in the calorimeter. The specimen
preparation and experimental procedure followed well known methodology ™, except
for the modifications related to the application and monitoring the effect of electrical
current flow. The tests were performed on three groups of samples: control (reference)
group, “10 mA/m?’ group and “1A/m®” group, where electrical current flow on the
aforementioned levels was relevant for the last two groups. For the “under current”
samples, the same ampoules as for the control cases were used, but designed in a way to
include two metal electrodes as electrical current conductors (schematic pictures in
Fig.1b). Electrical current was applied immediately after samples’ casting from an
external source. The duration of the measurements was about 10 days. The isothermal
heat of hydration was derived by integration of the rate of heat evolution.

Based on the result of heat of hydration from isothermal calorimetry tests,
degree of hydration at time t can be calculated using the following equation % *2";

o =28 (1)

Q."I"lll?."

where Q(t): heat liberated at time t (J/g)- obtained from calorimetry test

Qmax: Maximum amount of heat liberated at complete hydration (J/g)
Due to electrical current flow through the specimens, maximum amount of heat
liberated at complete hydration is calculated as follows:

Qmﬂx = (Qmﬁx jGE?‘J‘l + [Qmﬂx :]E: (2)
where
(@max Jeem - Maximum heat of hydration of Portland cement at complete hydration
(J/9)

(@mazx Jor - maximum amount of heat liberated by electrical current flow at complete
hydration (J/g)

Calculation of maximum heat of hydration of Portland cement ({@,qax Jeem) has been
proposed by Verbeek [12]:
(Qmﬂx )cﬂm = 4y (CESJ + QZ'(CZSJ + g3- (CEA) + qa- [CEAF) + gz (Cj + qg- [:Mgij) (3)
where Q.. g2 heat of hydration of the constituents considered.

For maximum amount of heat liberated by electrical current flow (@2 )o: Can
be calculated using the following equation:

(Qmﬁx js! = [2 R l:--"'IJ]W"FLI’r: (4)

where | is electrical current flow (in Ampere), R is resistance of cement (in Ohm), t is
final time (in second) and m. is mass of cement.

EXPERIMENTAL RESULTS

The effect of electrical current flow on the rate of heat release of cement paste,
determined by isothermal calorimetry at 20°C is depicted in Figure 2. The tests were
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continued for a longer than the generally accepted time-frame of 3-5 days (i.e. for 250h)
in order to evaluate possible current-induced alterations in heat release on later stages.
As seen from Fig. 2, the electrical current flow in both current regimes exerts higher
heat release within the first hours of cement hydration, compared to the control
specimen. Higher current density (1A/m?) leads to a higher heat release, compared to
lower current density (10mA/m?). What can be also observed is that this influence is not
proportional to the amount of current, flowing through the specimens i.e. the difference
between values for “10 mA” and “1A” regimes is not as significant as compared to the
control case. The result can be attributed to effects on microstructural properties as pore
network connectivity and permeability. When electrical current flow is involved, ion
and water migration in the matrix takes place, rather than diffusion-related ion and
water transport only. Therefore, different levels of current flow will lead to different
rates of hydration products formation and distribution. Microstructural analysis is
necessary to evaluate these effects, which is an on-going investigation and not subject to
this contribution. The results from isothermal calorimetry are in good agreement with
the hypothesized effects on ion and water migration, the heat released being
proportional to the square of the electrical current, flowing through the cement-based
systems. An increasing heat release due to current flow can be seen at about 2 to 60
hours during the hydration process, namely the main peaks at about 11 to 14 hours
(Fig.2). There is only a moderate effect in the dormant period of cement hydration (at
about 2 hours after mixing). At later stage (> than 150h), the effect of electrical current
Is not obvious, although slightly higher values were recorded until the end of the test.

Figure 3 shows heat capacity and the temperature development for the control
specimens and those under current flow, calculated from calorimetry data. Heat
capacity of the systems that contributes to the temperature development was calculated
using the following equation:

C‘ps}'stams = {mw[:l - Iﬂfj }E',t:w—i_ {mci + a’mw} C‘pc (5)

where, my, is mass of water (kg), mg;is initial mass of cement (kg), Cpw is heat capacity
of water (J/kg K), Cy is heat capacity of cement (J/kg K), and a is degree of hydration.
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Fig. 2 Heat released (a) and degree of hydration (b) as function of time for cement paste with w/c 0.5
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Fig.3: Heat capacity (a) and temperature development (b) for control and “under current” samples,
calculated from calorimetry test.

Fig. 3 shows that temperature increase with decreasing heat capacity of the cement-
based systems. The trend of temperature development due to current flow in the cement-
based materials is in line with the recorded heat evolution. Basically, the hydration of
cement paste is accompanied by heat release, which causes a temperature rise in the
cement paste. The more pronounced temperature increase in groups “10 mA” and “1A”
can be associated with the electrical current, flowing through the samples. Temperature
increases due to electrical current flow (Fig. 3) can be extracted from the calorimetry

test data using equation (6):
1

_ tn P it)
T_f - I fr;.::—:r} et + Ti (6)
where c is heat capacity of cement (J/kg. K), m¢is mass of cement (kg), P(t) is thermal
power (Watt), Q(t) is thermal energy per mass (J/g), T; is initial temperature before
electrical current applied (K) and T¢is final temperature after electrical current applied
(K).

Q(t) can be calculated using the following equation:

Q&) =7 [ P(Ddt (7)

Figure 4 shows the temperature increase in the cement-based systems due to
electrical current flow as a comparison of the two current regimes. It accelerates the
degree of cement hydration. This phenomena follows Arrhenius’ equation that indicate
temperature dependence of reaction rates (i.e. degree of hydration).
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Fig. 4: Temperature increase in the cement-paste samples due to electrical current flow
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MODELING APPROACH

The temperature development has a significant influence on the hydration process of
cement-based systems. It influence the quality and performance of concrete structures.
Electrical current flow has the potential to enhance the related temperature increase due
acceleration of ion and water migration and thus overall cement hydration rate,
including the Joule heating effect. Therefore, with regard to risks when structures are
potentially exposed to electrical current (including stray current) flow, it is necessary to
predict the temperature development in order to avoid thermal stresses or risk of early
age cracking. If electrical current is applied to the cement-based materials with
electrical resistance R, mass m, and heat capacity c, the temperature will increase
following the equation below:
"Rt
Tf [:t:] - m, ;121}
The resistance (R) is a function of time and depends on several physical parameters
such as porosity, degree of hydration, chemical composition and ionic strength of the
pore solution etc. At this stage, the modeling approach considers only porosity as a
factor, influencing the resistance development. The general relationship between
resistance and electrical resistivity is as follows:

rR=2 (9)

A
where R is electrical resistance in ohm, p is electrical resistivity in ohm.m, A is the cross
section of the cement paste in m?, and | is the length in m. Electrical resistivity is linked
to porosity via the following equation as well [13-15]:

+T, ®)

plo(®))=p,ad™ (10)
Considering equations (8), (9) and (10) the following final dependence can be extracted:
_ e fye -ﬁ"_m!
@)= a T (1)

where  p(@(t)) is electrical resistivity as function of  porosity at time t, p, is
resistivity of the pore water in concrete, ¢ is total heat capacity (J/(kg.K)), m is
cementitious factor, | is length of the sample (m), A is surface area (m?), ¢ is porosity,
and a is constant.

The above considerations can be substituted in the HYMOSTRUC model, by
implementing the effects of electrical current flow on temperature effects. The effect of
temperature-induced morphological and structural changes due to electrical current
flow, and the ratio between the volume of reaction product and reactant (v-factor) [11]
can be presented as follows:

7 —m ; z
-9 -5 e sy L .
28 .10 [T+m,;|:::r'_‘| 2 +T;

v(T;)=22=¢e (12)

This relation will be applied to each individual cement particle in the cement system and
will affect the amount of outward growth of the calcium silicate hydrate (C-S-H) gel,
depending on the strength of the electrical current flow. With this, the microstructure
formation will respond to the electrical current in terms of porosity changes, which will
implicitly affect the strength. Less outward expansion of the C-S-H gel will cause less
internal bonding between the hydrating cement particles and affect mechanical
properties. The porosity increase will be a way to measure the quantitative effect of it.
This is one of the experimental techniques that will be used to validate the
implementation.
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CONCLUSIONS

This paper discussed the influence of electrical current flow on the hydration process of

cement-based materials. The following conclusions can be summarized:

1. Electrical current, flowing through cement-based systems accelerates the degree of
cement hydration as a result of temperature increase.

2. By implementing the effect of electrical current flow on temperature, resistivity and
porosity of the cement matrix, a modified equation for the ratio between the volume
of reaction product and reactant (the v-factor) can be introduced in the
HYMOSTRUC model. The model will predict the temperature-induced
morphological and structural changes due to electrical current flow. The evolution of
cement hydration and microstructural changes can be simulated in time. The
modeling results will be validated by experimental tests for porosity, pore size
distribution and permeability.

REFERENCES

[1] Hewlet PC, Lea’s chemistry of cement and concrete, 4™ ed. Oxford: Butterworth-
Heinemann, 2004.

[2] Taylor HFP, Cement chemistry, 2" ed. London: Thomas Telford, 1997.

[3] Mindess S., Young J.F., Darwin D. (2003). Concrete: Prentice-Hall, Upper Saddle
River, New Jersey, USA.

[4] W.M. Hale, T.D. Bush, B.W. Russell, S.F. Freyne, Effect of curing temperature on
hardened concrete properties, Transportation Research Record: Journal of the
Transportation Research Board 1914 (2005) 97-104.

[5] R.C. Tank, The rate constant model for strength development of concrete, Ph.D.
Dissertation, Polytechnic University, Brooklyn, New York, 1988.

[6] H.T. Yu, L. Khazanovich, M.I. Darter, A. Ardani, Analysis of concrete pavement
responses to temperature and wheel loads measured from instrumented slabs,
Transportation Research Record 1639 (1998) 94-101.

[7] T. Nishizawa, T. Fukuda, S. Matsuno, K. Himeno, Curling stress equation for
transverse joint edge of a concrete pavement slab based on finite-element method
analysis, Transportation Research Record 1525 (1996) 35-43.

[8] A.R. Mohamed, W. Hansen, Effect of nonlinear temperature gradient on curling
stress in concrete pavements, Transportation Research Record: Journal of the
Transportation Research Board 1568 (1997) 65-72.

[9] Alexandra von Meier, Electric power systems: a conceptual introduction, p67, 2006,
John Wiley & Sons, USA.

[10] L. Wadso, An experimental comparison between isothermal calorimetry, semi-
adiabatic calorimetry and solution calorimetry for the study of cement hydration,
NORDTEST Report 522

[11] van Breugel K. (1991), Simulation of hydration and formation of structure in
hardening cement-based materials, PhD thesis, Delft University of Technology,
the Netherlands.

[12] Verbeek, G.J., 1960, 4th [SCC, Washington, Paper V-3, pp. 453-465.

47



[13] PJ. Tumidajki, A.S. Schumacher, S. Perron, P. Gu and J.J. Beaudoin, On the
relationship between porosity and electrical resistivity in cementitious systems,
Cement and Concrete Research, Vol. 26, No. 4, pp. 539-544, 1996.

[14] F. Hunkeler, The resistivity of pore water solution-a decisive parameter of rebar
corrosion and repair methods, Construction and Building Materials, Vol. 10, No.
5, pp. 381-389, 1996.

[15] H.W. Whittington, J. McCarter, M.C. Forde, The conduction of electricity through
concrete, Magazine of Concrete Research: Vol. 33, No. 114 : March 1981.

48



MICROSTRUCTURE AND PHASE ASSEMBLAGE
OF LOW-CLINKER CEMENTS DURING EARLY
STAGES OF CARBONATION

J. HERTERICH, L. Black and I. Richardson

Institute for Resilient Infrastructure, School of Civil Engineering, University of Leeds, Leeds. LS2 9JT.
cn08j6h@leeds.ac.uk

ABSTRACT: The use of Supplementary Cementitious Materials (SCMs) in the cement
industry has become common practice, however, such systems hydrate more gradually
than pure Portland Cement (PC) systems. Design models established for PC systems are
acceptable when low levels of replacement are used, but may be unsuitable if higher
levels of replacement are used. In such systems an understanding of the complex
relationship between composite cement hydration, drying of the sample surface and
phase carbonation kinetics is imperative. This study investigates the effects of curing
length and RH level on very early age composite cement samples (48 hours) cured for
periods of 72 hours or less. The data indicates modifications in carbonation behavior
compared to ‘idealised’/28 day cured systems. Furthermore, the rate of carbonation and
nature of the carbonate species formed is dependent on the relative humidity (RH).

INTRODUCTION

Increasing and widespread use of Supplementary Cementitious Materials (SCMs) in the
cement industry has become common practice. The use of these composite cements is
advantageous in both environmental and engineering aspects, acknowledging the ever
rising pressures to further reduce carbon production associated with cement
manufacture. It has been well established that utilising SCMs leads to significant
reductions in associated CO, emissions in addition to notable improvements in terms of
durability through enhancement of the cement microstructure; however, development of
superior technological properties is reliant on adequate curing. Composite cements
exhibit reduced rates of hydration, making them dependent upon extended periods of
moist curing. It is demonstrated extensively throughout the literature ™! that composite
cement materials are more adversely affected by poor and inadequate curing methods
than traditional CEMI systems. Failure to adhere to these prolonged curing guidelines
by early removal of formwork in construction practice may impact on both durability
and strength gain. Information regarding material performance is needed, especially at
these very early ages.

Pulverised Fuel Ash (PFA) and Ground Granulated Blast Furnace Slag (GGBS)
are industrial waste products and have become the common convention for use as
SCMs. Though it is well established that a reduced rate of hydration is observed with
both materials, owing to their pozzolanic and latent hydraulic properties, both the PC
and the SCM will hydrate simultaneously, yet there is still a significant lack of
knowledge regarding the early age kinetics of the reactions taking place. This becomes
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of great importance when considering the early removal of formwork in practice where
the reliance on models established for PC systems may no longer be suitable. Under
such conditions, hydration will be very much incomplete, with previous research
indicating minor or no reaction of PFA up to hydration periods of 7 days 2! and only
slightly faster reaction rates for GGBSP®. In both cases the result will be an
underdeveloped and exposed microstructure, vulnerable to ingress and attack from
aggressive species.

The expected retardation of the rate of CO, ingress typically observed in PC
systems is as a result of densification of the microstructure. This, however, is not
concurrent with the behaviour exhibited in high replacement SCM cements, which are
adversely affected by a coarser microstructure and greater porosity upon carbonation.

EXPERIMENTAL

Four systems (CEMI, 30% PFA, 30% GGBS & 60% GGBS) at a w/b ratio of 0.57 were
investigated in this study, data was collected for paste samples only. A CEM | 52.5R
cement (with no additional limestone) was used in all the samples. In order to mimic the
procedures commonly followed in practice, curing lengths/ty values between 0-72 hours
were selected; 24 hours, 72 hours and the time at which a sample had developed a
compressive strength of 11MPa. Preliminary testing indicated that a minimum
compressive strength of 11Mpa would be required for sample preperation, the
equivalent curing lengths for the CEMI, 30% PFA, 30% GGBS and 60% GGBS
systems are 17, 72, 24 and 72 hours respectively.

Samples were cast in small plastic vials and cured in a water bath at 20°C +/- 1°C,
before being cut to a thickness of 0.5mm and subjected to carbonation at ambient
conditions (300-400ppm CO,, approx. 24°C) for a period of 48 hours at different RH
levels (30%, 40%, 55%, 75% & 85%).Characterisation was performed on all the
samples at ages of t, and 48 hours.

Simultaneous Thermal Analysis (STA) data was collected using a Stanton
Redcroft Simultaneous Thermal Analyser STA 780, under a N, atmosphere, heating to
1000°C at a rate of 20°C/min. Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR) data was collected using a Thermo Scientific Nicolet 1s10
spectrometer, fitted with a Thermo Scientific Smart Diamond ATR sampling accessory,
over a wave number range of 0 — 4000cm™. Data was collected for t, samples and RH
levels of 40%, 55% and 75%. X-Ray Diffraction (XRD) data was collected using a
Bruker D2 Phaser (5° — 70°, Cu Ka radiation, 20 with step size 0.008 and time 1.0s).

RESULTS AND DISCUSSION

Table 1 displays the increase in CaCOj3; contents calculated from the TGA data. An
increase in carbonation extent with increasing RH level is evident for all the samples,
however at the higher humidity levels of 75% and 85%, this was considerably more
pronounced.

For optimum carbonation to occur, atmospheric RH levels should lie between 50
—70%. Low levels of RH induce drying of the capillary pores, greatly reducing the rate
of carbonation by reducing the ability for dissolution of both CO, and the hydrated
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phases. Conversely, high levels of humidity delay hydration by decreasing the rate of
CO,, diffusion through the cement pore structure as a result of water condensation in the
capillary porest®. The results in Table 1 suggest maximum carbonation at a slightly
higher RH range. This is likely to be a result of the very early ages of the samples,
compared to the often reported results on 28 day systems. Systems subjected to curing
lengths of only a few days, however, will exhibit open and underdeveloped
microstructures, and hence be more porous, in which carbonation rate will not be
delayed in the same way. This change in behaviour between ‘idealised’/28 day lab cured
samples and a more realistic curing length, further highlights the necessity for updated
carbonation models and approaches.

Table 1. Calculated CaCO; content from TGA data showing change in CaCOj; content from t,

Change in CaCO3 content from t0 (%)

RH Level
30% 40% 55% 75% 85%
72 hr cured CEMI (0.57) 0.0 0.0 0.8 10.0 7.7
30% PFA (0.57) 0.7 2.8 4.0 16.4 17.0
30% GGBS (0.57) 0.5 1.8 35 17.3 13.2
60% GGBS (0.57) 1.9 25 7.4 17.8 14.1
24 hr cured CEMI (0.57) 0.9 2.7 3.6 20.8 17.8
30% PFA (0.57) 1.3 2.8 5.3 18.9 25.1
30% GGBS (0.57) 11 5.3 45 19.8 22.1
60% GGBS (0.57)
11MPacured CEMI (0.57) 2.2 3.1 8.7 26.6 25.9
30% PFA (0.57) 0.7 2.8 4.0 16.4 17.0
30% GGBS (0.57) 11 5.3 45 19.8 22.1
60% GGBS (0.57) 1.9 2.5 7.4 17.8 14.1

Effects of curing duration on carbonation behaviour have also been demonstrated.
Samples cured for 72 hours display the greatest extent of carbonation at 75% RH,
whereas the composite systems display higher levels at 85%. In general the systems
cured for 24 and 72 hours show an increase in carbonation for the composite materials
at all RH levels. Samples cured to an equivalent compressive strength of 11MPa show
decreased carbonate contents with increasing curing lengths. It is evident that
carbonation begins almost immediately upon exposure to ambient conditions. The
results indicate that, at these very early ages, curing lengths have a sizeable effect on
resistance to carbonation, and curing samples for even an additional 48 hours (from 24
hours) demonstrates a marked decrease in carbonation extent. The TGA data plots for
the 30% GGBS (0.57) sample cured for 72 hours are displayed in Figure 1(a). It should
be noted that Figure 1(a) and 1(b) are representative of all the TGA results obtained.

Typically 3 decomposition modes are associated with carbonation; mode I (780° —
990°C), mode Il (680° — 780°C) and mode IIl (550° — 680°C). The highest
decomposition temperature range, mode 1, is attributed to the decomposition of well
crystallised CaCOs, i.e calcite®. Figure 1(a) exhibits a much greater proportion of mass
loss at a higher temperature for both 75% and 85% RH. This is also evident in the DTA
data for the same samples (Figure 1(b)), in which we can see an increase in
decomposition temperature at 75% and 85% RH. This clear shift in decomposition
temperature indicates the presence of better structured/crystallised CaCOs, or calcite.
The literature suggests decomposition modes | and Il may be responsible for the
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crystalline polymorphs of CaCOj3 (calcite, aragonite & vaterite), while mode 111 could
be associated with amorphous CaCOs;. What is clear is a slightly altered mechanism of
carbonation depending on the level of humidity.
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Fig. 1: (a) TGA plot for 30% GGBS (0.57) — 72 hour cured at t, and RH levels of 30, 40, 55, 75 & 85%
(b) DTA plot for 30% GGBS (0.57) — 72 hour cured at t, and RH levels of 30, 40, 55, 75 & 85%

Figure 2 displays the ATR-FTIR data collected for the same sample. The
characteristic absorbance band for carbonates lies between 1400 — 1500cm™, Figure 2
shows that a very clear increase in CaCOj3 content is evident with increasing RH level,
results consistent with those obtained from STA. Additionally, the ATR-FTIR data
displays a change in the shape of the carbonate band, where with increasing humidity a
transformation into a much sharper asymmetrical peak is observed. Peak sharpening is
an indication of a more crystalline compound, the peak is expected to be narrow if the
phases are crystalline, and therefore, conversely, band broadening indicates a phase with
a less ordered structurel”. Furthermore, the nature of various carbonate species can be
determined from the shape of the carbonate band. Comparing the spectra obtained for
the samples with infrared spectra collected for amorphous CaCO; and calcite ! it is
clear that both crystalline and non-crystalline phases are present.
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Fig. 2: ATR-FTIR data for 30% GGBS (0.57) — 72 hour cured showing CaCO; content between 1000 —
2000cm™

At the lower RH levels an amorphous CaCO3; component is present, however a
predominantly crystalline CaCO; phase is formed as the level increases. This verifies
the behaviour observed in both the TGA and DTA data where a shift in decomposition
temperature suggests the presence of crystalline CaCO3. The ATR spectra confirms the
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presence of calcite at 75% RH, and TGA and ATR data both indicate the presence of an
amorphous CaCO3; component at lower RH levels.

XRD data (Figure 3) indicates only very minimal change in calcite content at the
lower RH levels, however a significant increase is observed at 75% and 85% RH. This,
firstly, corroborates the shift to a higher decomposition mode observed in the DTA data,
and secondly suggests the presence of an amorphous CaCO3 phase. The CaCO; content
detected using XRD is much lower compared to that indicated by TGA and ATR
analysis. As XRD measurements only detect crystalline components, the CaCO3 not
accounted for must be, again as previously suggested, poorly crystalline/amorphous.
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Fig. 3: XRD data for 30% GGBS (0.57) — 72 hour cured at t, and RH levels of 30, 40, 55, 75 & 85%

Finally, XRD displays a decrease in Ca(OH), content with increasing RH,
behaviour also observed in TGA and ATR-FTIR data, though not shown here. Silicate
bands in the infrared data showed no indication of consumption of C-S-H, whereas a
decrease in portlandite content was evident at higher humidity levels. TGA data
displayed the lowest calculated Ca(OH), levels for the highest carbonation levels,
further suggesting that these very early ages it is only the Ca(OH), taking place in the
carbonation reaction. With increasing exposure length, Ca(OH), is expected to be
completely consumed and carbonation of C-S-H will be observed.

CONCLUSIONS

e Changes in carbonation behaviour observed between samples cured under ideal
conditions, i.e. 28 days, and those cured for very short periods of time, i.e. <72 hours.
Carbonation also occurs to a much greater extent in the composite systems,
behaviour attributed to a more porous material with a less developed microstructure.

e The mechanism of carbonation appears to be slightly different depending on the level
of RH. Higher RH levels, and therefore greater levels of carbonation, gave rise to the
production of a more crystalline CaCO3 polymorph (calcite) whereas at lower levels
of humidity an amorphous polymorph was observed.

e Curing length has a marked effect on carbonation extent, with even a small increase
in curing time showing reduced carbonate contents.
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e At these very early ages, it is the Ca(OH); involved in the carbonation reaction, as
indicated by reduced portlandite contents with increasing carbonate contents.

ACKNOWLEDGEMENT

Acknowledgment would like to be given to Nanocem for the funding and support of this
research.

REFERENCES

[1] Poon, C.S., Y.L. Wong, and L. Lam, The influence of different curing conditions
on the pore structure and related properties of fly-ash cement pastes and mortars.
Construction and Building Materials, 1997. 11(7-8): p. 383-393.

[2] Cakir, O. and F. Akéz, Effect of curing conditions on the mortars with and
without GGBFS. Construction and Building Materials, 2008. 22(3): p. 308-314.

[3] Fraay, A.L.A., J.M. Bijen, and Y.M. de Haan, The reaction of fly ash in concrete a
critical examination. Cement and Concrete Research, 1989. 19(2): p. 235-246.

[4] Deschner, F., et al., Hydration of Portland cement with high replacement by
siliceous fly ash. Cement and Concrete Research, 2012. 42(10): p. 1389-1400.

[5] Escalante, J.1., et al., Reactivity of blast-furnace slag in Portland cement blends
hydrated under different conditions. Cement and Concrete Research, 2001. 31(10):
p. 1403-1409.

[6] Thiery, M., Villain, G., Dangla, P., Platret, G., 2007. Investigation of the
carbonation front shape on cementitious materials: Effects of the chemical
kinetics. Cement and Concrete Research, 37(7): 1047-1058.

[7] Rikard Ylmen, U.J., 2013. Carbonation of Portland Cement Studied by Diffuse
Reflection Fourier Transform Infrared Spectroscopy. International Journal of
Concrete Structures and Materials 7(2): 119-125.

[8] Flemming A Andersen, L.B., 1991. Infrared Spectra of Amorphous and
Crystalline Calcium Carbonate. Acta Chemica Scandinavica, 45: 1018-1024.

54



ASSESSING THE RESPONSE OF REINFORCED
CONCRETE STRUCTURES WITH SURFACE
MOUNTED FIBRE BRAGG GRATING SENSORS

Soretire Okufi
School of Civil and Building Engineering, Loughborough University, Loughborough,
LE11 3TU, UK

Chris Goodier
Loughborough University, School of Civil and Building Engineering, Loughborough,
LE11 3TU, UK

Vangelis Astreinidis
Civil Engineering Monitoring Ltd, Unit 1, Palmer Business Court, Manor House Road,
Nottingham, NG10 1LR

Simon Austin
Loughborough University, School of Civil and Building Engineering, Loughborough,
LE11 3TU, UK

Nigel Davison
Civil Engineering Monitoring Ltd, Unit 1, Palmer Business Court, Manor House Road,
Nottingham, NG10 1LR

ABSTRACT: The use of fibre Bragg grating (FBG) sensors in field applications is an
area of great potential, although it is still in its infancy. This paper evaluates the reasons
behind the rapid increase in FBG for structural instrumentation, as well as addressing
the adaptability and the limitations of FBG sensors. These points are addressed through
a review of three case studies, where FBG sensors are implemented in the
instrumentation and assessment of bridges under dynamic loadings. The strain data
collected using FBG sensors were compared with other equipment capable of
monitoring strains to evaluate the reliability of the FBG sensors. This provides a load
history, thus providing historical data to build more sophisticated models. FBG sensors
have proved useful in field applications despite their limitations, where the quality of
the protective materials is important in reducing the risk of damage to FBG sensors. The
major reasons behind their rise in popularity are their versatility and the stability of their
readings. The strong correlation between various methods of strain data collection was
encouraging, highlighting the repeatability of this technique. This demonstrates that
FBG sensors can from part of a bespoke maintenance plan, improving the residual
structural life.

Keywords: Fibre optic sensors, installation of sensors, reinforced concrete, strain
monitoring, surface mounted sensors.
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INTRODUCTION

The demand for fibre optic sensing (FOS) technology has thrived due to the structural
state of aging infrastructure. This, coupled with the inherent advantages of fibre optic
sensors and recent developments in this field, have led to the transition from laboratory
investigations to field applications. The US market for FOS is predicted to triple from
year 2011 to 2016 ! and this figure may not account for the reduction in material costs
as the technology improves.

Fibre optic sensors are particularly associated with assessing the structural health
of bridges. Their ability to transmit a strong signal over large distances, as well as their
resistance to corrosion and electromagnetic interference, have enabled their application
in other fields, such as geotechnics and the oil and gas industry. Davies and Buenfeld @
describe the future potential of FOS in smart buildings, where actuators are installed on
the structure and linked to a computer system. This feedback loop can be used to make
automated adjustments to the structure which can be controlled remotely.

However, the structural life of a building could potentially exceed that of a
sensor, because although the fibre Bragg grating (FBG) sensors can be protected with
materials of higher durability, the fibres cannot be manufactured from better materials.
The fibre core is made of silica, which would eventually fail due to the aggressive,
alkaline environment of concrete. This is one driver behind the investment in designing
sensors that are capable of self-assessment.

According to Maaskant et al I, FBG sensors are increasingly implemented in
assessing the performance of new structural materials. This is due to the desire to
understand their short term and long term performance, as well as their structural
response. A network of researchers in Canada called Intelligent Sensing for Innovative
Structures (I1SIS) ©! and the Hong Kong Highways Department ™ are championing the
integration of fibre optic sensors in the long term assessment of structures.

The research questions in this paper are: (1) what are the reasons behind the
increase of FBG sensors in the field instrumentation of structures; and (2) what are the
in situ limitations of FBG sensors and how reliable are they? These questions are
addressed through reviewing studies where FBG sensors have been used in the
instrumentation of three bridges. Chan et al ™ monitored the Tsing Ma Bridge in China,
Rodrigues et al ™ investigated the Leziria Bridge on the Portuguese highway (A10) and
Maaskant et al ' monitored the Beddington Trail Bridge in Canada.

THE CASE STUDIES

Chan et al ™™ monitored the Tsing Ma Bridge, a large suspension bridge in China with a
span of over 1300 m, carrying both railway and highway traffic. The bridge comprises a
double deck configuration, the upper carrying six lanes of traffic, and the lower two
railway lines and an additional two traffic lanes. A hybrid configuration was adopted,
combining a steel truss and box forms. The lateral bending stiffness is provided through
cross frames of Vierendeel trusses at 4.5 m centres, where every fourth frame is
supported by a suspending cable. A bespoke Wind and Structural Health Monitoring
System (WASHMS) was installed after commission in 1997, consisting of
approximately 800 sensors to monitor the structural health of the bridge. These include:
strain gauges, accelerometers, temperature sensors and level sensors.
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Chan et al ™ aimed to assess the performance of a new
demultiplexing/interrogation system (DEMINSYS). The data collected from the
DEMINSYS system was then compared with the data from the WASHMS system.

Rodrigues et al ! review evaluates the performance of the Leziria Bridge in
Portugal. This 30 m wide, eight-span single prestressed concrete box girder highway
bridge opened in 2007. In total, 92 FBG sensors were installed to monitor the structural
behaviour of the 970 m main span, including strains, deflections and temperature. Strain
gauges were installed at 15 locations on the top and bottom surfaces of the bridge deck.

Maaskant et al " monitored the Beddington Trail Bridge in Canada with a span
of 42 m. The deck of this three lane bridge is supported by 26 bulb-T girders with a
depth of 1.1 m. Six of the girders had carbon fibre reinforced plastic tendons (CFRP). A
total of 18 FBG sensors were installed on the tendons, 12 of these on CFRP tendons.
Maaskant et al [ aimed to evaluate the structural response of the structural tendons,
manufactured from various materials with different mechanical and thermal properties.
The data in this study was collected over 18 months.

Rodrigues et al ™! study had a similar aim to Chan et al ™ to assess the
performance of the novel FBG transducers. This bridge already had a built in electrical
strain gauge system, so the data collected using these two systems were compared. Both
of these studies stemmed from a desire to build a system utilising FBG sensors in
structural health monitoring (SHM), under normal loading conditions.

Multiplexing sensors are an attractive feature of FBG as relatively large
structures can be monitored with a single interrogator, this tactic was employed by
Rodrigues et al ™ and Chan et al . The disadvantage of multiplexing is all sensors past
a point of fractures are rendered useless and specialist equipment is required to detect
the point of failure, so it is important to specify a suitable protection system. Maaskant
et al " opted to avoid multiplexing the sensors, this could be due to the relatively small
size of the Beddington Trail Bridge. None of the case studies discussed in this paper
installed redundancy into the FBG sensing system, this means critical data will be lost if
a sensor installed on a critical section fails.

PERFORMANCE OF THE SENSING SYSTEMS

The FOS systems proved to be reliable method of monitoring structural health, under
multiple loading conditions. Their high survival rate and its versatility have
demonstrated the potential of FBG in SHM. Maaskant et al 'l reported a problem of
unreliable equipment, where data on the early behaviour of carbon fibre reinforced
plastics (CFRP) tendons was lost. They tested the FBG sensors on a scale model in
laboratory conditions, giving the author increased confidence of their performance.
Strains of up to 8000 micro strains could be experienced in the reinforcing tendons,
which made it difficult to install sensors to verify the performance FBG sensors.

The data acquisition rate utilised depends on the target parameters and the
loading conditions. This is demonstrated in table 1, where Chan et al ™ employed a high
sampling frequency of 500 Hz to collect strain data under dynamic train loading.
Rodrigues et al ! monitored the impact of dynamic loads utilising a data acquisition
rate of 200 Hz, where the bridge was loaded with a truck travelling at 80 km/h. Data on
parameters such as temperature and creep can be collected at a low sampling rate, as
these parameters are relatively static in comparison to the evolution of strain.
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Table 1. A summary of the data acquisition rates utilised under multiple projects, N/A = not available

Bridaes Leziria Bridge Tsing Ma Beddington West Mill | Luiz |
g Bl Bridge ™ Trail Bridge ! | Bridge bridge !
Data sampling rate 200 500 N/A 100 5
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Fig.1: (a) Location of the FBG sensor and LDVT on the concrete sample; (b) the correlation between the
LVDT and FBG sensors (Rodrigues et al )

Figure 1 shows strong correlation between the strain readings collected in
laboratory conditions with FBG sensors LVDTs under flexural loading. The difference
in magnitude is due to the relative positions of the sensor.

The performance of the DEMINSYS system ' was assessed by comparing the
results with that obtained from the preinstalled strain gauges, this information is
presented in figure 2. Again, these sensors are both installed on the same structural
member and are in close proximity with each other, the data shows a strong correlation.
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Fig.2: Comparison between the DEMINSYS (upper) and WASHMS (lower) strain gauges on the truss
section (Chan et al 1),

FBG sensors also proved versatile, where all case studies utilised bespoke FBG
sensors. FBG sensors are attractive as their readings are immune to power fluctuations,
proving accurate and repeatable results.
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TEMPERATURE CORRECTION OF THE SENSORS

Fibre Bragg gratings (FBGS) are intrinsic sensors, where the grating site on the fibre is
photosensitive. When light passes through the fibre core at zero strain, the Bragg
wavelength is reflected and this data is captured by an interrogator. As the host material
Is strained, the attached FBG is also strained, shifting the reflected wavelength; this data
can be used to determine the strain of the host material. Davies and Buenfeld %! explain
the influence of temperature and strain on the Bragg wavelength as follows.

The temperature response of the FBG sensor and its substrate differ, so it is
important to compensate for this. Sensors are attached to a substrate, hence temperature
compensation becomes a necessity. Common practise involves the choice of a jacket
and adhesive with a close temperature-response match to the host material. The bridge
studied by Maaskant et al [ utilised prestressed concrete girders, the reinforcing
tendons were made of: steel and two reinforcement bars manufactured from two forms
of carbon fibre reinforced plastic (CFRP). The materials used all possessed alternative
temperature responses to the sensor. The ambient temperature characteristics of the
entire structure was utilised in order to make effective compare the behaviour of the
materials.

Maaskant et al " chose to normalise the strain data to the expected values at 20
°C. Data on the strain of the tendons were collected on four occasions, of these the
ambient temperature was 0 °C and 6 °C respectively. The approach to normalise this
data to the standard of 20 °C would rely on empiric formulas and extrapolation, this will
provide an estimate rather than information on the actual measured strain. Rather than
normalising the data to 20 °C, an alternative approach would have been to assess the
performance of the CFRPs at low temperatures, particularly the effect of freeze thaw on
the structural reinforcement material, due to the lack of knowledge of the long term
performance of these materials.

Chan et al ™ and Rodrigues et al ® employed identical techniques to compensate
for temperature. Both installed separate FBG strain and temperature sensors, and this
information was then utilised to compensate for the temperature response of the
structure.

CONCLUSIONS

This paper reviewed three studies where in situ FBG sensors were employed. The
advantages of FBG sensors such as its versatility, reliability and multiplexing abilities
are discussed in this paper and are the major reasons for the increased interest in FBG
sensors. The limitations of this sensor were also highlighted, providing a balanced view
for engineers who require structural instrumentation. A common theme amongst the
case studies was the high correlation of data between FBG sensors and strain gauges,
both on site and in field applications, highlighting the reliability of FBG sensors.

Fibre optic sensors have proved their potential value in the field of SHM. A
potential application of FBG sensors would be to provide an alternative method to
visual inspection, providing an objective and automated approach to SHM. Concrete is
a heterogeneous material, making it difficult to predict the exact location of crack
propagation. Visual inspections will be necessary until a solution to this problem is
found.
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FBG sensors are often suggested as a method of evaluating the effectiveness of

composite materials in the rehabilitation of concrete structures. This ambition has
proved more difficult than noted in the study by Maaskant et al ). Lau et al ¥
developed a mathematical model to predict the interaction between the adhesive layer
and an optical sensor. Further work on refining the model to describe this relationship
would be helpful in improving the quality of in-situ data collected. Of particular interest
would be developing a model describing the behaviour of a sensor where two adhesives
are employed, as implemented on the Tsing Ma Bridge by Chan et al !,
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ABSTRACT: This paper aims to investigate the effects of the reinforcement corrosion
on the residual bond strength behaviour of corrosion damaged reinforced concrete
structures in natural corrosive environments. The analytical solutions of residual bond
strength of corroded concrete structures are used to evaluate the bond behaviour of
Ullasund bridge, Norway, which was demolished in 1998. The results obtained from the
study have been examined with the published field data. The study concludes that the
bond strength in concrete increases in low level of corrosion (<1%) and decreases
significantly with further increase in corrosion due to longitudinal cracking of the
concrete cover. The proposed approach is capable of assessing the bond strength
behaviour of corrosion affected concrete structures.

Keywords: Bond strength; concrete cracking; deterioration; reinforcement corrosion.

INTRODUCTION

Reinforcement corrosion is one of the most common causes of deterioration in
reinforced concrete (RC) structures. It affects the bond strength at steel-concrete bond
interface by changing mechanical interlocking and frictional force between concrete and
reinforcement (rebar) ™ . This ultimately affects the performance of the RC structures.
Many investigations have been undertaken in the past for the evaluation of residual
bond strength of corroded RC structures in controlled conditions using accelerated
corrosion technigue. However these works are performed on the artificially corroded
RC specimens . They do not resemble the actual behaviour of specimens which are
corroded for long time in the natural environment. Therefore, in order to obtain the
better understanding of the bond behaviour in reality, it is necessary to investigate the
bond behaviour of RC structures corroded naturally. This study aims to investigate the
bond behaviour of corroded RC structures in natural aggressive environment. A case
study of the Ullasund bridge, Norway, demolished in 1998 is therefore discussed.
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CORROSION - INDUCED CONCRETE CRACKING

Assuming the constant current density i_,,.., the uniform corrosion depth or the radius
loss of the rebar is defined as x = R, — R,,, in which R, = initial radius of the rebar
and R,, = reduced rebar radius. Its corresponding corrosion level is defined as
x, = (W, — W,)/W, x 100% where W, is the original weight of the rebar and W is
the remaining weight of the corroded rebar.

The corrosion products formed are expansive in nature. Due to its expansive
nature, radial and hoop stresses are developed at the rebar surface. When this hoop
stress on the concrete surface reaches the tensile strength of concrete, radial splitting
cracks are formed at the bond interface and these cracks propagate until they reach the
concrete surface R,. The concrete cracking process due to reinforcement corrosion was
investigated analytically by ™®. Considering thick walled cylinder model as shown in
Fig. 1 and bilinear tension softening law of cracked concrete, the normalised crack
width at the rebar surface can be expressed as
W, = —1 (Eu — ahR; ] (1)

Cob(l,—R)\E T ’
where a and b are the coefficients of bilinear softening curve depending on w,,. =

critical crack width and w,,= ultimate cohesive crack width; I, = ”ET': is the material

constant in which n, is the number of crack taken as 4 for thick walled cylinder model
and I, Iis the characteristic length; E = effective modulus of elasticity of the concrete;
f. = tensile strength of the concrete and u;, = axis symmetric radial displacement at the
rebar surface. The relation between normalised crack width W and actual crack width is
defined as W = f,w(r) /G, where Gy is the fracture energy of the concrete; w(r) is the
actual crack width at any point = between R, and R, and its value does not exceed w,,.
w,.and w,, depends on the concrete strength and the maximum aggregate size D, .

— N\~

Concrete

Clear cover, C
7/
/7
7
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\
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crack

Fig.1 Idealisation of cover concrete as thick-walled cylinder model for predicting concrete crack
development and bond strength evolution.

The mass of the corrosion product responsible for the radial displacement i, and
reduced radius of the rebar R,., could be estimated from
aM?.)l*’z (2)

K[

i 2 2
M, = [ERbub +ub‘) ;o Ry = (Rﬂ -
a:m
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where @, = pi— pE in which p, is the density of the steel; and p, = == is the
T & 1

density of the corrosion product in which « and @, are the molecular weight ratio and
the volume ratio of the corrosion products respectively [\

BOND STRENGTH BEHAVIOUR

The design bond strength of any RC structures is the function of the compressive
strength of the concrete £, *®, estimated from one of the following

Tpo = 0.894fr i Tupo = 0315f,, %3 (3a,b)

The ultimate bond strength for corroded reinforcement at any corrosion level is
the total contribution of three types of stresses acting at the bond interface ™

Iuail{-rﬁ:] =T + Tl.’i’!_,l'- + Teorr (4)

The adhesion stress acting between rebar and concrete is given by

ﬂ’sr Ar'fcoh [Cﬂ‘t 55\ + fﬂﬂ[ﬁﬂ + gj:]:l
ad = DS,

where 7., is the number of stirrups; 4, = D, h, is the rib area; D,,, = reduced
diameter of the rebar; h,.= 0.07D,, is the reduced rib height of the rebar;
feon = 341 —21.21(x — x_) is the adhesion strength coefficient in which x,_ is the
corrosion depth corresponding to the through cracking of the concrete cover; &, and ¢
are the orientation of the rib and the angle of friction between steel and concrete
respectively ; 5, = 0.6D, is the rib spacing in which Dy, is the original diameter of
rebar ™ and tan(s, + @) can be estimated from 1.57 — 0.785x.

The confinements stress T,,; = k.,-P.,; Where k- is the coefficient of
confinement stress evaluated from n,, C,tan(d, + @)/m in which C; is the shape factor
constant taken as 0.8 for crescent shape rebar. P, is the the total confinement stress
contributed by the concrete and the stirrups. For thick walled cylinder model 7., - given
by 1% can be expressed as

TE
1 ——= | 2
O —u Tl 0 oW W
Pcnf:[ bi|>(f;_ W, +|:3r Sr]xgstl:f‘l' 1 b_l_aﬂ (5)
Rrb 14+ M D:v-b Az a..ql = d;-r ﬂ:dsr
D

i)

where € = R_ — R, is the clear cover depth; k is the constant taken as 167; w; is
the actual crack width at rebar surface; a., is the cross-section area of stirrup leg with
diameter of d., ; Az is the spacing of stirrup; Eg is the modulus of elasticity of steel; « is
the shape factor of stirrup taken as 2; a,, a; and a, are coefficients related to trilateral
local bond-slip law of the stirrup.

Corrosion stress due to accumulating corrosion product at rebar surface is defined
as T, = P, In which g is the coefficient of friction between corroded rebar and
cracked concrete defined as 0.37 — 0.26(x —x_) and P.,,.. is the corrosion pressure.
The corrosion pressure acting at rebar surface is given by ©

fe = dw — 1,
{[a_bwb][l‘i"’w“ﬁb)"'b(ip_ﬁbj—+vw’ﬁb_bwb} 6
dr R, ©)

Pr:or'r = 1 — 92

63



where W = ¢,6(l,,v)+ ¢, is the normalised crack width in which
(o) = e~ 1
Lg(ly—7r) ‘o
two  boundary  conditons = W|,., =W, and W|._ =w

_ Bl Wy

By = 1’{(1 t (a—bW; )Ry
concrete. Once normalised crack width W is available other parameters such as dW /dr
and actual crack width at the cover surface w, can be calculated.

In “”;’"l; c1 and c; are the functions of W, to be determined by

) is the stiffness reduction factor and ©# is the Poisson’s ratio of

CASE STUDY

In order to investigate the effectiveness of the proposed approach, the analyses are now
carried out by taking published field data of Ullasund bridge, Norway. It was
demolished in 1998, only after 29 years of service in harsh environments ™. From the
pieces of concrete collected from Ullasund bridge, 22 cubic specimens with dimensions
of 150 mm x 150 mm x 150 mm and single ribbed rebar were prepared. The yield
strength of the rebar was 400 MPa and the compressive strength of the concrete was
40.3 MPa. Bond strength of each specimen was determined by pull-out test and the
corresponding corrosion products were determined by sandblasting. Material properties
required for this analytical model are assumed: total crack numbern, =4; Poisson’s
ratio ¥ = 0.18; creep coefficient @, = 2.0 and i, = 1 pA/em?; G, =200 N/m; p, =
7850kg/m?; a,= 2.0; and @= 0.725. Equivalent critical crack width w,, = 0.2 mm and
ultimate crack width w, = 1.6 mm have been obtained from ® for adopted maximum
aggregate size D, = 16 mm. Other parameters such as f, = 4.6 MPa; E, = 37.1 GPa are
obtained from . The comparison of predicted results with the field data of Ullasund
bridge and design bond strength according to ©#! have been shown in Fig. 2.

18 20

= o Ullasund bridge field data —_ | —S—Present prediction
]
% <Present prediction E 16 + —=&—CEB-FIP
= O CEB-FIP 1990 = | TETEC
% 12 1 )
5 AEC2 S 12+
= ¢ = &
g S 89
= 6 1 o
E = i
= S 4 zk_;__,;,""'x;:—-‘/?
0 | } | I | 0 | I | I | I | I |
0 5 10 15 20 30 40 50 60 70
Corrosion level (%) Concrete compressive strength (MPa)
Fig.2: Residual bond strength vs. corrosion level. Fig.3: Residual bond strength vs. concrete

compressive strength.

It can be seen from the comparison, the results obtained from the present study are
in good agreement with the field data. The predicted bond strength in low corrosion
level (<1%) is slightly higher than field data, this may be due to the difference between
the material properties of the concrete assumed in the present model and the actual
material properties of Ullasund bridge. The difference may be also due to the
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complexity of the reinforcement corrosion and cover cracking mechanism in reality. It is
clear from the Fig. 2 that at the low level of corrosion(<1%) there is slight increase in
bond strength, but further increase in corrosion leads to significant reduction in bond
strength as observed in the field data caused by the longitudinal cracking of the concrete
cover. It is interesting to see that at about 2.5% corrosion level the specimen reaches the
design bond strength as given by ' whereas at about 5% corrosion level it reaches the
design bond strength value as given by .

16 1 <& Cover to diameter = 1 E 16 A A20 MPa
£ OCover to diameter =2 = <30 MPa
2 _ et 045 MPa
= 12 A Cover to diameter =3 5
g{) =
o o
2 Z
7 8 4 =
= g
=] =
= —
=
ER A 3
= H : K7
1771 S ) o~
é 0 T T I T L
0 5 10 15 20 30
Corrosion level (%0) Corrosion level (%)

Fig.4: Residual bond strength vs. corrosion level Fig.5: Residual bond strength vs. corrosion level
for different cover to rebar diameter ratios. for different compressive strengths of the concrete.

Fig. 3 shows the variations between the predicted bond strength and the design
bond strength of the un-corroded rebar for different compressive strengths of the
concrete. The predicted results are higher than the design bond strength. This may be
due to the fact that the design bond strengths are only based on the compressive strength
of concrete whereas the predicted results are based on mechanical as well as
geometrical properties of both the rebar and the surrounding concrete. Fig. 4 and Fig. 5
show the influence of cover to rebar diameter ratio and the compressive strength of the
surrounding concrete on the bond strength deterioration process, respectively. From Fig.
4, bond strength at the rebar surface increases as the cover to rebar diameter ratio
increases. This may be due to the increase in resistance created by the larger cover
depth. The results from Fig. 5 show that at low level of corrosion residual bond strength
increases with higher value of compressive strength but the residual bond strength
decays faster for higher compressive strength at relatively lower corrosion level. This
may be due to the acceleration of cover cracking process caused by increase in the
modulus of elasticity of the concrete and decrease in ultimate crack width for higher
compressive strength.

CONCLUSIONS

On the basis of the results from the case study involving the residual bond strength

strength behaviour of corrosion damaged RC structure exposed to the natural corrosive
environment, the following conclusions are noted: a) At low level of corrosion (<1%) ,
ultimate bond strength increases, following by considerable decrease as corrosion
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progresses; b) At corrosion level of about 2-5% , it reaches its design bond strength
value; ¢) Bond strength decreases significantly when concrete is fully cracked; d)
Increase in concrete strength or cover depth, the bond strength increases; e) With only
low mass loss of reinforcement there is significant reduction in bond strength; f) The
proposed approach can be an effective and useful tool in evaluating residual strength of
any types of corroded RC structures exposed in aggressive environments, however more
research is required to understand the bond strength deterioration in natural aggressive
environments.
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ABSTRACT: Concrete is susceptible to numerous environmental factors which
generate cracking that propagates through the material causing damage to accumulate
and lead to failure. Traditional design is based on the prevention and delay of those first
instances of cracking allowing for subsequent external application of post-damage
repair works. However that does not offer a sustainable solution for the management
and maintenance of infrastructure installations and in particular in the case of remote,
often costly, systems.

Our research proposes the application of natural concepts of adaptability and self-
healing on cementitious composites for damage control and recovery of functionality.
An intrinsic self-sustained recovery system is suggested based on the inclusion of repair
agents within the concrete matrix. Thus defects will be detected and recovered
spontaneously by mobilising the appropriate healing agent in the damaged location.
Micron-sized polymeric vessels are utilised as carriers of healing agents and are
embedded in the cement matrix. These hinder the accumulation of damage by bonding
the crack surfaces and controlling the propagation of cracks within the material.
Moreover the versatility of the shells allows the inclusion of a wide range of materials
capable of targeting specific degradation mechanisms, such as corrosion.

Keywords: Cement composites, interfacial polymerisation, methyl methacrylate,
microencapsulation, self-healing, urea-formaldehyde

INTRODUCTION

Structural materials undergo a wide variety of defects, due to mechanical or
environmental loading. These defects induce damage in the form of cracks which might
subsequently propagate leading to accelerated failure and will consequently
significantly decrease their service life.

A proposed solution evolves the development of an adaptable engineered
autonomic self-healing system through the incorporation of a composite encapsulated
liquid healing compound and catalyst. Generally the concept of microencapsulation of
self-healing agents has been widely investigated as far as polymers and polymeric
composites are concerned ™. However these concepts have been only recently
expanded to the field of cementitious composites .
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Here, we report on the design and characterisation of Urea-Formaldehyde (UF)
capsules containing a methyl methacrylate core for use in self-healing cementitious
composites. UF has been considered to meet the demanding criteria required for use in
previous research on self-healing materials **°!

MATERIALS AND METHODS

Microcapsule materials

Core material used in the encapsulations is methyl-methacrylate (SAFC), used as
received. The microcapsule wall-forming materials include urea, resorcinol, formalin
(37% formaldehyde in water) (Fisher) and ammonium chloride (ACROS Organics).
Two different emulsifiers/stabilisers were used; poly(ethylene-alt-maleic anhydride)
(EMA) (Aldrich) and Span 85 (Sigma). EMA powder was added to deionised water and
sheared for 10 min (3000rpm) at room temperature to obtain a 2.5% (wt/vol) aqueous
surfactant solution. Similarly an aqueous emulsion, 5% (vol/vol), of Span 85 was
prepared. An IKA T25 ULTRA TURRAX homogeniser was employed for the dispersion
of surfactants in the aqueous phase.

Characterisation of microcapsules

Thermal stability of produced microcapsules was tested using Thermogravimetric
Analysis (TGA) on a Perkin EImer STA 6000. Small amounts of microcapsules (10-20
mg) were heated from 30 to 500 °C at a rate of 10 °C/min in air.

Verification of the chemical composition of the produced microcapsules was
performed on a computerised Fourier Transform Infrared Spectrophotometer
(SPECTRUM 100, Perkin Elmer) in transmission mode. The number of scans was 16
and the resolution was 1 cm™.

Images of dried microcapsules were obtained using scanning electron microscopy
(EVO LS 15, Carl Zeiss). Capsule diameter measurements and size distribution was
estimated using ImageJ analysis software. Samples were prepared by dropping an
aliquot (ca. 40 ul) of the particle suspension onto a SEM stub (12.5 mm diameter) and
oven drying at 40°C for 30min. The resulting powder sample was sputter coated with a
thin layer of gold (~10 nm).

Encapsulation procedure

Microcapsules containing MMA were prepared by an in situ urea-formaldehyde
microencapsulation procedure adapted from previously reported shell walls 4! Two
different non-ionic surfactants were used. The two methods are presented in Table 1.

At room temperature, 100ml of deionised H,O was placed in a 600 ml beaker,
along with 25 ml of 2.5% (wt/vol) EMA (Method A) or 25 ml of 5% (vol/vol) Span 85
(Method B). Subsequently, 2.5 gr urea, 0.25 gr ammonium chloride and 0.25 gr
resorcinol were diluted in the aforementioned solution. After the addition of the wall-
forming materials the pH was adjusted to 3.5 by the drop-wise addition of sodium
hydroxide and hydrochloric acid. The beaker was then placed on a combined magnetic
stirrer hot-plate equipped with a stir bar (40 mm diameter) and the core phase of 30 ml
of MMA was dispersed in the beaker at a desired agitation rate (800 rpm) for 10 min.
After 10 min, 6.33 gr formalin was added and the temperature was increased from
ambient to 55 °C. The reaction proceeded under continuous agitation (350 rpm) at
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constant temperature (55 °C ) for 4 h. After 4 h the beaker was removed from the hot-
plate and allowed to cool to ambient temperature. The microcapsule suspension was
vacuum filtered and washed with deionised water and ethanol to remove unreacted wall
forming and residual core materials. Microcapsules were oven-dried for 3 hours at 40 °C
and kept in sealed containers prior to further analysis.

Table 1. In situ UF encapsulation methods used in this work for preparation of microcapsules

Urea Resorcinol Ammonium Formalin
Method Aqueous phase . H
quectsp © © chioride (g) @ |P
100 ml H,0, 25 ml
UF-A 2.5% EMA. 30 ml core 2.5 0.25 0.25 6.33 3.3
100 ml H,0, 25 ml 5%
UF-B Span 85, 30 ml core 2.5 0.25 0.25 6.33 3.3

RESULTS AND DISCUSSIONS

Microcapsule size and distribution
The high shear rate that was applied for the emulsification of the aqueous phase lead to
submicron capsules. The size distribution confirms previous findings ™7® of
asymmetric shift towards smaller capsule diameters (Fig. 1).

SEM images revealed spherical structures, with non-porous rough shell walls
(Fig. 2). Capsules produced with SPAN 85 appear agglomerated, tending to fuse
compared to the separated structures produced with EMA.
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Fig. 1. Representative histogram of capsule diameter submicron capsules prepared using (a) EMA and
(b) SPAN 85 emulsifier
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Fig. 2. SEM images o UF capsules prepared with (a) EMA and (b) SPAN 85

Yield analysis

Microcapsule yield, shown in Table 2, was measured by the mass of capsules collected
as a solid residue at the end of the experimental process compared to the mass of solids
used in the encapsulation (i.e. shell forming materials and core). The yield appears
dependent on the surfactant used, ranging from a low 20.6% to 54.3% when EMA is
used. Conversely the mean diameter indicates

Table 2. Yield and mean diameter for each UF combination prepared at 350rpm.

Capsule | Microcapsule | Mean diameter
type yield (%) (nm)
UF-A 54.3 1.9+1.06
UF-B 20.6 2.6+1.33

Thermal analysis and stability
In order to evaluate the chemical composition and stability of the produced
microcapsules, TGA analysis of the samples was conducted. Indicative mass loss and
heat flow curves of the produced UF capsules are presented in Fig. 3. Two distinct
transitions were observed in the TGA curves following accordingly the endothermic and
exothermic peaks of the heat flow °!. Two endothermic peaks are observed between
250-350 °C. These could be attributed to the evaporation of water and free
formaldehyde at lower temperatures and the decomposition of the UF shell as the
temperature increases %, The latter is accompanied by a steep weight loss.
Concurrently two exothermic peaks, the first at 240 °C and the second between 380-400
°C manifest curing of the core material and continuous polymerisation. Further
fragmentation of the residuals is evident above 450°C.

Nonetheless, the microcapsules appear chemically stable bellow 200 °C, with only
small evaporation of moisture occurring between 70 and 100 °C, indicating that the
suggested composition offers good thermal viability.

Chemical characterisation

IR sprectrum suggests bands which can be assigned to both urea-formaldehyde
polymers and MMA, namely the shell and core materials (Fig. 4). Characteristic peaks
of an N-H stretching vibration at 1544 cm™', a C=0 stretching vibration at 1630 cm™,
C-H stretching vibrations at 1380 cm™ and 2900 cm™, C-N stretching vibrations at 1249
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and 1047 cm™ suggest the formation of UF. Besides we can assume the presence of
typical bands of MMA such as 2988 cm™and 892 cm™. The latter infers the presence of
encapsulated MMA.
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Fig. 3. Mass loss and heat flow as a function of temperature.
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Fig. 4. Transmission infrared spectra of produced microcapsules

CONCLUSION

The microencapsulation of MMA by UF membrane using an in situ interfacial
polymerization method was achieved successfully. FTIR analysis confirms the presence
of both the core and shell materials while the stability of the proposed structures is
confirmed by TGA experiments. Although the size of the microcapsules lies within the
range of submicrons the suggested composition appears robust for use in self-healing
applications.

Investigation is under way for testing the behaviour of the capsules within a
cementitious matrix.
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ABSTRACT: Lime binder, perceived as historical building material, was modified with
the defined quantity of calcium aluminate cement and anhydrite. The main research was
based on the observation of the influence of CAC on the binder. The general
assumptions take account the transformation of metastable hydrates into stable phases
(hydrogarnet) which causes the increase of porosity, that would enable a quick water
evaporation from the historic wall and the growth of mortar durability. The addition of
anhydrite leads to the formation of ettringite, which crystallizes in the capillary pores
and causes the strength development. X ray diffraction was used to quantify the phases
generated in the binder samples, SEM analysis was used to evaluate the microstructure
of the samples. Also porosity was determined by the use of MIP. On the mortars
samples the rate of water absorption and compression strength was measured.

The objective of conducted investigations was to modify lime binders with the additives
of different calcium aluminate cements and anhydrite and determine its usability as the
restoration mortars for historical architecture.

Keywords: calcium aluminate cements, conservation, historic mortars, lime binders,
restoration.

INTRODUCTION

Lime based binders and mortars have been used as a building materials for centuries.
During the ages they were modified by various natural additives, which eventually
caused the materials’ quality improvement. Restoration and conservation of historic
building materials requires its full characteristics, as well as the proper knowledge of
currently produced binding materials, enabling effective and profitable enhance of
chemical, physical and structural compatibility with historical building materials.

Application of cement, as an additive to restoration materials can raise multiple
problems, mostly because of the mechanical incompatibility of both materials,
hardening process resulting the release of soluble salts, limited elasticity and shorter
durability in comparison to lime binders. Because of those features, the maximum
amount of 5% cement additive in restoration mortar has been specified ™.

Calcium aluminate cements comprise a potential usage alternative, when it comes
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to modification of lime binders with the purpose of architecture restoration. Quick
setting and hardening can be governed by accelerated hydration of calcium aluminates,
also the porosity value can increase, due to the transformation of metastable hydrates
into stable phases. The supplementary addition of anhydrite into the mixture leads to the
formation of ettringite, which in this case can be also perceived as a desirable phase.

MATERIALS AND METHODS

Samples Preparation

In this study, three composition of binders were considered. Hydrated lime is the main
ingredient in all of the samples comprising 92.5% quantity. CAC contains 5% of the
sample, three types of CACs were used depending on the quantity of aluminates:
Goérkal 70 (70% Al,O3), Gorkal 40 (40% Al,O3), Fondu (40% Al,O3). The amount of
anhydrite equates 2.5% of the composition. All of the samples were mixed with water in
the W/C ratio of 1.0. The composition of the samples is shown in the
Table 1 below.

Table 1. Composition of binder tested on the experimental part.

Sample CAC Anhydrite Hydrated Lime
S1 5% F 2.5% 92.5%
S2 5% G70 2.5% 92.5%
S3 5% G40 2.5% 92.5%

The samples prepared for the compressive strength and water absorption tests
were mixed with sand in the volumetric dosage of 1:1:3 (water:binder:sand) and kept in
accordance with PN-EN 1015-11:2000 !,

Fresh Samples Characterisation
Fresh mortar was subjected to the test of flow table consistency based on PN-EN 1015-
3:2000 B! The mortar displacement was registered after 15 shots of the flow table
within 15 seconds. The value of flow reached 171 mm, which was consistent with the
requirements (170 + 5 mm) ™.

The density of the fresh mortar was obtained by the use of the 1 litre volume
container. The value reached 1.94 kg/dm*(measured for S2 sample).

Hardened Samples Characterisation
The samples composition was determined by the X-ray diffraction using Philips X’Pert
Pro MD, after drying grinding to a fineness < 0.063 mm.

SEM observation determining a morphology of samples was carried out on a
fractured surfaces using Scanning Electron Microscope JROL 5400.

Samples were tested using Mercury Intrusion Porosimetry (MIP) by the use of
PoreMaster 60, Quantachrome Instruments.

Water absorption was performed based on PN-EN 1015-18:2003 method ©!.

Compressive strength development was evaluated after 28 and 90 days (setting
time proposed by standards ) and executed on a hydraulic press Toni Technik.
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RESULTS AND DISCUSSIONS

X-ray Diffraction

XRD investigations shown in Fig. 1 demonstrate that apart from predominant presence
of portlandite, ettringite was formed, also some amount of gypsum and hydrogarnet
occurred.

900 —

400 1 - portlandite

2 - effringite
3 - gypsum
4 - hydrogarmet

100 — 2

o0

T T T T T T T T
10 20 30 40 a0 B0 70 a0

Pusition [*2Theta]
Fig. 1: XRD pattern of S1 sample showing the presence of specified phases (S2 and S3 patterns did not
demonstrated much difference).

The appearance of ettringite in samples is connected with the reaction that occurs
while mixing CAC with gypsum
3CA+3CSH, +33H — C,A-3CS - H,, + 2AH,

In the presence of hydrated lime AHj3 transforms into CAH:
AH, +CH +6H — CAH

CAHy, can easily continue to react with gypsum (in presence of CH), eventually leading
to ettringite formation:

CAH,, +2CH +3CSH, +14H — C,A-3CS - H,, + 2AH,

SEM Analysis
The results obtained from SEM photographs (Fig. 2) display two different
homogenously mixed structures — ettringite with its needle shaped crystals and
portlandite from the hardened lime binder. This fact states in agreement with XRD
results (Fig. 1).
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MIP Characterization

In Fig. 3 the relative pore size distribution measured by mercury intrusion is displayed,
Fig. 4 shows the cumulative intrusion of samples. The porosity of each sample is shown
in the Table 2 below. The percentages reached over 40%, which is required value for

restoration mortars specified in ™.

Table 2. Porosity of samples tested on MIP.

Sample S1 S2

S3

Porosity, % 48.37 64.41

47.50

G40.pmm I — G70.pm I ——

Fpm I —

Diameter [um]

FpmI—  Cd0pmI—  G7lprm I —
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Fig. 3: Pore size distribution curves (above) and cumulative

intrusion curves (below).

Absorption of Water

It can be seen (Fig. 3) that
the majority of pore sizes can be
placed between 0.1 pm and 2.0 um,
mostly the peak concentration of
pores is found around 1.0 pum. In
general, pore size distribution in
such range is responsible for high
capillary action, it also allows
ettringite  crystallization  within
them, causing pore size reduction.

An examination of the
cumulative intrusion curves states,
that the percentage of pores
increases rapidly as pore sizes
reduces to below around 0.5 pum.

Results of water absorption tests are displayed in Table 3. Water absorption coefficients

were obtained according to !,

Table 3. Water absorption characteristics of samples.

Water Water Water
Apparent - absorption absorption
Sample . 3| absorption - L
density, g/cm coefficient (1), | coefficient (2),
after 24h, % 2. . 05 2
kg/m“-min kg/m
S1 1.59 20.56 2.30 26.50
S2 1.57 22.08 2.23 28.13
S3 1.59 22.15 2.32 28.69

76



It is essential to note, that mortars have relatively low apparent density, which is
considered as an advantage for the restoration purpose (lack of supplementary weight at
original materials).

Water absorption coefficient (2) achieved high values, which is an explicit effect
of high porosity level. It can be perceived as both advantageous and disadvantageous

25 q

- =y ]
o [T o
L L L

Water absorption, %

3]
L

+~— 51
——52

10 min
Time, hrs

Fig. 5: Water absorption changes in time.

Compressive Strength Development
The results of measurements of the compressive strength development are shown in
Table 4. All tested mortars characterise a low compressive strength (1.25-1.75 MPa),
what makes them compatible with restoration purposes.

24

feature. High water absorption level
contributes to quick water evaporation
from a historic wall, but it can also
accelerate a salt decay process.

The diagram on the left side
(Fig. 5) presents the change of water
absorption in time. An uptake speed
decrease  proceeds in logarithmic
dependency, meaning that the water
absorption speed after first 1-2 hours
reduces rapidly and after a while
achieves a normalized level.

Table 4. Compressive strength after 28 and 90 days of curing.

25 -

Compressive Strength, MPa

S1

28
Curing perod, days

90

Fig. 6: Strength development in mortar samples.
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7 ' days, MPa days, MPa
S1-1 20 y 125 162
2. 30 v 1.75 2.38
$3-3 22 ¥ 138 182
The strength  development of

mortars is displayed on Fig. 6. After 90
days compressive strength of each sample
increased around 30% against the values
reached after 28 days. S2 sample achieved
moderately higher values of compressive
strength (30-45% more), which comes
from higher aluminate content.

According to the requirements
obtained strength values should range
between 1.5 and 5 MPa ™.



CONCLUSIONS

Presented binders and mortars tested in laboratory demonstrate the possible use in the
activity of conservation and restoration of historical architecture. They achieved low
apparent density (~1.6 g/cm®), low compressive strength (~1.5 MPa, up to max. 2.3
MPa) and high porosity values (over 40%). High level of water absorption can be
perceived as questionable value, because of the possibility of quick salt decay. To avoid
this problem adding some specified (e.g. natural) additives can be considered.

The main purpose of modifying lime binders with CAC and anhydrite was to
obtain an ettringite supporting the compressive strength during early stages of use and to
gain higher porosity using the mechanism of transformation from metastable to stable
phases in CAC hydration. Some amount of ettringite was registered during XRD and
SEM tests, moderately higher quantity of this phase crystallized in S2 sample, which
contained higher amount of aluminates. That dependency can also be acknowledged in
compressive strength test. The transformation of CAC hydrates did not occurred or
occurred only in a minor level (as shown in XRD characteristics), but the porosity of
each sample reached satisfactory level. To achieve the benefits coming from CAC
hydrates transformation, increasing the curing temperature or modifying the mixture
composition should be considered.

Further investigations should be conducted concerning salt resistance and
efflorescences sensibility tests determining the actual usability of such binders for
conservation and restoration purposes.
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ABSTRACT: It is accepted that tunnel environments present high levels of risk
associated with the confined nature of this type of project, especially during the
construction phase. Therefore it is essential that high quality product and workmanship
are maintained at all stages. In order to achieve this, only the most suitable materials
and highly skilled personnel should be used.

One area often overlooked or addressed as an afterthought is the inspection and
testing regimes of the materials in both temporary and permanent states. By operating a
high level of control through adopting best practice test methods and timely reporting
systems, it is possible to better manage risk to operatives and provide surety for the long
term performance required for these expensive infrastructure projects.

The identification and implementation of best practice and innovative test methods,
together with the short and long term benefits of extensive research undertaken are
covered by this paper.

Keywords: Inspection, materials, risk, test, tunnel.

INTRODUCTION

Materials’ testing is commonly seen as an intrusive activity, not popular with the site
team and at best, a necessary evil! However, it must be understood that such testing
helps to control the risks associated with tunneling where materials failures can lead to
tragedy and can have a major impact on the completion of the project. Through robust
testing regimes we are able to control the risk and ensure the best quality of the finished
product. Due to the nature of the activities, some of the sampling and testing techniques
described have inherent safety risks associate with them, either within the procedure, or
location and it is important to understand and manage these.

The examples that follow are mainly related to the A3 Hindhead Tunnel
constructed by Balfour Beatty and the Crossrail C510 project at Whitechapel and
Liverpool Street Station, constructed by the BBMV consortium (Balfour Beatty, Morgan
Sindall, Alpine BeMo and Vinci). These contracts consist principally of sprayed
concrete lining (SCL) and this will be discussed in more detail.
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TRIALS

Concrete Mixes used in tunneling tend to be very expensive in comparison to more
conventional structural mixes. In the case of SCL mixes, they are often required to be
pumped for long distances and maintain workability over extended periods of time. In
the case of precast segments, there will be other key requirements.

Producing satisfactory mixes that meets the many requirements is a difficult
process. For Crossrail C510, extensive laboratory trial mixes were undertaken to assess
a wide range of constituent materials for suitability and compatibility. Once this has
been completed, arrangements were made to carry out a series of full scale trials using
appropriate equipment and trained personnel in order to further refine the mixes. Only at
this stage it was also possible to make initial assessments of ease of spraying and
rebound percentage, as well as technical compliance. One factor that greatly assists the
trial process is the acceptance by the Client to allocate time and money, in advance of
the main programme. In the case of Crossrail C510 the full scale trial programme lasted
for several months.

Once the onsite batching plants had been established and commissioned, a
further programme of trials were undertaken on site to ensure the quality of each mix
produced closely matches the design parameters. At this time, the full process can be
reviewed, including operation of any pumping and spraying equipment and it gives an
opportunity for the production team to begin working with the concrete mix.

TESTING

SCL mixes require high level of quality control/monitoring to ensure the best results are
achieved, including checks on constituents, fresh concrete and hardened concrete. The
testing regime generally consists of:

1. Concrete constituents must be tested on a regular basis for compliance. Constituents
such as cement and admixtures are routinely tested by the suppliers under their own
QA schemes, and test results supplied on a regular basis, the methods generally not
being suited to on-site checks. However, it is good practice to undertake regular
testing of the aggregates used in the mix to ensure compliance. Aggregates for
sprayed concrete especially tend to be produced to much finer tolerances than
general concrete aggregates and the final mix can suffer heavily if they fall outside
the agreed envelope.

2. The ‘base’ mix produced at the batching plant needs to be checked before it is
pumped to the location of spraying. It is important that regular flow tests are
undertaken to check the consistence, but checks also need to be made to ensure that
the steel fibre content is within limits, a test that can only be made whilst the
concrete is fresh. Samples are also taken at this stage for routine compressive
strength and density tests, as well as less frequent tests such as shrinkage.

3. Very soon after the accelerator is added to the concrete and it has been sprayed,
early age testing is undertaken to ensure the adequate initial strength gain. This is
controlled by needle penetration test in first 60 minutes following spraying and
through HILTI pull out tests for between one and twelve hours after spraying.

4. Sprayed concrete compliance is generally assessed by compressive strength of
cores. These core samples can be obtained from either direct coring of the in-situ
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hardened lining or by coring of panels that have been sprayed adjacent to the works.
Whilst it may cause some disruption to the production activities, it is best practice to
obtain samples directly from the lining since these give a much more accurate
representation of the strength as well as enabling visual assessment of workmanship.
Another key parameter that can be assessed is the fibre content of the cores to
ensure the correct dosage has been incorporated in the fresh concrete and not lost
through rebound.

Fig. 1: Early-age assessment of sprayed concrete strength using needle penetrometer.

5. As a further stage of inspection, the cores are visually assessed on site by dedicated
Quality Engineers and inspectors before being dispatched to the testing laboratory
located in Ilford, at the Tunneling and Underground Construction Academy
(TUCA). All cores are then photographed and logged including an assessment of
the quality of joints, compaction and distribution of fibres, as well as encapsulation
of reinforcement, if found. On a typical day, between 15 and 20 individual cores are
photographed and logged. If any anomalies are detected, copies are immediately
sent to the engineering team for review and discussion at the daily review meetings.

Fig. 2: Coring of sprayed concrete lining within the tunnel, Crossrail C510.

81



TEST LABORATORY

It is essential that any major tunneling project has access to a dedicated testing
laboratory and team of well trained, qualified, technicians that are available at all hours,
2417 if required. The key advantages of having dedicated testing facilities include:

1. Control. The competent personnel based on site can ensure that the materials used
are compliant with the design requirements through both routine testing as well as
visual inspection.

2. Flexibility. The laboratory technicians are always available to asses and test the
materials produced without unnecessary delay.

3. Competency. By having a dedicated team, the experience and competency of each
person can be ensured. In the case of Balfour Beatty, the technicians are NVQ
qualified and extensively trained. They have a full understanding of UKAS and the
quality systems that they operate.

4. Safety. The site based teams have better awareness of the risks through familiarity
with the project as well as attendance site safety briefings. The process of obtaining
a Tunnel Skills card as well as training in confined space working can be time
consuming and expensive, so a high turnover of staff is to be avoided. When
external test houses are used, there can be a greater range of people who could
attend the site.

5. Impartiality. Accurate and unbiased testing and reporting is essential. Accreditation
by the United Kingdom Accreditation Service (UKAS) is essential to demonstrate
that correct systems and methods are being followed, and that the management
systems are robust.

6. Quick reporting. It is essential that reporting is undertaken as quickly as possible
following the completion of the test, There is no point undertaking a wide range of
tests on site and in the laboratory, if information is not available to review by those
who need to make decisions.

7. Trials and innovation. Having a suitably equipped laboratory on site enables
additional trials and development to be undertaken as the contracts progress.

A key aspect listed above is safety. When the project has a dedicated testing laboratory
on site, it enables best practice to be implemented and drives initiatives. Examples of
key successes on the Crossrail C510 contract have been the assessment of drilling
equipment for extracting cores, to enable this process to be undertaken as safely as
possible. As well as the risk associated with the rotating barrel, it has been possible to
reduce manual handling of equipment through the use of mobile hydraulic platforms,
whilst at the same time increasing output of sampling. Another area where safety has
been improved is in relation to the sawing and preparation of the core samples for
compressive strength testing. No longer is sulfur capping undertaken on site, with the
related risks of irritating fumes, but all samples are now prepared by grinding to meet
the tight limits on flatness. The bench saws have also been modified with a cradle and
clamps to eliminate any risk of harm through contact with the blade. Once again, in
addressing safety risks, it has enabled improvement in outputs and efficiency.

Where there is a steady workforce associated with a construction project, those
people develop an awareness of key safety risks and are more likely to recognize any
issues that require addressing. Training is expensive and time consuming and gives
better value when the recipient remains for longer periods. As a result, all laboratory
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supervisory personnel have completed the 5 day Site Management Safety Scheme
(SMSTS) qualification, and a rate of one trained first aider for every four technicians.

REPORTING

There is little benefit in undertaking compliance tests on either the constituents or
finished product if there is not a suitable system that enables a quick and accurate
reporting of test results. It is essential that any reporting mechanism identifies the
compliance status of the results and that they are available without delay. The use of an
open network drive accessible to all those who require access to the information,
including contractor, designer and client is the best way of achieving this goal. The
current system has been developed by Balfour Beatty over a number of years and is
used on all major construction projects and has been identified by the UK Highways
Agency on their Innovation Schedule as industry best practice.

As well as reviewing individual test results, it is essential to operate a system
that enables visual identification of trends in the form of control charts or graphs. In the
case of concrete compressive strength, long term trends can be monitored that may
indicate changes to constituent materials or plant wear that may be detrimental to the
mix.

CONCLUSION

In the case of major construction projects, especially sprayed concrete lined tunnels, the
presence of an on-site testing laboratory and team of trained and competent technicians
is essential in order to manage risks. However, it is not just undertaking the testing
correctly that is important, but ensuring that the testing is done safely and without delay
to the project, and that there is a suitable system available to distribute the information
to all interested parties.
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ABSTRACT: Friedel’s salt (C3A-CaCly'Hig), a product formed between chloride ions
(CI) and calcium aluminates (C3A), is usually believed to be responsible for the
chemical binding of chloride ions in hardened cement matrix. Therefore, characterising
the condition of the Friedel’s salt formed in cementitious materials can improve the
understanding of the interactions between chloride and the aluminate phases in concrete
and, thus, facilitate the prediction of service life of reinforced concrete structures
because only those ‘free’ chloride can initiate the corrosion of reinforcing bar in
concrete. Raman spectroscopy, a vibrational spectroscopy worked on the principle of
inelastic scattering, is an outstanding analytical tool which combines both qualitative
and quantitative analysis capacities. However, up-to-date, there is no research on the
application of Raman spectroscopy for the characterisation of Friedel’s salt. In the
current study, a bench-mounted Raman spectrometer was employed to characterise the
pure Friedel’s salt synthesized under controlled lab condition as well as the Friedel’s
salt formed in a Portland cement paste after being exposed in NaCl solution. Under
Raman spectroscopy, various fingerprint bands of Friedel’s salt were successfully
identified. The results obtained clearly indicate that Raman spectroscopy is adequate to
characterise Friedel’s salt in cementitious materials.

Keywords: Cementitious materials, chloride ingress, Friedel’s salt, Raman spectroscopy.

INTRODUCTION

Chloride ingress is the most significant factor causing the steel bars corrosion in
reinforced concrete structures, especially those exposed to marine environment, de-icing
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salts and brackish groundwater ™ 2. The “total chloride’ ions can exist in concrete in
two forms, i.e. ‘bound chlorides’ and ‘free chlorides’ *l. The former are either
chemically bound by the reactions with calcium aluminate (C3A) to form the so-called
Friedel’s salt (FS salt) ™!, i.e. calcium chloroaluminate (3Ca0. Al,Os. CaCl,. 10H,0),
or physically bound by adsorption on the surface of the gel pores; whilst the latter are
those dissolved in concrete pore solution. Although only these free chlorides can initiate
the corrosion of reinforcing bars, chloride binding can remove the chloride ions from
the pore solution and, thus, can delay the penetration of chloride ions into concrete.
Hence, understanding the formation and molecular structure of the FS salt can facilitate
the prediction of service life of reinforced concrete structures.

Raman spectroscopy, a vibrational spectroscopy, can provide ‘fingerprint’
information of molecular structures for solids, liquids and gases™. It works on inelastic
scattering that the scattered light occurs at wavelength (frequency) shifted up or down
from the incident laser light. As this wavelength shift is specific to the chemical bonds
and the symmetry of molecules, Raman scattered signal can thus be used to identify
substances. Application of Raman spectroscopy in cement and concrete was first
demonstrated by Bensted in 1976, after which various research were reported and
related information can be summarised as follows, gi) identification of anhydrous
cement/clinker minerals (C3S, B~C,S, CsA and C4AF)® % and their hydration phases
(CH, CSH, AFt and AFm)® 123 (ij) characterisation of concrete deterioration products,
such as sulphate-bearing phases (i.e. AFt, gypsum and thaumasite)!> *4 and calcium
carbonate polymorphs (i.e. calcite, vaterite and aragonite)™ *®: (iii) some specific
applications such as study of the structural feature of vaterite and CSHM®!
characterisation of dehydration mechanism and high pressure properties of gypsum" 8!
and the high-temperature phase transformation of C,S!*. However, no attempts have
been made so far to apply Raman spectroscopy for identifying FS salt.

In the current paper, Raman spectroscopy was first employed to characterise a
synthesized pure FS salt so that the fingerprint of the Raman bands of FS salt can be
collected and assigned, which was then used as bench-mark information to characterise
the FS salt formed in the PC paste sample subjected to accelerated chloride ingress.
Based on the results, the potential for Raman spectroscopy to characterise FS salt in
cementitious materials are discussed.

EXPERIMENTS

Materials

The Portland cement (PC) used in this study was CEM 1 (in accordance with BS EN
197-1:2011) supplied by QUINN Cement. Its chemical composition is reported in Table
1 below. The cement pastes were manufactured at a water-to-cement ratio (W/C) of
0.35. After 24 hours initial curing in plastic tubes, the specimens were removed from the
tube and then covered with a water saturated hessian, which were sealed in plastic
sample bags and stored in a curing room at temperature of 20+1 °C for around 6 months.
At the end of sixth month, selected pastes were ground into powder to a fineness of 63
pum and then subjected to chloride ingress in 2.8 M NaCl solution for 14 days. The
samples were then dried in a vacuum desiccator. The pure FS salt was synthesized under
controlled conditions at laboratory. Both the pure FS salt and the FS salt formed under
accelerated chloride ingress were identified with Raman spectroscopy.
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Table 1. Chemical composition of PC

Oxides/% S|02 Aleg Fe,O; | CaO MgO K,O [Na,O|SO;

PC 23.00| 6.15 | 2.95 [61.30| 1.80 | 0.68 | 0.22 | 2.50

Raman spectroscopy

The Raman analysis was performed under back-scattered geometry using a Renishaw
micro-Raman spectrometer equipped with a Charged Coupled Device (CCD) detector. A
514.5 nm single-line (Argon ions) laser with output power of 25.5 mW was employed as
the excitation source. The laser beam was focused through an objective with 50X
magnification, and then interrogated the sample. Measured power at the sampling level
was around 4.1 mW. To improve the signal-to-noise ratio (SNR), Raman spectra were
recorded with exposure time of 10s and accumulations of 10.

RESULTS AND DISCUSSIONS

Raman spectroscopy characterisation of pure FS salt

As abovementioned, Raman spectroscopy has not been applied for characterising the FS
salt before. Hence, in the current study, a synthesized pure FS salt was analysed first so
that the Raman bands collected and assigned can be used as bench-mark to analyse the
PC paste sample later. To clearly identify the molecular vibration modes in FS salt,
extended scan mode was employed in an attempt to record all the detectable Raman
bands.
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Fig.1: Raman spectrum of Friedel’s salt at 200-4000 cm™,

Fig.1 represents the full Raman spectrum of FS salt under extended scan mode
between 200-4000 cm™. Obviously, as shown in Fig.1, except the crystalliferous water
bands located at the high frequency regions of about 3200-3800 cm™, the remaining
Raman bands were mainly located at the low frequency region, i.e. 200-1100 cm™. Hence,
a Raman spectrum between 200-1700 cm™ is presented separately in Fig. 2(a). As shown
in Fig. 2(a), sloping backgrounds were observed, which imposes a strong disturbance to
the Raman spectrum. Those backgrounds could be the troublesome fluorescence
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induced by the uncertain impurities in the raw materials used to synthesize the FS salt.
Hence, baseline correction using OriginPro 8.6 was applied to reduce the background
effect and the resultant spectrum is shown in Fig. 2(b).
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Fig. 2(a): Raman spectrum of FS salt. Fig. 2(b): Raman spectrum of FS salt after
subtracting background.

As can be seen from Fig. 2(b), the distinct peak at 534 cm™ and also its shoulder at
568 cm™, which could be assigned to the bending vibration mode of Al-OH (y; Al-OH)
20.21'in FS salt, can be clearly observed. At the same time, the band located at 783 cm™,
which could be attributed to the stretching vibration of Al-OH (y; AI-OH), also can be
noticed. Some minor bands at 200-500 cm™ were also identified, i.e. the bands at 212 cm’
! and 255 cm™ [lattice vibration (LV)], the doublet at 305/323 cm™ [translation mode of
T(H,0, Ca)] and 362/397 cm™ (molecular rotation and translation). Furthermore, the
hump located at the high frequency region, namely, 1629 cm™, could be attributed to the
H-O-H bending vibration (y, H,O) of interlayer water molecules in the FS salt. The sharp
peaks at 1077 cm™ and 1092 cm™ could be assigned to the y; symmetric stretching
vibration of [CO3] in the carbonates. These could be the carbonates formed due to the
carbonation during sample preparation. The above results would suggest that Raman
spectroscopy is adequate to identify different molecular vibration modes of FS salt.

Raman spectroscopy characterisation of FS salt formed in the PC paste

The synthesized pure FS salt is in white colour, which could be easily identified under
Raman spectroscopy. However, the FS salt formed in the PC paste sample is in grey
colour. This, coupled with the heterogeneous nature of the cementitious materials,
could potentially be troublesome for Raman spectroscopy. Fig. 3(a) shows the Raman
spectrum of the chloride attacked PC paste sample.
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Fig. 3(a): Raman spectrum of FS salt in PC paste. ~ Fig. 3(b): Raman spectrum of FS salt in PC paste
after subtracting background.

As expected, strong sloping backgrounds were emerged from 200 cm™ onwards in
the spectrum. Hence, background was again subtracted and the resultant spectrum is
presented in Fig. 3(b). The most intense doublet at 513/536 cm™ could be attributed to
the bending vibration mode y3 Al-OH in FS salt, while the band at 740 cm™ to the Al-
OH stretching vibration mode (y; Al-OH) in FS salt. At the same time, two peaks at the
low frequency region, i.e. 245 cm™ and 356 cm™, could be assigned to the LV and
T(H20,Ca) vibration mode respectively. Furthermore, the vibration bands of the cement
hydration products, such as calcium silicate hydrate (CSH), were observed at 673 cm™
which was assigned to the Si-O-Si symmetric bending in the Q2 units. The carbonation
bands were again observed at 1076 cm™ [y, (COs)]. In addition, the hump located at
1607 cm™ due to the H-O-H bending vibration of the interlayer waters in FS salt was
also recognised. The above results indicated that the typical Raman bands of FS salt
formed in the chloride attacked PC paste also can be characterised, illustrating huge
potential for applying Raman spectroscopy to characterise the FS salt formed in
deteriorated concrete.

CONCLUSIONS

Friedel’s (FS) salt is a chloride bearing product in cementiotious materials. By
characterising the FS salt formed under chloride attack, we can obtain useful
information on the chloride binding capacity of concrete which will eventually facilitate
the prediction of service life of reinforced concrete structures. So far, there is no
research about the application of Raman spectroscopy for the characterisation of FS salt.
In the current study, Raman spectroscopy was successfully employed to identify the
pure FS salt and also the FS salt formed in the PC paste subjected to chloride attack.
The typical fingerprint bands which could be inferred from the molecular structure of
FS salt have been successfully identified in this study at a mean Raman shift of 534 cm’
! (ys Al-OH). The results indicated that Raman spectroscopy is adequate to characterise
the FS salt formed in cementitious materials due to the ingress of chloride ions.
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ABSTRACT: This research on bamboo as a composite material is part of a long term
broader ongoing research on bamboo structural systems, with the aim of exploring the
correlation between structural systems and material performance. It is therefore
essential to fully understand the material behaviour. This paper presents the proposed
methodology to develop a material model for bamboo based on composite materials
theory, including the use of digital image correlation techniques to determine the
inherently variable elastic constants of this natural material. Experimental tests have
been designed to determine the elastic constants in a simple, accurate and transferrable
basis. Preliminary compressive tests on small specimens were carried out on a single
bamboo culm of the species Phyllostachys Pubescens (Moso bamboo). The scope of this
set of preliminary tests was to determine the modulus of elasticity in the longitudinal
direction (E;). The results obtained from the central portion of the culm wall under
compressive load were congruent with values available in the literature. The outcome of
this preliminary test shows the potential to adopt this technique as an efficient means to
obtain bamboos properties.

Keywords: Bamboo, composite material theory, digital image correlation, modulus of
elasticity, variability.

INTRODUCTION

Bamboo is one of the oldest construction materials; through many centuries it has
demonstrated its great potential as a structural material (1). As a natural material
bamboo can be regarded as a responsible source for constructions; the ratio between the
energy required for production per unit stress in use is 30, 80, 240 and 1500 for
bamboo, wood, concrete and steel respectively (2). However, it has not yet seized the
interest of most contemporary builders and designers, possibly due to the lack of
information in material properties, standards, testing and construction techniques
compared to conventional construction materials such concrete or steel. The current
requirement to contribute to a sustainable built environment along with the continuous
changes in architectural practice is challenging the role of construction materials in
architecture.

The idea of linking the structural capabilities of bamboo with the morphology of a
structural system needs to be addressed in a material model. Therefore, the interest to
represent a material model that best characterises the real behaviour of bamboo.
Composite material theory which is mainly used to develop engineering materials is
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taken as the basis for the modelling of the bamboo behaviour. The main advantages are
the high strength to weight ratio and high stiffness to weight ratio (3). A wide variety of
composite materials can be found in nature such as wood, insects cuticle, plants, quills,
horns, etc. (4,5). The efficiency of these materials in comparison with engineering
materials is superior if one compares the density against the modulus of elasticity (6).

Composite theory consists of the analysis of laminates, which are two or more
laminas bonded together. The advantage of laminates relies on the different
combinations that it offers, since the laminas can have different orientations and
material properties. Bamboo has the same orientation (0 degree) in all layers of the
cross section; however the properties between the outside and inside wall vary.

BAMBOO STRUCTURE

Bamboo culms are natural grasses with variable properties that are organised as
complex structures. This variation in physical and mechanical properties occurs along
the culm, among each culm and between species. Mechanical properties are strongly
linked to the anatomical structures of the bamboo. Macroscopically, bamboo culms are
tapered hollow tubes. They are structured in nodes and internodes. At the internodes,
fibres run along the culm axis, while in the nodes fibres bend towards the inside part of
the culm in order to reach the lacuna and create the diaphragm providing transverse
connection (7), Fig.1.

l«— internode 4" diaphragm & 8 |
j C J L 50% Fibre cqn'cent .
)'l 65% Arear ol i
lacuna / i
node

Fig. 1 Longitudinal section of bamboo culm

Fig. 2 X-ray image of a
cross section of bamboo
culm.

At the microscale, the constituents of bamboo culms can be considered as a fibre
and a matrix. The average constituents in a bamboo culm of the species Phyllostachys
Pubescens consists of 54% parenchyma (matrix), 38% fibres and 8% conducting tissue.
In general, about 50% of the fibres are concentrated in the outer third of the wall (7).
The distribution of fibres and matrix of Moso bamboo is clearly visible in Fig. 2; the
image was captured by the Department of Medical Physics and Bioengineering using an
X-ray phase contrast imaging technique. The distribution of fibres in the wall thickness
is concentrated in the outer wall, therefore the strength, stiffness and density of the
material increase from the inner to the outer layers of the culm.
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MATERIAL MODEL

Composite materials are systems made up by adding one or more additional phases to
the former phase. The synergy between the phases creates a material with greater
mechanical properties than the sum of each of the constituents separately. Phases are the
constituents of the composite material, that is, fibres and matrix. In the case of high-
performance composites such as bamboo, the unidirectional and continuous fibres
provides the strength and stiffness required to support loads, whereas the matrix bonds
the fibres together, provides protection and distributes the loads between the fibres (8).
The properties of the composite material depend on the properties of each of the
phases, the distribution of them and the geometrical properties (fibre volume and
distribution). All composite materials are inhomogeneous, therefore they are subject to
different scales of anisotropy (8). Bamboo can be considered as a transversely isotropic
material, which is described as an orthotropic material that has two orthogonal
directions with the same mechanical properties, Fig. 3. This means that the plane
transverse to the fibre direction behaves as an isotropic material (9).
2 Composite material theory is classified in micromechanics and
y macromechanics. Micromechanics regards the properties of each of
O the constituents of the material in order to analyse the structure (e.g.
’ fibre and matrix). Macromechanics deals with a material where the
X properties of its constituents are averaged (8).

In order to describe the assumptions taken into account for the
material model regarding a single lamina, we first take an
orthotropic material, which has three orthogonal planes of symmetry.
Nine elastic constants describe this model (9):

Fig. 3 Orthotropic

tube with the plane E E. E G G G
x-y as the plane of 12 B2, B3, V12.V13, Va3, Uz, 013, U1 1)

isotropy

Furthermore the isotropic behaviour of the plane perpendicular to the fibres (i.e. a
transversely isotropic material) leads to the following relationships (9):

E,
E, =E;, Vyp = Vi3, Gy = Gy3, Gaz = 2{1+w,.) @)

Hence only five elastic constants are need for a transversely isotropic model (9):

Ey By Gy, Vy5, Vs (3)

Additionally, if we analyse a single lamina (considering that bamboo has the same
properties through the wall thickness) and assume that the material is under the plane-
stress condition (i.e. normal stress and out-of-plane shear stresses in z direction are
zero.) the elastic constants are reduced to four (9):

E B3 Gy, (4)

The stiffness matrix in terms of engineering constants for a single lamina under
plane-stress condition is (9):
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Ultimately, in order to take into account the variability of the bamboo across the
culm, it is necessary to consider the material model as a laminate, where two or more
layers are bonded together. The stiffness and compliance matrix respectively for an
orthotropic thin laminate are (9):

Ay Ay 0 By By 0 Gyy Oy 0 By By 0
Ay Ay 0 By; By 0 Oy gz 0 By B 0
a 0 A O 0 B i 0 @y O 0 P (6)
Byy By 0 Dy Dy oy B Bis 0 &y 6y 0
By; B 0 Dy Dy 0 Bz Bz 0 6y 6 0
a 0 B, 0O 0 Dy ] 0 B O 0 &g

where [A] matrix is the relation between the in-plane stiffness and in-plane forces,
[D] matrix relates the bending stiffness with the moments, and [B] matrix is the in
plane-out-of-plane coupling. The geometry of the cross-section is also considered in this
approach. The tensile and bending stiffness for a beam with an orthotropic and
unsymmetrical cross-section are (9):

EA = 2Rm — (7)
Ely, = El, =n (R =+ R (8)

This material model allows the input of variability across the culm, from the
inside to the outside wall. The number of layers required to model bamboo depends on
the level of accuracy required.

EXPERIMENTAL TEST

The main aim of the experimental tests is to obtain the modulus of elasticity of the
centre portion of the wall thickness of the bamboo by applying new technologies with
the potential to be transferred to the bamboo construction industry. Digital image
correlation is a technique that uses optical measurements, and is capable of measuring
displacements and strains. The potential of this technique, besides promoting more
accessible methods of determining bamboo properties, relies on the possibility of
achieving further data from tests in order to model the variances from a small bamboo
specimen.

The test was designed for a small specimen of 12x12x6 mm, under a compressive
load parallel to the fibres. The reason for selecting a small specimen was to evaluate the
feasibility of applying this technique to the measurement of the properties across the
wall thickness of the culm, and at the same time assess whether the properties of a small
specimen are representative of a whole culm section.

94



Procedure

The specimens were cut 12 mm x 12 mm gauge length
and 6 mm approx. of wall thickness and measured
with a Vernier to an accuracy of 0.01 mm. A speckle
pattern image was attached to the wall thickness of the
specimen, Fig.4. The compressive load was applied by
a testing machine Instron 3345 of 5 kN capacity and
was set up with a maximum load of 4.9 kN at a
crosshead speed rate of 0.60 mm/min. Two pairs of
Kodak Megaplus ES 1.0 camera with Fujinon-TV
lenses were set up in front of the Instron, level with
the specimen height and triggered to a rate of two
images per second. The lenses were high quality,
stable and with relatively short focal lengths, allowing
the enlargement of the area of the image we are
interested in. The images were processed with VIC-
3D software from Correlated Solutions, in order to
obtain the displacements.

Fig. 4 Set up of the specimen on the
Instron machine.

Results

4.9kN  The compressive modulus of elasticity measured across the wall
thickness of the specimen in the y axis was 5.81 kN/mm?. It must
be noted that the measurement area does not correspond to the
total area of the wall thickness, since an offset from all the edges
of the specimen (i.e. the total area of the speckle pattern) is
X required to calculate the position of each pixel in the speckle
pattern. Therefore, the results showed only the centre portion of
Fig. 5 Specimen setup  the wall thickness; see dash line from Fig. 5.
The modulus of elasticity presented by K.F.Chung et al
(10) of whole bamboo culms Phyllostachys Pubescens (Mao Jue), under compressive
load were 9.4 and 6.4 kN/mm? (average) from dry and wet bamboo respectively.
Although the effective area measured was reduced, the displacements track is clearly
congruent with the expected results.

In addition, in order to estimate the variability of bamboo across the culm wall,
we can take the value of 5.81 kN/mm? as the average. Assuming that the stiffness is
proportional to the fibre content of the wall, and that the fibres are concentrated in the
outer third of the wall, we can calculate the modulus of elasticity representative for each
layer:

Y\ <
N

N\
\\

M

N N
A LR

NN

%

F=24,+18572%4, )

Where F is the applied force, & is the displacement, E is the modulus of elasticity,
L'is the original length, 4, is the inner layer area, 4,is the outer layer area, and 1.857 is
the ratio between the inner and outer layers in area (i.e. 65 and 35% respectively, see
Fig. 2). Accordingly the modulus of elasticity for the inner and outer layers is 4.27 and
7.94 KN/mm? respectively.
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CONCLUSIONS

Theory of composite laminates is suggested as a material model for bamboo in order to
predict the material behaviour. From the results we can conclude that digital image
correlation is a very good technique to obtain the elastic constants of bamboo. The level
of data possible to acquire with this technique will enable to measure not only
displacements on the longitudinal axis, but also in the horizontal and off-axis
orientations required to obtain the four elastic constants Ey, E;, Gy, v42. The level of
accuracy to model a laminate (number of layers) will be determined based on feedback
with future experimental work, as well as comparison of results between digital image
correlation and strain gages techniques.
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ABSTRACT: This paper presents an experimental investigation on the benefits of Ultra-
Fine Fly Ash (UFFA) application up to 50% partial replacement for cement in concrete.
UFFA is a new generation fine coal fly ash, which is double-classified to obtain the finer
particles from the classified bulk. The effects on fresh (water demand, setting time, flow
and air), porosity of mid to high strength, medium workability concrete mixes (designed
for equal 28-days strength) and compared with concrete mixes with Ordinary Portland
Cement (OPC), Micro-Silica (MS) and Seven BS 3892 Part 1 Pulverized Fly Ashes
(PFA).

The research study shows that UFFA has an immense significant higher
pozzolanicity than all United Kingdom (UK) fly ashes tested and significantly reduced
the water demand and decreased air content and porosity of concrete. The compressive
strength results indicated that a partial replacement of OPC with UFFA can not only
reduce the total binder content required to obtain target strength at specific ages
irrespective of curing, but also increased the efficiency of combination binder by up to
50% at latter ages. A high strength of 130 N/mm? was attained at 28 days for blend of
UFFA/MS/OPC concrete with a combination of selected aggregates sizes proportions.

The incorporation of UFFA improved durability due to the enhanced resistance to
Chloride attack and Carbonation compared to equal strength concrete made with OPC
and UK PFA, irrespective of curing environment.

INTRODUCTION

Usage of green concrete worldwide is being adopted in reducing both CO, emission and
cost of energy consumption and using of industrial waste as cement replacement is
embraced by many governments.

Ultra-Fine Fly Ash is a new style of Class F Fly Ash to ASTM 311. Which is
double classified at the source to produce a product consisting at only the very finest fly
ash particles, typically with a mean particles size of 2.32 um and a specific surface area of
30,000 cm?/g.
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EXPERIMENTAL INVESTIGATIONS

Materials

The cement was Portland Cement confirming to BS 12 1996, class 42.5 N/mm?. Seven
UK Class F fly ashes confirming to BS 3892, Part 1: 1997. Micro Silica was an
aqueous slurry (50/50 by weight) and UFFA used a commercially available Class F fly
ash confirming to BS 3892 Part 1: 1997. The chemical compositions are shown in Table
1. The aggregates were 10 and 20 mm river aggregates and sand. A Naphthalene-base
superplasticizer to BS 5075, Part 3 was used to achieve a concrete workability level at
125 mm slump. Figure 1 shows the various Class F ashes researched on.

Table 1. Chemical Properties of the cementitious materials used

PERCENTAGE COMPOSITION

Chemical composition UK BS 3892 Part 1: PFAs

Oxides OPC* UFFA 1 2 3 4 5 6 7 MS* GGBS*
Silica dioxide (SiO,) 20.7 534 551 53 543 55.6 48.6 51.2 50.6 92 3584
Aluminum oxide (Al,O3) 57 323 251 251 231 25 246 26.1 26.1 1 13
Ferric oxide (Fe,O3) 23 409 107 102 9.2 104 13 7.8 94 1 055
Calcium oxide (CaO) 648 505 16 38 41 19 28 64 37 03 3953
Magnesium oxide (MgO) 11 129 15 2 2 16 17 19 22 06 8.28
Sodium oxide (Na,0) 019 <05 04 02 02 04 04 04 05 03 0.35
Potassium oxide (K,0) 06 008 01 01 01 02 01 01 02 08 0.5
Sulphate (SO3) 321 032 12 09 14 11 13 14 13 03 0.1
Equivalent alkali 0.58 0.10 0.47 0.27 0.27 0.53 0.47 0.47 0.63 0.83 0.68
Titanium oxide (TiO,) - 1.97 1 12 1 11 11 16 12 - -
Loss of inginition (LI1O) 092 023 31 49 58 25 61 33 47

*Provided by the manufacturer

Fig. 1: UFFA and various types of UK PFAs.

Determination of particle distribution
A laser Malvern Mastersizer E was used to measure the particle size and surface area of
the various pozzolans and cementitious materials.

Determination of water demand
This test was undertaken in accordance to BS 3892: Part 1: 1993. Fine, medium and
coarse sand was mixed in accordance to BS EN 196: Part 1; 1987.

Determination of compressive strength

The compressive strength in accordance to BS 1881: Part 116: 1983 on three 100 mm
cubes at 7 and 28 days of full water immersion samples. The air-cured cubes were
saturated prior to test by immersion in water tank for 24 hours (7 day test) or 48 hours
(28 day test).
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RESULTS AND DISCUSIONS

Particle size distributions

Table 2 and figure 2 shows the particle size distribution of the various pozzolans used.
From this table, it is clear that UFFA has higher specific surface area than the UK. BS
3892 Part 1 PFA and GGBS which was in the range of 340 to 715 m%kg and 1,448
m?/kg respectively, but SM had the highest surface area. UFFA had a fineness of 0%
with a mean particle size of 2.32 um and 90% of the particles were 5.25 pm, this was
less than that obtained from BS 3892 Part 1 PFA and GGBS but similar to MS.

Table 2. Mineral admixture lazar particle properties.

Cementitious ~ Sp. Surface Carbon Fineness Particle Diameter
Material Area m‘/Kg Content D[v,0.1] D[v,0.5] D[v,0.9] Span
(%)  >45(um)
UFFA 2,893 0.23 0 0.4 2.32 5.28 2.1
PFAl 715 3.1 6.5 15 8.47 36.81 4.17
PFA2 359 4.9 11.1 3.37 15.82 46.33 2.72
PFA3 509 5.8 10.1 2.14 12.18 4456  3.48
PFA4 681 25 6.3 1.58 9.2 36.5 3.8
PFA5 448 6.1 14.3 243 14.97 52.1 3.32
PFAG 499 3.3 9.3 2.24 12.79 4291 3.8
PFA7 340 4.7 14.2 3.65 15.28 52.19 23.05
MS* 4,952 - 0 0.25 1.03 2227 21.36
GGBS* 1,448 - 0.5 0.9 6.64 19.52 2.8
* for comparison
3500 16
0 3000 - #*35p. 5. Area mADM + 14
SAMPLE PARTICLE SIZE ANALYSIS g 12
UFFA 5 2500 + 10.E
PFAOL = 2000 1 =
100 7 PFA02 2 & ?
PFAO03 £ 1500 1 6
= 14z
B Z 10001 I58
E 500 H 0=
0 2
o 0 10 20 30
< Mean Particle Size (ADM)
£ 50 @
[a
B3
3500
23000
E 2500 -
£ 2000 A
.’ :_a: 1500 +
0 f T T T 1 E 1000 4
001 01 1 10 100 1000 % 500 | X s o
Particle Size, um R . . :
“ 0 2 Carboncorﬁent% 6
Fig. 2: Particle size distribution Analysis ®)

Fig. 3: Fly ash physical characteristics
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Figure 3 (a) shows that there is a linear relationship between the mean particle
size and the fineness of fly ash and similarly with every increase in fineness there is an
increase in the carbon content (Figure 3 (b)). The relationship between the specific
surface area and the mean particle size was not linear but a curve, which was decreasing
with the increase in the mean particle size due to the fly ash particle being more coarser
in it morphology.

A global fly ash characteristic may be predicted from figure 3 by knowing one of
the elements of any type of fly ash.

Water demand

Figure 4 shows the water demand for cement, various pazzolans and the cementitious
materials that were used in this investigation. UFFA had the lowers water demand and
29% was the maximum water reduction at 95% replacement level of PC42.5N.

The seven UK fly ashes had a variation of water demand and these were between
the upper and lower bound zone. GGBS showed a slight reduction in the water demand
up to a maximum reduction of 4% while MS increased the water demand as its partial
replacement level of PC 42.5N was increased, with an increase of 20% and 71% for 5%
and 10% replacement level.

——UFFA

110 {| ——Bs 3892 Part 1. Upper bound

Fly Ash

@]
(o)
C 100
[
=]
B UK PFA Water
é 90 1 demand
3 / Lower bound
o
2 801
=
=S
.J"O T T T T 1
0 20 40 60 80 100
Pozzolan replacement
(%)

Fig. 4: The water demand

The specific surface area, unburned carbon content and the replacement levels were the
factors responsible for the high and low water dement for the UFFA, seven UK fly
ashes, GGBS and MS. We note that as both the specific surface area for the fly ashes
and the replacement levels of cement are increased the water demand is decreased. This
was directly opposite with the increase in carbon content increasing the water demand.
This clearly shows that the particle shape, the low level of carbon and the fineness of
UFFA may be the influencing factors to this reduction in water. This was not similar to
SM despite it having a high surface area and its irregular surface texture resulted to this
high water demand. GGBS having a high surface area did not show any significant
water reduction.



Workability

All the concrete mixes were designed for a slump of 125 mm for an equal 28 days
compressive strength. The workability was measured at different rates using the
Tattersall two-point workability test and the flow table. From figure 5, we note that as
the percentage of UFFA replacement of cement increased, there was a reduction in yield
value (g) and plastic viscosity (h).

This reduction of g and h was due to UFFA replacement levels is as a result of an
UFFA supplying additional lubricant round the grains of aggregates, due to the “ball
bearing effect” of the ultra fine particle size, spherical shape and low carbon content of
UFFA. The application of superplasticizers also aided the decrease in both g and h value
for all the cementitious materials. The workability of concrete containing UFFA was
enhanced compared to BS 3892 Part 1 PFA and that of MS. Despite the fineness of MS,
the workability was low, this may be as a result of the surface area texture and its high
reactivity, resulting in a high g and h value due to MS reacting with the mixing water
right from the moment it comes in contact with water and a little of the mixing water is
left for lubricating the concrete despite the application of the superplasticizer.

+OPC40
mUFFA 40/30
_  AUFFA 40/50
BS 3892 Part 1. PFA 1 40/30
HMS10

(3]

1.5 4

Impeller speed (rev/s)

2 4 6 8 10 12
Torque (Nm)

Fig. 5: Workability of fresh concrete

Pozzolanicity

The pozzolanic activity of the fly ashes was determined in terms of strength activity
index shown on Figure 6. UFFA pozzolanicity was higher than UK BS 3892 Part 1 and
OPC.

The seven UK fly ashes pozzolanic indexes are between the lower and upper
bound zone. UFFA pozzolanic activity was enhanced by the ultra-fine particle size,
high content of CaO and Al,O3, the low carbon content and it high pozzolanicity
reactivity compared to those of the seven UK fly ashes.
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Fig. 6: Pozzolanicity of the pozzolans

Concrete compressive strength

The mixes designs and the strength results are given in Table 3. Incorporation of
cementitious material resulted in a reduction in water-to-binder ratio of the UFFA/MS
concrete mixes. The strength of UFFA/MS concrete is higher than those of OPC
concrete. This strength development showed that crushed gravel is better that river
gravel. Due to the river gravel shearing faster than the crushed gravels. A combination
of 15 mm crushed gravel and 5 mm of sub sand resulted in the highest strength which
was 129.5 N/mm? at 526 kg/m® binder at 28 days of testing. This was higher than 120
N/mm? attained by Price (1996) and Tsartsari (2002) at 28 days. The 5 mm coarse
aggregates seemed to fill the voids between the coarse aggregates, a view that is
supported by Kaplan (1959) who stated that compressive strength of concrete is higher
than that of mortar and indicated that the mechanical interlocking of the coarse
aggregate contributes to this. The binder of UFFA/MS had 153 kg/m® cement saving.

Table 3. Composition and the compressive strength of concretes.

Mix composition kg/m® Compressive Strength (Mpa)
MIX CODE OPC UFFA MS Cement w w/b Aggregates Age of testing (days)
Save 20mm 15mm 10mm 5mm Sand 7 28
OPC’ 522 120 0.23 770 0 340 0 778 84.6 95.1
UFFA/MS1* 368 79 79 153 100 0.19 770 0 340 0 702 97 111.3
UFFA/MS2*" 368 79 79 153 100 019 O 770 340 0 702 98.4 116.6
UFFA/MS3*" 368 79 79 153 100 019 0 1110 O 156 546 102.5 129.5

* This were blend of 70% OPC 15%UFFA and 15%MS; + crushed gravel ; - river gravel

CONCLUSSIONS

1. UFFA as a cement binder improved the workability of concrete and this increased
with the partial replacement levels of OPC as shown by reductions in ‘g’ and ‘4’ of
these blended concrete.

2. UFFA had a maximum water reduction of 29% at 95% partial replacement level of
PC42.5N, which was higher than that achieved by UK BS3892 Part 1 fly ashes and
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MS, which was in the upper and lower limit range and an increase of 71%
respectively.

At the upper limits of conventional replacement level (40%) UFFA reduced water
content by 23% whilst the best UK PFA tested reduced water demand by 11%.
UFFA has 0.4 um and 5.28 pum of its particles size less than 10 % and 90% by
volume respectively. This was finer that the particles sizes of the seven UK fly
ashes, GGBS and MS.

The application of UFFA, improved the durability of concrete due to its pozzolanic
reaction, refinement of the pores and filling the capillaries, particularly with
extended water curing.

The highest compressive strength achieved was 129.5 N/mm? by a blend of UFFA
and MS at 15% partial cement replacement by weight. The w/b ratio was 0.19 and
the aggregates used were crushed gravel of maximum size 15 mm.
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ABSTRACT: Red mud is a highly alkaline residue from the alumina industry. With a current
worldwide disposal stockpile of approximately 2.7 billion tonnes, increasing by 120 million
tonnes p.a., effective disposal and utilisation approaches are needed. In seeking suitable high-
volume precursors for the production of geopolymer construction materials, red mud appears
to be a feasible alternative if its reactivity can be controlled. In this study, a one-part “just add
water” geopolymer has been synthesised by using alkali-thermal activation of red mud, to
avoid the need for addition of a secondary alkaline solution when preparing geopolymers. The
results show that alkali-thermal activation process largely improved the efficiency of red mud,
as treated red mud acts as an Al-Si source for the formation of new phases with latent
hydraulicity. An optimum 7 day strength of 10 MPa was attained.

Keywords: Alkali-thermal activation, geopolymer, hydraulic material, red mud.

INTRODUCTION

As the main binder used for concrete ﬁ)roduction, Portland cement is responsible for around
5% of worldwide CO, generation ™. In seeking economic and environmental friendly
alternative materials, it is necessary to develop and study alternative construction material
such as alkali-activated binders 3!,

Alkali-activated materials, also referred to as ‘geopolymers’, have been studied in the
past decades as alternative binders to traditional Portland cement ™. Most geopolymer
materials are synthesised from calcined clays such as metakaolin, industrial by-products such
as fly ash derived from the coal combustion process, or metallurgical slags from the iron
making process 1!, along with an alkaline activator which induces a chemical reaction process



to form a hardened solid with desirable properties. The alkaline activator can be included in
the mix as a solution, or as a powder mixed with the raw material ©®; however, it is usually
included as a highly alkaline solution, but these solutions are difficult to handle, transport and
store. Therefore, it is more desirable and convenient for commercial usage to develop one-part
“just add water” geopolymer formulations. Studies focused on synthesizing one-part
geopolymers are relatively limited [*®. One plausible way to produce one-part geopolymers
is to synthesize them with a precursor already containing high contents of alkalis that can be
easily released when the water is added, to give the early burst of reaction needed for rapid
setting and strength development.

Red mud is a highly alkaline residue derived from the alumina extraction process.
Bauxite (impure Al,O3) ore is digested in NaOH solution via the Bayer process, leaving a
significant quantity of NaOH entrained in the residual iron-rich solids, called red mud for their
colour and consistency. The worldwide annual production of red mud is estimated at around
120 million tonnes, which makes its disposal an issue of great environmental importance. As
red mud is rich in aluminosilicates, synthesis of construction materials via geopolymerisation
is a plausible method of utilisation, if the alumina content (which is often relatively
unreactive, because the Bayer process is designed specifically to extract alumina from the ore,
and so removes anything which is readily soluble) can be unlocked. A recent study has shown
that thermal treatment is an effective way to make red mud more reactive for production of
geopolymers when using liquid alkaline solutions ™! .

In this study, a “just add water” geopolymer is produced from red mud through an
alkali-thermal pretreatment process. The effects of temperature and alkali addition on the red
mud during the alkali-thermal activation process are studied by alkali leaching tests. The
microstructure of the alkali-thermally treated red mud before addition of water is studied
through X-ray diffraction, and compressive strength of the hydrated geopolymer samples is
also determined.

EXPERIMENTAL DETAILS

Materials

The red mud used in this study originated from the alumina plant of CHALCO, Henan
Branch, Zhengzhou, China, and was dried and stored at room temperature. The main chemical
composition determined by X-ray fluorescence is: 20.4 wt.% SiO,, 24.5 wt.% Al,O3, 12.9
wt.% CaO, 11.5 wt.% Na,0, 9.5 wt.% Fe,03.

Sample preparation and testing methods
The red mud was sieved (-300 um) and dried in an oven at 45°C for 24 hours. Two groups of
red mud precursors were then prepared:
e  The first group was prepared by mixing the dried red mud with 15 wt.% Na,O as
sodium hydroxide, and heating to 600°C, 700°C and 800°C.
e  The second group was prepared by mixing the dried red mud with 5 wt.%, 10 wt.%
and 15 wt.% Na,O as sodium hydroxide, and heating to 800°C.

Heating was conducted at a ramp rate of 5°C/min, and holding at the peak temperature
for 1 hour before cooling to room temperature (25°C).

The solubility of the red mud precursors was determined by mixing 0.25+£0.02g solids
with 25mL 5N NaOH solution at 25+1°C for 24h, using a bath shaker. After filtration, the
contents of Si and Al in the solution were determined by chemical titration. The leachabilities
() of Si and Al were calculated according to Egs. (1) and (2), where m is the mass of Si or Al

106



calculated from titration tests, mo is the mass of each element supplied by the original red
mud, m is the mass of alkali-thermal treated red mud and a(%) is the addition of alkali. LOI
(loss on ignition) was recorded at 1000°C.
T
n=—x100% (1)

Mg
m

™= T _ron A+a)

X Chemical Composition(%) (2)

X-ray diffraction of the powders after treatment was carried out using a D/Max-3B X-
ray diffractometers operated at 40 kV, 40 mA, with Ni-filtered Cu K, radiation.

The one-part mix red mud-geopolymer paste was then prepared by adding water to the
solid alkali aluminosilicate precursor at a water/binder ratio of 0.6. The fresh paste was put
into 40x40x40mm mould, sealed, and cured at 20+1°C and a relative humidity of 95%. After
1, 3 and 7 days of curing, compressive strength of the cubes were tested. Each value reported
corresponds to the average of 2 samples.

RESULTS AND DISCUSSION

Solubility in alkaline medium
Determination of the solubility of geopolymer precursors in an alkaline medium is an efficient
way of evaluating the potential chemical reactivity of the Al-Si sourcel*. Si is the most
essential framework forming element, while the presence of Al accelerates the early setting of
the paste and leads to a cross-linked, insoluble final solid product 3. The availability of
both of these two elements illustrates the potential gel-forming properties of a given precursor.
It can be seen from Fig. 5(A), that with a fixed alkali addtion, the solubility of Al rose as
the thermal activation temperature increased, while the solubility of Si increased from 600°C
to 700°C but decreased at higher temperatures. Fig. 5(B) shows that, in specimens thermally
activated at 800°C, the solubility of Al also increased with alkali addition. This indicates that
within the range of experimental parameters selected in this study, the heating treatment and
the temperature used have a stronger influence in the leachability of Al and Si than the degree
of alkali addition beyond 10 wt.%.

70% 70% :
(A) @Si OAl (8) @SiBAl
600/0 _""""""'"""""""""'":‘::’:"" 600/0 B :’::‘:‘ """"
=50% 4 s | T 7 R — .
> Eal
=E40% 41 1 >40% e B
£30% 41 - € 30% |
£
®20% {0 1 § 20% -
10% = q0% -
0% — — 0% - el S =
600°C  700°C  800°C 5% 10% 15%
Heating Temperature / °C Content of akali addition / %

Fig. 5: Content of solubility of Si and Al in 5N NaOH solutions from (A) red mud mixed with 15 wt.% Na,O (as
NaOH), heated at different temperatures, (B) red mud mixed with different alkali additions (expressed as wt.%
Na,O, added as NaOH), for samples heated at 800 °C.
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In designing a geopolymer precursor, balanced availability of both Si and Al should be
taken into consideration. Thus, the optimum alkali-thermal activation condition for the red
mud used here appears to be 700 to 800°C, with 10 to 15 wt.% Na,O.

Mineralogical characterisation

X-ray diffractograms of red mud-derived geopolymer precursors produced under different
alkali-thermal conditions are shown in Fig. 6. Cancrinite (powder diffraction file (PDF) # 00-
034-0176) and an alkali-rich (peralkaline) disordered Na-aluminosilicate
([Na2O]x[Na(AlSiOy4)]e; x>0, PDF# 01-076-2385) are the main products of alkali-thermally
activated red mud. Cancrinite is the dehydrated and decarbonated product derived from the
cancrisilite (PDF#00-046-1381) which was previously identified in the unreacted red mud
used in this study ™. Increasing the heating temperature or alkali addition of the alkali-
thermal activation process favours the decomposition of cancrisilite towards formation of the
Na-aluminosilicate identified, which showed potential hydraulicity after mixing with water,
instead of forming cancrinite. Belite (o, -C,S, PDF#00-033-0303) is also observed in the
RM800-15 wt.% Na,O powder, apparently derived from the calcium present in the red mud,
and this compound is known as one of the major components of Portland clinkers. This
indicates that this specific red-mud based binder can have a high reactivity when blended with
water, as belite is not formed at lower calcination temperatures.

c c P c c CFPP

A oA f i E F F F RMB800-5%Naz0
MWC ij‘\%vi“ MQM‘ Méﬂ:"F RPM £ F RMB800-10%Naz0
MMMW’A S B‘,A, Pv\%w_,.,__,M . F__F  RM500-10%N
o v Wi’ M\” RMB00-15%Nsz0
%MM _J”,KW&MIWWWW e RMTODSYNaZO
MWMW"M ,_buww e RM600-15%Naz0
Wﬁ Jz,,n,,,\.ﬂ __N‘ h J\S jj_ﬁim A Rm
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Fig. 6: X-ray diffractograms of unreacted red mud and red mud treated with different alkali-thermal activation
conditions, where S - cancrisilite, K - katoite, G - gibbsite, M - muscovite, a- calcite, F - hematite, C — cancrinite,
B — belite, P — peralkaline Na-aluminosilicate.

Compressive strength

Compressive strengths of the synthesised red mud one-part geopolymers are shown in Fig. 7.
The compressive strength increased over the time of curing, except for the red mud treated at
700°C with 15 wt.% alkali. There is not a consistent trend between the strength development
and alkali-thermal activation conditions, as the performance of geopolymer is controlled by the
dissolution rates of both Al and Si, which can be highly heterogeneous in the samples produced.
The optimal strength was obtained when using the red mud powder treated at 800°C with 10
wt.% Na,O, consistent with the high leachability of Si and Al species from this precursor, as
observed in the alkali leaching tests (Fig. 5).

108



(MPa)

Compressive strength
o 3] B [9)]

12

B1day B3 day m7 day
10

- 1

RM600-15% RM700-15% RM800-15% RM800-10% RM800-5%
Na,O Na,O Na,O Na,O Na,O

Fig. 7: Compressive strength of pastes based on alkali-thermal activated red mud geopolymers. Data are
reported as average and standard deviation of two replicate tests.

CONCLUSIONS

The solubility of Al from alkali-thermal treated red mud precursor increased at higher
heating temperature and with alkali addition up to 10 wt.% Na,O. The rise of solubility
of Al is related to the formation of a disordered peralkaline aluminosilicate phase in the
material. Solid precursors with higher Al solubility led to geopolymers with better
mechanical strength.

There is no direct correlation between the solubility of Si under the conditions tested,
and the treatment conditions of the red mud. However, a high release of Si seems to
promote high strength at early age, as RM700-15% Na,O exhibited the highest 1 day
strength among the samples tested.
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ABSTRACT: Often the standard approach used to evaluate the properties and performance of
concrete is misleading, as the heat of chemical reaction during the process of ‘cement’
hydration is controlled in the laboratory at between 20 to 22°C; whereas in-situ and depending
on a variety of conditions, it is impossible to stabilise to the temperatures imposed in the
laboratory. This research is intended to relate standard tests to the performance of in-situ
‘structural’ lightweight concrete that has undergone significant temperature changes as a
result of hydration. These changes modify the structure of the cement hydrate and thus the
performance of concrete, particularly of that made with lightweight aggregates.

Keywords: concrete density, fly ash, in-situ concrete, lightweight-aggregate, lightweight-
concrete.

INTRODUCTION

Ever since contemporary engineers became aware of the concrete used for the dome of the
Pantheon in Rome, lightweight concrete has been of interest and often used in some unique
and very demanding structures. ! However, it has remained a niche solution because when
compared to normal-weight concrete made with natural aggregates, some of the properties
and behaviour of laboratory produced lightweight concrete often appear to have limitations.
This however did not deter the construction of the 52 floor ‘One Shell Plaza’ Houston, USA in
1970 from deploying lightweight concrete for the whole of its sub and super structure.’) Why
this concept did not continue is possibly caused by the lack of sustainable sources of
lightweight aggregate (LWA). Alternatively, ‘normal’ concrete is sustainable on the basis that
when one source aggregate becomes exhausted, another suitable source can be found with
relative ease.

However, the availability of LWAs is more complex, as they are manufactured and at
first appear more expensive, this is caused by the integration of greater capital investment for
production and the variable cost of manufacture.”® This together with the requirement for
suitable argillaceous resources, either deep clay, shale or slate and to site an adjacent factory
is the main challenge for economic extraction and production. Without exception all five
sources of LWA described in ! available in the UK in 1974, have ceased production. The
current UK sources of LWA are unsuitable for structural/reinforced concrete, as the variable

111


mailto:p.l.owens@wlv.ac.uk

aggregate properties, size and high water absorption, are more suited for application in
concrete blocks (masonry).

In consideration of the mineral resource for the production of LWA, the opportunity
occurs to use the continuous supply of ‘detritus’ extracted from excavations and tunnelling in
London’s deep clay, this is a sustainable resource, which is heat ‘bloatable’ and when fired at
1185°C produces a low water absorption (lwa) LWA with a particle density (PD) of about
0.65Mg/m3. 1!

Structural concrete’s fresh density is dependent on the coarse aggregate PD. For a
coarse normal aggregate with a PD of 2.60 Mg/m3, the concrete fresh density is about
2400kg/ms3, whereas for LWA with a PD of 0.65Mg/m3 it is about 1500kg/ms3, but the
maximum standard cube strength is about 25MPa, irrespective of any additional hydraulic
binder (cement) '*. To overcome this for a wider and designed density, the ‘principle’ of
aggregate combinations has been developed, whereby the required fresh density of concrete
can be specified between 1500 and 2400kg/m? 1) to which the standard crushing strength can
be related.

Principal to the definition of concrete whether lightweight or normal, is the specification
of density. () Whether for reproducibility, conformity or convenience, it is often based on the
oven dry density. For the commercial exchange or sale of goods relating to concrete the
volume supplied is fundamental e.g. one cubic metre, thus there is a strict requirement for the
purposes of batching, mixing and placement to produce a constant yield of fresh concrete
In the case of concrete that is supplied ready-mixed both the volume and consistence are
required to remain constant over a period of sufficient time to effect placement without the
further addition of water. With an absorbent aggregate it is often normal practise to ‘pre-soak’
before application, thus the amount of water in concrete can be considerably increased. !
Then given that in-situ concrete, particularly as the dimensions of an element increase, it is
unlikely if ever, to ‘totally dry’ beyond its depth of carbonation. Even concrete elements when
exposed to a dry internally heated environment and subjected to fire testing, water ‘boils off”
nominally dry concrete.

While it is often assumed that lightweight concrete is an ideal material for fire
resistance, unfortunately unless the aggregate is of low water absorption or ‘dry’ in-situ, the
intensity of fire loading make the application of highly absorbent LWA unsuitable. This is of
particular concern for when there is a greater retention of water in the aggregate the risk of
high vapour pressures developed during an intense fire makes this concrete potentially
‘explosive’[lo] rendering it totally unsuitable for enclosed spaces such as tunnels, etc.

Although not a fire test thermally stressing concrete for the determination of tensile
strain capacity ™ found that Lytag concrete, with 310 litres/m3 of water of which 100 litres
were absorbed by 1008kg of dried aggregate, showed that when the internal temperature of
the concrete test specimen, 250mm wide X 150mm deep x 1200mm long, reached 135°C its
failure mode was described as ‘Specimen disintegrated instantaneously! In other words it
exploded.

The necessity of relating LWA absorption to concrete density is paramount, not only for
its sale of goods description, but also for fire safety. The additional advantage of a ‘lwa’ LWA
is that should a fire occur, the ‘dry’ voids in the aggregate particle not only provide thermal
insulation to protect steel reinforcement, but also importantly allow for th relief of internal
water vapour.
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ANEW APPROACH FOR THE EVALUATION OF LIGHTWEIGHT CONCRETE

This submission presents the techniques that would be necessary to develop with ‘lwa’ LWA
the principle of ‘aggregate combinations’ in order to vary the concrete density and the test
methods used to simulate the early and later performance of in-situ structural concrete.

Without doubt any development new to the science of concrete, whether it be a new
material or test method/technique it takes a considerable time for it to become established in
practice. In the meantime between the scientific discovery and its adoption, the dogmas of
concrete technology appear to override or thwart progress, unless there is a major failure that
causes a fundamental reappraisal of the phenomena, e.g. carbonation and alkali-silica
reaction.

In many respects the technology of concrete suppresses scientific progress, in that it
obeys the standards that control any test method. Standards are concerned with
reproducibility of tests, rather than addressing the performance of concrete in-situ. For
instance, substituting 35% CEMI with fly-ash and making the concrete in the laboratory at
20°C, the 28-day cube strength is lower than concrete with CEMI alone, even correcting
consistence by water reduction the ﬂ%/ ash concrete requires about 10% more ‘cement’ to
achieve the same 28-day cube strength!*

This has proved beneficial to durability, but it has been quite unnecessary, not only for
the 10% extra volume of ‘hydraulic powder’ provided by the fly ash, but also in-situ where
the heat from the hydration of CEMI promotes the pozzolanic reaction, which develops an
amorphous, rather than a crystalline hydrate ‘gel’ structure.

Another consequence of this is that in-situ high temperatures affect the manner of
hydration, negatively with CEMI and positively when CEMI is partially substituted with fly
ash. PB4 while this can be replicated with mortars, it is more challenging with concrete
where the size of the coarse aggregate relates to the size of the test specimen, i.e. 20mm
aggregate is relative to 100mm cube. Thus the standard test, that combines normal weight
aggregates with the mass of a steel mould provides a major ‘heat sink’ that absorbs any heat
developed by hydration, further compounded later by storage in water. This has no relevance
to the semi-adiabatic conditions of in-situ concrete, especially for larger elements ¢, but it is
nevertheless important to connect the relationship of standard tests with in-situ concrete,
particularly for the reduced ‘heat sink’ of LWA that aids the same cement to develop even
higher temperatures. !

The method for measuring the effect that maturity (time and temperature) has on
concrete strength is known as temperature matched curing ™ which is used mainly to
determine the early strength of concrete in pre-cast/stressed elements. However, LWA in
concrete is an ‘internal insulator’ that causes an increase in the temperature generated by
cement hydration ), this has a synergy with fly ash, as the temperature developed by the heat
of reaction of the cement not only depends on element size, & but also is increased by density
reduction.

Exploiting this requires a means of adjusting concrete density with combinations of
coarse normal and LWA, the application of fly ash and the development of a test method that
simulates the semi-adiabatic conditions of in-situ concrete, with a minimum quantity of
concrete cast in low density moulds to effect the temperature rise and fall of an in-situ
concrete element.
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THE MATERIALS

Fig. 1 shows the aggregates used and with the
exception of the LWA, the normal aggregates both
coarse and fines were selected on the basis of low
water absorption. The two nominal sizes of coarse
aggregate were 20mm and 10mm Midland quartzite
gravels and two grades of silica sand fines
nominated as 6/14 and 16/30 from Leighton
Buzzard. Low water absorption LWA are not
available to the UK and of the aggregates that were
available Liapor 3G 8/16mm, ex Germany was the
most spherical, but with a 30 minute water
absorption of 17.7%.This high rate of water

N | absorption was found difficult to accommodate,
sonsoche  REEEE S even pre-soaked with the other aggregates its effect
reduced both yield and consistency , which confirmed
the requirement for a low water absorption LWA.

The cements used were BS EN 197 -1 CEM 1 52.5 ex Hope Construction Materials and
to enable a combination cement BS EN450 Class S fly ash, ex Cemex Ltd, West Burton.

Fig.1: The aggregates used

THE TEST METHODS

The approach here to concrete testing is designed for laboratory investigations and accepts the
need for larger specimens in order to retain and maximise the temperature from cement heat
of hydration, but this has to be balanced with the size of specimen to be tested within the
limits of the equipment (usually) available in a typical concrete laboratory. The orientation of
the specimens and their initial casting requires as many test specimens for as many test
methods as possible, using the least amount of effort to obtain maximum data for analysis by
a combination of non-destructive tests before physically testing specimens to destruction.

Part 1 Determination of the type of test specimen.

A cylinder was chosen in preference to a cube as it is easier to man-handle, however the main
concerns for rejecting a 27 litre volume cube of concrete were,

) For H&S reasons a cube made with normal aggregates has a mass of about 65kg that
takes at least 3 people to man-handle.

i) With each casting in a water-proof liner encased by a 200mm thickness of polystyrene
stiff foam insulation and with due allowance of 100mm for a non-contact separation
gap, 6-castings would cover a floor area of 2.3m x 1.5m, which in the laboratory after
3 consecutive weeks of casting would occupy too much of the laboratory space.

iii)  Large cubes are difficult to hermetically seal in their inner casing and for the
laboratory environment not to have an influence during the 20-day period before de-
moulding and
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iv)  Not only for test specimens is removal of cores from these large cubes with a water
flushed diamond tipped coring tool a process that interferes with the density and
moisture of the concrete, but also is expensive, laborious, time consuming,
particularly when accuracy of ‘capping’ parallel end surfaces to 100mm diameter
cores requires to be very precise.

Thus a large cube is considered a less precise
method for the simulation of in-situ conditions
compared to a 194mm diameter concrete
cylinder that has been moulded by a 3mm
thick acrylic casing that is robust, water
resistant and commercially available and when
cut to length of 650mm contains 19.25 litres of
concrete as shown in Fig.2, this can in effect
be hermetically sealed at both ends with
200mm diameter acrylic discs. Lengthways
the acrylic case/tube can be laser cut to allow
for ease of de-moulding, but re-joined and
sealed with heat resistant water proof duct
tape.

After casting and when after 20-days the

concrete has hardened the cylinder of concrete

Fig.Z: The acrylic cylinfier .contair_ling concrete is easily removed from its acrylic casing,

with the 200mm encasing insulation removed. marked for cutting by circular diamond

tipped saw allowing for 2 x 305 mm long

cylinders and a 30mm thick disc to be removed from the central area that has experienced the

maximum temperature. The sawn ends of both cylinders and disc are sealed with thin plastic
film to prevent drying/moisture loss.

Before capping at 23 days the plastic film is
removed and the 305mm cylinders are tested for:-
Density: By physical measurement and weighing top
and bottom halves, as well as assessment for coarse
aggregate distribution and floatation.

Crack detection: A ‘fluid’ is applied to the
. sawn areas for viewing under UV light to determine
the amount of thermally induced micro-cracking.
When the fluid has dried, images are taken for later
analysis and

Ultrasonic pulse velocity: Scans are made of
each half cylinder for evaluation of differences
between top and bottom halves and aggregate
dispersion.

Fig. 3: Capped cylinders with retaining collars
lined with insulation tape to avoid adhesion.

Following these tests the cylinders are capped both ends with not more than 2.5mm
thickness of 2-componet polyester hard filler resin as shown in Fig.3 and later Demec studs
attached at peripheral % points for E-Value determination, before crushing at 28-days for
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comparison to standard cube test results. The 30mm thick disc also taken from the ‘half’
length is tested for water permeability by Initial Surface Absorption (ISAT) ¥ Fig. 4 and
thermal movement later. For ISAT and at 24 hours before testing the plastic film is removed to
permit the specimen to condition in laboratory atmosphere and allow any surface moisture to
evaporate. These tests were evaluated during Part 1 of the research and have been refined as a
result. Due to the non-availability of (Iwa) LWA the programme will be repeated in Part 2

S T,

:ﬁ:mi )

Fig. 4: A 30mm thick disc clamped in the ISAT for water permeability

Part 2. Overcoming the shortcomings of a highly absorbent coarse LWA for concrete.
To complete the research other work continues to manufacture (lwa) LWA. Nustone Ltd plan
to produce sufficient quantity of this LWA, with the ‘new concept’ bench top rotary kiln under
construction and funded by the Crossraill INNOVATE18 competition. Manufacture will take
place at VINCI Technology Centre UK Ltd, Leighton Buzzard where there are appropriate
facilities for Kiln operations using the detritus London clay from tunnelling operations. With
the refined test methods, research will continue during 2014 at the University of
Wolverhampton
1. To confirm combinations of normal and (lwa) LWA are possible without segregation
in concrete.
2. Determine the boundaries for concrete strength etc., with various aggregate
combinations.
3. Find the uses for lightweight concrete that give the best environmental advantage.
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ABSTRACT: The paper deals with a laboratory research and development of alkali activated
system with thermal insulating properties, where, such as fillers were used low density
materials, specifically Liapor (ceramic aggregates), expanded perlite, expanded vermiculite,
Ekostyren (recycled polystyrene), SioPor (expanded sand), REFAGLASS (recycled foamed
glass), recycled cork and waste wood flinders.

The experiment was focused on compressive strengths and heat conductivity of prepared
materials. The purpose was to prepare durable but also isolating material based on alkali-
activated blast furnace slag. In the research were prepared different kinds of mixtures. The
values of compressive strengths and thermal conductivity of tested admixtures qualitatively
correspond to commercially available building material. When thermal conductivity has
ranged at 0.07 - 0.4 [W.m™.K™], the compressive strengths reached 5 to 25 MPa.

The results are a foundation for the next research and development of lightweight alkali
activated systems with focus on practical applications in building.

Keywords: Alkali-activated, Geopolymer, lightweight Aggregate, low density material,
thermal insulation.

INTRODUCTION

Current development in energy prices and also increasing demands on environmental
performance of buildings, force each of us to choose the construction of building, or use in
building reconstruction materials and systems, that the heat loss during its use was minimal.

In today's building market we can found a wide range of thermal insulation materials,
which are vary in design, depending on properties of their location. Thermal insulation of
buildings is performed in five ways, contact system, a system of sandwich walls, ventilated
therm%l] insulating system, using of thermal insulating plaster, or the use of thermal insulating
walls ™.

The best insulating materials, whose thermal conductivity ranges from 0.02 to 0.09 W.m"
1 K, are mainly used in contact or sandwich system, these materials are anchored to the main
load-bearing part of the structure. Among the most commonly used insulating materials in this
group ranges expanded polystyrene, mineral wool and foam glass . The advantage of these
materials is easy workability and formability. Disadvantages are low resistance to mechanical
damage, high demands for quality design and also decreased resistance to external influences,
or flammability [".
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For insulating of ventilated insulation system, when the insulator is mounted on the

carrier structure in free space behind the visual wall, are most commonIP/ used polyurethanes,
wool, or cellulose products. The disadvantage of this solution is high cost ! &,
In case of insulation with insulating plaster is used so-called thermal-plaster that in addition to
conventional components includes insulating particles, mostly expanded perlite and polystyrene.
These are used mainly for insulation of complicated facades of historic buildings . The
disadvantages are worse thermal insulation properties, surface treatment demands and occasion
to follow exactly the technological process of prepared mixture.

Last eventuality of thermal protection is use of the structure that is itself a thermally
insulating material. This widely used construction method mainly uses aerated concrete blocks
and hollow brick blocks. The advantage of these systems is speed and simplicity of masonry,
the disadvantage is low compressive strength and low heat accumulation, worse noise insulating
properties and high water absorption 2.

In all mentioned systems is the base of the structure made of traditional building materials,
mostly clay bricks, brick blocks and cement-based blocks. Production of these building
materials significantly burdens the environment, particularly energy-intensive of firing. A
suitable alternative to these materials are alkali-activated systems, also known as geopolymers.
These are products of the geopolymerization that is controlled process of polycondensation of
suitable particles. This creates zeolites, alkaline alumosilicates, alumosilicates alkaline earth
metals, that are highly steady and resistant to external environmental influences and achieve
excellent strength parameters /.

The scope of the research was the development of thermally insulating material based on
alkali-activated blast furnace slag, that would suit as strength as thermal insulation properties
requirements for use in construction.

USED MATERIALS

Liapor.

It is commercial name for expanded clay aggregate. It is very porous with small bulk density.
Liapor is prepared by burning of clay pellets at temperature 1100-1200°. Liapor aggregate has
spherical grains and sintered surface. Grain size of liapor is up to 16mm. Its main advantage is
very low thermal conductivity coefficient [,

Table 1. Properties of Liapor aggregate ™!

L Thermal conductivity
. Grain size Loose bulk .
Material name [mm density [k m_3] coefficient
Y IKG. W.m™K?Y
Liapor 1-4/500 0/4 500 0.11
Liapor 4-8/450 4/8 450 0.11
Liapor 8-16/275 8/16 275 0.09

Expanded perlite.

Experlite is prepared by heating of a natural perlite. Natural perlite is a silicate material with a
very high amount of closed water in the structure. Heating the experlite the water need to get
out from material and causes expansion of perlite. Material expands up to 10times. The
heating is done by temperatures between 900 and 1200°C. The experlite than has very low
bulk density about 100kg/m®. Grain size of experlite is 0-4mm ™ ™. The used type of
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experlite has a spherical shape and has very low water absorption, because the surface is
hydrophobised .

Expanded vermiculite.

It is material prepared from natural silicate material vermiculite. It is classified as
phyllosilicate. By heating on 1000°C the interlaminar water causes expansion of vermiculite
up to 12times. The expanded vermiculite has very low bulk density about 100 kg/m?, but its
big disadvantage is very high water absorption .

Ekostyren.

It is a specially prepared crushed polystyrene. It has a very low water absorption and low bulk
density about 30 kg/m® 1. In experiment Ekostyren with coefficient of thermal conductivity
0.035 W.m™.K™ was used.

Siopor.

It is porous (95%), mineral material, ball-shaped, natural origin, based on a particular type of
silicate sand. It is produced by thermal method - the method of expansion. It has excellent
heat and sound insulation properties, breathable and non-flammable.

Refaglass.

It is a Recycled foamed glass, a thermal insulation material made from one hundred percent
recycled glass. It has excellent properties for use in many areas of construction and it is a
highly efficient, non-absorbent, non-freezing and flame-resistant material.

Recycled cork.
In experiment a crushed recycled cork of grain size 0/8 mm from a thermal insulation of
buildings was used.

Waste wood flinders.
Waste wood flinders from furniture production were used.

SAMPLE PREPARATION AND TESTING

Due to big differences among used aggregates, especially the water absorption, it was not
possible to mix one type of mixture. For all type of materials was used blast furnace slag as
activated material and alkaline activator prepared from modified sodium silicate solution.
Modification was done by addition of 50% NaOH solution to get molar ratio of sodium
silicate SiO2/Na20 on value 2.0. For comparison a standard mixture was prepared with
verified mix design with a sand aggregate due to standard for cement testing. The mixture is
in table 2.

Table 2. Reference mixture composition

Material BFS (9) Activator (ml) Water (g) Aggregate (g)

Amount 450 118.6 90 1350
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Tested mixtures.

In mixtures with a lightweight aggregate, the dosage of aggregate must be done by the
volume. The amount of a lightweight aggregate was used with the same volume as sand
aggregate for cement testing due to testing standard ©!. On the base of continuously achieved
results of fresh binders and strength properties of hardened materials the amount of blast
furnace slag, water and activator were modified. Samples in table 3 are named according to

used aggregate.
Table 3. Composition of tested mixtures

Sample BFS (g) | Activator (ml) Water (g) Aggregate (ml)

Liapor 4/8 450 118.6 80 1300
Liapor 1/4+8/16 300 79.0 50 400+600

Vermiculite 585 154.0 300 1300
Experlite 585 154.0 220 1300
Ekostyren 450 118.6 90 800
Siopor 675 177.9 225 900
Refaglass 750 178.0 375 1500
Recycled cork 650 233.0 98 800
Waste wood flinders 650 233.0 276 800

Tested properties.

Hardened mixtures of lightweight alkali-activated materials were tested for mechanical and
thermal properties. The thermal properties are most important but if the material is used in
loaded structures, not only as insulation the strength is also important. Samples for testing
were prepared in dimensions of 160x40x40mm according to testing standard for cement. For
coefficient of thermal conductivity testing the cylinders with diameter of 6cm and 10cm high
were prepared. Testing was done using Isomet 2114 device with surface contact probe ™3,

RESULTS

Samples of prepared materials were tested for mechanical properties according to standard for
testing of cement. Also bulk density was determined. Because of high water absorption of
samples the bulk density was determined on dry and wet samples. The thermal conductivity
was measured only on dry sample, because absorbed water increases the thermal conductivity

coefficient. Results of measured properties on materials are in table 4.
Table 4. Strength of samples after 28 days and bulk densities after 28days

Compression Bulk density Bulk density Coefficient of
thermal
Sample strength Wet sample Dry sample g
28days (MPa) (kg.m™) (kg.m?) conductivity
' ' AW.m ™. K]
Liapor 4/8 23.4 1250 1150 0.237
Liapor 1/4+8/16 7.1 860 810 0.165
Vermiculite 17.1 1570 1130 0.306
Experlite 21.7 1380 1070 0.219
Ekostyren 5.5 880 840 0.123
Siopor 4.8 1360 570 0.114
Refaglass 16.4 2000 1000 0.147
Recycled cork 5.3 1000 780 0.154
Waste wood flinders 6.1 1100 880 0.073
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CONCLUSIONS

Experimentally were prepared materials with low density by using a lightweight aggregate.
For thermal insulation materials is crucial a low bulk density and a low thermal conductivity.
Prepared materials do not have as good thermal properties as commercial materials. But
because of quite high compression strength these could be used for loaded structures with
good thermal insulation properties. The best thermal insulation properties have material based
on waste wood flinders, Siopor and crushed polystyrene. The strength of Siopor mixture is the
lowest. Quite good ratio of strength and thermal properties has waste wood flinders mixture,
refaglass mixture, experlite based material and Liapor 4/8. By changing the amount of
lightweight aggregate component in mixture it could be possible to get better thermal
properties. Next research of these materials will be focused on mix design to obtain optimal
properties.

ACKNOWLEDGMENT
The paper was realized with the financial support of Ministry of Education, support of
specific academic research - Student grant competition VSB - TU Ostrava, the identification
number SP2013/11 — Research and development of thermal insulating alkali-activated
systems.

REFERENCES

[1] J. Bohacova. Preparation and verification of _the geopolymers properties based on
metakaolin and other binder, Diploma theses. VSB - TUO, 2009, Ostrava.

[2] J. Bohacova. Study of influence of various types of an aggregate on properties of
geopolymerous systems based on blast furnace slag. Bachelor theses, VSB - TUO, 2008,
Ostrava.

[3] CSN EN 196-1 Methods of testing cement - Part 1: Determination of strength.
Czech normalization institute, 2005

[4] Svoboda, L. a kolektiv: Stavebni hmoty. JAGA, Bratislava, 2005, 471s. ISBN 80-8076-
007-1

[5] V. Tomkova, Alkali-activated composites based on slags from iron and steel metallurgy,
Metallurgy, 48 (2009), 223-227

[6] Available at: http://www.ekostyren.cz/materialovy-list-2

[7] Available at: http://istavitel.cz/clanek/izolace/tepelne-izolace/zakladni-prehled-
tepelneizolacnich-materialu_80

[8] Available at:

http://istavitel.cz/clanek/izolace/tepelne-izolace/zpusoby-zatepleniobvodoveho-plaste-
domu 81

[9] Awvailable at: http://www.Liapor.cz/cz/keramicke-kamenivo-Liapor#technicke-info
[10] Awvailable at:

http:// www.L iapor.cz/dokumenty/technicke-listy/kamenivo/Liapor01.pdf
[11] Awvailable at: http://www.perlit.cz/expand_perlit.php
[12] Awvailable at: http://www.xstavba.eu/jaky-porobeton-ytong-hh-porfix-nebo-ift/
[13] Awvailable at: http://www.appliedp.com/en/isomet.htm

123


http://www.ekostyren.cz/materialovy-list-2
http://istavitel.cz/clanek/izolace/tepelne-izolace/zakladni-prehled-tepelneizolacnich-materialu_80
http://istavitel.cz/clanek/izolace/tepelne-izolace/zakladni-prehled-tepelneizolacnich-materialu_80
http://istavitel.cz/clanek/izolace/tepelne-izolace/zpusoby-zatepleniobvodoveho-plaste-domu_81
http://istavitel.cz/clanek/izolace/tepelne-izolace/zpusoby-zatepleniobvodoveho-plaste-domu_81
http://www.liapor.cz/cz/keramicke-kamenivo-Liapor%23technicke-info
http://www.perlit.cz/expand_perlit.php
http://www.xstavba.eu/jaky-porobeton-ytong-hh-porfix-nebo-ift/
http://www.appliedp.com/en/isomet.htm

124



CALCAREQOUS GAIZE ASANACTIVE MINERAL
ADMIXTURE FOR BLENDED CEMENT

M. Gawlicki, P. Stepien and W. Roszczynialski

AGH University of Science and Technology, Faculty of Materials Science and Ceramics,
30 Mickiewicza Av., 30-059 Krakow, Poland

wroszcz@gmail.com

ABSTRACT: The influence of the presence of gaize (a calcareous sediment rock) on the
hydration of ordinary Portland cement (OPC) was investigated. Calcareous gaize was
characterized by means of different techniques: X-ray diffraction, pozzolanic activity
determination, scanning electron microscopy (SEM, EDS), and termogravimetric analysis.
Three cements containing 15, 25 and 35% of calcareous gaize were produced by
intergrinding. The following parameters of hydrating pastes and mortars were determined:
water demand, initial and final setting time and compressive strength for mortars up to 90
days old. Hydration process of cement mixtures with gaize addition was also investigated
using calorimetry and SEM microscopy. Additional properties were determined: density,
Blaine surface area and particle size distribution. CEM | was used as a reference cement. It
has been found that the addition of 15 to 35% of gaize allows to obtain binders meeting the
requirements of cements CEM IlI/A-M 42,5R, CEM I11/B-M 42,5R and CEM I11/B-M 42,5N
cement (if calcareous gaize is treated as a mix of natural pozzolan and limestone).

Keywords: Blended cement, calcareous gaize, limestone, mineral admixture, water demand.

INTRODUCTION

The most recent edition of EN 197-1:2012 standard sustains the approach of building
materials industry professionals to accepted main components of Ordinary Portland cements,
which aside Portland clinker may be: granulated blast furnace slag, certain types of fly ash,
silica fume, burnt shale, limestone and pozzolans . These definitions block the application
of other than above mentioned materials as components of ordinary Portland cements.
Nevertheless, there are natural raw materials combining characteristics of more than one main
component but failing to meet the requirements for separate constituents of ordinary Portland
cements. An interesting example of such material is calcareous gaize.

From the point of view of binding materials technology, calcareous gaize is
a natural blend of pozzolanic active silica and dispersed calcium carbonate. This sedimentary
mineral contains less calcium carbonate than required in EN 197-1:2012 standard from
limestone (> 75% CaCOs3) and less active silica than required from pozzolans (> 25% SiO,).
Nevertheless, the application of calcareous gaize as a raw material for the production of
Portland cement allows to obtain binding material meeting the requirements set by the
standards for hydraulic binders (including physical and mechanical requirements for OPC) ™.

The purpose of this research was to thoroughly characterize calcareous gaize from the
Ozarow region and assess its usability as an active component of clinker-based hydraulic
binders.
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CALCAREOUS GAIZE AS AN ACTIVE MINERAL ADMIXTURE FOR BLENDED
CEMENT

Calcareous gaize properties
Samples of calcareous gaize from opencast deposit near Ozaréw in Swigtokrzyskie
voivodeship were used for the binder preparation. Besides chemical analysis, phase
composition was determined by the means of X-ray diffraction and thermal analysis
(DTA/TG). Pozzlolanic activity was determined in accordance with ASTM C379-65
American standard . Scanning electron microscopy was used to investigate the morphology
of the examined mineral.

The chemical composition and pozzolanic activity (determined in accordance with
ASTM C379-65 American standard) of calcareous gaize is shown in Table 1.

Table 1. Chemical composition and pozzolanic activity of calcareous gaize

Active oxides

Chemcial composition, oxides (pozzolanic
activity)
. L.O. .
CaO MgO SiO, Fe, O, A|203 SO, Na,O, I Sio, A|203
volume | o35 | 99 | 321 | 10 | 17 | 02 | o1 | 311 | 157 | 03
[mass %]

X-ray diffraction analysis results have shown that the main crystalline components of
calcareous gaize are calcite, cristobalite and -quartz. Based on the chemical analysis and the
assumption that calcium oxide occurs only in the
form of CaCOs, it has been estimated that
calcareous gaize contains about 60% of calcite
(CaCOs3). What is more, thermal analysis results
have shown that besides calcite the mineral
contains dispersed calcium carbonate, which
decomposes in much lower temperatures than
calcite.

Scanning electron microscope images of
gaize show a highly homogenous material with
grains smaller than 5 pum in radius. The SEM
image is shown in Figure 1.

H W mag | det | spot| HFW
000 x|LVD| 40 3 pm

Fig. 1: SEM im

age of Calcareous Gaize

Examination of hydraulic binders containing calcareous gaize

The research was carried on binders containing 15, 25 and 35% of gaize (described as B15,
B25 and B35, respectively). The binders were prepared by intergrinding Portland clinker,
natural gypsum and calcareous gaize in a laboratory ball mill. Grinding time was established
at 50 minutes. Ordinary Portland cement CEM | 42,5R was used as reference binder,
described as BO. Composition of examined binders is shown below
in Table 2.
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Table 2. Composition of examined binders.

Component [mass %] BO B15 B25 B35
Portland clinker 95 80 70 60
Calcareous gaize 0 15 25 35

Gypsum 5 5 5 5

The following physical and rheological properties of binders were determined: density,
specific surface area (in accordance to Blaine method), particle size distribution, water/binder
ratio for standard consistency of fresh paste and time of set. The examinations were carried in
accordance with EN196-1:2006 and EN 196-3+A1:2011 standards %, The results are shown
in Table 3.

Table 3. Physical and rheological properties of examined binders.

Blaine Water/Binder
Binder | DeMsity | - specific ratio for Time of set [min]
[g/cm?] surface standard

area [g/cm’] | consistency | Beginning End

SO 3,33 3500 0,26 180 275
S15 3,15 5150 0,28 175 280
S25 3,07 6320 0,30 155 295
S35 2,97 7740 0,32 135 285

Strength examination was carried out on mortars in accordance with
PN-EN 196-1:2006 standard . Compressive strength was measured after 1, 2, 7, 28 and 90
days of mortar hydration, and the results are shown in Table 4.

Table 4. Compressive strength of examined hydraulic binders.

Hydration Compressive strength [MPa]

time [days] S0 | S15 | S25 | S35
1 16,5 12,8 8,2 5,6
2 28,1 22,4 15,8 11,3
7 41,6 35,9 30,5 23,8
28 53,9 53,2 46,8 43,3
90 61,6 60,8 57,4 52,4

DISCUSSION OF THE RESULTS

The results of the examinations have shown that calcareous gaize from the Ozardéw region is a
fine-grained and homogenous material. It mainly contains the following phases: Calcium
carbonate (60% of mass), quartz and cristobalite. The amount of active pozzolanic oxides
(SiO, and Al,O3) allows to classify gaize as a moderately active pozzolanic additive ®!. The
density of the binder decreases with the increase in the amount of added mineral '°!. Gaize is a
grindable mineral which increases the specific surface area by 1200 cm?/g for every 10% of
Portland clinker mass substituted.

The addition of gaize shortens the beginning of time of set — it is believed that this
effect is caused by very fine particles of calcium carbonate, which can serve as a nucleation
centre for hydrating clinker phases !"#!.

Active influence of gaize positively alters cement hydration process - pozzolanic
reaction of active silica and reaction of calcite (CaCO3z) with tricalcium
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aluminate (3CaO Al,03) yielding hydrated calcium carboaluminate
(3Ca0 Al,03CaC0312H,0) positively influence properties of hardened cements such as
compressive strength, durability and corrosion resistance.

The addition of calcareous gaize slightly decreases early strengths of mortars; after 7
days of hydration binder containing 15% of gaize has compressive strength 10% lower than
reference binder, while the binder containing 35% of gaize has compressive strength 40%
lower. Nevertheless, after 28 days of hydration, binder containing 15% of gaize shows nearly
equal strength as the reference binder (53MPa), while the strength of other binders with gaize
exceed 42,5 MPa. What is more, the difference in compressive strength of binders containing
gaize in respect to the reference binder decreases with time, which can be observed after 90
days of hydration.

SUMMARY

Carried research show that calcareous gaize is an interesting material for hydraulic mineral
binders production. It can be treated as a natural blend of pozzolan and limestone, two raw
materials counted as major components of ordinary Portland cements by EN 197-1:2012
standard.

Prepared cements containing 15, 25 and 35% of calcareous gaize have satisfying
functional properties meeting the requirements for 42,5N and even 42,5R strength class
cements. Active influence of gaize positively influences properties of cements such as
compressive strength, durability and corrosion resistance.
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ABSTRACT: The lack of workability has hindered the widespread applications of alkali-
activated slag (AAS) -a novel, low carbon cementitious building material. In order to address
this main barrier, the addition of superplasticiser is essential. However, many researchers have
demonstrated that the conventional superplasticisers (SP) could not work properly in this
novel system due to its interaction with the alkaline activator. Thus, adding SP and activator
separately could be a potential method to improve the performance of SP in AAS. In this
paper, the effect of different addition methods of conventional naphthalene derivation
superplasticiser on the rheological properties of NaOH-activated slag paste was investigated.
Then, the influence of different addition methods on the hardened properties, such as
compressive strength and drying shrinkage, of AAS, was examined. The addition methods
examined were simultaneous addition and separate additions including prior and delayed
addition of SP by 3 min with respect to the addition of the activator. The results indicated that
compared with simultaneous addition, separate addition methods showed better performance
in the rheological properties of NaOH-activated slag paste. However, simultaneous addition
has resulted in the highest compressive strength and the lowest drying shrinkage.

Keywords: Alkali-activated slag, compressive strength, hardened properties, naphthalene
superplasticiser, rheology.

INTRODUCTION

Many attempts have been conducted over the past few decades to find suitable alternative low
carbon building materials, which could potentially replace the Portland cement (PC) 2.
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Among various alternatives, alkali-activated slag (AAS) has been considered as the most
attractive low carbon cementitious material due to its lower CO, emission and superior overall
performance than PC "I, However, AAS is still facing some challenges, notably, its poor
rheological properties. To tackle this issue as well as to develop high performance AAS
concrete, various chemical admixtures, especially superplasticiser (SP), need to be employed
in order to improve the workability of AAS concrete.

Naphthalene derivation superplasticiser (NF SP) is one of the most commonly used
superplasticisers in PC system 1. Whereas the effects of commercial NF SP on PC systems
have been well studied, its influence on AAS is largely unknown. Based on some limited
studies available in the literature, it has demonstrated that NF SP could not significantly
improve in the workability of AAS. On the contrary, sometimes, it even showed no effect on
the workability and rheological property of AAS, especially in the AAS systems when
waterglass was used as activator. This is presumably due to the possible interactions between
the NF SP and the activators under highly alkaline environment %, The dysfunction of NF
SP in AAS could be caused by the chemical instability and competitive adsorption between
the activator and NF SP when adding them at the same time. Previous work reported by the
authors indicated that adding lignosulfonate-based SP and waterglass activator at different
mixing stage can improve the workability of AAS due to the increased stability of the SP and
the reduced competition between the SP and the activator 1% **1. However, the effect of
addition method of NF SP on AAS has still not been explored, yet.

The aim of this study is, therefore, to investigate the effect of NF SP on some fresh and
hardened properties of AAS paste. The effect of NF SP on rheological properties and
compressive strength of AAS paste prepared by adding the NF SP and the activator separately
at 3 min interval were examined. Meantime, the influence of different addition methods on
the drying shrinkage of AAS pastes was also investigated. The suitability of different models
for describing the rheological behaviour of NaOH-activated AAS was discussed.

EXPERIMENTAL PROGRAMME

Materials

The chemical composition of ground granulated blast furnace slag (GGBS, short for slag
hereafter) is shown in Table 1 (Hanson Heidelberg Cement Group, UK). The fineness and
specific gravity of the slag used were 518 m%/kg and 2900 kg.m®, respectively. The raw NaOH
was obtained from Tennants Distribution. Naphthalene derivation superplasticiser (NF SP)
was supplied by Tianjin Jiangong Special Material Co. Ltd.

Table 1. Chemical composition of slag

Ca0o SlOZ Aleg MgO SO, T|02 MnO Na,O Fe, 0O, K,0 LOI
39.03% 35.79% 12.28% 7.75% 1.66% 0.74% 0.71% 0.34% 0.30% 0.59% 0.39%

Mixing Procedure

The water to slag ratio for all the mixes was fixed at 0.48. The dosage of NF SP was
controlled as 0, 0.125, 0.250, and 0.500% (by the mass of slag). NaOH solution was used as
the activator and its content was controlled at 4 %( counted as Na,O equivalent) by the mass
of slag. Both the activator and NF SP were dissolved in water. Three different addition
methods were studied, namely: 1) simultaneous addition (SA): mixing slag with both NF SP
and activator together; 2) prior addition (PA): mixing slag with NF SP first, then adding
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activator at 3 min interval; and 3) delayed addition (DA): mixing slag with activator first, then
adding NF SP at 3 min interval.

Test

The minislump test, which is carried out with a PVC plate and a cone with a lower inner
diameter of 38.1 mm, an upper inner diameter of 19 mm, and a height of 52.7 mm, was used
to determine the spread of AAS paste. The diameters at two perpendicular directions were
measured and the average diameter was reported. The rheological property was measured by
using a modified Rheomat 115 viscometer. The initial measurements of both the minislump
and the rheological property were conducted at 7 minutes after mixing.

NaOH-activated slag paste specimens (25x25x25 mm) were prepared, and then cured at 20 &
2°C under 100% relative humidity in sealed plastic bags with wet hessian. The compressive
strengths of the specimens were determined after curing for 1, 7, 28, and 56 days. Drying
shrinkage specimens (25x25x250 mm prism prepared with 0.500% dosage of NF SP) were
cured for 24 hours at 20=2°C under 100% relative humidity before demoulding. After
demoulding, the prisms were cured for another 72 hours in water, and then was exposed to a
drying condition in a room with constant temperature at 20+2°C under 50 =5% relative
humidity. The change of length of prism was measured regularly with CONTROLS model 63-
L0035/A apparatus.

RESULTS AND DISCUSSIONS

Rheological Property

The effect of different addition methods on rheological properties (in terms of plastic
viscosity Vs vyield stress) are illustrated in Fig. 1, which is plotted by using the vectorised-
rheograph approach 1. The results clearly demonstrated that with the addition of NF SP, both
yield stress and plastic viscosity have been effectively reduced. In addition, compared with
simultaneous addition, the PA and DA provided better plasticizing effect, especially at the
lower dosage (dosage below saturation point 0.250%). Comparing both separate addition
methods, lower yield stress can be observed from the PA, while a lower plastic viscosity was
obtained from the DA.

—*— Reference (No SP)
—=8— Simultaneous Addition|
25 {--4-- Delayed Addition

< Prior Addition

200 * oL

Yield Stregs (Pa)

L L L L L L
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Plastic Viscosity (Pa.s)

L L L L L
g 16 20 24 28 32
Plastic Viscosity (Pa.s)

Fig. 1: Effect of different addition methods of Naphthalene superplasticiser on rheological properties
of NaOH-activated slag paste (The direction of arrow indicated the increase of SP Dosage).
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Minislump

The initial minislump test results for the NaOH-activated slag paste are shown in Fig. 2. The
results indicated that the flowability of NaOH-activated slag improved with the addition of
NF SP. It is obvious from Fig. 2 that the minislump spread increased rapidly with dosages up
to the saturation point of around 0.250%, which may be due to the availability of sufficient
active sites on the surface of slag particles > *® When the dosage was over this point
(0.250%), the flowability increased slowly and gradually reached a plateau. The results
suggested that the NF SP showed a good plasticising effect on NaOH-activated slag, which
also confirmed by Puertas’s work ™. In addition to the good plasticising effect, it is apparent
from Figure 2 that the minislump spread was further improved by separate additions (both DA
and PA). More than 10 mm improvement of the spread diameter was achieved by adding NF
SP and NaOH at different mixing stages. The highest minislump was obtained from PA, which
is similar to the author’s previous finding ™.
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Fig. 2: Effect of different addition methods of Naphthalene superplasticiser on initial minislump spread of
NaOH-activated slag paste.

Compressive Strength

The compressive strengths of NaOH-activated slag with NF SP are illustrated in Fig. 3 (a-c).
The results clearly demonstrated that compressive strength of all NaOH-activated slag pastes
was gradually increased with the increase of curing time. Comparing these results, it is
apparent that the reference NaOH-activated slag showed lower strength at all curing ages
expect at 1 day, indicating that the addition of NF SP has increased the compressive strength.
The[l%aduction in the early strength could be due to the retarding effect by the addition of NF
SP 4,

vz

7N

AN

8

7 2
Curing Time (Days) Curing Time (Days)

(a) at dosage of 0.125% (b) at dosage of 0.250% (c) at dosage of 0.500%
Fig. 3: Effect of different addition methods of Naphthalene superplasticiser on compressive strength of
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NaOH-activated slag: (a) at dosage of 0.125%, (b) at dosage of 0.250% and (c) at dosage of 0.500%

In terms of the addition method of NF SP, Fig. 3 also revealed that SA produced the
highest compressive strength at all the dosages and curing ages except at 1 day. Nonetheless,
the NaOH-activated slag pastes prepared by separate addition methods still offered
comparable compressive strengths, with PA slightly higher than DA.

Drying Shrinkage

The effect of different addition methods of NF SP on drying shrinkage of NaOH-activated
slag up to 175 days are shown in Fig. 4. Apparently, the drying shrinkage of the NaOH-
activated slag prism was changed by adding NF SP. Among all the addition methods, SA
caused the reduction in shrinkage with approximately 10% less than the reference specimen at
175 days. In contrast, both separate addition methods increased the final drying shrinkage of
NaOH-activated slag paste. Interestingly, comparing with reference prism, the drying
shrinkage of prism prepared by PA was smaller before 3 month, and it increased significantly
over time. The reason could be attributed to the change of the microstructure of the NaOH-
activated slag paste which still needs to be investigated in the future.
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Fig. 4: Effect of different addition methods of Naphthalene superplasticiser on drying shrinkage of NaOH-
activated slag prism.

CONCLUSIONS

(1) The effect of different addition methods of NF SP on rheological properties of NaOH-
activated slag paste was presented in a rheograph using yield stress vs. plastic viscosity.
Comparing with simultaneous addition, separate addition methods produced better
plasticising effect from the addition of NF SP in NaOH-activated slag.

(2) In NaOH-activated slag paste, the spread diameter of minislump obtained from both
delayed and prior addition methods was higher than that of simultaneous addition method,
with the prior addition performed better than the delayed addition.

(3) The compressive strength of NaOH-activated slag was improved in the presence of NF
SP. The highest compressive strength was obtained from simultaneous addition.

(4) Comparing with NaOH-activated slag paste without SP, lower drying shrinkage was
obtained from simultaneous addition of NF SP. However, higher drying shrinkage was
observed from both separate addition methods
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ABSTRACT: In the perspective of using environmentally friendly materials for the
rehabilitation and restoration of ancient buildings, the behaviour of geo-polymeric mortars
was studied. The research was developed into two main aspects: substitution of Portland
cement with an alternative binder and recycling of industrial by-products. The
experimentation was carried out comparing the performances of cementitious and geo-
polymeric mortars with the same mechanical strength class (R1> 10 MPa, R2 > 15 MPa, R3 >
25 MPa, R4 > 45 MPa), according to the European Standard. In particular, four geo-polymeric
mixtures were prepared with a sodium silicate/sodium hydroxide proportion of 1:1 with
different concentration of NaOH and a sand/fly ash proportion of 2.7:1. Four cementitious
mortars were prepared with water/cement equal to 0.5, 0.65, 0.9 and 1.1 by weight,
respectively. Different properties both in fresh and hardened state were evaluated and
compared. The adherence with brick was reduced when geo-polymeric mortars were used.
However, best results were obtained by geo-polymeric mortars with respect to cement ones
for vapour permeability, capillarity water absorption, elastic modulus and resistance to salt
crystallization.

Keywords: durability, fly ash, geo-polymer, mechanical properties, rehabilitation.

INTRODUCTION

In recent years, the eco-compatibility and the low environmental impact of materials in
addition to the possible re-use of waste ones represented the central objectives of the research
and the focus of new engineering studies. In fact, the production of the most common building
material, Ordinary Portland Cement (OPC), generates an emission of carbon dioxide such that
for every ton of cement worked, it emits into the atmosphere an equal amount of CO,".
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The aim of this research is to study the behaviour of mortars prepared with alternative
binders, called geo-polymers, studied during the “70s for the first time by J. Davidovits.

The geo-polymers are constituted by a binary mixture of source materials and alkaline
liquids. The former can be aluminosilicates, natural or deriving from waste products of special
processing such as that of coal or rice, while alkali activators are usually solutions of
hydroxide and silicate based on sodium or potassium 2.

The purpose of this research is to compare geo-polymeric and cementitious mortars with
the same mechanical strength class by measuring their behaviour in terms of elastic modulus,
adhesive strength on substrate, water vapour permeability, capillary water absorption and salt
crystallization resistance.

EXPERIMENTAL PROGRAM

Materials
Geo-polimers were prepared with fly-ash (FA) and sodium-based alkaline liquid.

Fly ash is the by-product of the combustion of pulverized coal in coal-fired power
plants, it could be of two types: Class C with an amount of CaO more than 10% and Class F
with a low-calcium content. A Class F FA produced in Italy was used, kindly offered by
General Admixture S.p.A. (Ponzano Veneto, Italy). Table 1 shows the chemical composition
of fly ash.

Table 1. Chemical analysis, weight (%) of fly ash used in this study.

Loss of
Ignition

36+52 | 22+36 | 2+10 | 1+10 | 02+3 | 02+2 |01+06(01+17| 0.2+2 1+9

SiO, Al,O4 Fe, O, CaO MgO K,O Na,O TiO, SO,

The alkaline activator was a mixture of sodium silicate solution (Na,SiO,) made of 30%
of SiO; and 15% of Na,O (by mass) with a SiO,/Na,O molar ratio of 2.10, kindly offered by
Ingessil S.r.l. (Verona, Italy) and sodium hydroxide solution (NaOH) obtained by dissolution
of NaOH pellets in distilled water.

Cementitious mortars were prepared with an ordinary Portland cement CEM II/A-LL
42.5R as binder and a calcareous filler with particles smaller than 100 um as fine aggregate. A
common calcareous sand with a maximum grain size of 8 mm was used for both mortars.

To reach the same workability, a superplasticizer based on modified acrylic polymer
was added in the mix when needed.

Cement and geo-polymer mortars were prepared in order to cover the four different
compressive strength class R1 (> 10 MPa), R2 (> 15 MPa), R3 (> 25 MPa), and R4 (> 45
MPa), according to UNI EN 1504-3:2006. The formers were prepared in accordance with
UNI EN 1015-2:2007 as reported in Table 2. Concerning geo-polymers, the mixing procedure
followed what said by Davidovits 3, who recommend to mix liquid solution 24 h prior to
adding the liquid to the dry materials to prevent bleeding and segregation and to assist the
polymerization process. Solids (fly ash and sand) were mixed first for two minutes, than the
liquid activator was added and mixed for 3 minutes, at last superplasticizer, if required, was
mixed for other 3 minutes. To reach different mechanical strength class, geo-polymers were
prepared with different concentration as already demonstrated /.
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The consistence of fresh cementitious and geo-polymeric mortars (slump) was
investigated by flow table test according to the UNI EN 1015-3:2007. After casting, samples
were conserved in climatic chamber at T = 20 + 2 °C and RH = 95 + 5% until the testing day.

To classify the eight mortars, compressive strength at 28 days was determined in
accordance with UNI EN 1015-11:20070n 40 x 40 x 160 mm specimens.

Table 2. Mix composition (g/1).

R4-CEM | R3-CEM | R2-CEM | R1-CEM | R4-GEO | R3- GEO | R2- GEO | R1- GEO
Cement (g) 450 450 250 205 - - - -
Calcareous filler (g) - - 171 209 - - - -
Water (g) 225 293 225 225 - - - -
Sand (g) 1350 1350 1350 1350 1350 1350 1350 1350
Fly ash (g) - - - - 500 500 500 500
Distilled water (g) - - - - 102 90 114 126
NaOH (g) - - - - 48 60 36 24
Na,SiO,solution (g) - - - - 150 150 150 150
Superplasticizer (g) - - - - - 20 - -
aggregate/binder 3.0 3.0 6.0 7.7 2.7 2.7 2.7 2.7
water/binder 0.5 0.65 0.9 1.1 - - - -
water/solids - - - - 0.30 0.28 0.33 0.35
Slump (mm) 135 140 135 140 130 135 130 135

After the curing period, the formation of efflorescence
identified by X-ray diffraction as thermonatrite (Na,Cos *
H,O) on the surface of geo-polymers with high
concentration of NaOH was observed (Fig. 1). This is a
consequence of the exposition of the material to the
atmosphere °.

Fig. 1: Efflorescence of geo-polymers
with high NaOH concentration.

Tests and Results

Dynamic elastic modulus

To calculate the dynamic elastic modulus (Eg) three specimens of 40x40x160 mm dimension
were used using the PUNDIT (Portable Ultrasonic Non-Destructive Digital Indicator Tester)
by the equation reported in (1) where: v is the velocity of elastic wave in m/s, p is the density
in kg/m® and v4 is the Poisson modulus equal to 0.3.

e _Vpll+y,)a-2y,)]
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Fig. 2: Dynamic elastic modulus at 28 days of Fig. 3: Adhesive strength at 28 days of geo-
geo-polymers and cementitious mortars. polymers and cementitious mortars.

Fig.2 shows that in geo-polymer mortars higher is the compressive strength, higher the Eq
is, moreover, all four geo-polymeric mortars obtained a lower E4 than cementitious ones.

Adhesive strength on substrate

The adhesion on solid brick surface was conducted according to the UNI EN 1015-12:2002
on five round samples. Results are reported in Fig.3. It can be observed that cementitious
mortars obtained higher adhesive strengths (f,) than geo-polymeric ones with the same
compressive strength.

Porosimetry

Three specimens for each mortar were tested after 28 days of wet curing by mercury
porosimetry. Results showed that total porosity of mortars with the same strength class was
quite similar. However, in geo-polymers even if the mean radius decreases, the relative pore
volume distribution is broader than that of cement mortars, with a volume of large diameter
pores over 1 um higher than cement ones.
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Fig. 4:Cumulative pore volume of geo-polymers and cementitious mortars.

Water vapour permeability
The test was developed according to UNI EN 1015-18:2004 on three round samples. Both
mortars showed the same trend: the higher the strength class was, greater the resistance to water
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vapour diffusion was, but results of cement mortars were about double than those of geo-
polymeric ones. Permeability depends on open porosity, connectivity and tortuosity of the
microstructure and connected pores size I8 Lower values of geo-polymers (Fig.5) could be
explained by the higher volume of large diameter pores over 1 pm.

15
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Fig. 5:Water vapour diffusion resistance factor of geo-polymers and cementitious mortars.

Capillary water absorption

Three specimens of 40 x 40 x 40 mm for each mortar were tested according to the UNI EN
1015-18:2004. Referring to the same strength class, cement mortars absorbed more water than
geo-polymers. This trend could be explained by porosimetry tests: capillary water absorption
depends on open porosity but also on connected pore size, with higher pressures when pores
are smaller, according to Washburn equation (2) where: P is the pressure, r is the radius of the
pore, ¢ is the surface tension of mercury and 0 is the wetting angle. Lower values of geo-
polymers with respect to cement one at the same strength class, could be due to higher volume
of pores with diameter over 1 um.

P= ZTGCOSO 2

Salt crystallization resistance

The test was conducted on three specimens partially immersed (40 mm) in common water as
reference (1 specimen) and in a 16% Na,SO, solution (2 specimens) for a period of 21 days.
After the removal of specimens from the solutions the visual test was conducted (Fig.6). The
two specimens immersed in the salt solution showed efflorescence; however, the efflorescence
was much more evident in cement mortars affected also by diffuse cracks.

4
w
rUﬂ"
x
.

Fig. 6: Visual observation of cement mortar (upper) and geopolymer mortars (bottom) exposed to semi
immersion test after drying. In each photo, the specimen on the right was exposed in water, as reference.
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CONCLUSIONS

The properties of geo-polymeric and cementitious mortars with the same mechanical strength
class was studied.

By varying the concentration of NaOH solution in geo-polymers, R1 > 10 MPa, R2 > 15 MPa,
R3 > 25 MPa, R4 > 45 MPa strength class can be obtained, even if the formation of Na,COj3
efflorescence on specimens with highest compressive strength can be observed.

In addition, referring to the same mechanical strength class:

the stiffness of geo-polymeric mortars is half of that of cement ones;

the adherence to brick surface of geo-polymers is lower than cementitious mortars;
geo-polymers are more permeable to water vapour;

capillary water absorption is lower in geo-polymers than in cement-based mortars;

the resistance to salt crystallization of geo-polymeric mortars is significantly higher with
respect to cementitious ones.
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ABSTRACT: This study examines the effectiveness of galvanic anodes installed both within
the patch repair and surrounding parent concrete. Sodium chloride was added during casting
of the concrete specimens to induce corrosion. The anodes were tested using surface potential
mapping at 7 days after repair, 8 months and also 26 months. The results showed that galvanic
anodes installed in the parent concrete had a greater polarisation effect on steel adjacent to the
repair, which is generally considered to be at highest risk, as compared to galvanic anodes
installed within the repair itself. It was also noted that, with increasing chloride content, the
polarisation extent was reduced. However in all cases examined, the galvanic anodes in the
parent concrete afforded a more dominant effect than similar galvanic anodes installed within
the patch repair.

Keywords: Corrosion; galvanic anodes; potential mapping

INTRODUCTION

Corrosion of steel reinforcement is often considered the most significant deterioration process
of reinforced concrete structures . Chloride induced corrosion, in particular is caused by the
ingress of chloride ions through the concrete cover from de-icing salts or exposure to marine
environments 3. Hydrochloric acid is produced which causes a breakdown of the passive
layer that protects the steel reinforcement and results in localised pitting ™. The use of patch
repairs and additional electrochemical treatment is a well-established method of restoring
structural integrity ! and re-establishing steel passivity . Discrete galvanic anodes are
connected directly to the steel and pass current through the surrounding concrete. They
improve the environment around the steel and corrode preferentially by replacing the ions lost
in the corrosion process 89 A recent development of the galvanic technology is to install

141



the anode into pre drilled cavities in the parent concrete beyond the area for patch repair to
prevent development of incipient anodic areas * ' ™. One particular advantage of this
method over embedding the anode in the patch repair material is that a larger proportion of
protective current will be directed to the steel [,

Measuring steel potentials using a standard reference electrode is a well-established
method of monitoring reinforced concrete structures for corrosion damage and determining
localised anodic areas ™ ** %3], Recent research has shown factors such as moisture content,
temperature and humidity can affect the potential of steel reinforcement [16]. Galvanic anodes
have also been shown to distribute a higher protective current when the steel is in a passive
environment [17].

The European standard for cathodic protection regulates the criteria required for an
installed system. Galvanic anodes do not always achieve this criterion, therefore it has been
suggested by Christodoulou et al (2014) and Holmes et al (2011) that galvanic systems are
monitored based on a dominant effect over any steel anodic areas 2!,

The aim of this study was to examine galvanic anodes installed both in parent concrete
and patch repairs to identify performance differences using the two methods described above.
Monitoring was undertaken by means of close-interval potential mapping.

METHODOLOGY

Casting and repair

A C20/25 mix design comprised of 1:2:4 ordinary portland cement, sand and coarse aggregate
respectively with a water to cement ratio of 0.65 was used for the purposes of this study [18].
A 12mm diameter steel reinforcement bar was cast centrally in the beams and sodium chloride
was added at 0%, 0.8% and 2.5% by weight of cement to initiate chloride-induced corrosion.
A class R3 acrylic-polymer modified structural repair mortar was used [5] in this study and
cast after 7 days of curing.

Two types of anodes were used in this work. Anode A is 65mm in diameter by 30mm
height and was installed directly into the patch repair. Anode B is 18mm in diameter by 42mm
height and was installed into a pre drilled cavity 25mm in diameter within the parent concrete.
The arrangements are shown in Figure 1. The anodes were directly connected to the
reinforcement by a titanium wire riveted to the steel.

Beam 1 - Anode A — Installed within patch repair mortar (100mm from edge ofrepair)

Beam 2 - Anode B — Installed into parent concrete (15 0mm from edge of beam)

.—

Control beams— No anode installed

—

M Steel reinforcement 5 0mm within patch repair

B Anode [l Steel [0 Repair [] Concrete

Fig. 1: Arrangement of reinforced concrete specimens and patch repairs
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Testing

Potential readings were taken at 50mm intervals directly above the reinforcement in each
beam using a portable Manganese (IV) oxide (MnO,) reference electrode and a high
impedance multi-meter [19]. Potential readings were taken along the beam before the repair,
after the initial repair with the anode connected and after 7 days. The beams were then left
outside to weather and further readings were taken after 8 and 26 months respectively.

ANALYSIS OF RESULTS

Effect of anode location

The polarisation effect afforded by anode types A and B at 26 months with varying chloride
contents is illustrated in Figure 2. It can be seen that anode B located in the parent concrete
afforded a greater polarisation effect on the steel at distances from the edge of the patch repair
which is considered to be most at risk of chloride induced corrosion. This effect was also
observed in the 7 day and 8 month potential readings.
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Fig. 2: Polarisation effect in 2.5% chloride content for a) Anode A and b) Anode B

At all 3 time intervals anode A only had a polarisation effect on steel reinforcement
50mm outside of the patch repair when installed in concrete with 2.5% chlorides, whereas
anode B had a dominant effect over the steel up to 500mm when installed in concrete with
0.8% and 2.5% chlorides. It was observed for anode A that a large proportion of the dominant
effect of the anode was lost at the interface between the patch repair mortar and the parent
concrete.

Figure 3 shows the results for the two anodes installed into specimens with 0.8%
chlorides and their effect over time. As expected when the anodes are first connected there is a
significant drop in the potentials across the length of the beam as the anodes become active.
Both anodes are showing a similar dominant effect on polarisation at this early stage. The
results for anode A show a significant increase in the potentials within the first 200mm from
the anode, which mainly occurs within the patch repair material. The change is then more
gradual within the parent concrete. At all time intervals anode B had a greater influence on the
steel potentials outside of the patch repair. The polarisation effect for anode A can be seen up
to 50mm external to the repair and up to 250mm for anode B at 789 and 783 days
respectively.
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Fig. 3: Polarisation effect in 0.8% chloride content for a) Anode A and b) Anode B

Effect of chloride content
The potential of the steel was monitored in control specimens cast and repaired with no
anodes installed. The results showed that there is a higher risk of corrosion in the parent
concrete of the specimens cast with 2.5% chloride content at 8 and 26 months as localised
anodic areas were observed along the length of the beam, indicated by a drop in potential
readings. It was observed in the specimens with 0% and 0.8% chloride that the potential
readings within the patch repair material were significantly lower than in the parent concrete.
The polarisation effects seen in Figure 2 indicate that the dominant effect of the anode
over steel potentials is reduced with increasing chloride content.

DISCUSSIONS

Effect of anode location
The galvanic anodes installed into pre-drilled cavities in the parent concrete afforded a greater
polarisation effect on steel adjacent to the patch repair (Fi%;. 2), which is considered to be at
highest corrosion risk due to an incipient anode effect %™, This observation agrees with the
conclusions of Christodoulou et al (2014) in that a higher proportion of protective current will
be directed to steel adjacent to the patch due to the higher resistance of the repair mortar .

A large polarisation effect was seen in the patch repair material when anode A was
installed into the patch repair itself. This is possibly due to the high alkalinity of the repair
causing a build-up of the passive layer on the steel reinforcement and allowing a greater
polarisation effect from the anode. The work of Bertolini et al (2002) showed that galvanic
anodes can have a large polarisation effect, even in highly resistive concrete, only when the
steel is passive 7). The polarisation effect rapidly reduces beyond the patch repair material
which suggests that the passive film has been reduced due to the chlorides present in the
parent concrete. However, the same observation was made on steel which should have
remained passive in concrete containing zero chlorides. This indicates that the interface
between the two materials may be affecting the performance of anode A.

The difference in polarisation effects seen at 7 days, 8 months and 26 months may also
be due to the change of moisture content, temperature and humidity as the specimens were
exposed to a changing environment ¢,
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Effect of chloride content

The results have shown that a higher proportion of chloride ions increased the corrosion risk,
as expected. The potential readings from the beams cast with 2.5% chlorides show the
formation of localised anodic areas along the length of the beam, which indicates chloride
induced pitting corrosion 13 4 1%,

Lower potential readings were seen within the patch repair material compared to the
parent concrete. This effect was more significant in the specimens with lower chloride
content. This, again, may be due to the high alkalinity of the repair material causing a greater
polarisation effect.

The polarisation effect of both anodes was reduced with increasing chloride content.
The breakdown of the passive layer at the surface of the steel reduces the amount of
protective current that can be distributed from the anode and therefore the polarisation effect
is reduced.

CONCLUSIONS

Galvanic anodes installed in the parent concrete, had a greater influence on the polarisation of
steel reinforcement surrounding the patch repair, which is considered to be the highest
corrosion risk, than anodes traditionally installed within the repair. The greater polarisation
effect of the anode installed in the parent concrete was observed in all chloride contents used
which allows for larger anode spacing.

The polarisation effects of galvanic anodes installed either in parent concrete or within
the patch repair were reduced with increasing chloride content. This effect was more
dominant when the anode was installed into the patch repair itself. In the specimens cast with
a 2.5% chloride content the polarisation effect of anodes installed in the patch was just 50mm
beyond the edge of the repair compared to 500mm with anodes installed in parent concrete.

REFERENCES

[1] Page, C.L. 2007. Corrosion and protection of reinforcing steel in concrete. In: Page, C.L.
Page, M.M. 2007. Durability of concrete and cement composites. pp136-186.
Woodhead Publishing Limited.

[2] Bertolini, L. Elsener, B. Pedeferri, P. Polder, R. 2004. Corrosion of steel in concrete:
Prevention, diagnosis, repair. p 91. WILEY-VCH.

[3] Christodoulou, C. Webb, J. Glass, G. Austin, S. Goodier, C. 2011. A new approach for the
patch repair of car parks using galvanic anodes. In: GRANTHAM, M.
MECHTCHERINE, V. SCHNECK, U. (eds). Concrete Solutions 2011: Proceedings of
the International Conference on Concrete Solutions 2011. London: CRC Press.

[4] Glass, GK. Reddy, B. Clark, L.A. 2007. Making reinforced concrete immune from
chloride corrosion, Proceedings of the Institution of Civil Engineers, Construction
Materials, Vol 160, pp. 155-164.

[5] British Standards Institution. 2005. BS EN 1504-3. Products and systems for the
protection and repair of concrete structures — Part 3: Structural and non-structural
repair. London, BSI.

145



[6] British Standards Institution. 2008. BS EN 1504-9. Products and systems for the
protection and repair of concrete structures — Part 9: General principles for use of
products and systems. London, BSI.

[7] British Standards Institution. 2012. BS EN ISO 12696, Cathodic protection of steel in
concrete, London: BSI.

[8] Glass, G. Christodoulou, C. Holmes, S. 2012. Protection of steel in concrete using galvanic
and hybrid electrochemical treatments. In: Alexander, M.G. Beuhausen, H.D. Dehn, F.
Moyo, P. (eds). 2012. Concrete Repair, Rehabilitation and Retrofitting III: 3™
International Conference on Concrete Repair, Rehabilitation and Retrofitting, ICCRRR-
3, 3-5 September 2012, Cape Town, South Africa. Taylor and Francis Group.

[9] Christodoulou, C. Goodier, C. Austin, S. Webb, J. Glass, G. 2013. Hybrid corrosion
protection of a prestressed concrete bridge. European Corrosion Conference 2013,
EUROCORR 2013, Estoril, Portugal, 1st-5th September 2013.

[10] Broomfield, J.P. (2000). The principles and practice of galvanic cathodic protection for
reinforced concrete structures. Monograph No: 6. Corrosion Prevention Association,
Bordon, UK.

[11] Page, C.L. Sergi, G. 2000. Developments in cathodic protection applied to reinforced
concrete, Journal of Materials in Civil Engineering, Volume 12 February (2000), Issue
1, pp. 8 - 15.

[12] Christodoulou, C. Goodier, C.I. Austin, S.A. Glass, GK. Webb, J. 2014. A new
arrangement of galvanic anodes for the repair of reinforced concrete structures,
Construction and Building Materials, Vol. 50, pp. 300-307.

[13] Christodoulou, C. Glass, G. Webb, J. Austin, S. Goodier, C. 2010. Assessing the long
term benefits of impressed current cathodic protection, Corrosion Science, Vol. 52, pp.
2671-2679.

[14] Elsener, B. 2003. Half-cell potential measurements — potential mapping on reinforced
concrete structures, RILEM TC 154-EMC: electrochemical techniques for measuring
metallic corrosion, Mater. Struct. Vol. 36, pp. 461-471.

[15] British Standards Institution, 1990. BA 35/90, Inspection and repair of concrete highway
structures, London: BSI.

[16] Holmes, S.P. Wilcox, G.D. Robins, PJ. Glass, GK. Roberts, A.C. 2011. Responsive
behaviour of galvanic anodes in concrete and the basis for its utilisation, Corrosion
Science, Vol. 53, pp. 3450-3454.

[17] Bertolini, L. Gastaldi, M. Pedeferri, M. Redaelli, E. 2002. Prevention of steel corrosion
in concrete exposed to seawater with submerged sacrificial anodes, Corrosion Science,
\ol. 44, pp. 1497-1513.

[18] British Standards Institution. 2000. BS EN 206-1, Concrete — Part 1: Specification,
performance, production and conformity, London: BSI.

[19] American Society for Testing and Materials, 2009. ASTM C 876, Standard test method
for corrosion potentials of uncoated reinforcing steel in concrete, Pennsylvania, USA.

146



EXPLICIT AND REFLECTIVE MODELLING AS A
METHOD OF LEARNING ABOUT THE LIFE
CYCLE ENVIRONMENTAL IMPACTS OF
BUILDING MATERIAL APPLICATIONS

Bengt Cousins-Jenvey
Department of Architecture and Civil Engineering/IDC in Systems, University of
Bath/University of Bristol, Bath/Bristol, UK

ABSTRACT: If awhole life cycle analysis of a building is undertaken, it is frequently based
upon extremely precise assumptions about the future. Critics of this deterministic approach
suggest that probabilistic modelling provides a better understanding of the actual life cycle
environmental impact of a building. This extended abstract introduces the idea that this
probabilistic modelling could be more rigorous and useful if it was also explicit and reflective.
Its aim is to learn from modelling how a range of UK specific inputs influence the greenhouse
gas emissions associated with three different applications (the envelope, finishes and structure
of a building) of one cubic metre of concrete, steel and timber. Only in 16 of the 27 material
application scenarios modelled does the largest proportion of ‘embodied’ emissions occur
during the product phase. Subsequent research should examine, critique and improve a
number of specific model inputs and the model logic.

Keywords: buildings, environment, life cycle, materials, modelling

INTRODUCTION

Any analysis of a new building’s ‘embodied’ environmental performance in the UK is
frequently limited to greenhouse gas emissions during the product phase of a building’s life.
If a more ambitious, whole life cycle analysis (LCA) is undertaken , Fawcett et al.™! observed
that it is likely to be unrealistically precise because deterministic models dominate current
practice. A deterministic type of model constrains users to a single value for each model
input, which Fawcett et al. argue is inferior to a probabilistic approach. They propose that
triangular probabilistic modelling (with low, likely and high values for each model input)
provides decision-makers with a better understanding of where they should focus their
attention during the design process and beyond.

Although Fawcett et al. do not explicitly address the issue that their life cycle model is
untested against data from real buildings, this may be because an accurate prediction is not
actually the purpose of their modelling. Epstein ' expands upon this idea by highlighting 16
reasons for building a model even if its predictive accuracy is unknown. He emphasises the
rigour and value of models that are explicit because they provide others with sufficient detail
to examine, criticise, improve and fundamentally reproduce results. Blockley and Godfrey™
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have also discussed these steps in relation to complex engineering problems as a process of
“continuous learning”.

This extended abstract shows that it is possible to explicitly, but concisely describe the
logic, inputs and outputs of a life cycle model and then reflect on all three. The purpose of the
modelling is to learn about how a range of values influence the life cycle greenhouse gas
(GHG) emissions associated with a cubic metre of concrete, steel and timber when each one is
the primary material of three different building components (the envelope, finishes and
structure).

METHODOLOGY

The methodology has two parts. The first is the model logic, which is based closely on BS
EN 15978: 2011, the method proposed by Adalberth ! and knowledge of the GHG
conversion factors available. The second is the choice of a reasonable range and likely value
for all model inputs based upon a review of UK specific literature and informal discussions
with practitioners.

Modelling logic: mass of materials

The mass of material used prior to practical completion is the product phase material PM.
During the design process, the mass is calculated from the volume of the material V, its
density p and a percentage increase to account for losses during both transporting Prransporting
and installing Pinstatting (1).

PM = (V : p) (1+ PTranspornhg + I:)Installing) (1)

The use phase material UM is also important. This is the mass of a material M added to the
building during maintaining and repairing or replacing and refurbishing (MRRR) (2).

UM =M +M @

Maintaining & Repairing Replacing& Refurbishing

CL
— Building
M Maintainingy & Repairing — (PMaintainirg & Repairing : PM ) L _1 (3)
Applicatin
M -(R P )| | e | g @
Replacing& Refurbishing — \" Replacing& Refurbishing ’ L -
Component

The quantities of material for each MRRR process are a percentage P of the product
phase materials multiplied by the number of times that process occurs during the life of the
building. Occurrences are calculated from the life of the building Lguiing and the life of the
material in that application Lagpiication OF the life of the whole component Lcomponent. Based upon
the EeBGuide!, the result is rounded up before subtracting one (3)(4).

Modelling logic: mass of waste categorised by treatment process

All of the product phase materials PM (including the losses described above) are assumed to
become waste and its treatment is based upon a percentage recovered Precovered (5) and
incinerated Pncinerated (6) With the remainder assumed to end up in landfill (7).
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PM Recovered — PM ’ PRecovered (5)
PM Incinerated — PM - Plncineratfd (6)
PM Landfilled — PM - (PM Recovered + PM Incinerated) (7)

(5)(6)(7) also apply to all material during the use phase, but with UM replacing PM.
Modelling logic: carbon dioxide equivalents and other pollution

Whether quantifying carbon dioxide equivalents or other impacts, conversion factors provide
a way to simplify the modelling. One example is the Inventory of Carbon and Energy®,
which summarises numerous ‘cradle to gate’ material studies. This facilitates the calculation
of the product phase impact Iprguet Of the product phase material mass PM by simply
multiplying it by an appropriate conversion factor Cproducing. The conversion factor represents
the impacts of obtaining the raw material, transporting it to the factory and then processing it
or manufacturing the finished product (8).

IProduct = ICradIeToGele = (PM : CProducing) (8)

The construction phase impact is just the impact of transporting product phase
materials to site lgaeTosite @S the impact of all site activities is not quantified by the model. The
end of life phase is the sum of transporting the product phase materials to different treatment
facilities Isietocrave With an appropriate conversion factor applied to the different categories of
waste to acknowledge the impacts of treating them (9). Transporting impacts during both
phases are the mass of material or waste multiplied firstly a generic conversion factor
Crransporting @nd then a phase specific distance D (10)(11).

IGrave = (PM Recovered CRecovering)-'_ (PM Incinerated CIncinerating) + (PM Landfilled CLandﬁllirg) )
IGateToSite =PM - DGateToSite ) CTransporlrhg (10)

ISiteToGra\e =PM - DSiteToGra\e : CTransportmg (11)

The impact of the use phase is found by calculating the impacts of all use phase
material from cradle to grave. (8)(9)(10)(11) are all used to calculate this impact, but with UM
substituted for PM.

Notably, the model does not include the use of machinery and site activities during the
construction, use and end of life phases. In the absence of any appropriate conversion factors,
these impacts would be laborious to calculate and are generally thought to be small in the
context of the entire life cycle. Another notable simplification is the grouping of construction
and end of life waste as PM.
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Modelling inputs: ranges and references

Table 1 details the range of UK appropriate values for each material application input and lists all of the references used to support them.

Table 1. A summary of the UK specific ranges for each model input with supporting references

Input Uniits Concrete _ Steel/Stainless Stt_ae? Timber _ Ref.
Envelope Finishes Structure Envelope Finishes Structure Envelope Finishes Structure

P kg/m® 500-2100 | 1440-2400 | 1440-2400 | 7800-8000 | 7800 -8000 | 7800 -8000 | 450 - 630 400-1000 | 500 - 930 el

Prransporting | % 0-10 0-10 0-10 0-10 0-10 0-10 0-10 0-10 0-10

Pinstalling % 0-20 0-20 0-20 0-10 0-10 0-10 0-10 0-10 0-10 “

Pwaintaining | % 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5 0-5

Prepairing | % 5-10 5-10 5-10 5-10 5-10 5-10 5-10 5-10 5-10

Prefurbishing | % 10 - 50 10 - 50 10 - 50 10 - 50 10 - 50 10 - 50 10 - 50 10 - 50 10 - 50

Preplacing | % 100 100 100 100 100 100 100 100 100

Precovered | % 75-95 75-95 75-95 90 - 100 90 - 100 90 - 100 57 -95 57 -95 57 -95 7l

Pincinerated | % 0 0 0 0 0 0 5 5 5

Lapplication | Years 5-25 5-15 5-25 5-25 5-15 5-25 5-25 5-15 5-25

Lcomponent | Years 25-75 10-30 25-75 25-75 10-30 25-75 25-75 10-30 25-75

DoateTosie | KM 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 Bl

DsiteTograve | KM 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 20 - 1200 il

Crroducing | kg CO2/kg 0.05-0.16 0.05 - 0.16 0.05 - 0.53 1.38-327 | 1.38-6.15 1.38-6.15 020-143 | 041-110 | 0.20-0.87 sl

Crransporting | (kg CO2:/kg)km | 3-10°-3-10* | 3.10°-3-10* | 3.10°-3-10* | 3.10°-3.10* | 3.10°-310* | 3.10°-3-10* | 3.10°-3-10* | 3.10°-3-10* | 3.10°-3.10* | I

Chrecovering | kg CO24/kg 0 0 0 0 0 0 0 0 0

Cincinerating | kg CO2c/kg 0 0 0 0 0 0 0.021 0.021 0.021 ©l

ClLandfiing | kg CO24/kg 0.002 0.002 0.002 0.002 0.002 0.002 0.851 0.851 0.851 el




RESULTS

Figure 1 breaks down total COy, by building life cycle phase based upon a building life of 25
years (Lauiiging) for each material application scenario. The ‘best’ and ‘worst’ scenarios
(smallest and biggest quantity of emissions) shown for each material application were
produced by an appropriate combination of the lowest and highest values from Table 1.
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Fig.1: Breakdown of life cycle CO2e in different material application scenarios

DISCUSSIONS

Figure 1 shows the significant proportion of COy that would be outside the scope of a
product phase analysis of a building. In fact, the product phase is the most significant part of
the life cycle in only 16 of the 27 model outputs, even if a short 25 year building life is
assumed. (If the actual building life was 60 years, the number decreases to just six.) Such a
general observation is more interesting than a comparison of the best material for each
component, because a cubic metre is not an appropriate functional unit of comparison. As a
result, it was a conscious decision not to present the results as absolute quantities.

Although Lagpiication, Lcomponent @nd all of the MRRR percentages in Table 1 clearly
need supporting with peer-reviewed research, they are currently constant for each material
application. If a greater distinction could be made between these model inputs, then the
differences between material applications might become more pronounced. Furthermore,
with a more detailed review of the model inputs, particularly the conversion factor
methodologies, it would be possible to translate them into specific guidance for designers,
contractors or asset managers.

A clear limitation of the model is that all inputs are constant throughout the building’s
long life, but it is feasible to address this in some instances with life cycle averages rather
than complicating the model logic. The methodology has also noted that all site activities are
currently outside of the scope of this model, but there are other questions about its boundaries.
Concrete coatings, steel paint and wood preservatives might have a significant impact if they
were included too. Conversely, a concrete finish might be achievable without any additional
material if it is possible to expose the structure.

The limitations of the model logic and inputs should all be addressed when they are
applied to other components or, more ambitiously, a whole building.
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CONCLUSIONS

A description and critique of a model’s outputs, logic and inputs is possible even within the
page constraints of this short extended abstract. The probabilistic, explicit and reflective
approach it demonstrates could translate to other materials, components, and potentially
whole buildings with the purpose of learning about embodied life cycle GHG emissions (or
other environmental impacts) in different scenarios. Although a number of modelling
improvements are detailed, the outputs do suggest that the ‘cradle to gate’ or product phase
may not be the most significant even if a building’s life is only 25 years. Priorities for further
study include the demands for use phase materials as well as the distance and mode of
transporting them to or (as waste) from the site. However, this research should also conduct a
more systematic analysis of how modifying the modelling logic and inputs influences its
outputs.
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ABSTRACT: The level of free chloride concentration in reinforced concrete structures
essentially determines the onset of steel corrosion initiation and further propagation . One of
the well-known methods for monitoring free chloride concentration is using silver/silver
chloride electrodes (Ag/AgCl). These electrodes are sensitive mainly to chloride ions and
establish a certain electrochemical potential depending on the chloride ion activity in the
environment. Although the functioning principles of these electrodes are well-established,
their use in concrete is challenging when durability and practical engineering issues are
considered. In order to be able to accurately determine free chloride content in concrete, it is
important to evaluate the performance of Ag/AgCl electrodes (sensors) in strong alkaline
environments i.e. those existing in non-carbonated concrete (pH~12-13.5). Furthermore the
linear response of these sensors to a wide range of chloride concentrations in highly alkaline
medium, as well as their sensitivity to pH changes, need a more in-depth investigation.

In this paper the response of Ag/AgCI electrodes in simulated pore solutions having
different chloride concentrations and different pH values was studied. The electrodes were
calibrated in cement extract solution, distilled-water and simulated pore solution. The results
show that at chloride concentrations of > 4 mM the effect of pH on the response of the
sensors is insignificant which makes using Ag/AgCl sensors in concrete feasible i.e. this
concentration is much lower than the generally reported thresholds for corrosion initiation.
Keywords: Ag/AgCI electrode, cement extract solution, free chloride, pH value, pore solution.

INTRODUCTION

Corrosion of the steel reinforcement in concrete is recognized as the major problem within
maintenance of civil structures. The concrete pH, usually in the range 12-13.5, provides
chemical protection to the re-bars due to steel passivation. However, with time, severe
corrosion problems may occur in reinforced structures . Chloride ions are the major
contributing factor that affects the corrosion state of the steel rebar embedded in concrete.
Analysis of the chloride content in hardened cement based materials is not an easy task. The
traditional way of powder drilling, dissolution in acids and chloride analysis by
potentiometric titration shows quite a wide scatter %!, Having the drawbacks of destructive
techniques, attempts have been made to measure the free chloride concentration in the
concrete pore solution by means of embedded ion selective electrodes. A perfect embeddable
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electrode must obey several conditions: it must be stable, invariant to chemical and thermal
changes in concrete, able to pass small currents with a minimum of polarization and
hysteresis effects, display long-term performance, be cost effective and result from an
environmentally safe manufacturing procedure ™.

Because of its good stability and easy preparation, the common Ag/AgCl electrode has been
widely used as a reference electrode in electrochemistry. Solid Ag/AgCl electrodes (or
commonly known as ion-selective probes) have been also developed to monitor the chloride
content in model solutions or concrete structures 3. The first documented attempt to measure
chlorid[g] ion activities with Ag/AgCI electrodes in hardened mortar was reported in the early
1990s .

In this study, Ag/AgCI electrodes were prepared by anodizing metallic silver in acidic
environment with high chloride concentration. During the anodization process the silver wire is
“coated” with AgCI packed-piled particles. This electrode, when in contact with the relevant
external environment, establishes a quasi-equilibrium potential (Fig. 1). This potential depends
on the chloride concentration in the environment and as long as this electrolyte concentration is
maintained, the electrode potential is constant.

Ag
Ag/AgCI electrode cement paste C-SH 21 (}é;:i
® 5 p

Fig. 1: Schematic representation of Ag/AgCl electrode in contact with cement paste

Some authors reported that Ag/AgCI electrodes embedded in mortar specimens are stable
only for a short period, while others found good long-term stability. Consequently, these
electrodes still remain a potentially interesting choice in what concerns chloride ion monitoring
in reinforced concrete structures ™. Their equilibrium potential value depends on the chloride
ion activity (concentration) in the surrounding medium according to Nernst’s Law .. In high
alkaline solution and in the presence of hydroxyl ions (as within concrete environment), silver
activity near the surface (and hence electrode potential response) is determined by an exchange
equilibrium, Eq.(2) I

2AgCIH+20H «—> Ag,0+2CI' +H,0 @)

AN

At high pH values, the AgCl membrane becomes unstable and is, partly or completely,
turned into Ag,0. By continuous transformation of the electrode surface into Ag,O, a mixed
potential will be developed at the electrode/solution interface. As reported in previous studies,
pH has a significant influence on the potential value of the sensor at low chloride concentration
and further studies need to quantify the interference of pH in order to establish a suitable
calibration method for low chloride concentration environments . Some authors discussed the
limit of detection of the chloride ion selective electrode, due to hydroxyl ion interference, varies
with pH. For the pore solution of ordinary Portland cement paste or concrete, this limit can be
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set between 3*10~ molal, and 7*10°° molal, i.e. just below a chloride concentration value of
1*102 molal. This effect can prevent the reliable measurement of free CI” concentrations, when
these are below the corresponding limit of detection [°!,

Therefore, in order to be able to accurately determine the free chloride content in
concrete, it is important to evaluate the performance of Ag/AgCl electrodes (sensors) in strong
alkaline environments i.e. those existing in non-carbonated concrete (pH~12-13.5) and
intensely carbonated concrete (pH~7.5) [,

In this paper the response of Ag/AgCI electrodes in simulated pore solutions with
different chloride concentrations and different pH values was studied. The electrodes were
calibrated in distilled water (pH=6) and simulated pore solution (pH=13.6). The range of
employed chloride concentrations in the above environments allows quantification of the
interference of pH and establishing a suitable calibration method for low chloride concentration
environments.

EXPERIMENT

Silver wires, 1 mm in diameter (99.99% purity) were cleaned for 2 hours in concentrated
ammonia and immersed in distilled water overnight. Next, they were anodized for one hour in
0.1M HCI solution at current density of 0.5 mA/cm? (Pt mesh served as cathode). The
electrodes were stored in closed and out of direct sunlight environment until needed.

AglLl
Clka

.
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Fig. 2: SEM micrograph and EDS analysis of AgCl layer deposited at 0.5mA/cm? current density

Electrical connection for further tests was made through welding of the anodized silver wire to
a copper wire; the non-anodized and welded zones were insulated by epoxy resin.

Fig. 2 shows the surface morphology of a Ag/AgCl electrode, anodized in 0.1 M HCI. Scanning
electron microscopy (SEM) observations show the uniformly packed and piled particles,
deposited on the silver substrate; Energy dispersive x-ray analysis (EDS) confirms the presence
of AgCI through the observed Ag and CI peaks in the EDS pattern. The electrode (sensor)
potential was measured in distilled water (pH~6) and in simulated pore solution (0.63 M
KOH+0.05 M NaOH+Sat. Ca(OH), in the presence of various chloride concentrations.

RESULTS

Fig. 3 shows the fast response of the sensors to the various levels of CI" concentration in
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different solutions, establishing stable potential values. This is essentially a potentiometric
measurement. when exposed to solutions with various amounts of CI ions, the Ag/AgCI
electrode responds in a few seconds and reaches a constant potential depending on the CI°
concentration in less than 1 min. The final potential increases (becomes more anodic or positive)
with decreasing Cl-ions concentration and more negative (more cathodic) with increasing
chloride concentration. These potential changes follow fundamental principles and Nernst law,
but are also determined by the ease of the electrochemical process i.e. the response of the
sensor is also influenced by the morphology and microstructural properties of the AgClI layer,
shown in Fig.2 (the dependence of sensor response on AgCI layer properties is not subject to
this work)

a) distilled water b) Simulated pore solution
150 | [ 1mM 150 1 e 1mM
130 Frmmmmmmmmmmmemnmm e 2mM 130 LTI T oo
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E 70— ————— — |—-31mM £ 70 | 31mM
8 e — | —-62mM 8 o — |—-62mM
S 50 & 50 -
====================== —==125mM Fescc===cco=cccccccco= | o==126mM
0L L e — =250mM W e e o= = == = =250mM
10 mr et i st =t = = =« 500mM 0] TrTrTs e o = - 500mM
o T ———— ——— | — 1000mM g ———— |= 1000mM
0 500 1000 0 500 1000

Time (second) Time (second)

Fig. 3: Potential response of Ag/AgCl electrode in solutions with various amounts of CI°

As can be observed (Fig.3) the type of solution determines slightly different response of
the Ag/AgCI sensor under the same chloride ion concentration. For instance, for 1 mM CI-
concentration, the sensor potential in distilled water presents 13.1 mV higher value, compared
to the potential reading in simulated pore solution. This decreased potential values in simulated
concrete pore solution, which has a notably higher pH value (13.5) than distilled water (pH of
6.0), is mainly due to the interference from hydroxyl (OH") ions. This deviation at low chloride
contents could be attributed to the formation of Ag,O, AgOH or Ag(OH)’,. When the chloride
ion concentration increases to 1000 mM, the potential of the sensor in simulated pore solution
is a slightly higher (1.9 mV) than that in distilled water and simulated pore solution, containing
1007 mM chloride concentration. Therefore, the influence of pH on the potential of the sensor
in 1000 mM chloride concentration is different from those in 1 mM chloride solution so the
potential variation is less significant at higher chloride concentrations. This interference has
seldom been quantified before for the case of concrete pore solution.

According to the literature, it was shown that in conditions of the same chloride
concentration the potential of Ag/AgCl electrode in simulated pore solution containing NacCl is
always more positive than that in pure NaCl solution . However, in the current study the
potential of Ag/AgCl electrodes in distilled water with 1 mM and 2 mM was more positive than
the corresponding potential in simulated pore solution. This indicates that the high pH affects
the senor behavior at low chloride concentration.

To investigate the effect of pH on the potential of the sensor at different chloride
concentrations, simulated pore solutions with different pH (7.0, 9.0, 12.6, 13.6) and chloride
concentrations (1 mM, 2 mM, 4 mM, 16 mM, 62 mM and 250 mM) were prepared and the
potential of the sensors was measured in these solutions. In order to prepare the solutions at
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different pH, and chloride concentrations but with similar ionic strength (to minimize the
effects due to the presence of ions other than hydroxyl ions), concentrated nitric acid was added
drop-wise to the solution to adjust the pH at the relevant values. After pH adjustment, the
potential of the sensor in the solutions was recorded.
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Fig. 4: The effect of pH on the response of the sensor

Fig. 4 shows the pH sensitivity is lower at higher chloride concentration. At low chloride
concentration the potential difference between the solutions with different pH is larger than the
potential difference at higher chloride concentration. In the case of 1 mM and 2 mM the
difference between the maximum and the minimum potentials is about 18 mV and 10 mV,
respectively. At 4 mM chloride concentration there is only 2 mV difference between the
highest and lowest potential of the sensor. At higher chloride concentrations the effect of pH on
the response of the sensor is less than 1 mV which is insignificant. Therefore, in solutions with
chloride concentration lower than 4 mM, the effect of pH on the response of the sensor is not
negligible. Therefore, the Ag/AgCl electrodes (sensors) can be used to determine chloride
concentrations in cement-based materials with high accuracy at chloride concentration higher
than 4 mM. Considering pH of 12.6 as the maximum value results in higher accuracy at low
chloride concentrations and the difference between the maximum and the minimum potential of
sensor at 1 mM and 2 mM chloride solutions decreases to 5 mV and 3 mV, respectively.
Consequently, pH has a significant influence on the response of the senor when a pH increase
from 12.6 to 13.6 is relevant (12.6 — 13.6 being the pH range for pore solution in concrete
environment).

These results indicate that (ideally) the chloride-content should be determined along with
simultaneous detection of pH values, especially when low chloride concentrations are
concerned. The performance of the Ag/AgCl sensors in embedded conditions (cement paste,
mortar and concrete specimens) iS an on-going investigation, focusing on sensor readings’
interpretation and defined field application.

CONCLUSIONS

The following conclusions can be drawn from the present investigation:
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At 1000 mM chloride concentration, the solution composition has a minimum effect on
the response of the sensor.

The pH has a significant influence on the potential value of the sensor at chloride
concentration lower than 4 mM.

The pH value should be simultaneously detected in order to precisely determine the
chloride content in concrete with low or minimal chloride concentration.
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ABSTRACT: Chloride-induced corrosion of steel reinforcement is one of the major threats to
durability of reinforced concrete structures in aggressive environmental conditions. When the
steel reinforcement starts to corrode, structures gradually lose integrity and service life is
shortened. Cracks are inevitable in practice and they facilitate ingress of chloride ions,
moisture and oxygen through the concrete cover. This work discusses the experimental set-up,
developed with an emphasis on the effect of cracks on chloride-induced corrosion of
reinforced concrete structures. The test series consist of 32 reinforced concrete beams
(1500%x100%150 mm), designed in manner to monitor both mechanical and corrosion
(embedded steel, reference cells, counter electrodes) properties. Four-point bending was
applied in order to induce cracks with predefined and variable width. The variable mean
crack width, number of cracks and total crack width were investigated in correlation to
different concrete cover and types of loading in the experiments. In order to simulate
aggressive environment within the designed loading conditions, the specimens were exposed
to alternating wetting and drying cycles i.e. once a week for 2 days ponding using a 3.5 %
NaCl solution and a 5 days drying phase. The half-cell potential and linear polarization
resistance methods were applied for assessing the corrosion state of the steel reinforcement
(this is an on-going experiment, hereby reported are the details of experimental set-up).

Keywords: chloride-induced corrosion, concrete cover, crack width, crack frequency,
durability, reinforced concrete.
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INTRODUCTION

Common knowledge, e.g. considering Tutti’s [ diagram, is that within the service life
prediction for reinforced concrete structures, two main phases can be distinguished and
defined: the corrosion-initiation phase and the corrosion-propagation phase. During the
initiation phase chloride ions, water and oxygen penetrate through the concrete cover and
reach the vicinity of the steel reinforcement. The initiation period is defined to be completed
when the chloride concentration at the steel surface reaches a critical value, thus destroying
the passive layer protecting the steel reinforcement. This is the point when the propagation
phase starts. In this phase corrosion products form, accumulate, volume expand and hence
induce concrete cover cracking, which even further facilitates accelerated penetration of
aggressive substances, through already an increased number of cracks. Furthermore,
corrosion can lead to spalling of the concrete cover, reduction of the cross-sectional areas of
the reinforcement and as such impair structural safety.

The unavoidable presence of cracks in concrete structures can, essentially, determine a
rapid start of the corrosion initiation phase, e.g. even within a few days-scale . However, this
process is supposed to slow down and even to stop as a result of “self-healing”. This early
corrosion is therefore, in the case of small cracks, not believed to be very influential on the
service life of a structure. However, tests with regard to the role of this autonomous “self-
healing” of cracks have been generally carried out under static loading and it is questionable
whether the already drawn conclusions hold for other situations as well, for instance for non-
static conditions in bridges.

RESEARCH SIGNIFICANCE

It is remarkable that in the Model Code for Service Life Design ! the width of the cracks is
not considered as an influencing factor, whereas in nearly all building codes the service life
of concrete structures is directly related to the surface crack width. This leads to a confusing
situation, because increasing the concrete cover is supposed to improve service life, whereas
increasing the concrete cover leads as well to an increased surface crack width (due to the
truncated shape of the cracks), which — according to the codes — means a reduction of service
life at the mean time. Hence, it would be already an improvement to adopt the surface crack
width — concrete cover ratio as a criterion for service life design, instead of the current width
of surface cracks . Furthermore, it is unsatisfactory that in current codes for structural
concrete the maximum allowable crack width only depends on the exposure class and the
type of structure (reinforced or prestressed), whereas anyhow the concrete composition and
the level of loading are influencing parameters, together with the possibility for crack
frequency, crack orientation and crack depth to play a significant role. Regarding those
uncertainties, it is obvious that the influence of cracks on service life should be re-considered.
To that aim, an appropriate experimental set up should be developed, which is subject to
discussion in this work.

DEVELOPMENT OF THE EXPERIMENTAL SET-UP
As far as the durability provisions for chloride-induced corrosion of reinforced concrete
structures are concerned, the following issues are prescribed by codes: exposure class (X0,

XC, XD, XS, XF, XA), sometimes the concrete mixture (w/c ratio, cement content, binder
type), maximum allowable crack width and minimum concrete cover. All of these were
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considered for the experimental set-up. Additionally, to account for the influence of cracks on
chloride-induced corrosion, the following parameters were altered: crack width, crack
frequency, total (summed) crack widths, concrete cover and type of loading.

Exposure class

The exposure classes for concrete structures are defined in Eurocode 2 °!. In the experiments
the most severe conditions were applied by alternating wetting and drying cycles to simulate
environmental class XD3. Examples of this exposure class are car park slabs, pavements, and
parts of bridges exposed to de-icing salts. Several researchers used a different chloride
ponding-drying ratio to simulate corresponding exposure conditions. For example, in a study
by Otieno 1!, 3 days ponding by 5% NaCl and 4 days drying (weekly cycles) were applied to
accelerate steel corrosion. Mohammed™® and Otsukil”,  reported 24 hours ponding and 60
hours drying cycles, twice a week , using 3.5% and 3.1% of NaCl respectively. However, the
most realistic conditions were applied in a study by SchieRl !, where 1 day of ponding using
1% NaCl and a 6 days drying period were applied twelve times, followed by two wetting
periods with chloride-free solution. After that, the specimens were exposed to 80% RH in a
climatic chamber without further wetting cycles for one year. After one year, the same
procedure was conducted once again to simulate exposure conditions as closely as possible in
the splash zone of a motorway near Duisseldorf during the harsh winters of 1986 and 1987.
Research should be carried out during limited time, but it is not desirable to exaggerate with
acceleration of steel corrosion in comparison with real exposure conditions. Considering the
aforementioned reports and in order to simulate aggressive environment, the cracked
reinforced beams in this study were exposed to alternating wetting and drying cycles once a
week for 2 days ponding (3.5 % NaCl solution) and a 5 days drying phase.

Concrete mixture

In order to reduce the number of parameter combinations, and regarding that the role of the
concrete composition is not the subject of the research, only one concrete mixture was used
for all experiments. The research project aims at investigating the influence of cracks on
chloride-induced corrosion during a limited period of time. Consequently, a relatively low
value of the concrete strength class was aimed at for the concrete mixture, C20/25 (w/c ratio
0.60 and cement content 260 kg/m3).

Casting and curing

The reinforced concrete beams 1500%x100x150 mm were cast with one ribbed bar which was
embedded at the desired position. High yield ribbed reinforcing bars B500A were used,
diameter of 12 mm and length of 1460 mm. Before casting, the reinforcing bars were
degreased. The internal reference electrode (platinized titanium) was fixed next to the
reinforcing bar using strips (Fig. 1). The side of the beam, which was later exposed to a
chloride solution, is situated at the bottom of the mould. The concrete was vibrated in three
layers. Titanium mesh (MMO Ti) was embedded at the opposite side at 15 mm from the cover
in order to act as counter electrode for corrosion measurements (Fig. 2). Several cubes were
cast from each batch to monitor the compressive strength. Three cubes per batch were cast in
order to be exposed to a chloride solution under the same conditions as the beams and for the
purpose of finding chloride profiles in uncracked concrete. After casting, the beam specimens
and the cubes were covered with plastic sheets for 72 hours under laboratory conditions.
Subsequently, all specimens were cured in a climate-controlled (fog) room (20+2°c and
95+5% RH) until the age of 28 days. Then, three cubes were tested to check the compressive
strength, while the reinforced concrete beams were exposed to air drying under laboratory
conditions for additional 7 days.
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Fig. 1: PUTi Fig. 2: MMO Ti mesh Fig. 3: Crack width 0.1 mm Fig. 4: Crack sealing
reference electrode counter electrode by epoxy

Concrete cover

During casting three different concrete covers were applied: 20 mm, 30 mm and 40 mm. The
larger the concrete cover, the longer is the distance from the concrete surface to the steel
reinforcement i.e. the larger is the limitation for aggressive substances penetration.
Consequently, a thicker concrete cover theoretically provides better corrosion protection of
the steel reinforcement. A larger concrete cover, on the other hand, leads to a higher surface
crack width. Therefore, it is logic that the surface crack width-concrete cover ratio is a
parameter which has to be taken into consideration. Four-point bending was applied in order
to induce predefined crack widths in reinforced concrete specimens. Steel beams were needed
for the purpose of accommodating supports (steel rods) on them and to use a downer bracket
in interaction with threaded rods, bolts and upper bracket to apply the force on the concrete
beam. The experimental set-up is shown in Fig. 5. The series of different mean crack widths,
number of cracks and total crack widths were tested in combination with various concrete
covers and types of loading during the experiments. Crack widths were measured by a digital
microscope and the average value was compared with the desired target value (Fig. 3). In
order to control the number of cracks in some series undesired cracks had to be sealed by
epoxy (Fig. 4). The containers for NaCl solution were made of PVC and placed on the top of
the beam. The cracks in depth along both sides of the beams were sealed by silicone.

Platinized titanium
Titanium mesh-—
3.5% NaCl j Reinforcing bar with wire connecti ‘

[ )
83 12 40 4

50 475 450 475 50 100 100 ) 4100 1
i Vv I v i
A 7t 7 A A
2 A

Fig. 5: Experimental set-up

MEASUREMENT OF STEEL CORROSION

Half-cell potential

The half-cell potential (HCP) measurement is the most widely used standard and non-
destructive technique for assessing the active or passive state of steel in concrete. The HCP, in
a simplified way, provides a potential reading (voltage difference between the steel
reinforcement and a reference electrode). Based on standards, requirements and experience,
the probability of corrosion initiation and further propagation is judged, based on the recorded
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potential values. Different reference electrode (cells) can be used, including external and
embedded ones. In this experiment silver-silver chloride (Ag/AgCl) was applied as an
external reference electrode. HCP measurements were conducted using an electrical
connection to the reinforcement and the external reference electrode, placed on the concrete
surface — this was the so-called, “point” measurement. The steel electrode potential was
further recorded through the embedded Pt/Ti reference cell, which gives the average value for
the whole re-bar. The HCP measurements were conducted as point measurements twice a
week, at the end of wetting and drying cycles, aiming to assess the probability of steel
corrosion !, Information on the corrosion rate is not available via HCP. After steel de-
passivation, linear polarization resistance technique was applied in order to quantitatively
assess the corrosion state of the steel reinforcement. Potentiostat was used for all corrosion
tests.

Linear polarization resistance

The linear polarization resistance (LPR) technique can be considered as a non-destructive,
mostly straight-forward rather then complex technique for corrosion rate measurements in
civil structures. The principle of LPR is steel polarization in a window of at least +/- 10 mV
around the HCP and record of the corrosion current response within polarization. For this set-
up, the steel reinforcement was the working electrode, the titanium mesh was the counter and
Ag/AgCI (or the embedded Pt/Ti) was the reference electrode. A polarization window from -
20 mV to +20 mV with a scan rate of 0.1 mV/s and a step of 0.5 mV were applied. The
fundamental principle of this and other electrochemical techniques can be found in more
details in specialised literature and reports ™!, For the purpose of this investigation, it will be
only mentioned that linear regression was applied to derive the R, values (eq.1), whereas the
Stern-Geary equation (eq. 2) was employed to calculate the corrosion currents. Normalization
to corrosion current densities was performed through considerations of geometrical constants
(equations 3). Automated calculation (via the relevant in this case NOVA software) is also
possible and additionally employed in this study.

AE
e —— 1
Rp Al 1)
B
o =5 )
R,
_ ICOI’T (3)

Icorr_ A where A: 7ZDI

B is a constant which varies and depends on many factors and conditions (which are not
subject to discussion hereby). According fundamental principles and literature and also
considering reinforced concrete, B = 52 mV is used for passive and B = 26 mV is used for
active state of the steel reinforcement 1%, therefore these range of values were employed in
the calculations of corrosion rate for this study as well. As aforementioned, the experiment is
on-going. The exposure and monitoring time will be 2 years.
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CONCLUSIONS

This experimental program is focused on the relation between surface crack width and
corrosion initiation and propagation in reinforced concrete members. The purpose of this
experimental set-up is to investigate the interconnected influence of surface crack width,
crack density (frequency), total crack width, concrete cover and loading conditions on the
corrosion of steel reinforcement. Actually, this experimental set-up was developed in order to
take a step towards improved regulations for cracked reinforced concrete members in
aggressive environmental conditions.

9.
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ABSTRACT: Despite concerns over the effect of spacers on concrete durability, no studies
have been carried out to establish the behaviour of the different types and materials of spacers
in concrete. This paper investigates the effect of concrete, plastic, and steel spacers on gas
diffusion, gas permeation and water absorption (sorptivity) in concrete cover. Concrete
specimens made using different types of spacers were subjected to different curing and
drying regimes reflecting real site conditions. Transport properties were then measured and
UXRF was utilised to study chloride ingress, particularly near the interface between spacers
and concrete matrix. The results show that plastic spacers consistently give the least
resistance to transport, followed by samples with concrete spacers and steel spacers. The
control samples (samples without spacers) had the most resistance to transport in all cases.
This behavior is probably due to the poor interface between spacer and concrete and
differential shrinkage, due to drying or cooling, between spacer and concrete which lead to
cracking.

Keywords: Chloride penetration, interface zone, spacer, transport properties, uXRF.

INTRODUCTION

A rebar spacer is a device that is placed to secure the reinforcing steel prior to concreting so
that the required concrete cover between the reinforcement and formwork or blinding is
achieved ) Adequate cover is essential to protect the reinforcement from corrosion. The
spacer is left permanently in the structure and it may have an important influence on the
properties of the hardened concrete. A detailed search of the literature on the effect of spacers
on the microstructure and durability of concrete showed there has been little research on this
subject. It appears that its significance has largely been ignored by the concrete construction
industry.

Spacers are manufactured from three basic materials: plastics, cementitious material or
steel wire. Although spacers represent only a small proportion of the concrete cover, their
presence could interrupt the microstructure of the concrete cover and provide potentially easy
access of deleterious agents to the reinforcement. Despite some concerns over the effect of
spacers on concrete durability, no studies have been carried out to establish the effect of the
different types of spacers on the properties of concrete. There is a lack of research on
understanding the effect of spacers on the mass transport properties and durability of
concrete, in particular chloride or carbonation induced reinforcement corrosion.
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EXPERIMENTAL WORK

Material

Concrete mixes were prepared at a water to cement ratio (w/c) of 0.4. The mix proportions
are shown in Table 1. The cement used was CEM 1 complying with BS EN 197-1:2011 .
Tap water was used as batch water. The aggregates were Thames Valley gravel (5-10 mm)
and sand (<5 mm) complying with the BS 882 Medium grading. Three types of spacers were
tested in this study: a) concrete single cover spacer without tying wire, b) plastic “A shaped”
spacer, and c) continuous lattice steel wire spacer.

Table 1. Concrete mix design

Mix 1D w/c ratio Cement Sand Gravel
(kg/m?) (kg/m?) (kg/m®)
C1 0.4 345 726 1090

Sample preparation, curing and conditioning

More than one hundred cylindrical samples of 100 mm diameter and 50 mm height were cast
in steel moulds. Spacers were tightly secured to the mould by clamping the rebar onto the
base plate using the assembly shown in Figure 1. Concrete was placed in three layers and
each layer was compacted using a vibrating table until no significant amount of air bubbles
escaped the top surface.

Sample with
steel spacer&

Sample with Sample with

ntrol sampl i
Control sample concrete spacer plastic spacer

Fig. 1: Sample setup

Samples for transport testing were covered in plastic sheets and wet hessian for the first 24
hours, de-moulded, sealed in cling film and polythene bags and then kept in the laboratory at
20°C for a predetermined curing period of 3 or 28 days. Samples were conditioned at 20°C,
50% RH to constant mass prior to transport testing. Samples for chloride penetration were
cured in a fog room (20°C, 100%RH) for 28 days. Subsequently, samples were dried in an
oven at 40°C until constant weight was achieved.

Transport testing

Three replicates of each sample type were tested for oxygen diffusion, oxygen permeation,
water absorption, and chloride penetration. These transport tests were selected because of
their relevance to reinforcement corrosion. Water ingress via capillary suction is an important
transport mechanism in non-saturated concrete. Full details of the test methods are described
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in B1. In the chloride penetration test, samples were placed in a tray containing shallow
sodium chloride (3M) solution for 40 days. The solution level was about 5 mm above the
lower surface of the sample.

Micro X-ray fluorescence (LXRF)

UXRF is a non-destructive technique for mapping and measuring elemental composition. It
uses an X-ray beam to excite the sample instead of a beam of high-energy electrons as in the
case of energy dispersive X-ray microanalysis (EDX). The main advantage of uXRF over
EDX is its ability to map large and irregular samples, under ambient pressure environment,
without requiring destructive and time-consuming sample preparation. Depth profiles of the
chloride penetration were measured on split samples using this technique.

RESULTS

Figures 2-4 show the average oxygen diffusivity, oxygen permeability, and water sorptivity
measured after the various curing and conditioning regimes. Error bars indicate +/- one
standard error of the average. Figure 5 shows an example of a chloride distribution map for a
sample with a plastic spacer, obtained using uXRF. The results consistently show that
samples with spacers have significantly higher mass transport properties regardless of the
curing age. Samples with plastic spacers consistently recorded the highest transport
properties, followed by samples with concrete spacers and steel spacers. The control samples
(i.e. samples without spacers) had the lowest transport coefficients in all cases.

7.E-08
W 3 DAYS CURING

6.E-08 1 28 DAYS CURING

5.E-08 -

I
4E-08 -
3.E-08 - I - I
2.E-08 -
1.E-08 -
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Fig. 2: Oxygen diffusivity of samples after 3 and 28 days curing, conditioned at 20-C, 50% RH. (CO = Control;
C = Concrete spacer; P = Plastic spacer; S = Steel spacer)
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Fig. 3: Oxygen permeability of samples after 3 and 28 days curing, conditioned at 20-C, 50% RH. (CO =
Control; C = Concrete spacer; P = Plastic spacer; S = Steel spacer)
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Fig. 4: Water sorptivity of samples after 3 and 28 days curing, conditioned at 20-C, 50% RH. (CO = Control; C
= Concrete spacer; P = Plastic spacer; S = Steel spacer)
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Fig. 5: Elemental map from uXRF showing the distribution of chloride in a concrete sample containing a plastic
spacer. The sample was exposed to 3M sodium chloride solution for 40 days. Higher intensity indicates higher
concentrations of chlorides.

CONCLUSIONS

The results from this study show that reinforcement spacers have a negative effect on mass
transport properties of concrete regardless of curing age and curing condition. Concrete
samples with plastic spacers consistently give the least resistance to transport, followed by
samples with concrete spacers and steel spacers. The control samples (samples without
spacers) had the most resistance to transport in all cases. This behavior is probably due to the
poor interface between spacer and concrete and differential shrinkage, due to drying or
cooling, between spacer and concrete which lead to cracking. Further work is on going to
verify this and to determine its impact on long-term durability.
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MgO BASED MINERAL ADDITIVES FOR SELF-
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ABSTRACT: Self-healing within certain limits in traditional Portland cement (PC) concrete
called autogenous healing has been acknowledged for many years. This research aims to
increase the autogenous self-healing ability of PC concrete using expansive mineral additives,
such as magnesium oxide (MgO), bentonite clay and, quicklime. Minerals are expected to
improve the self-healing in the nano-micro scale. Preliminary laboratory investigations were
carried out in which up to 10% of the three mineral additives were mixed with PC. Cube
samples were prepared for compressive strength analysis, and prism samples for crack
forming through a three-point bend test and subsequent crack healing analysis over 28 day
periods. Healing was found to be more promising for crack width smaller than 100 pm.
Furthermore, addition of the three expansive mineral additives improved the self-healing
potential of PC, where most of the mixes showed better performance compared to only PC
mix. MgO and bentonite was also found to reduce the pH level in mixes which is promising
to create friendly environment for biological agent incorporation and healing in micro-meso
scale.

Keywords: Crystallisation, Expansion, MgO, Portland cement (PC), Self-healing.

INTRODUCTION

Modern PC concrete is currently the most used construction materials in the world. PC concrete
strength gradually decreases due to hydration, shrinkage, fatigue and other environmental
conditions. Thus, concrete structures require repair and maintenance during its design life
period. However self-healing technology can extend the repair requirement period which not
only can longer the material life span but also reduce repair and maintenance costs.

Expansive minerals such as MgO have great prospects for increasing the self-healing
capacity of PC concrete. This expensive mineral addition in the PC, process is to improve the
autogeneous self-healing of PC concrete. Autogenous self-healing is a natural repairing process
in the cementitious materials®. This process is initiated by hydration of un-hydrated cement
particles in the crack surface. There are five principle steps in autogeneous self-healing, i)
Further reaction of the unhydrated cement; ii) Expansion of the concrete in the crack flanks; iii)
Crystallization of calcium carbonate; iv) Closing of the cracks by solid matter in the water; v)
Closing of the cracks by spilling-off loose concrete particles resulting from the cracking?’.
Reactions involved in deposition of calcium carbonate are as follows”.

H,0+CO,<= H,CO;& H*+ HCO; < 2H++CO32— (1)
Ca**+C03* ¢ CaCOs (pHwarer>8) )
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Ca®*+HCO; <>CaCOs+H" (7.5<pHyter<8) (3)

Reactions illustrated in the above three equations have leads towards the calcite
crystal formation which causes the autogeneous self-healing. Permeability found to have
gradually decrease over time when water flowed through cracked concrete within a specific
hydraulic gradient*°. Expensive minerals MgO have potential to increase the self-healing
materials formation in the crack surface. MgO based mineral addition with PC cement is
hypothesized to improve intrinsic material property for better self-healing in micro scale and
may encourage the bacterial self-healing in meso scale.

MATERIALS AND METHODS

Materials

CEM 1 (52.5N) Ordinary portland cement (PC) was used as the typical cement material.
Principal self-healing minerals was light burnt Magnesioum Oxide (MgO 92/200).
Furthermore, local bentonite clay (supplied by Kentish minerals) and quicklime have been
used for assisting and comparing MgO self-healing activity with PC. Four different mixes of
PC up to 10% additives was used for investigation and compared with a control mix (100%
PC). Different mixes are illustrated in the Table 1 below.

Table 1. Mix proportions of five different cement mixes.

Mix OPC | MgO Bentonite Quicklime | Water | Superplasticiser
(PC) | (M) Clay (B) L)

M1(PC100) 100 | - - - 28.5 0.3
M2(PC95M5) 95 5 - - 30 0.3

M3(PC95B5) 95 - 5 - 32 0.3

M4(PC95L5) 95 - - 5 30.5 0.3
M5(PC90M5B5) 90 5 5 - 33.5 0.3

Methods

Mechanical and image analysis on cube (100X100X100mm) and prism (160X40X40mm)
samples was conducted to investigate the self-healing performance. Compression test on
cubes were performed following (BS EN 196-1)° in different period. Prism samples were
used for forming cracks using three point bend test following (BSEN 12390-5)" and (ASTM:
D790-10)%, and monitoring subsequent crack healing in different period. Flexural stress,
strain and elasticity was calculated using equation 4,5 and 6 below.

3PL
O =———>
2bd (4)
_6Dd
f L2 (5)
~ ’m
" 4bd?® (6)
= In those equations, o= Stress in outer surface at midpoint
l% (MPa), &= Strain in the outer surface (mm/mm), E=
’e“ <2 flexural Modulus of elasticity (MPa), P= load (N), L=
b (, Support span (mm), b = Width (mm), d= Depth (mm), D=
At - maximum deflection of the prism center (mm), and m= The
‘i gradient (i.e., slope) of the initial straight-line portion of the
= . 172

Fig. 1: Three poinf bend fest sefup.



load deflection curve (P/D), (N/mm). Three point bend test setup is illustrated in Fig.1. Prism
samples were cracked on day 1 after casting and left in the water curing tank for self-healing.
The healed samples were cracked again under three point bend test for measuring the flexural
strength regain in 28 days. The healing was also monitored under digital microscope.

RESULTS AND DISCUSION

Compressive strength development

Addition of 5% MgO increased the compressive strength of mixes as evident in
M2(PC95M5). Quicklime up to 5% did not have much impact on the overall compressive
strength development. However, bentonite clay had reduced the compressive strength,
although it had increased the self-healing capacity significantly. Substitution of 10% cement
with MgO and bentonite clay in M5(PC90M5B5) found to have reduce the compressive
strength. Strength development is illustrated in Fig.2 below.

Compressive strength development with time
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Fig. 2: Compressive strength development.

Three-point bend test

In the three point bend test, M2 and M5 found to have regained flexural strength up to 40%
and 80% after 28 day healing. In comparison, M1, M3 and M4 have not gained considerable
amount of strength (Fig.3). Hence, addition of MgO, and combined MgO and bentonite clay
have greater prospects in terms of strength regain due to self-healing.
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Fig.3: Three-point bend test on day 1 and recovery on day 28.

Crack healing visualization

Fig.4: Crack healing of M2, M3, M4 and M5 after 28 day curing.

Cracks in M2 and M5 were found to heal faster and gain considerable amount of mechanical
strength after 28 day healing (Fig.4). Good crystallisation was found in M3 and M4, however
mechanical strength regain was not satisfactory.

Furthermore, reactive MgO has great potential to decrease the pH level of concrete®.
As concrete formed with stone aggregate has a void space for survival of bacterial spore,
lower pH further have benefits for bacterial growth and survival for a longer period. The
hydration and carbonation reaction of MgO in the concrete demonstrated by Vandeperre et
al' is illustrated in equation 7 and 8 below:

MgO +H,0 —Mg(OH), (7)
Mg(OH); + CO; + 2H,0 —MgCO03-3H,0 (8)

CONCLUSIONS

Overall, MgO individually in M2(PC95M5) and MgO and bentonite clay combination in
M5(PC90M5B5) have improved both healing and sealing performance of PC cement.
Quicklime also has potential in crack sealing due to extensive crystallisation. Hence,
optimum combination of MgO, bentonite clay and quick lime have great prospects for
increasing concrete self-healing. Further, investigation is underway for finding optimum mix
proportion and characterise self-healing materials.
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ABSTRACT: Crumb rubber has found a novel use in concrete in recent years. Given the
common observation of weak bond between rubber and cement matrix, it is of practical use to
understand the effect of rubber surface modification on the resulting concrete performance. In
this paper, the effect of waste tire crumb rubber surface modification on the workability and
compressive strength of concrete properties is studied. Mixed sized crumb rubber particles
were prepared by blending different size of rubber particles so that its particle size
distribution (PSD) curve is similar to the sand grading curve. They were pre-treated by silane
coupling agent (SCA) and saturated NaOH solution, respectively, prior to replacing 20% of
natural fine aggregate by volume. Control concrete specimens with the same percentage of
untreated rubber were also prepared to compare their properties. Results reveal that the
concrete with the SCA pre-treatment crumb rubber is found to have a better compressive
strength but a worse workability as compared to that with untreated rubber or saturated
NaOH solution pre-treated rubber. The scanning optical microscopic inspection was
performed to study the interfacial properties between the rubber and cement matrix and it is
found that the rubber-matrix adhesion is enhanced by SCA, but there is almost no effect by
saturated NaOH solution by comparing to control concrete.

Keywords: compressive strength, concrete, silane coupling agent, waste tire rubber,
workability.

INTRODUCTION

The rapid growth of vehicle use has brought about a huge increase in waste tires. This has
created a pressing problem called as ‘black pollution’, which poses a potential threat to the
environment and the wellbeing 1. These waste tires may produce fire hazards and occupy a
large volume of decreasing landfill sites with components that do not biodegrade . Several
means of recycling or reusing waste tires have been proposed, including the use as
lightweight aggregates in asphalt pavement, as fuel for cement kiln, as feedstock for making
carbon black and as artificial reefs in marine environment ?. However, some of these
proposals are economically and environmentally unattractive.

Many studies have been carried out on the subject of using waste tire rubber as
aggregate substitutes for making concrete B! Similar to the use of recycled construction or
demolition aggregate ®, recycling waste tire rubber in concrete can be a feasible option for
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the sustainable and eco-friendly construction development. The use of crumb rubber as
aggregate in concrete will reduce the workability and strength, but improve the ductility,
impact resistance and dynamic energy dissipation capacity, and this is attributed to the rubber
aggregate’s own properties (e.g. high resilience, low density). One of the most important
influencing factors on the properties of rubber concrete is rubber replacement percentage,
which has been widely studied and reported ™ “. However, research on the effect of rubber
surface modification on the properties of concrete is still scarce. Segre and Joekes !
exercised surface-treatment on rubber particles with saturated NaOH solutions for 20 minutes
at the room temperatures by stirring before the mixture was filtered. The rubber was washed
with tap water and dried at the ambient temperature before using. The results from this
treatment showed that the NaOH treatment enhanced the adhesion of tire rubber particles to
surrounding paste, leading to an improvement in mechanical properties such as compressive
strength, flexural strength and fracture energy. In contrast, Albano etc. 3] pointed out that
prior treatment of rubber with NaOH did not produce obvious changes on compressive and
splitting tensile strength of resulting concrete when compared to the untreated rubber
concrete.

This study aims to further the understanding of the effect of pre-treated crumb rubber
on the properties of concrete. Saturated NaOH solution and SCA were used to modify the
surface of rubber particles. Tests of workability at the fresh stage as well as the cube
compressive strength at the hardened stage were conducted.

EXPERIMENT STUDIES

The materials used in this study comprised cement, tap water, sand, natural gravels, recycled
aggregates and crumb rubber. Cement (CEM 11/B-V 32.5) with 30% pulverized fuel ash
(PFA) was used as a binder for the concrete mixture. Clean crushed stones with a nominal
maximum particle size (NMPS) of 10 mm were used as coarse aggregate. Recycled
aggregates from local demolishing plant, with the same NMPS, were used to replace 50% of
natural coarse aggregates by mass for all four concrete mixes. The composition of the
recycled aggregates is about 82.3% recycled concrete aggregate, 15.1% crushed clay bricks
and 2.6% impurities. Natural river sand comprising a NMPS size of 5 mm was used as the
fine aggregate. Waste tire rubber (CSR) with continuous grading similar to the natural sand
were sourced from local recycling plant to replace 20% of river sand by volume. Saturated
NaOH solution and SCA were prepared to modify the surface of rubber particles. Two
batches of rubber particles were soaked in saturated NaOH solution for 2 hours and 24 hours
respectively under the ambient condition. Then they were washed with tap water and kept in
the air dry condition prior to using. Another batch was soaked in SCA untill all the surface
was coated by the agent before being added into the mixture.

The British Department of Environment (DoE) method that is widely used for
concrete mix design in the UK was adopted in this study. Saturated surface dry (SSD) density
and SSD water absorption of aggregates and crumb rubber are shown in Table 1. The mix
design of control concrete was aimed to achieve a target mean strength (grade C30) of 43
MPa at 28 days with a slump value of 60-180 mm. A total of four concrete mixes were
prepared, that is, the control mix with untreated rubber (indicated as REF), the mix with the
rubber particles pre-treated by a saturated NaOH solution for 2 hours (indicated as CCSR20-
N2h), the mix with the rubber particles pre-treated by a saturated NaOH solution for 24 hours
(indicated as CCSR20-N24h) and the mix with the rubber pre-treated by the silane coupling
agent (CCSR20-SCA). All mix design parameters (water-to-binder ratio of 0.37) were kept
constant throughout the rntire experiment programme (see Table 2).
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To evaluate the workability of fresh concrete, slump were measured according to BS
EN 12350-2. For the hardened concrete, three specimens from each mix were used for
determining the compressive strength in conformity with BS EN 12390-3 at the age of 28-day
after casting. Scanning optical microscopy was also performed to characterize the rubber
particles and to observe the interface between the rubber and the matrix.

Table 1. SSD density and SSD water absorption of natural and rubber aggregates.

Item Sand | Gravel | CSR

SSD* density (kg/m3) 2512 | 2581 | 973
SSD water absorption (%) | 1.37 1.26 8.46

*SSD - saturated surface dry

Table 2. Mix proportions of the mixtures.

Notation Water | Cement + PFA | Sand | Gravel | Rubber
REF 0.37 1 0.66 1.60 0.064
CCSR20-N2h 0.37 1 0.66 1.60 0.064
CCSR20-N24h | 0.37 1 0.66 1.60 0.064
CCSR20-SCA | 0.37 1 0.66 1.60 0.064

Note: the values are the mass ratio under SSD condition

RESULTS AND DISSCUSSION

Workability

All the concrete mixes were observed (by visual inspection) to be cohesive with no
segregation during the mixing, placing or compaction. Fig. 1 shows the slump for all four
concrete mixes. A slump of 66 mm was recorded for the REF. The slump for CCSR20-N2h,
CCSR20-N24h and CCSR20-SCA is 4.5% (3 mm) higher, 3.0% (2 mm) higher and 13.6% (9
mm) lower than the REF mix, respectively. This result indicates that the pre-treatment by
NaOH does not affect workability concrete significantly as the slump values from REF,
CCSR20-N2h and CCSR20-N24h are rather close.

On the contrary, the pre-treatment by SCA reduced the workability noticeably. This is
mainly ascribed to the sticky nature of SCA-treated rubber surface that tends to bond the
rubber particles and the matrix, thus
making the concrete mixture less
7 50 m workable. SCA is an organosilicon
* compound which contains two different
reactive groups — one functional group

. is organophilic and the other is
inorganophilic. The general formula of

.: SCA is YSi(OR)s, where Y is a non-
hydrolytic group which tends to well

bond the synthetic resin, rubber etc. in
Fig. 1: Slump test results of all the mixes. organic materials, and OR is a
hydrolyzable group that will hydrolyze

in water to generate SiOH group which tends is liable to chemically react with hydroxyl on
the surface of inorganic materials to form the hydrogen bond. Then the further condensation
reaction will form oxygen covalent bond, and eventually the surface of inorganic material is
covered by the reaction products, thereby enhancing the cohesiveness [7]. The reaction
process is shown in Fig. 2. Because of the special molecular structure of SCA that can react
with both organic and inorganic materials to form chemical bond, two kinds of materials with
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different type of chemical structures can be well connected on their interface, thus improving
the bonding strength.

Y Y Y Y
| | | \
v v HO—Si —O0—Si —+-—Si —0—Si —OH
| hydrolysis | polycondersation ‘ ‘ ‘
RO—Si —OR——————> HO—S —OH ————————> OH ~OH  OH  OH
| reaction | reaction OH OH OH OH
OR OH | | | |
inorganic material
Y Y Y Y
| | | \
HO—Si —O—Si —--—Si—0—Si —OH T T T T
| | | \ ! ! ! )
formation of .0, 0. o o formation of Hofs"fofs"*'“*5"*0*‘3'*0”
> H HH HA HH H ? o o] o] o]
hydrogen bond oxygen bond | | \ |

| | ! | inorganic material

inorganic material

Fig. 2: Reaction process of SCA with inorganic materials.

Compressive strength
Compressive strength tests for different mixes at 1 day, 7 days and 28 days were carried out,
respectively. It is observed from the results shown in Fig. 3 that the difference in compressive
strength between the mixes containing untreated rubber and NaOH pre-treated (less than 24
hours) rubber is rather modest. The 1 day compressive strength of CCSR20-N2h and
CCSR20-N24h is 2.4% (0.2MPa) lower and 1.2% (0.1MPa) higher than REF, respectively.
However, the value of CCSR20-SCA is 1.6MPa, namely, 19.3% higher than that of REF. The
7-day strength of CCSR20-N2h, CCSR20-N24h and CCSR20-SCA are 5.2% (1MPa) lower,
2.6% (0.5MPa) higher and 9.3% (1.8MPa) higher than REF, respectively. The 28-day strength
was 2.2% (0.8MPa) lower, 0.8% (0.3MPa) higher and 6.8% (2.5MPa) higher, respectively.
Those results suggest that the surface modification of rubber particles by SCA has a better
effect on the improvement of the compressive strength than by saturated NaOH solution (less
than 24 hours).

The above observation is also confirmed by the microscopic inspection and
analysis of 28-day crushed cube samples. The rubber-matrix interface was inspected by a
scanning optical microscopy. Detailed

m 1dstrength m7dstrength 28dstrength _ i . -
:Z ] 21 | Investigations on 10 rubber particles of
. o *3 | each specimen were performed.
20 —| Micrographs of typical fracture surfaces

25 103 — are shown in Figs. 4-6. Most fracture

19.8 211
= | surfaces of REF specimens show that
01 81 84 09 | rubber particles seemed to be pulled-out.
5 1 —| As shown in Fig. 4a, it is quite clear that
o

there is a distinct crack highlighted with
REF CCSR20-N2h CCSR20-N24h CCSR20-SCA R .

the white curve in Zone I. From the 3D

Fig. 3: Compressive strength test results of all the mixes. image (Fig. 4b), significant discontinuity
in Zone 1l was found. Faults and cracks

observed at the rubber-matrix interface indicate that the untreated rubber-concrete matrix
adhesion is poor. Similar phenomena are also found in the concrete samples of CCSR20-N2h
and CCSR20-N24h, as shown in Fig. 5. No obvious difference is discovered after rubber was
treated by NaOH. From the micrograph of CCSR20-N24h (Fig. 5b), it can be seen that two
cracks initiate from the surface of the rubber particle. This may be ascribed to the lower
stiffness of rubber as compared to the mineral aggregates. In the context, rubber particles
behave as voids and a stress concentration usually arises at the interface between rubber
particles and matrix. In the micrograph of CCSR20-SCA (Fig. 6), a well developed adhesive

Compressive strength (MPa)
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joint section is observed between the SCA-treated rubber particles and the matrix, where the
adhesion promoting agent has diffused to both substrate materials. From its 3D image, it can
be seen that the transition zone between the rubber particle and concrete matrix is very
smooth, in contrast to the counterpart of REF as shown in Fig. 4b, where a clean trough can
be observed in Zone I1. The observation for the CCSR20-SCA specimen suggests that there is
a relatively strong bond at the interface. The mechanism illustrated above suggests that the
nature of SCA enhances the bonding between organic and inorganic materials, leading to an
improvement in compressive strength by nearly 20% at day 1. However, the enhancement of
compressive strength at day 7 and day 28 days is only about 9% and 7%, respectively. A
highest enhancement rate can be seen at the early age, indicating that the effect of SCA is
more active when the concrete is weak.

@ rubber—matri-;( interface of RE - (b) 3D image of rubber-matrix interface of REF
Fig. 4: Rubber-matrix interface micrograph of (a) REF and (b) its 3D image.
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Fig. 5: Rubber-matrix interface mlcrographs of (a) CCSR20-N2h and (b) CCSR20-N24h.
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Fig. 6: Rubber-matrix interface micrograph of (a) (CCSR20-SCA) and (b) its 3D image.

SUMMARY

The main findings of this work include that the surface modification of rubber particles by
saturated NaOH solution less than 24 hours does not produce significant changes on
workability and compressive strength of the composites. The pre-treatment by SCA enhances
the adhesion of tire rubber particles to cement matrix, as observed by scanning optical
microscopy, resulting in the improvement of concrete compressive strength and reduction of
concrete workability. Micrographs show that the transition area between SCA-treated rubber
and cement matrix is better than untreated or NaOH-treated rubber.
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ABSTRACT: The production of lightweight fillers (LWFs) has been investigated using
recycled glass and paper sludge ash (PSA). This represents a relatively high value re-use
application for these two waste materials. Milled glass undergoes liquid-phase sintering in the
temperature range where decomposition of calcium carbonate present in PSA occurs. The gas
generated produces lightweight porous foamed glass particles suitable for use as LWFs. The
effect of key process parameters such as PSA content, particle size of the raw materials and
sintering conditions (temperature and time) have been studied and optimised. Processing
glass containing 20 wt.% PSA at 800°C produces LWF particles with physical and
mechanical properties comparable to leading commercially available products.

Keywords: Lightweight fillers, waste glass, paper sludge ash, liquid phase sintering.

INTRODUCTION

The production of lightweight fillers (LWFs) is a potential reuse application for recycled
glass given that demand for lightweight and thermal insulating products is increasing. LWFs
have low density and low water absorption and are typically supplied in sizes ranging from
0.1 to 4mm. They provide low-thermal conductivity and sound insulation in additional to
lightweight and are used in a range of architectural products and other applications.
Manufactured LWFs are normally formed by rapid sintering using components in the mix
which decompose to produce porosity. Two requirements have to be met during sintering !:

. Evolution of gases from thermally instable constituents;

« Presence of a viscous liquid phase to encapsulate the gases.

Recycled glass can be used to form a viscous material. It has high silica content and an
amorphous structure and has previously been used for the production of lightweight materials
231 The high sodium oxide (Na,0) and calcium oxide (CaO) content in soda lime silica glass
lowers the sintering temperature, reducing the firing time and energy consumption .
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Expanded glass particles can be produced by mixing finely ground glass with a suitable
expanding agent and firing this mix at a temperature above the softening point of the glass
where the viscosity is less than 10°¢ N-s-m™P!. Amongst various potential expanding agents,
the use of paper sludge ash PSA has been investigated. This provides CO; from
decomposition of calcium carbonate. PSA is currently used in the manufacture of
construction blocks, as an animal bedding material and it is used on agriculture land as a
liming agent, although significant quantities are also still landfilled ®. The development of
LWF manufactured from recycled glass and PSA would be a novel, added-value application
for PSA.

In this work, glass-PSA LWFs were prepared and optimised. The physical and mechanical
properties were determined and compared with commercially available products that are
currently imported into the UK.

EXPERIMENTAL

Materials

Glass cullet

Mixed-colour glass cullet free of any significant contamination was used. It was ground by
attrition milling for 60 s in 50g batches to produce a fine glass powder which was used in all
the experiments. Chemical composition data for recycled glass were determined by X-ray
fluorescence (XRF Spectro 2000 Analyser) as shown in Table 1.

Paper sludge ash

Paper sludge ash (PSA) was supplied by a major paper mill in South East England, producing
newsprint from recycled paper. They use combustion in a fluidized bed boiler at 850 °C to
manage waste paper sludge. The ash produced is a fine grey powder with pH~12. The
chemical composition is presented in Table 1.

The particle size distribution of as-received PSA samples was determined by laser
diffraction (Beckman Coulter LS-100). PSA has a dio (10% by volume of particles having a
diameter smaller than this size) of 23 um, dso (mean diameter) of 156 um and dgo of 395 pm.
The absolute density, excluding the pores between particles, was measured using a helium
gas pycnometer (Micromeritics, AccuPyc |1 1340, Georgia, USA) was 2.85 g.cm™.

Crystalline phases present in PSA were determined by X-ray diffraction (XRD, Philips
PW 1830 diffractometer system with 40 mA and 40 kV, Cu radiation). As shown in Figure 1,
the major crystalline phases present are gehlenite (Ca,Al,SiO;), mayenite (Ca;2Al14033),
calcite (CaCOs3), calcium silicate (a’~Ca,SiOy), lime (CaO) and quartz (SiO,). PSA particles
are porous and heterogeneous as shown by the SEM micrographs in Figure 2. Separate grains
form agglomerates as a consequence of combustion.

a: calcium silicate (a’—CapSiOy)
¢: calcite (CaCO3)

g: gehlenite (CaAl,SiO;)

I: lime (CaO)

m: mayenite (Ca;pAl14033)

g: quartz (SiO,)

8
m
a B
B
g c g c8 E ¢ 8 m cC |
5 1‘0 1‘5 2‘0 2‘5 :;0 3‘5 4‘0 4‘5 5‘0 5‘5 6‘0 6‘5 7

Position (° 20, Cu)
Fig. 1: X-ray diffractogram of as-received paper sludge ash.

0

184



Table 3. Chemical composition of PSA and waste glass.

CaO S|02 A|203 MgO Fe,O; | K,O | Na,O T|02 SO; | P,Os Others
PSA 61.2 | 21.2 | 126 2.8 0.9 0.4 nd 03 | 02| 01 0.1
Waste glass | 12.0 | 758 | 1.4 2.3 0.3 0.6 7.3 nd 0.2 nd -

18kV

Fig. 2: Scanning electron micrographs of PSA particles

Characterisation of sintering behavior

The sintering behavior of recycled glass and PSA has been characterized using dilatometry
(Netzsch 402E). Pressed glass and PSA samples were heated to 800 °C and 1400 °C
respectively at a constant rate of 10 °C/min. Thermogravimetric analysis of PSA (Netzsch
STA 449 F1 Jupiter®) used dried powder weighing ~35mg (rate of 10 °C/min).

Preparation of PSA-glass lightweight fillers (LWFs)

Milled recycled glass was mixed with various amounts (0-50 wt.%) of PSA by wet milling
(Pascal Engineering ball mill) at a constant rate of 45 rpm for 1 hour using 19mm alumina
balls as the milling media. 500g batches of raw materials were used with 1000mL of water
with a solid: milling media ratio of 1: 5. Wet-milling resulted in thick slurry that was dried at
105 °C for 24 hours. The dried glass-PSA powder was manually ground using a pestle and
mortar and sieved to <475 pum. Spherical particles were formed using a disc-pelletiser with
the addition of 50% (w/v) water. Green pellets ranging in diameter from 0.5-4 mm were fired
in a Carbolite rotary tube furnace. This had a 150 cm long tube with a 90 cm central heated
zone. The speed of rotation was 10 rpm and it was kept horizontal to control the sintering
time.

Characterisation of sintered products
The dry density of the sintered LWFs (apparent specific gravity) was determined using
Archimedes Principle ["):

Pra = Py’ ey gcm—ﬂ’

Mget ~Mimm

where the dry mass is Mgy, immersed mass is Mimm and 24-h saturated surface-dry mass is
Msat. In order to ensure full saturation, samples were kept under water and under vacuum for
24 hours.

The water absorption (WA,4) was calculated according to the following formula:
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WA, = Mzt~ Mdry % 100%
24 mary .

The compressive strength of LWFs produced was determined by loading a bulk amount

of 3-4 g of LWFs between two parallel plates until 10% deformation is achieved. The
confined compressive strength CS(10) was calculated using (81,

€s(10) = %

where Fyqis the load recorded at 10% deformation, and A is the area of the load distribution
plate.

RESULTS AND DISCUSSION

Sintering properties of recycled glass and PSA

Dilatometer data for PSA and glass is presented in Figure 3 and thermogravimetric analysis
for PSA is shown in Figure 4. Recycled glass powder exhibits shrinkage of 23.2% between
594°C and 664°C, which indicates the temperature range within which glass softening
occurs. PSA has low reactivity as particles did not sinter together to form a rigid body and
samples fell apart after heating to 1180 °C. TGA of PSA shows an initial weight loss between
ambient and 120°C associated with the evaporation of residual water. Weight loss at higher
temperatures is caused by thermal degradation of PSA. Weight loss between 600°C and
780°C is due to the decomposition of calcite (CaCO3) to lime (CaO) with simultaneous

generation of CO,. Evolution of CO, within this temperature makes PSA a potential
expanding agent for preparing foamed glass.
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Fig. 3: Dilatometer results for glass and PSA. Fig. 4: TGA and DTA results for PSA.

Physical and mechanical properties of sintered products
The effect of PSA addition on density and water absorption of various glass-PSA mixes is
shown in Figure 5 which also contains data for a commercial LWF.

Samples prepared with PSA additions up to 20% have similar or lower densities than
4mm commercial LWFs. However, further increases in the PSA content resulted in increased

density. The optimum samples contained 80 wt.% glass and 20 wt.% PSA and these had a
density of 0.75 g cm™ and water absorption of 75%.
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Fig. 5: Effect of PSA addition on the density and water absorption of sintered glass-PSA pellets at 800 °C.

The effect of sintering time on the 80/20 glass/PSA pellets fired at 800 °C is shown in
Figure 6. Microstructural evolution can be described by four distinct stages: a) heating, b)
glass softening/gas evolution, c¢) stabilisation and d) further densification. The optimum
sintering time was 15 minutes with LWFs having a density of 1 g-cm™ and WA of 17%.
Microstructures of both optimum 80/20 glass/PSA LWFs and commercial LWFs are shown in
Figure 7. This shows that a uniform distribution of approximately spherical pores with typical
diameters of 50-150 pum is formed in glass/PSA pellets.
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Fig. 6: Effect of sintering time on density and water absorption of 80/20 glass/PSA mixes sintered at 800 °C.

Fig. 7: Morphology of optimum LWFs tested: a) Fracture surfaces of 80/20 glass/PSA LWFs sintered at 800 °C
for 15 min. b) Commercial LWF.

The confined compressive strength CS(10) for 80/20 glass/PSA LWFs sintered at 800
°C for 15 minutes with a diameter of 1-2 mm and 2-5 mm are compared against commercial
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LWFs in Table 2. Artificial glass-based LWFs with 20% addition of PSA have consistent
mechanical properties regardless of the LWF size.

Table 2. Mechanical properties of 80/20 glass/PSA LWFs and commercial LWFs.

Sample ID CS(10) (MPa)
Commercial LWF 1-2 mm 1.3
80/20 glass/PSA LWFs 1-2 mm 2.9
Commercial LWF 2-5 mm 1.1
80/20 glass/PSA LWFs 2-5 mm 2.9

CONCLUSIONS

A glass-PSA system can form foamed materials using simple processing technology
involving wet milling, pelletising and low temperature sintering. Glass provides a low-
viscosity phase that encapsulates CO, evolving from PSA particles. Lightweight fillers
containing 80% glass and 20 wt.% PSA sintered at 800 °C for 15 minutes have density of 1 g
cm™ and water absorption of 17% compared to 115% for the commercial LWFs tested. The
crushing strength is 2.9 MPa and this is three times higher than values for typical
commercially available LWF.
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