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Abstract

The durability of concrete made from various non-reactive waste materials, i.e. carbon black, silts and clays, and with various water

contents were investigated. The compressive strength, workability, sorptivity, and water permeability of the concrete were studied to assess

the durability. Further, the resulting change in the microstructure and cement hydration in these concrete were studied by X-ray diffraction

(XRD), scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy. It was found that the critical problem of

maintaining or increasing the designed workability could be solved by using high specific surface area material and with the superplasticizer

admixture. The present study also indicated that an alternative durable concrete could also be made with 25 vol.% of cement replaced with

silts and clay using a water/cement (w/c) ratio of 0.5. That is, the cement and water contents were less than those in OPC. Also, the cost of

concrete will be lowered. D 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Since the early 1980s, there has been an enormous

demand for the mineral admixtures by the cement and

concrete industries. For various reasons, the future demand

for these materials is expected to increase even more. It was

estimated in early 1990s that the People's Republic of China

(PRC), which produces about 200 million tons of cement

annually, would consume approximately 15 million tons of

zeolite, 25 million tons of blast-furnace slag, and over 10

million tons of fly ash as supplementary materials [1]. The

latest demand can be conceived to be more than that

originally estimated, in view of the fast development in

the PRC.

The advent of superplasticizers and superpozzolans such

as silica fume, rice husk ash, metakalin, pulverized fuel ash

and granulated ground blast furnace slag has made it

possible to utilize large proportions of these superplastici-

zers and superpozzolans in binary and ternary-component

blended cements [1].

In studying the stone dust content in sand, Bonavetti and

Irassar [2] stated that the gain of concrete strength was

attributable to the acceleration of the cement hydration at

early ages due to the effect of the stone dust. At the later

ages, no detrimental effects were observed. The mortar

porosity was lower than that of the corresponding mortar

without dust at the same water/cement (w/c) ratio.

Many studies had identified that a minimum of 19% of

original weight of cement could never hydrate. As a result,

high strength concrete contains a high proportion of unhy-

drated cement [3]. Also, some modern cement has higher

early strength than traditional ones, and induces more

calcium hydroxide formation. This may have an adverse

effect to the durability and cost of concrete.

In this respect, one of the incentives for the present

study is to use non-reactive waste materials with OPC to

study whether the hydration characteristic can be im-

proved. Another incentive is from the aspects of quality

and economy, so as to use the non-reactive waste materials

to replace a portion of the cement to achieve the same

strength and durability by using a w/c ratio of 0.5 for the

concrete mix. Mechanical and physical tests, as well as

microstructural examination were carried out to assess the

properties of the various cementitious replacement concrete

trial mixes.
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2. Experimental details

The methodology of this project is given in Fig. 1.

For the fresh concrete, the slump of each mix was

measured. Compressive strengths were tested at 3, 7, 28,

and 56 days after casting. Slices cut from cylindrical speci-

mens were used for sorption and water permeability tests.

After the 28-day compressive strength tests, the interfa-

cial transition zone (ITZ) of the cement paste were examined

using a scanning electron microscope (SEM) and analysed

with an energy dispersive X-ray (EDX) spectrometer.

Further, some of the powder of the bulk cement paste and

cement replacement materials, such as Types II and III, were

studied for their compositions by X-ray diffraction (XRD).

2.1. Materials

Carbon black is always used in rubber product as filler to

improve the strength, stiffness, hardness, and wear- and

heat-resistance. Much of the sulfur in carbon black is not

free, that is, it is not potentially reactive [4,5]. Although,

some technologists [6] say that carbon has a retarding effect

on the setting and hardening processes in concrete, it is

believed that carbon black is a non-polar product and carbon

has no absorption with the mixing water; both of them will

create a repulsing force between each other. This is a great

advantage in concrete workability, because this can reduce

the w/c ratio and function as a superplasticizer.

In general, most researchers [6] expressed that the silts

and clays could cause components to deteriorate. It is

understood that when mixing concrete containing silts and

clays, more water is added to achieve the same workability

as in OPC. That is, the w/c ratio is increased. The addition

of silts and clays increases the total surface area in contact

with water. Therefore, in order to reach a similar workability

as in OPC, more water is needed. The authors believe that it

is the additional water that causes the strength to decrease.

For some high quality concrete, certain mineral admix-

tures such as silica fume, etc., are used. Also, a super-

plasticizer is added, while using the same w/c ratio as in

OPC. The demand for water content for these mineral

admixtures should be similar to that for silts and clays. It is

therefore reasonable to predict that the use of superplasticizer

and the same w/c ratio as in OPC for concrete containing silts

and clays may also provide good quality concrete.

In this study, trial mixes of concrete with three different

grades of waste materials were prepared to replace the

cement content in the normal mix by three different percen-

tages. Type I particles were bought from the commercial

printing machine supplier. The specific gravity of these

carbon black particles was less than 1 and the fineness

was over 98 wt.% passing 45 mm. Type II particles were

under 150 mm in size, obtained from crushed granite stone,

silts and clays. Type III particles were sieved from crushed

granite fines, so that the particles were between 75 and 150

mm. The major composition of these two materials is quartz

(SiO2). Figs. 2 and 3 show the analysis of the quartz

material, where the SiO2 peak was dominant.

GRACE Super 20 superplasticizer based on naphthalene

sulphonateswasused.Theadmixturewasalsopreparedinbulk

and test samples were made from the same admixture tank.

2.2. Concrete mixes

The proportions of constituents of the concrete mixes

TM1±TM8 are shown in Table 1. It can be seen in the table

that various amount of OPC and water were used. A fixed

total volume was used for all types of concrete mixes. So by

Fig. 1. Experimental procedure.
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Fig. 3. Type III (crushed granite finesÐbetween 75 and 150 mm).

Fig. 2. Type II (crushed granite finesÐpassing 150 mm).
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defining the quantity of OPC in each mix, the amount of

Type I, II or III particles used was then calculated given the

required total volume.

2.3. Sampling

For each mix, eight 100-mm cubes were used for

compressive strength test and a 95-mm diameter �250-

mm long cylinder was used for sorption and water perme-

ability tests. The cubes and cylinders were then covered

with wet hessian for 24 h.

After de-molding, the specimens were cured in water at

27 � 2°C. One of cubes was strength-tested after 3 days of

curing. Two cubes were tested after each of the 7, 28, and 56

days curing period.

2.4. Sorption test and porosity

A slice of 25-mm thick was trimmed from the cylindrical

specimen. After the sample was vacuum-dried to a constant

weight or was dried at a temperature of 105°C for 72 h, the

sample was cooled in a desiccator for 24 h.

The `sorptivity' was calculated from the volume of water

absorbed per unit cross-section, A, and the square root of time,

t. Values of sorptivity were given in mm3/mm2 per min1/2.

Further, the water absorption from the start of the test to

the end of the first phase might be taken as filling the

`̀ effective empty porosity,'' Z, of the concrete, such that

Z � 105 Msat ÿM0

AL

where Z = effective empty porosity (%), Msat = mass of

specimen at end of first phase of absorption (g), M0 = mass

of specimen at start of test (g), A = specimen cross-sectional

area (mm2), and L = specimen thickness (mm).

Although this was not an accurate method of determining

porosity, it was a practical indication of relative porosity.

2.5. Water permeability

Water permeability of concrete specimens was measured

by using the 5 bars water pressure test similar to the

recommendation from the Concrete Society.

The flow rate was calculated by Darcy's Equation, such

that:

Q

t
� KPA

d
� 104

where Q/t = the average flow rate (cm3/s), K = water

permeability (m/s), P = pressure in m of water head, A =

cross-sectional area of sample (cm3), and d = thickness of

the sample (cm).

2.6. X-ray diffraction

After the 28-day compressive strength measurement, the

fractured bulk cementitious paste of the mixes was analysed

using a Siemens-D500 XRD (35 kV/30 mA; CuKa). The

particles were ground into very fine powder. They were then

sieved to obtain particles of less than 150 mm. Powder XRD

was used to determine the bulk mineraology and the hydra-

tion reaction products of this bulk cementitious paste

powder. Data were collected automatically using a Diffract

Databox. Scan parameters for qualitative scans were typi-

cally with 0.075° step size for 2 s count time over a typical

2q range of 2±70°.

2.7. Scanning electron microscopy

Fracture of strength-tested specimens usually occurs at

the interface between aggregate and cementitious paste. The

fracture surface was observed using the SEM (JEOL JSM-

5200 and 820). An operating voltage of 15±25 kV was

selected for all operation modes.

In order to properly characterize the cementitious materi-

als, all specimens were cleaned with methyl alcohol. They

were then bonded onto aluminum discs by Dotite Paint

(Type XC-12 Carbon). All samples were also carbon-coated

prior to SEM analysis.

2.8. Energy dispersive X-ray

All samples studied in the JEOL JSM 820 SEM were

also examined using EDX (LINK EDS AN 10/85 S) to

Table 1

Mix proportion

Mix no.

OPC

(kg)

Type I

(kg)

Type II

(kg)

Type III

(kg)

Water

(l)

CRF

(kg)

10 mm

(kg)

20 mm

(kg)

Water reducing

admix (cm3)

Superplasticizer

(cm3)

Actual slump

(mm) w/c ratio Observation

TM1 400 ± ± ± 200 720 285 685 2670.0 ± 120 0.5 Normal

TM2 300 32 ± ± 150 720 285 685 2002.5 1800 105 0.5 Good

TM3 300 ± 90 ± 150 720 285 685 2002.5 2400 100 0.5 Cohesive

TM4 300 ± ± 89 150 720 285 685 2002.5 3000 130 0.5 Good

TM5 260 45 ± ± 130 720 285 685 1735.5 3600 150 0.5 High performance

TM6 260 ± 125 ± 130 720 285 685 1735.5 4500 115 0.5 Slight shear

TM7 200 ± 180 ± 100 720 285 685 1335.0 5000 ± 0.5 Not workable

TM8 200 64 ± ± 100 720 285 685 1335.0 5000 ± 0.5 Not workable
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analyze their chemical compositions, at an acceleration

voltage of 15 keV.

3. Results and discussion

The test results of all eight mixes, TM1 to TM8, were

summarized and tabulated in Tables 1 and 2. It was found

that for mixes TM7 and TM8 in which the cement was

replaced by 50 wt.%, they failed to be workable.

3.1. Workability test

Table 1 provides the information on the amounts of water

reducing admixture and superplasticizer used in mixing the

concrete, as well as slump test results. The main reason to

conduct the slump test was to ensure that the concrete was

indeed workable, before proceeding to study other aspects

such as strength. The water-reducing admixture to OPC

volume ratio was set at a constant value normally used for

the industry for all types of concrete. In general, as more

replacement particles are added, leading to the decrease in

cement and water contents, the concrete becomes less

workable. This is easily understood, as we have fixed the

w/c ratio in this paper, reduction in cement content will lead

to reduction in water content for the total volume of OPC

and replacement particles and will make the concrete less

workable. If necessary, a superplasticizer is added to in-

crease the slump value, i.e. to make the concrete workable.

From TM2 to TM8, the amount of superplasticizer needed

was experimented first to achieve a slump value larger than

100 mm, so as to provide workable concrete.

Fig. 4. X-ray diffractograms of hydrated blended cements after curing for 28 days.

Table 2

Summary of test results of sorptivity, permeability, and strength

Sorptivity index (mm/min1/2) Compressive strength (MPa)

Mix

no.

OPC

(kg)

(28 days,

vacuum-dried)

(56 days,

vacuum-dried)

(56 days,

oven-dried)

Effective empty

porosity (%)

Water permeability

( �10ÿ12)

3

days

7

days

28

days

56

days

TM1 400 0.023 0.017 0.157 9.739 2.31 31.0 41.0 50.5 52.0

TM2 300 0.023 0.018 0.109 8.488 ± 30.0 39.0 46.5 48.5

TM3 300 0.024 0.017 0.116 9.147 0.94 32.0 42.5 51.0 53.0

TM4 300 0.023 0.023 0.121 7.850 1.65 32.0 42.0 52.0 53.5

TM5 260 0.022 0.019 0.082 7.807 5.52 30.0 39.0 47.0 48.0

TM6 260 0.022 0.017 0.097 7.731 ± 32.0 43.5 53.0 54.5

TM7 200 ± ± ± ± ± 28.5 36.0 43.0 47.0

TM8 200 ± ± ± ± ± 26.5 27.0 42.0 45.0
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When comparing TM2 with TM3 or TM4, it can be seen

that the workability of TM2 can be formulated at about 100

mm with less quantity of superplasticizer added than in

TM3 or TM4. This is because TM2 contained non-polar

particles, i.e. high specific surface area carbon black materi-

al, which greatly improved the workability.

3.2. Compression test

The compression test results were given in Table 2. It can be

seen that except for TM7 and TM8, which were concrete with

excessive cement replacement, the compressive strength after

3 days did not vary too much. The same pattern applies for test

Fig. 5. (A) TM1 ( �500). (B) TM2 ( �2000).
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after 3, 7, 28, and 56 days. These results showed that for the

present constant w/c ratio, reduction in cement content within

permissible limits did not significantly reduce the strength.

Although the variation between strength of various con-

crete mixes was not large, the strength of concrete contain-

ing Type I particles, i.e. TM2, TM5 and TM8 were slightly

lower than that of the remaining mixes.

3.3. Sorption test and porosity

The results of sorption tests for 28- and 56-day samples

were given in Table 2. The 28-day vacuum-dried record

indicated that the sorptivity index of TM1 to TM6 ranged

from 0.022 to 0.024 mm/min1/2. In the 56-day vacuum-

dried sorption test, the sorptivity index range of TM1 to

Fig. 6. (A) TM2 ( �500). (B) TM2 ( �2000).
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TM6 was within 0.017 to 0.019 mm/min1/2, with the

exception of sample TM4 with a high sorptivity index of

0.023 mm/min1/2. This might have been caused by local

defects or poor compaction.

However, the sorptivity index of oven-dried samples was

significantly lowered while the water content was reduced,

particularly in comparison with vacuum-dried samples. For

example, the sorptivity of TM1 is 0.157 mm/min1/2,

whereas the indices of TM5 and TM6 were 0.082 and

0.097 mm/min1/2, respectively.

It was indicated that lower free water content and cement

replacement by inert finer materials could take advantage of

the high temperature condition.

The data for the 28-day effective empty porosity (Z) were

illustrated into the Table 2. The range of porosity index was

9.739% to 7.731% in TM1 to TM6, respectively. It was also

Fig. 7. (A) TM3 ( �500). (B) TM3 ( �2000).
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shown that lower free water volume could create lower

porosity content.

3.4. Water permeability

The results of the 28-day water permeability tests were

given in Table 2. The specimens of TM2 and TM6 mixes

showed leakage of water within the test period, indicating

the presence of weak spots or crack within the specimen.

Hence, their results were disregarded.

The range of water permeability coefficient was be-

tween 0.94 and 5.52 �10ÿ12 cm3/s. Most test values were

in the same order. However, the sample with Type II

particles, i.e. TM3 showed the best result than others.

The sample with carbon black, i.e. TM5, provided the

worse record in this test. It might be caused by the non-

Fig. 8. (A) TM4 ( �500). (B) TM4 ( �2000).
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polar property of carbon black inducing poor bond ability

with other particles in the concrete.

3.5. X-ray diffraction

Fig. 4 shows the XRD patterns of bulk paste for TM1 to

TM8, which were cured in 28-day water immersion. All of

them contained Portlandite (CH) as a major phase.

From the diffractograms patterns in Fig. 4, it was

observed that the intensity of CH is higher and the C-S-H

was lower in higher cement content mix.

It might be indicated that the degree of hydration in

concrete with high cement replacement was better than

normal mix under the same w/c ratio. The reason might

be that the inert materials could provide more micro-filler

effect and nucleation sites for cement hydration [7±9].

Fig. 9. (A) TM5 ( �500). (B) TM5 ( �2000).
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Further, higher dosage in superplasticizer also provided

better particle dispersion in cement paste [1].

3.6. Scanning electron microscopy

The micrographs of TM1 to TM8 illustrated the ITZ

of concrete with typical hydration products. They were

shown in Figs. 5±12 at magnifications of 500 and

2000 times.

Fig. 5(a) and (b) showed a few microcracks or water

paths on the ITZ of TM1. Most cracks appeared in light

color. Further, the cement paste had cracked through, but

the composition was seen to be more homogeneous than

other samples.

Fig. 10. (A) TM6 ( �500). (B) TM6 ( �2000).
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The micrographs of carbon black substitutes were illustrated

in Fig. 6(a) and (b) for 25% (TM2), Fig. 9(a) and (b) for

35% (TM5) and Fig. 12(a) and (b) for 50% (TM8). These

mixes contained Type I substitutes according to the classi-

fications in this paper, as given earlier in Table 1. It could

be seen that the number of microcracks was less than that of

the TM1. The cracks were underneath the carbon black

particles, and passed through the paste. Further, the carbon

black particles did not appear to bond with other cementi-

tious products.

With a higher percentage of cementitious replacement, a

large number of non-typical hydration products were ob-

served, and was similar to the Ettringite product (sulfate

ions react with calcium aluminates).

Fig. 11. (A) TM7 ( �500). (B) TM7 ( �2000).
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(Figs. 7, 10 and 11) were the micrographs of TM3,

TM6, and TM7 mixes, respectively. These mixes were

formed with Type II substitutes of crushed granite

passing 150 mm. It was also interesting to compare the

cement paste pattern of TM1 in Fig. 5 with the cement

paste and crushed granite compound in TM3, TM6 and

TM7. The latter mixes had less microcracks than those

in TM1. This was an indication of better crack resistance

of TM3, TM6 and TM7 than that of TM1. It was also

apparent that the crack resistance increased with the

percentage of OPC replacement. This might be due to

the precipitation effect, in which small and hard particles

Fig. 12. (A) TM8 ( �500). (B) TM8 ( �2000).
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block the movement of dislocations and thus raise the

yield strength [7± 9]. A similar situation had been

described in Ref. [10] for hardened cement paste

(HCP), in which large unreacted particle remaining in

the HCP promoted resistance to crack propagation. The

other reason for the increase in crack resistance might be

due to the creation of nucleation site for crystallization

of hydration products in TM3, TM6 and TM7 [8,11]. A

more homogeneous microstructure was formed for these

three types of concrete.

Fig. 8 shows the micrograph of TM4 (Type IIIÐ

crushed granite between 75 and 150 mm). It was observed

that the C-S-H of the TM4 sample contained no reticula-

tion. This was slightly different from that of samples with

Type II material.

3.7. Energy dispersive X-ray

It is widely accepted that EDX results have percentage

error of about 5% for a homogeneous material, and can be

larger for the present concrete materials. The present EDX

results were obtained to indicate the approximate chemical

composition in the concrete. It is also noted that the current

EDX did not include light elements such as carbon.

The EDX spectrums of the ITZ of samples TM1 to TM8

were obtained. The approximate chemical compositions of

the concrete samples were summarized in Table 3. The Ca/

Si element percentage ratio of the paste was also calculated.

It is remembered that TM2 and TM5 had cement

contents replaced by carbon black. As carbon black is

fairly pure in carbon and without the accurate detection of

carbon in the present EDX, the results of TM2 and TM5

should be very similar to that of TM1. Indeed, within the

accuracy of EDX, the chemical compositions in these three

concrete mixes were fairly similar. In other words, their

Ca/Si ratio should also be very similar. This was in

reasonable agreement with Ca/Si ratios of TM1 and

TM5. The Ca and Si contents in TM2 deviated from those

in TM1 and TM5, resulting in a Ca/Si ratio different from

those of TM1 and TM5.

It was clear that the Ca/Si ratio of replacement concrete

not using carbon black, i.e. TM3, TM4, TM6, TM7 and

TM8, was lower than that of OPC (TM1). This is mainly

because of the extra silicate contents in the replacement

particles, i.e. Types II and III. Also, it might be said that the

decrease in weight percentage ratio of Ca/Si, despite an

increase in the amount of C-S-H in the mixture, was caused

by the silicate ions dissolved from glass and the filler effect

of inert particles. This phenomenon matched the results in

compressive strength. However, the lower Ca/Si ratio of

TM7 and TM8 than that in TM1 did not give better strength.

It was caused by the high void contents in cementitious

paste of TM7 and TM8.

4. Conclusions

The current test data offer valuable information on the

design of durable concrete. The primary requirements of

durability of concrete are strength, workability and imper-

meability. The present results indicated that these could be

satisfied even with 25% of the cement replaced by waste or

recyclable material. The use of this type of new formulation

will be environmentally friendly.

The sorptivity and permeability of a given concrete mix

were found to be independent of the cement content to

provide nearly the same compressive strength. However,

water sorptivity and permeability decreased with increasing

concrete strength. As a result, water content and densifica-

tion of mix proportion would be the governing factors to

sorptivity and permeability.

Further, XRD, SEM and EDX results indicated that the

inert materials could also give more micro-filler effect and

nucleation sites for cement hydration. It was observed that

the silts and clays of granite aggregate could be used as

reactive minerals.

Finally, the problem of maintaining or increasing the

designed workability can be solved by using high specific

surface area material with a superplasticizer admixture.
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