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Figure 1: Test specimens with 5 % cement (bottom) and 10 % sand (top) replacement
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1 Preface

This report is written as a bachelor project with Department of Civil Engineering at Technical University
of Denmark. The report constitutes 15 ECTS points and has a target audience of third year students at

DTU and other technical universities.

Besides being a two man group, we have been part of a project family consisting of five groups. Each
group was given a specific ash for it to examine. During the preliminary part, all groups conducted the
same tests on their own ash, to characterise it. After two months of preliminary tests, the results were
presented in a poster presentation. After this presentation each group went their seperate ways in terms

of investigation subjects.

The project supervisors are Lisbeth M. Ottosen, Per Goltermann and Pernille Erland Jensen. Fur-
thermore, Ebba Cederberg Schnell, Sabrina Madsen and Per Leth have provided valuable assistance
throughout the project. At last we credit Lynettefaellesskabet 1/S for delivering the subjected sludge ash.

The subjected sludge ash has been extracted directly from the furnace, meaning that it has not been

stored for a longer period of time.
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2 Abstract

The present paper mainly examines the impact of phosphate (POif) on the early age compressive strength
of cement mortar. In relation to use of sludge ash in concrete, it has great relevance to establish a threshold
value for the phosphate content in the ash, in order to avoid unexpected failure of the mortar. The
project consists of a preliminary part and a further part. In the preliminary part, the basics of the given
sludge ash from Lynettefaellesskabet I/S are determined with a thorough ash characteristic. Furthermore,
compressive strength tests and testing of setting time were conducted on a reference mortar, containing
no sludge ash, a 5 % cement mortar, where 5 % of the cement were replaced with ash and a 10 % sand

replacement, where 10 % of the sand were replaced with ash.

The initial tests of the setting times were conducted with a Vicatronic-apparatus on the same mortars
as used for the compressive strength and showed, that the setting time became slower the more ash was
added to the mortar. This meant that the reference mortar had the fastest setting time of 250 minutes,
followed by the 5 % cement replacement mortar with a setting time of 260 minutes and at last the 10 %

sand replacement mortar with a time of 350 minutes.

The initial tests formed the foundation of deciding the subject of the further part. It was found, that the
ash contained 9.38 % of phosphate and that the compressive strength lowered concurrently with addition
of sludge ash. These results delimited the subject for the further part: Determination of the effect of

phosphate on the compressive strength of cement mortar in the early age (1-5 days).

For the further part it was chosen to proceed with the 5 % cement replacement mortar in spite of the
fact, that after the initial strength tests, the 5 % cement replacement mortar and the reference mortar
had a relative deviation of 19.2 % after 5 days. Because the 5 % cement replacement mortar still had a
strength of 38.5 MPa compared to the reference mortar’s of 45.9 MPa and the 10 % sand replacement
mortar’s of 43.1 MPa, it was reasoned, that the 5 % cement replacement mortar had the most relevance

in terms of economical and environmental savings, and was therefore chosen for further subjection.

The further testing consisted of mixing solutions with different concentrations of a readily soluble phos-
phate salt into the mortar mix to substitute the pure water. For the solutions, ammonium dihydrogen
phosphate (NH4HyPO,4) was used, as a result of its solubility. The solution was initially made in con-
centrations of 0.10 M, 1.00 M and 3.25 M (saturated) in order to narrow down a threshold value for the
phophate content. The 3.25 M solution turned out be impossible to handle, which gave the 1.00 M status

as the upper limit for the examined range and a 0.50 M solution was made instead.

After testing the compressive strength of the reference mortar and 5 % cement replacement mortar with
concentrations of 0.10 M, 0.50 M and 1.00 M NH4H,PO, and with just demineralised water (DM water),
the 0.50 M solution was named as the new upper limit, because the mortar with 1.00 M solution for the
reference had a strength of 24.1 MPa after 5 days, compared to the strengths of the mortars with DM
water, 0.10 M and 0.50 M of 45.9 MPa, 47.3 MPa and 32.5 MPa respectively. It was noted, that the
strength of the 0.10 M mortar was slighty higher than of the mortar with DM water, but this property

of the 0.10 M mortar was not recognised and the two strengths were accounted as being alike.

The same tendency was present for the 5 % cement replacement mortar, where the 1.00 M mortar had
a strength of 20.6 MPa and the 0.10 M and 0.50 M mortars had strengths of respectively 41.0 MPa and

32.7 MPa after 5 days. Accordingly, a new solution with a concentration of 0.25 M was made.

For the reference mortar the 0.25 M solution turned out to delimit the range of phosphate content together
with the 0.10 M solution, due to the fact that the 0.25 M mortar had a visibly lower strength (compared
to 0.10 M) of 43.0 MPa after 5 days. This however was not the case for the 5 % replacement mortar,
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where the strength of the 0.25 M mortar turned out to be 39.1 MPa after 5 days, which made the 0.50
M the upper limit of the range, because the strength of the 0.25 M was almost as high as for the 0.10 M.

As for the compressive strength test, the setting time was examined for a reference and a 5 % cement
replacement mortar with NH;HoPQOy4 solutions. The setting of the 1.00 M mortars for both the reference
and 5 % cement replacement happened within the first 7 minutes. For the reference mortar, the 0.10 M
set after 400 minutes, the 0.25 M set after 410 minutes and the 0.50 M set after 550 minutes. For the
5 % cement mortar, the 0.10 M set after 300 minutes, the 0.25 M after 420 minutes and the 0.50 M set

after 450 minutes.

The conclusion to be drawn from this paper is, that the added ash to the 5 % cement replacement mortar
does not contain enough free phosphate to have an effect on the compressive strength. This is due to
the fact, that the actual concentration of phosphate from 5 % sludge ash (22.5 g) is 0.06 mTOI where the
lower limit found was 0.10 mTOl As an extra safety factor, the lower limit of 0.10 mTOI did not have an
effect on the strength either since it shows the same strength as the mortar mixed with DM water. The
actual concentration can thereby be said to be safe. Not all of the phosphate in the sludge ash is soluble
and thereby liberated in an alkaline solution, so the actual content is represented by the amount of the

phosphate, which is base soluble and not acid soluble.
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3 Abstract (Danish)

Denne rapport undersgger primeert pavirkningen af fosfat (POZ_) pa trykstyrken af mgrtelblandinger i
den tidlige fase. I forbindelse med at anvende slamaske i beton, har det stor relevans at kunne bestemme
en greenseveerdi for indholdet af fosfat i asken for at undga uforudsete fejl i mortlen. Projektet bestar
af en indledende fase og en videre fase. I den indledende fase er basisforholdende for en slamaske fra
Lynettefaellesskabet 1/S bestemt ved en grundig askekarakteristik. Derudover blev der udfert forsgg der
skulle afdeekke trykstyrken samt afbindingstiden for hhv. en referenceblanding (intet tilsat slamaske), en
5 % cementerstatning (5 % af cementen blev erstattet af slamaske) og en 10 % sanderstatning (10 % af

sandet blev erstattet af slamaske).

De indledende forsgg til bestemmelse af afbindingstiden blev udfert med et Vicatronic-apparat pa de
samme mgrtelblandinger som blev brugt til trykstyrkeforsggene. Resultaterne viste at afbindingstiden
blev langsommere jo mere aske der blev tilsat mgrtelblandingen. Det betgd at referenceblandingen havde
den hurtigste afbindingstid pa 250 minutter efterfulgt af 5 % cementerstatningen med en afbindingstid

pa 260 minutter. Den leengste afbindingstid var for 10 % sanderstatning og var pa 350 minutter.

Fundamentet for projektarbejdet i den videre fase blev udgjort af resultaterne fra de indledende forsgg
som viste at slamasken indeholdte 9,38 % fosfat, samtidig med at trykstyrken blev mindre i takt med
en forgget tilseetning af slamaske til mgrtelblandingen. Disse resultater afgraensede emnet for den videre

fase: Bestemmelse af effekten af fosfat pa trykstyrken i den tidlige fase (1-5 dggn).

I den videre fase blev det besluttet af fortsaette undersggelsen af 5 % cementerstatning selvom de indle-
dende trykstyrketests viste en relativ variation pa 19,2 % i forhold til referenceblandingen efter 5 dggn.
5 % cementerstatningen havde dog imidlertid en styrke pa 38,5 MPa i forhold til referenceblandingens
pa 45,9 MPa og 43,1 MPa for 10 % sanderstatning, og det blev derfor besluttet at arbejde videre med 5

% cementerstatning grundet det stgrste potentiale med hensyn til pkonomisk og miljomeessig gevinst.

Den videre fase bestod i at blande oplgsninger med forskellige koncentrationer af et letoplgseligt fosfat-salt
i mgrtelblandingen og derved substituere vandet. Til oplgsningerne blev ammonium dihydrogen fosfat
(NH4H;PO,) anvendt grundet dets oplgselighed. Oplgsningerne blev forst lavet med koncentrationer pa
0,10 M, 1,00 M og 3,25 M (meettet) for at kunne bestemme en greenseveerdi for indholdet af fosfat. Det
viste sig at veere umuligt at anvende oplgsningen pa 3,25 M som derved gjorde 1,00 M-oplgsningen til

den gvre graense for testomradet. En 0,50 M oplgsning blev lavet i stedet.

Efter at have testet trykstyrken for bade referenceblandingen og 5 % cementerstatningen for koncentra-
tioner af 0,10 M, 0,50 M og 1,00 M NH4H,PO, og kun demineraliseret vand (DM vand), blev 0,50 M
den nye gvre graense. Dette skyldtes at mgrtlen med 1,00 M oplgsningen for referenceblandingen havde
en styrke pa 24,1 MPa efter 5 dogn sammenlignet med styrkerne for DM vand, 0,10 M og 0,50 M pa hhv.
45,9 MPa, 47,3 MPa og 32,5 MPa. Det viste sig at styrken for 0,10 M mgrtlen var en anelse hgjere end

blandingen med DM vand, men de blev dog betragtet som vaerende af samme styrke.

Samme tendens viste sig for 5 % cementerstatningen hvor 1,00 M blandingen havde en trykstyrke pa 20,6
MPa og 0,10 M og 0,50 M havde styrker pa hhv. 41,0 MPa og 32,7 MPa efter 5 dégn. Herefter blev en

ny oplgsning med en koncentration pa 0,25 M lavet.

For referenceblandingen viste oplgsningen pa 0,25 M sig, sammen med 0,10 M-oplgsningen, at afgrsense
intervallet for indholdet af fosfat da 0,25 M havde en synligt lavere styrke (sammenlignet med 0,10 M)
pa 43,0 MPa efter 5 degn. Det samme var ikke geeldende for 5 % cementerstatningen hvor styrken for
0,25 M viste sig at veere 39,1 MPa efter 5 dggn. Dette gjorde oplgsningen pa 0,50 M til den gvre graense
da styrken for 0,25 M naesten var ligesa hgj som for 0,10 M.
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Som for trykstyrkeforsggene blev der udfert forsgg for afbindingstiden med en referenceblanding og en
5 % cementerstatning med NH4H2POy4-oplgsninger. Afbindingen af 1,00 M blandingen skete inden for
de forste 7 minutter for bade referenceblandingen og 5 % cementerstatningen, hvilket hgjst sandsynligt
skyldtes udtgrring af cementpastaen og ikke afbinding. For referenceblandingen var afbindingstiden 400,
410 og 550 minutter for hhv. 0,10 M, 0,25 M og 0,50 M. For 5 % cementerstatningen var afbindingstiden
300, 420 og 450 minutter for hhv. 0,10 M, 0,25 M og 0,50 M.

Konklusionen der kan drages af denne rapport er at den maengde slamaske der bliver tilfgjet til 5 %
cementerstatningen ikke indeholder nok frit fosfat til at have en indvirkning pa trykstyrken inden for de
forste 5 dggn. Dette skyldes at den faktiske koncentration af de tilsatte 5 % slamaske (22,5 g) giver en
koncetration pa 0,06 me hvor den nedre grzense for meengden af fosfat der kan tilseettes er fundet til
0,10 mTOI Som en ekstra sikkerhedsfaktor har greensen pa 0,10 mTOl heller ingen effekt pa trykstyrken da
forsggene viser samme styrke som med DM vand. Koncentrationen af fosfat i slamasken har derfor ingen
signifikant betydning for trykstyrkeudviklingen inden for de fgrste 5 dggn. Ikke alt fosfatet i asken er
oplgseligt og derved frigjort i en basisk oplgsning, dvs. at det faktiske indhold i slamasken repraesenteres

af den meengde fosfat der er baseoplgseligt og ikke syreoplgseligt.
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4 Introduction

This project is a continuation of previous tests and projects concerning alternative aggregates and cement
replacement in concrete. It is also a part of the ZeroWaste-programme at Department of Civil Engineering,
DTU, which investigates the use of waste products such as fly ash and, as in this case, sludge ash in

concrete structures.

Due to an initial characterisation of the ash, showing an amount of phosphate of 9.38 %, it has been

chosen to use this high concentration to mark off the extend of the project.

A great deal of the interest in re-use of waste products lies within the savings of not having to deposit po-
tentially environmentally damaging sludge ash. Wastewater treatment plants pay a deposit fee of around
600 DKK per tonne of ash [37], which would be saved, if they could merely give it away for alternative
use, e.g. in the construction industry. Accordingly, it is interresting to examine the replacement of ce-
ment with sludge ash. This however comes with certain concerns about e.g. leaching of heavy metals
and harmful macros. The environmental impression of sludge ash is not all bad though. The phosphate
within the ash turns out to be valuable to the agricultural trade, since the natural reserves of phosphate
to be mined will run out at some point [4]. Another consideration is the price of cement of about 2.3
%, whereas the price for comparison of sand is about 0.8 %, which is approx a third of the price of
cement. In short terms, treatment and re-use of sludge ash proves as a source of income within multiple

industries.

The effect of phosphate on the compression strength will be studied due to lack of knowledge on this
specific area. Another target of the delimitation is to narrow down a threshold value of phosphate
concentration in the ash used in concrete, with respect to the compressive strength. To test the ef-
fect of phosphate, different concentrations of the readily soluble salt, ammonium dihydrogen phosphate
(NH4H3PO,), is added to the mortar to substitute pure water.

As mentioned, this report is a continuation of the work of previous students. On this behalf the sludge
ash has been milled without further testing, due to conclusions in the report of Morten Reiff and Morten
G. Meldgaard [40]. The milling of the ash has been conducted cf. the official FRITSCH operating manual
for the Pulverisette 9 vibrating cup mill [12].

The following words have been used at the DTU Findit portal in search of previous work concerning
the effect of phosphate on compressive strength of concrete: "phosphate+concrete+sludge+ash". This
search presented a journal written by Shane Donatello and Christopher R. Cheeseman concerning the use
of sludge ash in the Portland cement production process. The journal states, that an increase in P50Os5
increases the content of belite (C2S) at the expense of alite (C3S), causing the concrete to have longer
setting time and lower strength development [4]. This however is not the exact same issue as the one of
this report, which subjects the use of sludge ash as an admixture itself, and not as a part of the cement
production. Besides the mentioned journal, the result of the litterature study was rather limited, as there

was nothing concerning the issue at hand.

It should be clear to the reader, that the purpose of this report is to clarify the possible consequences of
a large amount of phosphate and not to test the phosphate as an additive to the concrete. Due to the
lack of results on the litterature study, it should be recognised that this report is the first to present the

effect of phosphate on the compressive strength of cement mortar in the early phase (1-5 days).
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5 Theory

5.1 Concrete

Concrete is a mix product used in structures to withstand large loads, requiring compressive strengths of
up to 200 MPa (high performance concrete > 50 MPa [20]) [30]. On the other hand, concrete has a very
poor tensile strength, which as a rule of thumb is about 1/10 of the compressive strength for concrete in
the 0-50 MPa range [45]. To compensate for the concrete’s tensile weakness, roundbars of steel are cast

into the stuctural component to reinforce it.

An orginal concrete mix consists of cement, water, gravel and stones. Other admixtures are added either
to replace parts of the original mix or to control the properties of the concrete in terms of workability,

hardening and strength development. These admixtures are cursorily presented in section 5.1.1.2.

5.1.1 Composition and properties

5.1.1.1 Cement and hydration

When water is added to the cement, the two constituents engage in a chemical reaction, starting the hy-
dration process. During the cement production, four main cement clinker minerals are formed: C3S, CsS,
C3A and C4AF. These minerals are anhydrates forming a new mineral called hydrate, when introduced
to water. Figure 2 shows the strength properties of the clinker minerals, i.e. the strength development

over time.
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Figure 2: Strength development of cement clinker [8]
As seen from Figure 2, C3S contributes greatly to the early age strength of the concrete where C5S con-
tributes to the long term strength. C3A and C4AF deliver no appreciable contribution to the mechanical

DTU Civil Engineering

artment o

erin Page 2 of 48



04.06.2014 5.1 Concrete

properties of the concrete.

The main solids formed during the hydration process are calciumsilicate hydrate (C-S-H), portlandite

(CH), ettringite and monosulfate. Below in Figure 3 the four solids are shown.

(a) [1] (c) [35]

Figure 3: C-S-H gel (3a), ettringite and portlandite (3b) and monosulfate (3c)

As seen in Figure 3a the C-S-H gel has kind of a spongy appearance compared to the other three clinker
minerals. Figure 3b clearly shows the the spiky structure of ettringite along with the welldefined flaky
structure of calcium hydroxide (CH). Figure 3¢ shows the hexagonal flakes of monosulphate. The com-
bination of the minerals shown in Figure 3 is what binds the aggregates in the concrete mix together.

Figure 4 is a flowchart illustrating the constituents and phases of concrete.

Mortar

| Stone | | Sand | | Inert filler | | Water | | Additives | ,Gnm | Sludge ash | Air

Figure 4: Constituents and phases of concrete (Modified after [34])

5.1.1.2 Mineral and chemical admixtures

Concrete mixtures can contain a series of mineral and chemical admixtures, e.g. retarders and plasticisers.
The main purpose of the mineral admixtures is to replace cement to a somewhat limited extend, in order
to reduce the environmental hasards in terms of greenhouse gas emission during cement production. The

chemical admixtures are used to overcome the practical difficulties of concrete casting, e.g. by increasing
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the workability, accelerating or slowing down the hardening process and developing early age strength in

the concrete. Below is given a list of the various chemical admixtures and their function:

e Air-entraining admixtures: Creates small air-bubbles that last in the hardened concrete to work
as a pressure neutraliser when considering freeze-thaw exposures. The air content is raised from
the natural content of 1-2 vol% to 5-6 vol% [22].

e Water-reducing and set-controlling admixtures: Help maintain a certain workability of con-
crete with a low w/c-ratio resulting in high strength. Help obtain a homogeneous mix, due to

decrease of aggregate segregation [22].

e Retarding admixtures: Slows down the initial hydration of the cement. Used in hot-weather
casting, since the setting time of concrete drops from 10 to 2 hours when there is a rise in temperature
from 10°C to 40 °C. Increases on-site workability [22].

e Accelerating admixtures: Used in repair work, where short setting time (within minutes) is
desired. Mostly used in winter casting of concrete since it increases the heat and strength develop-
ment to counterbalance the low temperature, that in a worst case scenario can stop the strength

development in the early hydration process [22].

e Shrinkage-reducing admixtures: The shrinkage-reducing admixture reduces the surface tension
of the free water within the capillary pores. The reduced surface tension prevents the concrete from

shrinking as a result of the free water drying out [22].

e Alkali-aggregate reaction-controlling admixtures: The chemical admixture that is alkali-
aggregate reaction-controlling, converts the water adsorptive gel, produced from reactions between
alkali ions and SiOs-compounds, to a non-adsorptive gel. This prevents expansion of the gel and

cracks in the concrete [22].

It is known to replace a part of the cement with fly ash or silica fume as mineral admixtures because they
improve the performance of the concrete [22]. With respect to strength it is reckoned that 3 kg of fly ash
can substitute 1 kg of cement whereas only 2 kg of fly ash can replace 1 kg of cement when durability is
taken into account [20]. Another mineral admixture is sludge ash, which compared to fly ash is a slight
novelty within the construction industry. When various substances have been removed at wastewater
plants the incinerated sludge (sludge ash) can be used as an admixture to replace a part of the cement,
when dealing with low strength concrete as the sludge ash increases the packing of the mortar but not
the pozzolanic activity [11]. The processing and properties of the sludge ash is described more in depth

in section 5.2.

5.1.1.3 w/c-ratio

One of the important factors of mixdesign is having the right w/c-ratio with respect to the wanted
strength. The wanted strength is determined from the purpose of the structure. The chemically bound
water constitutes approx 40 % of the cement weight, which yields a theoretically optimal w/c-ratio of
about 0.4 [20]. At this condition, the water and cement ideally react completely and there will be no
excess water for evaporation. A typical value for this w/c-ratio, in terms of compressive strength, is in
the range 40-55 MPa [34].

Excess water due to an incomplete hydration has significant influence on the strength and durability of
the concrete. If the w/c-ratio is too high, the excess water will evaporate within the concrete, leaving

voids of air. This gives the concrete a lower strength and makes it more porous which increases the risk
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of e.g. frost damage. A w/c-ratio of 0.8 is said to be high and typically gives a compressive strength in
the range 15-25 MPa [34]. The w/c-ratio is calculated from Bolomey’s formula (1).

fcggzK-<w1/C—a):w/c:< L (1)

fc‘
%Jra)

where fe.os [MPa] is the design strength, i.e. the expected strength after 28 days, and K is set to 22 for
cement of strength class 42.5 MPa and 24 for high strength cement of class 52.5 MPa. « is a constant of
value 0.5 for basic Portland cement with a due date of 28 days [38].

5.1.2 Setting and hardening

The first hours after the mixing process of concrete, the cement paste has liquid properties, whereafter
it will harden. This is called, that the cement paste is setting. Below in Figure 5 the three phases of the
structural development of cement paste are shown. The figure also shows correlation between porosity

and formation of hydration products.

g " W
Minutter Timer Dagn Alder
Hvilepariode I Afbinding Hasrdning

Figure 5: Three phases of cement paste development: Rest, setting and hardening [34]

The top part of Figure 5 shows, how the porosity decreases concurrently with the formation of hydration
product. As mentioned, there are four main products of the hydration of cement. C-S-H-gel formed
by C3S and C,S, portlandite (or calcium hydroxide) also formed by CsS and CsS and ettringite and
monosulphate both formed by CsA. The last product shown in Figure 5 is C4(A,F)Hy3, which is the
hydration product of C4AF.
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The lower part of Figure 5 shows the three phases of the structural development of the cement paste.
The first phase is rest, up until approx an hour after mixing. Then comes the second phase, where
the paste sets, i.e. the formation of hydration product begins properly. This phase is current the first
10-15 hours, and is where the mortar becomes unworkable and starts to stiffen. The last phase is the
hardening, where the air inside the mortar is replaced by hydration product which connects the particles
into a homogeneous mass. The last phase takes over after the setting and theoretically continues until

the hydration of cement is complete. It is in this phase, that the concrete develops its strength.

5.1.3 Strength development

The maturity of concrete, i.e. the equivalent hardening age at 20 °C, can be calculated from (2).

My = fao(Ni) - t; (2)

where
f20(N) = 2029 (353 ~ 7273) for N > 20°C
or
Fao(N) = £2029+177-(20—N) (385 — w7273) for N < 20°C
and N; and t; are the temperature and length (days), respectively, of the i'" period [21].

Due to temperature change during the hardening period as a result of changes in weather and the fact
that hydration of cement liberates heat, the hardening period can be split up into several intervals, as
(2) indicates. This results in a maturity age of the concrete as a function of the variable temperature.
Since the hydration process is accelerated at higher temperatures, it is desirable to know the maturity
age of the concrete at a given time, as a concrete subjected to a higher temperature can be as far in the

hardening process after e.g. 30 days, as a concrete at 20 °C after e.g. 40 days.

When choosing strength class for concrete, it is actually the strength typically after 28 days of hardening
that is chosen. In practice though, the concrete increases its strength throughout its service life. After the
first week, the concrete has obtained approx 70 % of the 28 day strength, but even after the 28 days, the
strength grows due to incomplete hydration of cement. The hydration can continue, however extremely
slowly, for several years, but the continuation of strength development cannot be used as a validation

factor of a structural component [20].

5.2 Sludge ash

5.2.1 Wastewater treatment

Sludge ash is the final product of wastewater treatment. The following section is a description of the

wastewater treatment procedure at Lynettefeellesskabet I/S.

When the wastewater enters the treatment plant a number of chemical substances are added, such as
iron in the form of iron chloride (Fe(IIT)Cl) or aluminium in the form of aluminium chloride (AICI).
These metals will react with the phosphate in the water and form a poorly soluble substance that will
precipitate and stick to the rest of the sludge. This way the phosphate is extracted in the slurry from
the water [46].
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04.06.2014 5.2 Sludge ash

When the wastewater has been treated, a large part of the sludge is reused to decompose organic material
from incoming wastewater, whereas the rest is led to digesters, where the sludge disintegrates prior to
incineration. The sludge is incinerated in a fluid bed furnace at around 900 °C. The "fluid" in "fluid bed"
is not actually a fluid, but an air induced sand layer which the sludge is led onto. The sand seperates
the sludge into tiny particles resulting in an instant combustion [24]. After incineration, some of the ash

is deposited and some is utilised in other correlations, e.g. in the construction industry [19].

5.2.2 Color

The color of the sludge ash left from treating wastewater depends on which metal is used to extract the
phosphate. When using iron chloride (Fe(III)Cl) [46] the ash gets a red-brownish color, as seen in Figure

6 because of the iron.

N

(a) Original sludge ash (b) Milled sludge ash

Figure 6: Sludge ash directly from Lynettefzellesskabet I/S (6a) along with milled sludge ash (6b)

A way to avoid the red color is to use alumiunium chloride AICI, which gives the ash a yellow-brownish
color [26].

5.2.3 Milling of the ash

According to the report of Morten Reiff and Morten G. Meldgaard the ash delivered from Lynettefael-
lesskabet I/S has to be milled to obtain the optimal hardening and compressive strength [40].

Figure 6 shows both the ash directly from the wastewater plant along with the same ash after being
milled. Offhand it is not particularly visible from the Figure 6, that the original version of the ash is
more coarse than the milled version. This however can be explained by the fact, that the milled ash has
a much bigger surface area, resulting in the microscopic particles to stick together. The original ash on

the other hand is much more sand-like in the sense, that the individual particle is individually movable.

5.2.4 Use in concrete

When used in concrete, the sludge ash acts as any other pozzolan aggregate [26]. A pozzolan is a material
that, combined with a calcium hydroxide-solution (CaOH), shows the same properties as cement in terms
of hydration [22]. The calcium hydroxide comes from the reaction between a calcium silicate and water,
which combined produces C-S-H-gel along with calcium hydroxide (CH, portlandite) [22]. There is not
unanimity as to whether the ash acts as a pozzolan though. The sludge ash is also said to have a packing

effect on the mortar, due to its fineness. When using ash that does not act as a pozzolan, the density
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increases caused by suppression of air within the mortar. There is no clear answer to the question of

pozzolan or non-pozzolan effect of sludge ash, because it varies from ash to ash.

5.3 Phosphate

Phosphate is present in all living organisms as it is a part of DNA, proteins, starch and fatty acids
[10]. Wastewater treatment plants cleanse, among other kinds, the domestic wastewater which is rich
on excrements containting phosphate. The result of the cleanse is the sludge, of which a part is used as
fertiliser, precisely because of the phosphate. The part that is not used in agriculture is burnt to ash and
deposited. As part of the cleanse, phospate is extracted in the sludge as iron phosphate (Fe(IIT)POy,) or
aluminium phosphate (AIPOy4) by adding iron chloride (Fe(IIT)Cl) [46] or aluminium chloride (AlCl) [31]

to avoid eutrophication in lakes and streams [47].

5.3.1 Ammonium dihydrogen phosphate (ADP)

ADP has the chemical formula NH4H5PO, and is formed when phosphoric acid (H3POy) is combined

with ammonia (NHs) as seen in (3):

H3PO4 + NH3 — NH4H2PO4 (3)

It is also used as a component in dry agricultural fertiliser, because it contains both nitrogen and phos-

phate in a form beneficial to the plants [48].

5.4 Ion chromatography (IC)

Ton chromatography is like chromatography of a liquid. There is a mobile phase and a stationary phase.
One of these phases consists of anions and the other of cations, depending on the subject of investigation.
The mobile phase is led through the stationary phase with an eluent, which determines the retention

time with its strength - the more powerful an eluent, the shorter retention time and higher velocity.

Depending on the test subject, the components will leave the stationary phase gradually from the com-
ponents with the least affinity to the stationary phase (smallest charge) to the components with the
largest affinity (largest charge) [9]. The components are then detected when leaving the stationary phase
which results in a chromatogram showing each component as a graphical "top". The qualitative analysis
is based upon comparing the retention time of a component with the time of a known standard. The

quantitative analysis consists of comparing "tops" with a similar "top" of a known standard [7].

5.5 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)

The theory behind the ICP-OES method is, that the emitted light from excited atoms is measured, so
that it can be converted into a content of an atom of choice, because the amount of light emitted is

proportional to the atom content.

To measure the characteristic lights, plasma is formed by introducing argon to enough energy so that
it splits up in charged ions and electrons. The energy in the plasma corresponds to a temperature of
5000—9000 °C. A bit of the test specimen is led into the plasma, where the atoms receive energy quantums
(photons), i.e. they are excited. When the atoms leave the plasma, they release the energy quantum
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and a characteristic light for the atom is emitted. The signal from the light forms a top (graph), when
displayed as a function of time. The area under the top can now be used in the relation (4) between itself

and the concentration in the test specimen [41].

A=a-c+b (4)

This relation can be used together with a measured standard range, which gives a linear correlation
between the top area A and the concentration c. a and b are determined through linear regression and

an unknown concentration can now be determined from the top area as shown in (5) [41].

5.6 Capillary suction

When a porous material, like concrete, is placed in contact with water, the water will be transported up
through the material by the capillary suction. This is a result from the wetted material which forms a
concave surface (a meniscus) in a water-filled pore. Together with the hydrostatic negative pressure in the
water directly under the menisci, these are decisive for one of the most important transport phenomena

in porous materials — the capillary suction [33].

The total volume of water Qxap Which is absorbed per area unit is determined by (6).

Qkap:k'\/%:% (6)

Where k [kg/(m? - v/t)] is a constant which indicates the capillary number of the material, ¢ [s] is the

time, my [kg] is the dry mass and A [m?] is the area of the downward face of the specimen [33].

Qxap can also be found from a (Q, V/t)-diagram as the one shown in Figure 7 below.

Q (kg/m2)

|

i

[

|

[

|

[

|

t
Vi, Vi (Vs)
Figure 7: Qyap from a (Q, v/f)-diagram [40]

Qxap is read off of Figure 7 as the value correlating to the point, where the straight line continuation of

the pre- and post-bend parts of the graph meet. The corresponding value to Qxap is called +/Tiap.
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6 Experiments and methods

Throughout the report a couple of abbreviations will be used when different mortarmixes are used.
Descriptions of the full range of abbreviations of mortarmixes are shown in Table 1 below, followed by

an example.

Table 1: Description of abbreviations

Abbreviation type Description
5 % cement 5 % cement replacement
10 % sand 10 % sand replacement
5¢XXd 5 % cement replacement (5¢) with due date of XX days (XXd)
10sXXd 10 % sand replacement (10s) with due date of XX days (XXd)
REFXXd Reference mortar (REF) with due date of XX days (XXd)

As an example, the mortarmix with a 5 % cement replacement of sludge ash will not be mentioned as "5
% cement replacement" but instead as 5 % cement. In some cases it is desirable or even necessary for the
understanding to state the due date of a mortar along with the material replaced and to what extend it
is replaced. As an example a 5 % cement mortar with a due date of 14 days will be mentioned as 5c14d,
where 5 correlates to the replacement degree (5 %), ¢ correlates to the material replaced by ash (cement)
and 14d states the due date of the mortar (14 days).

It should be noted, that the reference mortar has no ash added, and as such is a classic mix of cement,

water and sand.

6.1 Ash characteristics
6.1.1 pH-determination

The purpose of this part of the characterisation is to determine where on the pH-scale the given ash is
located. The complete experimental guide is found in Appendix D.1, but below the main principles of

the procedure are outlined.

The pH-value of the ash is measured potentiometrically by a pH-meter in a suspension of the ash in
potassium chloride (KaCl) at a 1:2.5 ratio. The suspension is made by weighing off 5.00 g of ash into a
20.00 mL plastic vial. Next, 12.50 mL of a 1.00 M KaCl-solution is added to the ash. The plastic vial
is placed on a vibration table for an hour, whereafter the ash is allowed to precipitate until the liquid
phase has deposited above the ash. The pH-value is now triple determined in the liquid phase with the
electrode (Figure 8a) of the pH-meter (Figure 8b).
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(a) [25]
Figure 8: Combination electrode (8a) along with the PHM 220 pH-meter (8b)

6.1.2 Water content

The objective here is to determine the content of water in the ash. It should be noted, that the ash
used for the experiment has been pre-dried in a 50 °C furnace for several days. This state of the ash will

nevertheless be announced as the moist state.

Due to a triple determination, the masses of three empty beakers mg are measured and noted. The
beakers are filled with an arbitrary amount of ash and the masses are measured and noted yet again.
The beakers are now placed in a furnace at 105 °C overnight for the ash to reach a dry state. The masses
of the beakers, containing the dried ash, are measured and noted. The water content of the ash is then
calculated by (7).

Watercontent [%] = —meist —Tdry 100 (7)

Mmoist

6.1.3 Loss on ignition (LOI) cf. DS/EN 12879

The content of organic material in the ash will approximately be the achieved loss on ignition at 550 °C.
Samples of dried sludge are heated in a furnace at (550 +25) °C. The difference in mass before and after
the ignition process is used to calculate the loss on ignition (see (8)). For the ashes which are under the
influence of heavy metal toxicity, the heavy metals will greatly react with the organic material in the ash

and be stuck with this fraction.

Mash,bef — Moash,aft
LOSS [%] — ash,belore ash,alter . 100 % (8)
TMash,before

6.1.4 Solubility in water

This test is conducted to light up the amount of ash, which is soluble in water. The masses of the filter
before filtering the ash and after the filtering are noted. The solubility is then calculated with (9).

Mash — Mash,left

Mash

Solubility [%] = -100 % (9)
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6.1.5 Water-soluble anions

The purpose here is to determine the amount of water soluble anions with an ionchromatograph (IC).

10.00 g of dried ash is put into a 100.00 mL plastic vial. 50.00 mL of destilled water is added to the
vial which is placed on a vibration table overnight. The sample is filtered through a syringe filter. The
filtered sample is used in the IC.

6.1.6 Conductivity

The purpose of determining the conductivity is to get a visual of how well current is conducted in a given

solution.

The procedure is conducted by weighing off 10.00 g of crushed ash into a 50.00 mL plastic vial. 15.00 mL

of destilled water is then added with a full-pipette, whereafter the vial is placed on a vibration table for

30 minutes. The ash is then allowed to precipitate for approximately 20 minutes, until the liquid phase

has deposited above the ash. The conductivity is then triple determined in the liquid phase with a gauge
mS

which measures it in 7>.

6.1.7 Destruction of ash cf. DS 259

This destruction method is a Danish Standard (DS 259) for determination of acid soluble metals. The
destruction expresses the level of the concentration of metals, but not the overall concentration in the

sample.

The procedure goes as follows: 1.00 g of dried, milled ash is weighed off into a autoclave bottle. 20.00
mL of half concentrated HNOj3 is added to the ash and the screw cap is tightened, since the HNOj
would evaporate otherwise. The bottles (triple determination) are put in the autoclave at 200 kPa for
30 minutes, whereafter the bottles are cooled down to room temperature. The samples are filtered by
suction through a 0.45 pm filter in a fume cupboard. The bottle is rinsed three times with destilled water.
The filtrate is poured into a 100.00 mL volumetric flask, destilled water is added up until the mark on
the flask and mixed into a compound. The compound is stored in a 20.00 mL plastic vial for later use in
the AAS. The result of the AAS is a guideline concentration of both heavy metals and macro elements.
Once the AAS has measured the contents of metals and macros, the concentrations [%gg] are calculated

with (10):

A-0.100 L -
Concentration = M (10)
B. 1073‘%78
ash

Where A is the concentration [2£], B is the mass of the ash [g] and C is the attenuation factor.

6.1.8 Grain size distribution
For determining the grain size-distribution, a Mastersizer 2000 is used. Below a short description of the
arrangement is presented.

The sample is introduced to a dispersion unit called Hydro SM, which makes sure that the sample is in the

correct concentration when delivered to the Mastersizer 2000 [29]. The sample particles are suspended in
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a dispersant that lowers the surface tension of the particles, which makes them seperate from each other

and suspend better [28]. The dispersion unit is seen in Figure 9a.

(a) [28] (b) [29]

Figure 9: Dispersion unit (Hydro SM) (9a) and optical bench (Mastersizer 2000) (9b)

The suspended sample is then injected into the optical bench, which is the Mastersizer itself (see Figure 9b)
where the suspension is eluminated by a laser beam. The intensity of the scattered light is then captured
by a series of very accurate detectors and the data is tranferred to a computer with the Mastersizer 2000
software. This software analyses the data from the detectors and calculates the grain size of the particles

from the respective scattering pattern [29].

6.2 Capillary suction

If the test specimens are tested for both capillary suction and porosity and density, the test for capillary

suction has to be conducted first.

The test specimens are placed in an 50°C furnace until state of equilibrium occurs (when there is no
change in the weight compared to the previous measuring). The test specimens are then placed in an
exicator with silica gel to cool down to room temperature. A photo tray with racks is filled with distilled
water approx 5 mm above the racks. The dimensions of the test specimens are measured before placing
the specimens on top of the racks. As soon as the specimens touch the water a stopwatch is started. In
intervals of 1, 2, 4, 8, 16, 32, 60 and 120 minutes the test specimens are dried with a hard wringed cloth

and weighed. When the test specimens are not in contact with the water the stopwatch is stopped.

6.3 Porosity and density

The test specimens are placed in an 50°C furnace until state of equilibrium occurs (when there is no
change in the weight compared to the previous measuring). The test specimens are then placed in an
exicator with silica gel to cool down to room temperature. The weight is noted down for the test specimens

before they are evacuated dry in the exicator for a minimum of three hours.

After the three hours, demineralised water (room temperature) is led into the exicator until the test
specimens are fully covered in water. At this specific pressure, the specimens will stay for another hour.
Air is then led into the exicator and the test specimens will stay in the water at atmospheric pressure
overnight. The water saturated test specimens are first weighed in water and secondly in air (after dried

with a hard wringed cloth).
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6.4 Mortar casting and compressive strength
6.4.1 Preliminary part

The compressive strengths are tested for three different mixtures of cement: A reference mortar (called
REF) where none of the ash is added, a 5 % cement replacement where 5 % of the cement is replaced by
ash and a 10 % sand replacement where 10 % of the sand is replaced with ash. The components of the
mixture for both REF, 5 % cement and 10 % sand are shown in Table 2. The mixing procedure of the

cement mortar is described in Appendix A.

Table 2: Mortar mixes for use in testing of the compressive strength

Specimen  Cement [g] Water [g] Sand [g] Ash [g]

REF 450.0 225.0 1350.0 0.0
5 % cement 427.5 225.0 1350.0 22.5
10 % sand 450.0 250.0 1215.0 135.0

Table 2 is also illustrated in Figure 10 below.

Cement

(a) (b)

Figure 10: Visual comparison of mortarmixes with 5 % cement (10a) and 10 % sand (10b)

An additional 25.0 g of water is added to the mix for 10 % sand. This is a result of previous test where
the mix happened to be too dry without the additional 25.0 g of water.

To determine the compressive strength, a compression test frame, ToniTechnik 3000 kN, is used. The
specimens are tested until fracture and the load is noted. The compressive strength [MPa] is calculated
by (11) [42]:

Fe

Fe = 1600 (11)

where R, is the compressive strenght in MPa and F is the noted force in kN.

6.4.2 Further part

For the further part different concentrations of the salt, ammonium dihydrogen phosphate (ADP), is
added to the mortar to substitute pure water. This is done to see the influence of phosphate in the
compressive strength progress in the early phase. Even though it is ADP added to the mix, it is, in the

discussion, assumed that only pure phosphate is added.
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The four different concentrations are respectively 0.10 M, 0.25 M, 0.50 M and 1.00 M. The addition of
ADP to each solution appear from Table 21 in Appendix C. Both REF and 5 % cement are conducted
for the four different concentrations. The appurtenant ADP solutions for each concentration are shown
in Table 3.

Table 3: Concentration and appurtenant ADP solution

Concentration [M] ADP solution [mL]

0.10 225.0
0.25 235.0
0.50 250.0
1.00 275.0

Additional ADP solution is added to both the concentrations of 0.25 M, 0.50 M and 1.00 M compared to
0.10 M. This is a result of previous test where the mixes happened to be too dry without the additional

water.

Regarding the mixing procedure for the ADP solutions the procedure described in Appendix C is used.

6.5 Setting time and hardening

To determine the setting time of a hydraulic cement mortar, the Automatic Vicat CE350 apparatus is
used (see Figure 11). The Vicat penetrates a mortar sample with a probe in certain time intervals over
a preset time period. This yields a series of coordinates in the form of (p,t) with p [mm] being the
penetration distance and ¢ [min| being the time. The hardening process can then be sketched and the

setting time determined.

Figure 11: The Automatic Vicat CE350 apparatus [17]

Before using the Automatic Vicat apparatus, it should be calibrated cf. the Impact Test Equipment Ltd.
operating manual [27]. The correct use of the apparatus should also be conducted cf. the Impact Test
Equipment Ltd. operating manual [27].

The components of the mixture for both REF, 5 % cement and 10 % sand are the same as shown in
Table 2. The mixing procedure of the cement mortar is described in Appendix A.
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6.6 Flow of hydraulic cement mortar

The purpose of this experiment is to determine the flow of hydraulic cement mortar. The flow of a cement
mortar can be used to determine whether it contains the right amount of water by fulfilling a specified
flow. The conduction of the flow test cf. ASTM C1437-07 [18] is to be found in Appendix B.
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7 Results and discussion

7.1 Work process

Through initial testing with the sludge ash, a load of results were modelled to form a poster presentation
(see Appendix F), which founded the base for the further work of the project. Figure 12 shows how the

work process was determined.

High P-content ‘ More ash — slower setting ‘ ‘ More ash — lower strength ‘

Figure 12: Work process for the project

As seen from Figure 12 the project started off broadly. After the preliminary tests with the ash leading to
the poster presentation, the project was narrowed in, due to findings of a high phosphate content in the
ash, combined with observations of slower setting and lower strength as the ash replacement increased.
These factors lead to the final delimitation of the project: Impact of phosphate on the compressive

strength of the mortar in the early phase.

7.2 Ash characteristics

DS 2426 [44] contains supplementary standards and elaborations to DS/EN 206-1 and DS/EN 206-9,
which are essential for using these in Denmark. DS 2426, DS/EN 206-1 and DS 206-9 can only be used

as one whole, and none of the three standards can be used separately. In case of contradiction, DS 2426
is valid before DS/EN 206-1.

According to DS 2426 [44] sludge ash, as a waste product by combustion of wastewater sludge from
Danish wastewater treatment plants, has to be delivered with an informative label, which as a minimum
declares the chemical parameters cf. DS/EN 450-1, 5.2 [6] and a particle density cf. DS/EN 450-1, 5.3.4
[6], to be used as an admixture to the concrete. Furthermore, the loss of ignition for sludge ash has to
meet the standards for category A cf. DS/EN 450-1.

Table 4 shows the chemical requirements of sludge ash cf. DS 2426 and DS/EN 450-1.
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Table 4: Chemical requirements for fly ash

Chemical parameter Method Required values
Loss on ignition EN 196-2 <5.0 %
Chloride EN 196-2 <0.1%
Sulphate content EN 196-2 <3.0 %
Free calcium oxide EN 451-1 <15 %
Reactive calcium oxide EN 197-1 <10 %
Reactive silicon dioxide EN 197-1 >25 %

Silicon dioxide (SiO3)
Aluminium oxide (AlsO3)  EN 196-2 >>70 %
Tron oxide (FezO3)

Total content of alkalis EN 196-2 <5.0 %
Magnesium oxide EN 196-2 <4.0 %
Phosphate ISO 29581-2 <5.0 %
Particle density EN 1097-7 +20028

All the required values in Table 4 are % by mass and the particle density is not allowed to deviate more

than iQOO% from the value declared by the producer.

The Danish consolidation Act no. 1662 from 24-12-2010 [5] determines the rules for the application of
waste products and soil in construction work. The consolidation Act does cover fly ash but not sludge
ash. However, the Act is still found to give a good indication of the threshold values for sludge ash and
it will therefore be used in discussion of the ash characteristic. Table 5 indicates the threshold values of

waste products and soil in construction work.

Table 5: Classification of waste products and soil into categories

Substance Category 1 [32] Category 2 [5]
Arsenic 0-20 > 20
Lead 0-40 > 40
Cadmium 0-0.5 > 0.5
Chromium, total 0 - 500 > 500
Chromium (VI) 0-20 > 20
Copper 0 - 500 > 500
Mercury 0-1 >1
Nickel 0-30 > 30

Zinc 0 - 500 > 500

The threshold values in Table 5 are classified in two categories. If the threshold values are conformed
to category 1 the waste products and soil can be used, without sanction, for all construction work. In
category 2 there are different requirements cf. Lovtidende 1662 [5]. Actually there is a category 3, but

this category has the same threshold values as category 2 and is therfore left out.

7.2.1 Data from Lynettefeellesskabet I/S
In connection with delivery of the sludge ash from Lynettefsellesskabet I/S an Executive Order on Work
with Substances and Materials and a safety data sheet was included (see Appendix E). From Table 6 the
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content of substances, according to Lynettefaellesskabet 1/S, in the sludge ash are shown.

Table 6: Content of substances

Substance Content [%]
Calcium oxide (CaO) 10 - 15
Silicon dioxide (SiO3) 25-35
Aluminium oxide (AlxO3) 5-10
Iron oxide (FezO3) 10-15

Phosphorpentaoxid (P2Os) 20 - 25

From Table 6 the content of CaO in the sludge ash is between 10 and 15 %. It does not appear from
the information from Lynettefeellesskabet I/S if dealing with reactive or free calcium oxide. Regardless
of this, the content between 10 and 15 % will still be higher than the highest required value of 10 % for

reactive CaO.

The content of SiOs is between 25 and 35 % and fulfills the required value of minimum 25 %. Silica in
concrete reacts with Ca(OH),, which is formed by the hydration of the cement, and thereby contributes
as a binding material in the concrete. This reaction is called a pozzolanic reaction. Aluminium oxide
and iron oxide take some kind of part in similar reactions as for silicon dioxide. The existence of these
three oxides gives an indication if a given waste product can be presumed to have pozzolanic properties
and thereby contribute to the development of the strength and denseness in the concrete. The content of
both silicon dioxide, aluminium oxide and iron oxide has to be bigger than 70 % as shown in Table 4. If
adding together the highest value in the interval for these three substances (from Table 6), it only sums
up to 35 % + 10 % + 15 % = 60 %. This is 10 % from the required value.

7.2.2 pH-determination

Below in Table 7 the pH-measurements for the three test specimens are shown along with an average

pH-value.

Table 7: pH-determination

Specimen  pH

A 11.9
B 11.8
C 11.7

Average  11.8

As Table 7 shows, the suspended ash is measured to have an average pH-value of 11.8, which is quite

alkaline.

7.2.3 Water content

The water content of the ash is calculated from (7). Table 8 below presents the measured data along

with the calculated water contents.
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Table 8: Water content

Specimen Mg [g]  Mmoist [8]  Madry [g] Water content [%]

A 18.62 24.25 24.24 0.041
B 18.58 25.87 25.85 0.077
C 19.09 25.83 25.80 0.116
Average 0.078

Table 8 shows an average for the water content, because of rather significant deviations between the test
specimens (deviation between A and C = 180 %). These deviations makes a conclusion difficult to draw,

which is the reason for the presentation of an average percentage of 0.078.

7.2.4 Loss on ignition (LOI) cf. DS/EN 12879

The measured data are shown along with the calculated results from (8) in Table 9 below.

Table 9: Loss on ignition

Specimen  mg [g]  Mash before [8]  Mashaster [&] Loss on ignition %]

A 13.71 17.33 17.33 0.00

B 14.22 17.65 17.66 -0.06 ~ 0.00

C 13.80 17.81 17.81 0.00
Average 0.00

In Table 9 it is seen that there was no organic material present at the time of the conduction of the
incineration process. Because organic material eventually decomposes, it should only be seen as a good
property of the ash that it contains no organic material. Due to the decomposition, the organic material
would leave air voids, causing the concrete to be more susceptible to different sorts of environmental
attacks, e.g. frost or chemical. Compared to Table 4 the LOI of 0.00 % does not exceed the limit of 5
%.

7.2.5 Solubility in water

In Table 10 the masses of the filter before and after the test are shown.

Table 10: Solubility in water

MAlter,before [g} TMfilter,after [g} MMash,left [g]
9.88 106.68 96.80

With the data from Table 10 the solubility is calculated with (9) and gives (12).

100 g — 96.8
Solubility [%] = —>—"°8 100 % = 3.20 % (12)
100 g
This means, that out of 100.00 g of ash, 3.20 g are dissolved in the water, which consequently means that
there is a loss of solid matter. The conduction of the solubility test is of a slightly uncertain character,
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since it requires that every single bit of ash is accounted for, when weighing the filter (see Appendix D.4).
If not, the solubility appears higher than it actually is. A way to see whether the solubility is reasonable

is to test the content of soluble anions with ion chromatography (see section 5.4).

The solubility is a measure of how much solid material dissolves in water (splitting up into ions). This
means, that the measured amount of soluble anions with the IC should constitute about half of the total
solubility from (12). The reason why it should only constitute half is that the anions have appurtenant
cations constituting the other half. Of course there are other water soluble substances present in the ash
than ions, which the rest of the solubility can be assigned to (still with some degree of uncertainty in

mind).

The content of soluble anions from the IC are presented in section 7.2.6, followed by a further discussion.
7.2.6 Water-soluble anions

In Figure 13 below the concentrations of the different anions are shown.

Concentrations of water-soluble anions
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Figure 13: Concentrations of water-soluble anions

Figure 13 shows the concentrations of CI-, NO3~ and SO4%. The corresponding percentages are presented
in Table 11 below.

Table 11: Corresponding % of Cl-, NO3~ and SO,*

Anions  Content [%]

Cr 0.02
NOs 0.0007
SO4% 1.27

>~ Anions 1.29

Compared to the solubility from 7.2.5 of 3.20 % the total content of anions sums up to 1.29 % which
according to the discussion in 7.2.5 should be about half of the total solubility. If the content of soluble
anions is doubled the result is 2.58 %, which seems quite reasonable, since there as mentioned, are

other soluble substances along with some degree of uncertainty. The comparative deviation between the
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total solubility and the ion solubility is calculated in (13) stating a combined margin of other dissolved

substances and uncertainty.

3.20 % — 2.58
Deviation % = 320 % —2.58 % 100 % = 19.38 % (13)
3.20 %

The deviation of 19.38 % should include the presence of other soluble substances and uncertainties in

connection with experiment conduction.

If comparing Table 11 with Table 4 the chloride content of 0.02 % satisfy the requirement of less than
0.1 %.

7.2.7 Conductivity

Below in Table 12 the measured Icn—nsl are shown along with an average value.

Table 12: Conductivity

Specimen  [25]
A 3.26
B 3.30
C 3.25

Average  3.27

The results from Table 12 shows an average conductivity of 3.27 IC“TS, which compared to a value of 7.81
5 from 2013 [40] is rather low. Since this report and the report of Morten Reiff et al (2013) [40] deal
with the same ash it seems peculiar that there is such a significant difference in the conductivities. It is
the content of readily soluble salts that decide the degree of conductivity. This means, that the content
of salts has dropped significantly from 2013 to 2014. This does not give any meaning however, if the ash

came directly from the furnace.

Since the conductivity of stored ash from the report of Morten Reiff et al (2013) [40] has a value of 5.59
% it makes more sense, if the ash subjected in this report was extracted from storage as well. The
difference in conductivity could then be explained by the fact, that some of the soluble salts are washed
out of the ash, because it is exposed to rain and snow. That way it seems reasonable that the value has
dropped as much as it has from 2013 to 2014. The conductivity has to be said to vary between ashes and

even between batches of the same ash.

7.2.8 Destruction of ash cf. DS 259

7.2.8.1 Heavy metals

If considering heavy metals from a concrete-technical perspective, the content has no importance for the
primary properties of the concrete. On the other hand the heavy metals are unwanted in the concrete seen
from an environmental view by several reasons e.g. by satisfying demands in the quality of the wastewater
and solid waste. In Figure 14 the shares of several different heavy metals, arsenic (As), cadmium (Cd),

chromium (Cr), copper (Cu), nickel (Ni), lead (Pb) and zinc (Zn), in the ash are shown.
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Content of heavy metals
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Figure 14: Content of heavy metals

If comparing Figure 14 with Table 5 it can be found which category each heavy metal belongs to according
to [5]. The comparison is shown in Table 13 where the actual content for each substance along with the

appurtenant category is shown.

Table 13: Content and category of heavy metals

Substance Content [35]  Content [%] Category
Arsenic 1 0.0001 1
Cadmium 3 0.0003 2
Chromium, total 53 0.01 1
Chromium (VI) - - -
Copper 629 0.06 2
Mercury - - -
Nickel 19 0.002 1
Lead 30 0.003 1
Zinc 3,552 0.36 2

It does not appear from the test results in which state chromium is detected (chromium (VI) or other).
The result for chromium is therefore placed in "Chromium, total" where “Chromium (VI)" is left blank.

Furthermore, there is no results for mercury which is also left blank.

Three out of the seven heavy metals exceed the threshold values of category 1. This concerns cadmium,
copper and zinc. The content of Cd is 500 % higher than the threshold value, Cu is 26 % higher and Zn
is 610 % higher. It is rather safe to say, that the wastewater is the source of the significant concentration
of zinc, since the content of zinc in wood-charcoal ash is about 1800 Ilf—gg, which is around 50 % of the

content in the sludge ash.

These three substances place the sludge ash in category 2 cf. [5] and can therefore only be used in

construction work with different requirements according to [5].
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7.2.8.2 Macro elements

Figure 15 expresses the level of concentrations of aluminium (Al), magnesium (Mg), sodium (Na), potas-
sium (K) and phosphate (P).

Content of macro elements
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Figure 15: Content of macro elements

The only alkalis found in this test are Na (NayO) and K (K20). The alkali-ions causes the rise in the
pH-value of the concrete. If adding a reactive aggregate, a gel consisting of alkali-silica or alkali-carbonate
can be formed. The gel attracts water which builds up a high pressure in the gel that harms the concrete.
A high pH-value can also have some positive effects and in some cases accelerate the strength development

of the concrete. The total content of alkalis appear from (14).

1.4 78828 1 1.10,486%2
> alkalis = 2 kgl 5 = 2100 % = 0.76 % (14)
kg

As seen in (14) the total content of alkalis found in the sludge ash is 0.76 % which is less than the required
value of 5 % found in Table 4.

As Figure 15 shows, the content of phosphate is 93,794 %‘; which corresponds to a content of 9.38 %.
This value is approximately 10 times higher than that of conventional fly ash (approx. 1 % [32]). This
high content of phosphate is 4.38 % higher than the required value shown in table 4 and is reckoned to
be of interest, since extraction of the phosphate from the ash is a potential source of business, but also
because it could have an effect on the mechanical properties of concrete. On account of these thoughts,
the effect of phosphate will be enlightened through experiments on the compressive strength of concrete

(see section 7.7.2 and onwards).

Magnesium oxide can react with water and cause damaging expansions. The content of Mg (MgO), is

18,189 % corresponding to 1.82 % and is lower than the required value of 4 % from Table 4.

7.2.9 Summary of ash characteristics

It is not possible to compare the found values from the ash characterisation directly with the required
values in Table 4. This table shows only the required values of fly ash cf. to DS/EN 450-1 [6]. However,
DS 2426 [44] opens up for using sludge ash as a type II-addition but only if the values shown in Table 4
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are satisfied. These requirements makes it difficult to use sludge ash in the production of concrete. On
one hand you can say that if the unwanted substances exceed the required values, known from fly ash,
on an early stage, it is highly possible they will not be suitable in the production of concrete. On the
other hand, fly ash and sludge ash are two independent and different products and should therefore not
be handled the same way. Of course they have to meet some of the same threshold values but there has

to be made specific requirements for sludge ash as seen for fly ash as they are two different products.

7.2.10 Grain size distribution

7.2.10.1 Non-milled ash

In Figure 16 below the distribution of grain size for a non-milled sample of the ash is shown.

Grain size distribution, non-milled
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Figure 16: Double determination of grain size distribution for non-milled ash

Figure 16 shows that the grain sizes of the two samples are not alike, which indicates, that the ash has
to be milled before using it in concrete in order to obtain an as homogeneous mix as possible. The result

of the milling is shown in section 7.2.10.2.
7.2.10.2 Milled ash

The grain size distribution for a milled sample is shown in Figure 17.
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Grain size distribution, milled
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Figure 17: Double determination of grain size distribution for milled ash

As opposed to the grain size distribution in Figure 16 the distrubution in Figure 17 shows a far more

uniform size distribution for the milled ash, which makes the ash applicable.

7.3 Capillary suction

Below in Figure 18 the capillary suction measurements of the 5 % cement mortars are shown.

Capillary suction for 5 % cement
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Figure 18: 