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ABSTRACT e
The effect of high tcmperamres on the compressive strength and abrasion resistance of mortar
fabricated by using lead slag extracted from recycling of the spent batteries in the homely
workshops as fine aggregates was. experimentally investigated. The fine lead slag (FLS) was used
as a partial replacement of the total fine aggrcgatc (TFA), sand, by different percentages of volume
(FLS/TFA =0, 10, 20, 39 and 40%). Test specimens were subjected to high temperatures ranging
from 200°C to 700°C step 100°C. The exposure time after reaching the desired target termperature
kept at two hours. The sequence of the residual unstressed test was followed. The weight loss and
the relative compressive strength (strength of heated specimen to that of the corresponding
unheated specimen) were determined. The weight loss of the heated and unheated specimens due
to exposure to abrasive wear was also calculated. Test results indicated that, at certain FLS/TFA%,
the relative compressive strength decreased gradually with high temperature up to 500°C and after
that it showed a sudden drop with further increases in temperature, The abrasion resistance
decreased with increasing high temperature. The compressive stréngth and abrasion resistance of
mortar inereased up to replacement of 20% of sand by FLS and after that it decreased but still
higher than that of 100% sand. Both compressive strength and abrasion resistance of FLS mortar
relative to those of 100% sand enhanced clearly with the presence of FLS at temperature abové’
500°C. :
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1. INTRODUCTION wastes . have been -used in concrete-making to

improve the properties of concrete and to reduce cost.

The high consumption of natural sources, the high
amount of industrial wastes and environmental
pollution require new solutions for a sustainable
development. One of the major contributions to the
preservation of-the- environment and sustainable
development; is the reuse and recycling of the waste
materials. - Use of inorgamic industrial residual
products: in making cementations products as
congrete.and mortar will lead to sustainable concrete
design-and.a greenet environment [1].

The neéd to develop concrete and mortar with non-
conventional aggregates is urgent for environmental
as well as’ economic reasons. A review of earlier
reseafch showed that industrial as well as other

’

Inclusion of recycled tire rubber fibers in concrete
was found to avoid the opening of cracks and
increase enmergy absorption [2]. Structural light
weight concrete has been produced using oil palm
shells [3] and demolished masonry waste [4] as
aggregates. An improvement in the modulus of
elasticity of concrete was observed with partial
replacement of crushed stone coarse aggregate by
crushed vitrified soil aggregate [5].

Compressive strength and abrasion resistance were
increased when crushed ceramic waste was used to
partially replace conventional gravel coarse
aggregate [6]. On the other hand, De Brito et al [7]
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found that strength decreases as the quantity of
ceramic aggregates in concrete increases and the
decrease in compressive strength is higher than that
in the flexural strength. While, the abrasion
resistance of concrete made with ceramic recycled
aggregates is higher than that of concrete made with
limestone aggregates. Durability of cementatious
materials like mortar and concrete is as important as
compressive strength.

In recent published work by the author and co-
workers [8], lead slag extracted from recycling of the
spent batteries in the homely workshops was used as
concrete  aggregate,  Short term  mechanical
properties, wear resistance and radiation absorption
were studied. In the same vear, Penpolcharoen {9]
published the second contribution in the use of
secondary lead slag as a construction material, He
found that all samples exhibited higher compressive
strengths than that of the sample without slag, which
increased with increasing the slag contents and ages.
The highesi compressive strength was found for the
sample containing 20% slag as cemeni replacement
and 100% slag as aggregate replacement,

The results of chemical analysis of the used lead slag
in the previous work [8,9] revealed that the oxide
components of the slag were gimilar to those of
ordinary Portland cement (OPC). For environmental
concerm, leachability of lead (Pt} from all samples
was alse carried out [9] on samples with high slag
content, The amounts detected were much lower than
the acceptabls limit (5 ppm) for the requirement of
Thai hazardous waste disposal stardard. So, the
application of the slag for construction material is
fully attractive. The environmental conditions such as
temperature, bumidity and the mechanism of
chemical transports are the major factors causing
chemical and physical attacks [10]. Thus, the
performance of construction materials fabricated
from slag under these conditions is of primary
important. So, in the present work, the effect of high
temperature on the compressive strength and
gbrasion resistance of mortar made with lead slag as
partial replacement of sand was studied.

2. EXPERIMENTAL WORK

All materiais used in this study were locally availabls
materials. The cement used was type I ordinary
Portland cement. The sand was siliceous sand with
100% passing ASTM sieve No. 4. The fine lead-slag
{FLS) used in this research was obtained by recycling
of the spent batteries electrodes in homely
workshops. Recycled- lead slag (RL.S) was used as
fine aggregate in mortar manufacture. The RLS was
crushed to the desired gradation by using a roller
mill.  An energy dispersive X-ray spectroscope was
performed te analyze the chemnical compositions of
the materials. The results of chernical analysis of the

used FL.S and OPC are given in Table 1. The
physical and mechanical properties of the used fine
aggregate (sand and FLS) are given in Table 2
Mixing water was clean tap water free from
impurities and organic matters. The sand: cement
ratio was 3:1 by weight and the water cement ratio
was 0.5. The total fine aggregates (TFA} in the mix
were partially replaced by FLS particies. The
percentages by volume of FLS/TFA were 0, 10%,
20%, 30%, and 40%.

Tahle 1 Chemical composition of FLS and OPC

Constitnent | FLS(wit%) | OPC{wit%)
CaQ 2.5 62
810, 12,98 20.39

ALO, - 5.08
Iron oxide 72.8 2.89
as Fe; 0y a5 Fe,O,y
MgO 0.26 2.07
K,O 0.21 0.5
Na,Q 0.53 0.07
S0, - 2.4
MnQ 0.46 -
Pb 4.1 -
QOthers 2.33 1.53
L.0.] 3.83 3.1

Table 2 Physical properties of sand and FLS

Property Sand | FLS
Specific sravity 2.45 4,28
Density, kg/m’

Loose 1610 2280
Dense 1700 2820

% Voids

Loose { 38% | 47%

Dense 27% 34%

% Warter absorption 0.42 3.95
FM 2.55 3.35

Batch materials required for casting twenty one cubes
{70 mm side length) for compression test and twenty
one cylinders {25 mm diameter and 25 mm height)
for abrasive wear test were weighted first. Dry
materiais for this batch were mixed in the dry state
for a time to insure the homogeneity of the mixture
before adding the mixing water. The test specimens
were removed from the moulds 24 hours after casting
and immediately submersed in the curing water for
28 days. A total number of 105 compression
specimens and 105 abrasion specimens representing
five mixes having different FLS/TFA% were tested.

The experimental program suggested for the present
work included the exposure of the mortar specimens
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to different targ'et‘ tcmperatures (IT) rangmg fori

200°C to 700°C step 100°C at an average heating rate
of about 10 °C/min. An electric furpace of 1600°C
maximum temperature was used. The specimens
were placed inside the furnace and the temperature
was raised until it reaches the desired target
temperature, The specimens were sustained at this
target temperature for 2 hours. After that they

allowed to cool outside the furhace at room:

tewnperature  (residual unstressed test sequence),
Fig. 1. All cubes specimens were weighted before
and after heating to calculate the mass loss due to

“heating.

A universal-testing machine of 1000 kN maximum
capacity was used for the compression test. Among
test methods suggested by ASTM for the estimation
of the wear resistance of cementitious materials, the
revolving disk (ASTM C779, Procedure A) test
method [11] was selected. An aggregate 2brasion
testing machine (Cat. No. EL 42-500) was used to

" perform the test. The test specimens were exposed to

abrasive standard sand, passed from 0.6 mm sieve
and retained on 0.45 mm sieve, for 500 revolutions

“under a load of 750 gm. Fach specimen was

weighted before and after the test and the weight loss
was calculated.

‘Temperature -

B

% ,
Time
Fig, 1 Sequence of residual unstressed test followed in

this work

'3, RESULTS AND DISCUSSIONS

Density

The effect of FLS/TFA % on the relative density of
mortar is illustrated in Fig. 2. The relative density is
the ratio of the density of mortar specimen with sand
replaced by FLS to that of 100 % sand specimen. The
addition of FLS to mortar results in a linear increase
in the density of the material to reach 20 % higher
than that of 100 % sand at FLS/TFA. % equal to 40%.

146
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& |
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& I
i A Experimental
| wwme Best fit
60 - : _ —
0 10 20 30 40 50
FLS/TEA, %
Fig. 2 Effect of FLS/TFA % on the hardened density of
goncrete mortar,
Mass Loss

The mass losses for the diffefent moitar specimens
due to water evaporation as 2 result of exposure to
high temperatures are shown in Fig. 3 for the
different FLS/TFA %. The relative mass losses were
estimated as the difference in the mass between the
unheated and heated specimens to that of the
unhéated specimens. An increase in the relative mass
loss was observed for all mixtures with increasing
temperature. The loss rate is high at low temperatures
up to 300°C, after that it stabilized before increasing
again above 500°C. Similar behavior was observed

~ for concrete specimens but the stabilized stagé*was

ranged between 200°C and 400°C [12]. It is also clear
that the mix of FLS/TFA equal to 10 % showed the
highest relative mass loss, while that of 40 % FLS
recorded the lowest relative mass loss. The mass loss
at low temperatures, below 300°C, is caused by quick
evaporation of capillary water. Qver'400°C, the mass
loss is caused by evaporation of chemically
combined water (dehydration) and decomposition
[13]. Above temperature of 500°C, the dehydration of
the chemically combined water of the hydrated
Calcium Silicate Hydrate (CSH) resulting in un-
hydrated products was accompanied by observable
mass loss.
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Fig. 3 Effect of high temperature on the mass loss for
different FLS/TFA %.

Compressive Strength

The effect of high temperature on the relative
compressive strength of mortar specimens with
FLS/TFA equal to 0 %, 10%, 20%, 30% and 40 % is
shown in Fig. 4. The relative compressive strength
here is defined as follows:

Relative compressive strength = {6/ ogr]* 100

Where Gyr is the compressive strength of the
specimen exposed to the desired target temperature
and ogr is the corresponding compressive strength
of the unheated specimens at the same FLS/TFA%.
The general trend for the different FLS/TFA % is
similar, i.e. with increasing the target temperature, a
steady state drop in the relative strength is observed
up to 2 temperature of 500°C, where the average
relative strength is about 83%. After 500°C, the
average relative strength dropped suddenly to reach
51% with increasing temperature to 600°C, At 700°C,
the relative strength reached an average of 36 %, At
temperature of 200°C, the average relative strength is
96 %. In a previous work by the author and co-
workers [12] on the effect of high temperature on the
relative strength of concrete, a sudden drop was
recorded in the strength after 200°C and gravel
concrete completely lost its strength at 600°C. The
absence of coarse aggregate in the mortar decreased
the effect of differential thermal expansion that
occurred between cement paste and aggregate. This
can explain the slow gradual decrease in the relative
strength at temperature up to 500°C. The high
relative strength at 200°C is attributed to the enforced

hydration process due to water evaporation [14]. The
structure of the cement mortar after high temperature
exposure gets loose because of the pore expansion
owing to the veporization of the absorbed water. The
loss of water from the free calcium hydroxide (CH)
(results from cement hydration), leaving calcium
oxide (quick iime). This calcium oxide absorbs water
from the surrounded atmosphere as the specimen
leaved cool. Thus it re-hydrated to CH or reacts with
atmospheric CO, resulting in calcium carbonate
(CaCOs3). Theses processes are accompanied by an
expansion in the volumne, which may disnupt the
material {13, 15].

To explain the role ¢f FLS/TFA % on controlling the
behavior of mortar at high {emperature, the
compresgive strength of the heated mortar specimen
with different FLS/TFA% {c.) was divided fo that
with FLS/TFA% equal to 0 (o) at the different
regimes of high temperatures including RT as shown
in Fig. 5. The effect of FLS/TFA% at diffcrent
temperatures shows similar trends, i.e. an inci¢ase in
the strength ratio as the FLS/TFA% increases up to
FLS/TFA =20% and after that it decreases to
approach thai at 0% FLS/TFA at FLS/TFA% equal to
40%. Also it is clear that the strength ratio increases
as the exposed temperature increases especially at
temperatures of 600 and 700°C for all FLS/TFA %.
Ag an example for FLS/TFA% equal to 20%, the
strength ratio reached 1.12 at 200°C, 1.18 at 500°C
and 1.60 at 700°C., The FLS shows some of hydration
reactivity, which allows it to behave as a pozzolanic
when it was mixed with cement. So, using of lead-
slag as aggregate enhances u type of aggregate
cement paste interface, The decrease in the strength
with further increase in the replacement of sand by
FLS may be due to the fact that by increasing the fine
lead- slag aggregate without the equivaient required
amount of cement to achieve pozzolanic hydration,
an adverse effect on the bond in the matrix is
occurred [9]. At high temperatures, the reduced
amount of Ca(OH)2 due to the pozzolenic effect of
FLS increase the strength ratio at those temperatures,
which otherwise results in steength loss and
disintegration [16]. Photo.] shows the crack pattem
of the mortar specimens after exposed to temperature
of 700°C for FLS/TFA equal to 0 and 20%. A wide
crack is observed on the specimen surface for
FLS/TFA% equal to ( compared to a very namrew
surface cracks in the case of FLS/TFA equal to 20%.
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Relative compressive strength, {Ger! dm}x 106 %
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Fig. 4 Relative compressive strength against temperatures for different FLS/TFA%.
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(b FLS/TFA =20 %
o

ek

Photo. 1 Crack pattern of mortar specimens after
heating to 700 oC for
a) FLS/TFA = 0.0 % and
b) FLS/TFA = 20%.

Abrasion Resistance

The effect of high temperature on the abrasion
resistance of mortar fabricated by partial replacement
of sand by different percentages of FLS/TFA is
shown in Fig, 6. The abrasion resistance defined by
the wear rate (WR) is expressed as the weight loss of
the tested specimen divided by the area of the surface
exposed to wear. This is of a physical meaning, since
abrasion is a surface propetty that defines surface
layer characteristics. The exposed surface area for all
specimens is constant and equal to the area of a circle
having a diameter of 25 mm. The unit now is

go/mm®. Fig. 6 shows the relation between the
relative wear rate (wear rate of specimens exposed to
heat multiplied by 100 and. divided by that of the
unheated specimens at the same FLS/TFA%). The
figure shows increases in the relative wear rate with
increasing temperature for all FLS/TFA%. This
means a decrease in the abrasion resistance with
increasing temperatore and the relation is
approximately linear. This trend is similar to that of
compressive strength.

To reflect the effect of FLS/TFA% of the abrasion
resistance of mortar at different temperature, the
wear rate ratio (the ratio of the wear rate of moriar

_specimen containing FLS to that of 100% sand at the

same temperature) is drawn in Fig. 7 against
FLS/TFA% for different temperatures considered.
The presence of FLS enhances the abrasion
resistance of mortar specimens up to 20%
replacement and after that the effect decreases until it
approximately match that of 100% sand at FLS/TFA
equal to 40%. The role of FLS replacement is more
pronounced at high temperatures above 500°C.

200
175 -
- .
. L 2
g 150 - . ¢ %
5 o)
2125 | 2 g 8  FLSTFA, %
£ s 8 *0
2 100 A10
020
BT X 30
50 L 1 N ) 5 i DO#O e

0 200 400 600 800 1000

Temperatute, °C
Fig. 6 Effect of high temperature on the relative
abrasion rate for different FLS/TFA %.

The presence of FLS, which behaves as a pozzolanic
material reacts with the hydration products forming
and thus enhances cement aggregate interface and
leads to dense stoucture composed of irregular graing
and hydrated products attach to the aggregate surface
strongly. This improves the resistance of the mortar
to abrasive wear. With the increase in FLS above
20%, the remaining un-reacted FLS behaves as filler
and which can easy leave the surface of the specimen
during abrasion,
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Fig. 7 Effect of FLS/TFA % on the wear rate ratio at
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4. CONCLUSIONS

1. The compressive strength of fine lead slag mortar
decieased gradually with increasing temperature
up 500°C and after that temperature the strength
decreased markedly.

2. Wiih increasing tine lead slag percent as a partial
replacement of sand, the compressive strength
increased up to fine lead slag percent of 20 % and
after that it decreases but stiif higher than that of
100 % sand at 40 % fine lead slag.

3. The presence of fine lead slag played a vital role
in ephancing the strength ratio of lead slag mortar
compared to those of sand mortar especially at
high temperatures above 5006C,

4. The abrasion resistance of plain and lead siag
mortar decreased lineatly with increasing high
temperature.

5. The highest abrasion resistance was that of mortar
specimens of 20% fine lead slag,

6. The presence of fine lead slag enhanced the
abrasion registance of plain mortar and the rate of
enhancement is more pronounced at temperatures
above 5000C.
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