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Abstract 12 

Amorphous carbon powder (ACP) is a hydrophobic by-product material from refining waste 13 

materials of paraffin production factory. ACP effects on permeability and mechanical properties 14 

of cementitious composites were investigated. A range of properties of modified cement paste 15 

and concrete including hydrophobicity, workability, porosity, compressive strength, transport 16 

properties comprising sorptivity, water absorption, water desorption rate and electrical 17 

resistivity were studied. Results showed that incorporation of 15% ACP by weight of cement 18 

reduces water absorption, sorptivity and electrical conductivity of cement paste by 23%, 86% 19 

and 65%, respectively. Sorptivity and electrical conductivity of modified concrete samples by 20 

20% ACP by weight of cement, were reduced by 60% and 30%, respectively. Adding ACP to 21 

paste samples resulted in higher compressive strength through lowering porosity. However, in 22 

the case of concrete, no significant change was observed. It was demonstrated that ACP could 23 

reduce the wettability of cementitious composites by refining the pores and altering the 24 

hydrophobicity characteristics of cementitious composites. 25 
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1 Introduction 1 

One of the reasons that concrete has become widespread as a construction material is that it has 2 

high strength and is largely chemically inert; fulfilling the need of using materials that are long 3 

lasting and durable. However, several deterioration mechanisms may affect reinforced concrete 4 

structures and decrease their expected service life. Most of these mechanisms are related to and 5 

can be assessed by water infiltration into concrete pores. It allows penetration of water-borne 6 

aggressive agents into porewater which is needed as a reaction medium for many degradation 7 

processes. In addition to most commonly used methods such as adding mineral admixtures and 8 

reinforcement fibers as well as surface coating [1-5] to limit water ingress into concrete, 9 

hydrophobic agents can be used both as a surface treatment and as an admixture to achieve bulk 10 

hydrophobic concrete [1, 6] and reduce concrete permeability. 11 

Hydrophobicity of a solid material is a property that relates to its solid surface tension and 12 

wetting characteristics which is usually assessed by contact angle measurement. The angle 13 

formed by liquid-solid and liquid-vapor interfaces intersection, when a water droplet is placed 14 

on a horizontal solid surface, is measured as the contact angle. On hydrophilic surfaces, wetting 15 

is easy and water droplet spreads on the surface; in this case the contact angle is less than 90°. 16 

While in hydrophobic surfaces with contact angle higher than 90°, the droplet forms a bead 17 

shape that minimizes contact with the surface [7-10]. There are two main mechanisms for 18 

surface hydrophobicity of a material; low surface energy which is obtained by changing surface 19 

morphology and nano or micro-sized surface roughness. A droplet on a surface with higher 20 
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nano and macro scale roughness has a higher interface with air which leads to a reduction in 1 

surface wetting. 2 

Concrete is a hydrophilic material that has a porous structure. Water in contact with concrete 3 

is absorbed within its pores by capillary suction forces that can be shown by the Washburn 4 

equation [11]: 5 

𝑝𝑝 = −2𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎
𝑟𝑟𝑐𝑐

                                                               (1) 6 

where p is the water pressure head required to force water to penetrate in a pore, σ the surface 7 

tension of the liquid, 𝑟𝑟𝜎𝜎 the radius of capillary pore and θ the water contact angle. Some of 8 

commonly used hydrophobic admixtures for concrete include silanes and siloxanes [12-15], 9 

vegetable and animal fats [16], fatty acids [17], wax emulsions and hydrocarbon resins [11]. 10 

They can be added in powder, liquid or emulsion forms to produce an integral water repellent 11 

concrete. They form a hydrophobic layer of either molecules reacting with hydration products 12 

or particles that are well dispersed within the pores and surfaces of the concrete, which leads 13 

to an increment in the concrete’s contact angle. So, based on the Washburn equation, an 14 

external pressure is required to force water in pores limiting the capillary water absorption [11, 15 

18]. 16 

Positive effects of using different hydrophobic admixtures in concrete on water transport 17 

properties and related durability parameters have been reported by many researchers. Aldred et 18 

al. [17] tested the effects of a proprietary hydrophobic admixture (aqueous emulsion of fatty 19 

acid) on water transport properties of initially dried and saturated concrete. This admixture 20 
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significantly reduced water penetration in initially dried concrete but, it was limited or not 1 

positive in initially saturated concrete. The reduction was generally more pronounced in 2 

concretes with limited curing, greater drying condition, and higher water to cement ratio. 3 

Effectiveness of six different powdered waterproofing admixtures at different dosages on water 4 

absorption of rendering mortar was investigated by Marcos Lanzón et al. [19]. At the highest 5 

dosage, up to 86% absorption reduction was observed after 90 minutes of water immersion. 6 

Justnes [16] used seven vegetable oil hydrophobic admixture in cement mortar. 15-66% 7 

reduction in absorption was observed after 3 days water immersion dependent on the admixture. 8 

Wong et al. [20] partially replaced cement with a hydrophobic powder produced from paper 9 

sludge ash and observed that a 12% replacement reduced absorption, sorptivity and electrical 10 

conductivity by about 85%. Zhu et al. [12] investigated the effect of a silane based water 11 

repellent either as a surface coating or an integrally used admixture in normal and recycled 12 

aggregate concrete. Integral use of silane decreased the concrete sorptivity by about 60% for 13 

both types of aggregate although it has a negative effect on compressive strength. Ebrahimi et 14 

al. [21] categorized using hydrophobic agents to increase impermeability and wet resistance as 15 

one of the mechanisms which micro and nanoparticles can improve freeze-thaw durability of 16 

concrete. 17 

This study aims at investigating the possibility of using amorphous carbon powder (ACP) as a 18 

hydrophobic admixture in cement paste and concrete to reduce the permeability of cementitious 19 

composites. The ACP is a by-product material which is produced from refining the waste 20 

materials of a paraffin production factory. As far as we know, there is no previous research 21 
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publication on ACP being used as a hydrophobic admixture in concrete, although Kharita et al. 1 

[22] added carbon powder up to 15% by weight of cement for radiation shielding of concrete 2 

with hematite aggregates. No major effect was observed on shielding properties but, the 3 

compressive strength was improved only when the carbon powder used was up to 6%. More 4 

carbon powder amounts lead to a decrease in compressive strength. In our previous research 5 

[23, 24], this amorphous carbon powder was used as a filler replacement in asphalt mixtures 6 

and as a modifier in bitumen to improve the hydrophobicity and moisture sensitivity of 7 

mixtures. It was observed that the contact angle (measured by sessile drop method) of all ACP 8 

modified mixtures were increased and moisture sensitivity were improved. For example, 123% 9 

increase in contact angle was observed in bitumen modified with the highest dosage of ACP. 10 

Based on these results, a similar improvement in cement based materials in this study is also 11 

expected. Successful use of an environmentally hazardous waste by-product to enhance 12 

performance of cement based materials is of high value. The outcomes of this study could pave 13 

the way for applications of an environmentally friendly concrete with longer life service. 14 

2 Experimental 15 

2.1 Materials 16 

Waste acidic sludge of paraffin production factory was refined to get ACP. It is black in colour 17 

and has a density of approximately 0.92 gr/𝑐𝑐𝑐𝑐3. More details on the properties of this powder 18 

can be found in our previous works [23, 24]. Fig. 1 depicts scanning electron microscopy 19 

(SEM) images of ACP. Fig. 1(a)-(b) show size distribution and configuration of ACP. As it can 20 

be seen, ACP particles have sharp and angular corners with sizes ranging from 1 to 20 microns. 21 
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Fig. 1(c)-(d) illustrate the high surface roughness of ACP in micro and nano-scale, respectively. 1 

This multi scale roughness leads to more hydrophobic characteristics of ACP. As presented in 2 

energy-dispersive spectroscopy (EDS) analysis of ACP in Fig. 1(e), its major functional group 3 

is carbon. Table 1 shows the X-ray fluorescence (XRF) test result on ACP. It consists of three 4 

major elements with carbon having the greatest portion i.e. about 75%. 5 

Table 1 XRF results for ACP 6 

Element % 
C 74.83 
O 17.92 
S 7.24 

 7 

Water contact angle of ACP was measured using a modified sessile drop method for powdered 8 

and granular materials developed by Bachmann et al. [25]. The contact angle was found to be 9 

141.7°. Particle size distribution of ACP was obtained using laser light scattering method and 10 

is presented in Fig. 2. 11 
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 1 

Fig. 1. SEM images of ACP, (a) size distribution of ACP, (b) shape and configuration of ACP, (c) micro-2 
scale roughness of ACP, (d) nano-scale roughness of ACP, and (e) EDS analysis of ACP 3 
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 1 

Fig. 2. particle size distribution of ACP  2 

The chemical admixture used to improve ACP dispersion and workability of paste and concrete 3 

mixes was a polycarboxylate based superplasticizer conforming to the requirement of ASTM 4 

C494-Type F [26]. Fine aggregates were natural sand and coarse aggregates were crushed 5 

gravel with maximum particle size of 10 mm. Particle size distribution of aggregates is shown 6 

in Fig. 3. 7 
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 1 

Fig. 3. Particle size distribution of sand (blue) and gravel (red)  2 

De-ionized and tap water was used as batch water for paste and concrete mixes, respectively. 3 

ASTM type II Portland cement supplied from Tehran Cement Company was used. XRF 4 

analysis was conducted on cement in accordance with ASTM E 1621-13 [27] to determine its 5 

chemical composition; results are presented in Table 2. 6 

Table 2 Chemical composition of cement 7 

Component CaO SiO2 Al2O2 Fe2O3 MgO SO3 K2O TiO2 MnO P2O5 Na2O Cl LOI 

% 65.18 18.04 3.75 3.34 2.95 2.76 1.05 0.29 0.19 0.1 0.09 0.06 2.2 

 8 
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2.2 Samples 1 

Two sample series including cement paste and concrete were prepared. Owing to high 2 

hydrophobicity of ACP, the main challenge was how to disperse it in mixes that contain water. 3 

By reviewing literature about adding other carbon based particles like carbon nanotubes and 4 

carbon black to cement based materials, two main methods may be proposed. (a) First method: 5 

dispersing carbon powder in water with the aid of a surfactant by hand mixing, using a mixer 6 

[28-30] or using ultrasonicator [31-33] and then mixing with cement and other ingredients; (b) 7 

second method: dry mixing of carbon powder with cement and then adding water [34]. In this 8 

work, the first method was employed in preparing cement paste samples and the second method 9 

was adopted for fabrication of concrete samples to assess the effectiveness of both. 10 

2.2.1 Cement paste samples 11 

Plain cement paste sample and modified paste samples were prepared by loading 0, 5, 10 and 12 

15% of ACP by weight of cement, into the cement paste mixture. The ACP was used as an 13 

additional additive not cement replacement. Water to cement ratio (w/c) was 0.35 and the 14 

superplasticizer dosage was kept as 0.5% by weight of cement. To fabricate samples, the 15 

required amount of superplasticizer was mixed with ACP and then water was added gradually 16 

with aid of hand mixing. This solution was sonicated to improve ACP dispersion in water using 17 

a probe ultrasonicator by applying 250 J/ml energy by 200 Watts. OPC was then added to the 18 

prepared solution and a standard mixer was used to perform the mixing procedure according to 19 

ASTM C305 [35]. Disc samples of 100 mm in diameter and 50 mm in height for water transport 20 

and electrical resistivity tests, cubic samples of 50x50x50 mm for compressive strength and 21 



11 
 

cylindrical samples of 40 mm in diameter and 75 mm in height for helium porosimetry 1 

assessment were casted in molds. Molded samples were compacted on a vibrating table, while 2 

the vibration time was adjusted to account for workability loss due to ACP addition. The control 3 

paste was completely flowing and even though the ACP addition caused reduction in 4 

workability, the ACP modified samples were still flowing and feasibly compactable. The 5 

vibration continued for every sample to make sure no air bubbles escaped the surface anymore. 6 

Samples were then covered with polyethylene sheets and de-molded after 24 hours. They were 7 

cured in lime saturated water tanks until test time. 8 

2.2.2 Concrete samples 9 

Preparation of concrete mixes was done using a constant w/c ratio and a cement content of 0.4 10 

and 500 kg/𝑐𝑐3, respectively. Constant total aggregate-to-cement mass ratio of 3.2 and sand-to-11 

coarse mass ratio of 2.33 were used for all mixes. ACP was added as an additional additive to 12 

this mix design by 0, 10 and 20% of cement weight. Polycarboxylate superplasticizer was used 13 

by 0.5% of cement weight to improve ACP dispersion along with workability in the mix. ACP 14 

addition significantly reduces the workability of both paste and concrete mixes, and so the mix 15 

design was carried out to reach a high slump concrete in order to avoid compaction problems. 16 

A pan mixer was used for mixing all concrete mixtures. Cement and aggregates were first 17 

mixed for 60 seconds, ACP was then added and mixed for 3 minutes. Finally, a further 4-minute 18 

mixing was done after water and superplasticizer were added. Disc samples (100 mm in 19 

diameter and 50 mm in height) for water transport tests and electrical resistivity, 100 mm cubic 20 

samples for compressive strength and ultrasonic-pulse velocity measurement were casted in 21 
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molds. Molded samples were compacted on a vibrating table in two layers, vibration time was 1 

adjusted to account for workability loss due to carbon addition. ACP containing concrete 2 

samples especially the 20% containing ones needed much more compaction effort compared to 3 

control sample, however, still no honeycombing or visually obvious defects resulting from poor 4 

compaction was observed on the demolded cast surface. Samples were then covered with 5 

polyethylene sheet and wet cloth and de-molded after 24 hours. Samples were cured in lime 6 

saturated water tanks until test time. 7 

2.3 Sample characterization and tests procedure 8 

2.3.1 Investigation of bulk hydrophobicity 9 

In order to investigate the bulk hydrophobic properties in paste samples, a qualitative visual 10 

method was employed. 3 day cured paste samples were halved by applying indirect tension. 11 

Paste samples were first air dried for 10 days in laboratory environment in order to minimize 12 

the effect of moisture content difference. Thereafter, water droplets were instilled on fracture 13 

surface of samples and were visually inspected. 14 

2.3.2 Workability, compressive strength, helium porosity and ultrasonic-pulse velocity 15 

Consistency of fresh concrete mixes were assessed with slump test [36]. For paste mixes a mini-16 

slump test [37] using a miniature cone of dimensions: height 57mm, top diameter 19 mm and 17 

bottom diameter 38 mm was used. The cone was filled with paste after it was placed on a flat 18 

and horizontal glass. Paste was then compacted with a spatula and its top surface was levelled 19 

by removing excess paste. The cone was lifted carefully and vertically to let the paste distribute. 20 

The diameter of the base was measured at five locations and averaged to report. Compressive 21 
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strength of concrete samples cured for 3 and 28 days were measured in accordance with ASTM 1 

C39 [38]. Three specimens were prepared and tested for each age and mean value and standard 2 

deviation were reported. 3 

Helium porosimetry method which is based on Boyle’s law was used to measure open porosity, 4 

and true density of cured paste samples. Samples were dried at 105 °C prior to testing. 5 

Ultrasonic-Pulse velocity test was conducted on concrete samples prior to testing them for 6 

compressive strength complying with ASTM C597 standard method [39]. The results were 7 

used as an indirect assessment of concrete samples porosity. 8 

2.3.3 Water sorptivity and desorption 9 

Water sorptivity test was conducted on paste and concrete disc samples cured for 3 and 28 days. 10 

The side surface of each sample was sealed using waterproof tape and the top surface using a 11 

plastic sheet and an elastic band so that one dimensional water uptake was ensured. The 12 

specimens were oven dried at 105° C for 24 hours and then weighted to nearest 0.01 gr prior to 13 

sealing. The exposed surface of samples was immersed in water with 5 mm of water top on the 14 

test surface by placing the samples on polyethylene rods in a pan of water at 23±2 °C. To 15 

measure the water uptake with respect to elapsed time, samples were weighted to nearest 0.01 16 

gr at regular intervals after being removed from water pan and blotting of the excess surface 17 

water with a dampened towel. By plotting the mass of absorbed water per unit area of the 18 

surface exposed to water against the square root of elapsed time, sorptivity (kg/𝑐𝑐2ℎ𝑟𝑟0.5) was 19 
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computed as the slope of the best fitting line in first 5 hours of the chart according to the theory 1 

of capillarity [40, 41]. 2 

Water desorption test was conducted on paste samples cured for 3 and 28 days, and concrete 3 

samples cured 28 days similar to method proposed by Aldred et al. [17]. Disc samples were 4 

taken out of curing chamber and immediately sealed in PVC sleaves on an impermeable base 5 

with silicone to only let the top surface be exposed. The exposed surface was covered with 6 

polyethylene sheets and elastic bands to avoid sample drying from exposed surface during 7 

silicone hardening. After removing the plastic sheet, samples were let to lose water from the 8 

exposed surface in laboratory immediately after being weighted. The weight loss was measured 9 

in regular intervals until 7 days. Desorption rate (kg/𝑐𝑐2ℎ𝑟𝑟0.5) was reported as the slope of the 10 

best fitting line when water loss (kg) per unit surface area (𝑐𝑐2) was plotted against square root 11 

of time. 12 

2.3.4 Water absorption and electrical resistivity 13 

Absorption test was conducted on samples after sorptivity test was completed by fully 14 

immersing samples in water. Samples were then taken out; the excess surface water was blotted 15 

off with a dampened towel and weighted to the nearest 0.001 gr after 48 hours of immersion. 16 

This procedure was repeated every 24 hours until the percentage change in mass due to water 17 

absorption was seen to be less than 0.5%. Samples were then considered to be saturated and 18 

absorption was reported as percentage change in mass of saturated samples as compared to 19 

oven dried state. 20 
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Electrical resistivity of samples were measured using two electrodes method at 25±2 °C after 1 

completion of absorption so that the samples were saturated, considering that the saturation 2 

ratio and temperature can affect the results [42-44]. Samples were placed between two brass 3 

plate electrodes that were connected to a concrete resistivity meter device. In order to improve 4 

the contact of electrodes to the samples and avoid the error caused by contact resistance, a 5 

sufficient amount of fresh cement paste was used between sample and electrodes. Three 6 

replicates of each mix were tested and each result was recorded after 30 seconds of connection 7 

to let the readings stabilize. The electrical resistivity (Ω.m) was then calculated from the 8 

samples resistance (the ratio between applied voltage and resulting current) and its dimensions. 9 

The electrical resistivity of ACP was measured using the 4-probe method. About 0.3 gr of 10 

sample was placed in a polycarbonate tube with gold plated copper electrodes on its two ends. 11 

The tube was then put under hydraulic press to apply a 20 bar compression to compress the 12 

powder and in meantime a DC current was applied to the electrodes with a power supply. The 13 

voltage between the two electrodes were then measured with a multimeter and were used to 14 

determine the electrical resistance. The electrical resistivity of ACP was measured to be 1.9 15 

MΩ.m. 16 

2.3.5 Alkalinity neutralization due to ACP addition 17 

As stated before, the ACP used herein is mainly consisted of carbon and oxygen with a 18 

possibility of organic acid groups (-COOH) in the material. So, the possibility of any reaction 19 

leading to neutralization should be assessed. Neutralization of concrete samples were 20 
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investigated by taking out the 28 days cured samples out of curing water tank, splitting them 1 

into half and immediately applying an indicator solution. The indicator solution was a 1% 2 

phenolphthalein solution in ethanol. 3 

2.3.6 Microstructural analysis  4 

Scanning electron microscope equipped with energy dispersive X-ray spectroscopy was used 5 

for examining fracture surface in line with chemical composition of ACP modified samples to 6 

investigate the microstructure and observe the possibility of chemical reaction at interfacial 7 

zone between the ACP and cement hydration products. 8 

3 Results and discussion 9 

3.1 Investigation of bulk hydrophobicity 10 

Fig. 4 depicts the effect of incorporation of ACP into cement paste on its hydrophobicity. The 11 

pictures were taken 10 seconds after the droplets were placed. Water droplets on control 12 

sample were immediately spread and absorbed, characteristic of a hydrophilic surface; while 13 

on modified samples they went toward a bead shape by increasing ACP content and unlike the 14 

control sample, the wetting of the sample surfaces was minimized due to water repellence. It 15 

demonstrates that by adding ACP, one obtains a decrease in wettability of the cement paste. 16 

With increasing ACP content, the surface becomes less prone to wetting and water contact 17 

angle increased. Because the droplets were placed on the fracture surface of the samples, it 18 

can be concluded that bulk hydrophobicity is achieved. 19 
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 1 
Fig. 4. Effect of ACP on water repellency of cement paste fracture surfaces 2 

3.2 Workability, compressive strength and helium porosity 3 

The effect of ACP on workability of cement paste and concrete is presented in Fig. 5. The 4 

addition of ACP significantly reduces the workability of cement paste and concrete. It can be 5 

seen in Fig. 5 that there seems to be a strong linear relation between ACP content and slump 6 

values. When a small proportion of ACP (5% by mass of OPC) is added to the cement paste, 7 

a 24.3% reduction in mini-slump diameter is measured, as shown in Fig. 5(a). By adding 8 

higher ACP dosages, more considerable losses were measured, 50.4 and 70.5% reduction by 9 

adding 10 and 15% ACP, respectively. The effect of ACP on workability of concrete is almost 10 

similar to that of cement paste sample. 11 



18 
 

 1 
Fig. 5. Effect of ACP addition on workability of cement paste and concrete samples (a) mini-slump 2 

spread diameter of cement paste, (b) slump value of concrete 3 

This workability reduction can be attributed to water trapping effect of ACP. As shown in Fig. 4 

6, a water droplet can be coated by ACP when placed and rolled on it. The coated droplet can 5 

then be transferred and rolled on a paper without wetting it unless the carbon film is broken. It 6 

could be interpreted that a portion of mixing water can be trapped by ACP and thus reducing 7 

the water reaching the cement and aggregates. This can result in the workability reduction when 8 

ACP is added to cement paste and concrete. A similar phenomenon has been found by Wong 9 

et al. [20] as the probable reason for workability loss when hydrophobic waste paper sludge 10 

ash was used in concrete. This self-assembling property of hydrophobic powders on the surface 11 

of water which can be attributed to van der Waals interactions and can be further improved by 12 

particle entanglement and fractal structure of network was used before by other researchers to 13 

encapsulate small water droplets in hydrophobic particle shields and produce liquid marbles or 14 

water-rich powders [45, 46]. 15 
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 1 

Fig. 6. (a) Water droplet placed and rolled on a layer of ACP, (b) ACP coated water droplet rolled on a 2 
piece of paper 3 

The effect of ACP on porosity, density and compressive strength of cement paste is presented 4 

in Table 3. In all cases, a typical increase in compressive strength is achieved after higher 5 

curing age of samples. The addition of ACP to cement paste increases the compressive strength 6 

and this increment is more considerable in 3 days cured samples than that of 28 days cured 7 

samples. For example, adding 10% ACP to cement paste leads to 45 and 16.7% increase in 8 

compressive strength compared to that of the control sample for 3 days and 28 days cured 9 

samples, respectively. To investigate the reason for the increase in compressive strength due 10 

to ACP addition, a helium porosimetry test was conducted. 11 

The increase in ACP content from 0 to 15% in cement paste leads to a reduction in the porosity 12 

of samples by up to 25.3% in 3 days cured samples. Since w/c ratio was kept constant, 13 

considering ACP as part of the binder, higher ACP contents means less w/b ratio which results 14 

in denser microstructure and lower porosity. This correlates well with compressive strength 15 

results. Adding ACP decreases the true density (density of solid part) of cement paste because 16 

the used ACP has a density of 0.92 gr/𝑐𝑐𝑐𝑐3 when compared to the control cement paste having 17 

a true density of 2.4 gr/𝑐𝑐𝑐𝑐3. However, due to a lower porosity, the bulk density of ACP 18 

modified samples was somewhat increased. 19 
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Table 3 Effect of ACP on porosity, density and compressive strength of cement paste 1 

Bulk density 
(gr/𝑐𝑐𝑐𝑐3)  

True density 
(gr/𝑐𝑐𝑐𝑐3) 

Helium 
porosity (%) 

Compressive strength (MPa) 
ACP (%) 

3 day cured 28 days cured 3 days cured 

1.56 2.4 (0.01) 35.13 (0.01) 68.4 (0.3) 33.7 (1.0)* 0 

1.63 2.28 (0.07) 28.47 (0.01) 79.6 (1.0) 48.6 (1.6) 5 

1.59 2.23 (0.01) 28.53 (0.11) 79.8 (0.8) 48.9 (0.2) 10 

1.61 2.18 (0.01) 26.24 (0.17) 80.5 (0.7) 49.6 (0.1) 15 

*Results are average of three replicates and standard deviations are shown in brackets. 

Table 4 tabulates the relation between ACP content and compressive strength and ultrasonic-2 

pulse velocity of concrete. The introduction of ACP by 10% of cement weight into concrete 3 

did not affect the compressive strength of samples. However, when ACP content increased to 4 

20% by weight of cement, the compressive strength reduced by 21% and 25% at 3 days and 28 5 

days cured concrete samples, respectively. This could be attributed to an increased in porosity 6 

of concrete due to less workability of modified samples. These results correlate well with 7 

ultrasonic pulse velocity decrease in concrete samples containing 20% ACP, showing porosity 8 

increment due to weaker compaction. This suggests that if a superplasticizer is used to reach 9 

equal workability, even higher performance in mechanical and permeability characteristics 10 

might be achieved. 11 

Table 4 Effect of ACP on compressive strength and ultrasonic pulse velocity of concrete  12 

UPV (m/s) Compressive strength (MPA) 
ACP (%) 

28 days cured 3 days cured 28 days cured 3 days cured 

3623 (10) 3448 (6) 61.6 (0.5) 37.9 (0.4)* 0 

3500 (7) 3409 (6) 59.0 (0.6) 37.5 (0.1) 10 

3406 (3) 3219 (14) 45.9 (0.5) 29.8 (0.1) 20 

*Results are average of three replicates and standard deviations are shown in brackets. 
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The difference in results obtained for paste and concrete samples can be attributed to the weaker 1 

compaction of ACP modified concrete samples due to their very low workability. Although 2 

workability reduction was seen in both cases, ACP modified paste samples were still flowing 3 

and compaction problems was not like concrete samples. The other reason could be different 4 

ACP dispersion method employed for producing cement paste and concrete, proper dispersion 5 

of ACP can lead to better pore filling effect. 6 

3.3 Water sorptivity and desorption 7 

Cumulative mass of absorbed water is plotted against the square root of time for cement paste 8 

samples in Fig. 7. Results show typical water sorptivity behaviour (rate of water absorption 9 

due to capillary action) of a rapid mass gain due to water uptake that is slowed over time. 10 

However, significant reduction in the rate of water absorption was observed in samples 11 

containing ACP. In 3 days cured samples after 72 hours of capillary water uptake, the control 12 

sample showed a 15.7% mass increase while this value was 11.2, 8.0 and 3.3% for samples 13 

containing 5, 10 and 15% ACP, respectively. Meanwhile, increase in mass of 28 days cured 14 

samples in the same duration was 15.7 and 8.4%, respectively, when ACP was increased from 15 

0 to 15%. As it can be seen in Fig. 7, a higher ACP content is more efficient as the sorptivity 16 

is reduced for up to 85 and 74% for 3 and 28 days cured samples, respectively, when admixed 17 

ACP is 15%. Note that ACP addition was more efficient in less cured samples. 18 
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 1 

Fig. 7. Cement paste sorptivity of (a) 3 days and (b) 28 days cured samples 2 

The effect of ACP on the rate of water absorption of concrete samples is shown in Fig. 8. 3 

Similar to cement paste samples, a significant reduction in the rate of water absorption was 4 

observed in samples containing ACP. In 3 days cured samples, a 7.7% increase in mass of 5 

control sample was measured after 72 hours of capillary water uptake; while for samples 6 

modified by 10 and 20% ACP it was 3.7 and 3.5%, respectively. For 28 days cured samples 7 

this parameter was 7.5, 6.1 and 5.2% when ACP content was 0, 10 and 20%, respectively. This 8 

indicates that the rate of water absorption was reduced for up to 60.1 and 52.9% for 3 and 28 9 

days cured samples, respectively when admixed ACP was 20%. As in the case of cement paste 10 

samples, ACP was more effective when samples were less cured. 11 
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 1 

Fig. 8. Concrete sorptivity of (a) 3 days and (b) 28 days cured samples 2 

Capillary absorption of water is one of the most important mechanisms for ingress of water and 3 

water borne aggressive agents into concrete structures that are unsaturated in most cases. Many 4 

research studies have shown there is a good relation between water absorption and durability 5 

parameters like carbonation [47], reinforcement corrosion due to chloride ion penetration [48] 6 

and freezing and thawing cycles [6]. Because a low w/c ratio was used for paste and concrete 7 

samples herein, it can be concluded that reduction in the rate of water absorption due to 8 

hydrophobic ACP addition is beyond what can be achieved by using high performance low w/c 9 

concrete. 10 

Accumulated mass loss of saturated cement paste and concrete samples containing different 11 

amounts of ACP upon drying are shown in Fig. 9 and Fig. 10, respectively. 12 
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 1 

Fig. 9. Effect of ACP on the rate of desorption from saturated cement paste for (a) 3 days and (b) 28 2 
days cured samples 3 

 4 
Fig. 10. Rate of desorption from saturated 28 days cured concrete with different amounts of 5 

hydrophobic ACP 6 

Hydrophobic ACP addition appeared to not significantly affect desorption as it was seen in 7 

the case of sorptivity. However, in all samples with ACP content, desorption rate was 8 

increased in comparison with that of the control sample. A maximum increase of 10 and 36% 9 

in desorption rate was measured for 3 days and 28 days cured cement paste samples, 10 

respectively. Desorption rate was increased by 8.3 and 19.6% for concrete samples modified 11 
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by 10 and 20% ACP, respectively. So, in concrete structures, these completely different effects 1 

of ACP addition on desorption and absorption rates will lead to a drier interior of the concrete. 2 

This behaviour could limit many concrete deterioration mechanisms like carbonation, 3 

reinforcement corrosion and freezing and thawing cycles which need water as the reaction 4 

medium. 5 

3.4 Water absorption and electrical resistivity 6 

The results for water absorption of cement paste samples are presented in Fig. 11. As it can be 7 

seen, samples containing admixed hydrophobic ACP has less water absorption. Water 8 

absorption decreased by up to 23% when 15% by weight of cement ACP is used. From the 9 

results of cement paste bulk hydrophobicity and compressive test as well as helium gas 10 

porosity measurement, it could be concluded that the combined effect of hydrophobicity and 11 

porosity reduction leads to the decrease in the water absorption of ACP modified cement paste. 12 

 13 

 14 
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 1 
Fig. 11. Water absorption of cement pastes containing different amounts of ACP 2 

The results of water absorption test of concrete samples are presented in Fig. 12. Samples 3 

containing 10% ACP by weight of cement revealed reduced water absorption by 5.3 and 2.1% 4 

for 3 days and 28 days cured samples, respectively. However, in case of samples containing 5 

20% ACP by weight of cement water absorption was increased a little. This could be attributed 6 

to weaker compaction of concrete due to reduction of workability when huge amount of ACP 7 

is incorporated. 8 

20.22 19.41
18.30

15.55

18.96

16.10 16.37
14.47

0

5

10

15

20

25

Control 5% 10% 15%

Ab
so

rp
tio

n 
(%

)

ACP content (%)

3 day cured 28 day cured



27 
 

 1 
Fig. 12. Water absorption of concrete samples containing different amounts of ACP 2 

Fig. 13 presents the electrical resistivity of 3 and 28 days cured cement paste samples with 3 

different amounts of admixed ACP. Samples containing ACP show significant increase in 4 

electrical resistivity; the higher the ACP content the higher the electrical resistivity of cement 5 

paste is seen. For example, increasing ACP content to 15% by weight of cement results in 6 

electrical resistivity to increase by about 185%. This improvement can be attributed to less 7 

porosity and water absorption of ACP modified cement paste compared to those of control 8 

samples. The correlation between electrical resistivity and water sorptivity and absorption of 9 

samples is then explained by the fact that the electrical resistivity of cementitious composites 10 

is mainly controlled by ease of transport of ions through its microstructure and this happens 11 

through pore solution [42, 43]. Lower porosity and less water absorption of ACP modified 12 

samples limit the ions transportation over cement paste and eventually increase the electrical 13 

resistivity. 14 
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 1 
Fig. 13. Effect of ACP on electrical resistivity of cement paste samples 2 

Fig. 14 presents the electrical resistivity of 3 and 28 days cured concrete samples with different 3 

amounts of admixed ACP. Electrical resistivity of 28 days cured samples increased in 4 

comparison with 3 days cured samples. It is due to more hydration products which leads to 5 

less porosity of sample. Samples containing ACP show a significant increase in electrical 6 

resistivity due to lowering water content of samples. For example, electrical resistivity 7 

increased up to 40% in 28 days cured samples containing 20% admixed ACP compared to that 8 

of control sample. As it can be seen, ACP addition is more effective in improving water 9 

absorption and electrical resistivity when used in cement paste. This is probably due to better 10 

dispersion of ACP and better compaction of cement paste samples which lead to lowering 11 

porosity. In addition, in the case of electrical resistivity, high electrical resistivity of ACP itself 12 

(1.9 MΩ.m as presented in Sec 2.3.4) can have an important effect on increased electrical 13 

resistivity of samples modified by ACP considering high added amounts of ACP. The 14 
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electrical resistivity of ACP is far greater than that of saturated control cement paste and 1 

concrete in this work. Electrical resistivity measurement of dry concrete was not conducted 2 

here but from the literature, the electrical resistivity of concrete can vary in the range of 10-3 

106 Ω.m for saturated to dried samples [43] indicating that ACP can be effective in increasing 4 

the electrical resistivity of concrete. 5 

 6 

Fig. 14. Effect of ACP on electrical resistivity of concrete samples 7 

3.5 Alkalinity neutralization due to ACP addition 8 

The effect of ACP on pH of the concrete is presented in Fig. 15. It shows the halved samples 9 

of control and ACP containing concretes that one of which has been stained with 1% 10 

phenolphthalein solution. As it can be seen, the stained surface of control sample and samples 11 

containing 10 and 20% ACP has changed colour to magenta which is characteristic of pH 12 

values higher than 10.5. This is rather natural in the control sample since it has been saturated 13 
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in water, so the carbon dioxide penetration is hindered. Hence, concrete with even 20% ACP 1 

is still sufficiently alkaline to passivate embedded steel reinforcement. 2 

 3 

Fig. 15. Concrete fracture surfaces of samples with (a) 0%, (b) 10% and (c) 20% ACP (Left without and 4 
right with stained phenolphthalein solution) 5 

3.6 Microstructural analysis 6 

To further investigate the microstructure of ACP modified cementitious composites and any 7 

possible interactions at interfacial zone between ACP and cement paste, microscopic 8 

observations were conducted on fracture surface of ACP modified pastes. Fig. 16(a)-(b) 9 

illustrate the SEM image and EDS analysis of ACP modified paste sample fracture surface in 10 
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which a single ACP particle can be observed clearly. The relative proportion and distribution 1 

map of predefined elements over the scanned area is also presented. The intensity and 2 

distribution map of calcium and silicon element can be observed in Fig. 16(c) and 14(e), 3 

respectively. There is no gradual change in calcium or silicon intensity while moving from the 4 

paste into the ACP particle and a sudden drop in relative intensity is observed at the ACP 5 

particle boundary. The same pattern is also observed for carbon elements, a sudden drop in 6 

carbon intensity is obviously seen when moving out of the ACP particle boundaries. If there 7 

was any chemical interaction between the cement paste and the ACP a transition zone should 8 

be observed. These results along with the previous section suggest that ACP acts as an inert 9 

additive when added to cement paste. 10 
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 1 

Fig. 16. (a) SEM image of ACP modified cement paste, (b) elemental intensity and distribution map, 2 
individual intensity and distribution map for predefined elements of (c) calcium, (d) carbon, (e) 3 

silicon, and (f) oxygen 4 

4 Conclusions 5 

The aim was to study the effectiveness of ACP when used as an admixture to produce integral 6 

water repellent cement paste and concrete. The effects of ACP on a range of mechanical, water 7 

transport and permeability properties of cement paste and concrete were investigated. The 8 

following conclusions can be drawn from this study: 9 

• Significant reduction was observed in workability of paste and concrete samples containing 10 

ACP. However, ACP modified paste samples had higher compressive strength and less 11 

porosity as compared to those of control sample. 12 

• Water absorption was reduced by up to about 23% in ACP modified cement paste. 13 

• The effectiveness of adding hydrophobic ACP on reducing the rate of capillary water 14 

absorption was significant and increased with higher ACP contents both in cement paste 15 
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and concrete. Less cured ACP modified samples performed better relative to reference 1 

sample in both cases. 2 

• Electrical resistivity of cement paste and concrete increased by up to 187% and 43% when 3 

ACP content was 15% and 20%, respectively. 4 

• Rates of water loss from all ACP modified samples were higher than that of control samples 5 

and together with a slower water up-take this will secure a drier interior of the concrete and 6 

thereby limiting rates of many deterioration mechanisms. 7 

• Adding ACP was generally more effective in improving cement paste properties when 8 

compared to concrete. This suggests that the method employed for dispersing ACP in 9 

cement paste (using ultrasonic energy) might be more effective than dry mixing used in 10 

concrete. 11 

• Based on the results, ACP has the potential to be used as a hydrophobic admixture to limit 12 

water ingress into concrete and improve its durability characteristics related to it. 13 

Application of this by-product produced from environmentally hazardous waste materials 14 

to improve concrete durability is of high value leading to more sustainable concrete 15 

structures. 16 
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