
Case Studies in Construction Materials 15 (2021) e00568

Available online 10 May 2021
2214-5095/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Effects of calcined clay, sawdust ash and chemical admixtures on 
Strength and Properties of concrete for pavement and flooring 
applications using Taguchi approach 

Temitope Funmilayo Awolusi a, Adebayo Olatunbosun Sojobi b,c,**, 
Daniel Oluwafemi Oguntayo d,e,f,*, Olufunke O. Akinkurolere g, B.O. Orogbade h 

a Department of Civil Engineering, Afe Babalola University, Ekiti State, Nigeria 
b Department of Architecture and Civil Engineering, City University of Hong Kong, Hong Kong, China 
c The Hong Kong Polytechnic University, Hong Kong, China 
d Landmark University SDG 9 (Industry, Innovation and Infrastructure Research Group), Nigeria 
e Landmark University SDG 11 (Sustainable Cities and Communities Research Group), Nigeria 
f Department of Civil Engineering, Landmark University, Omu Aran, Nigeria 
g Department of Civil Engineering, Ekiti State University, Ado-Ekiti, Nigeria 
h Department of Civil Engineering, Olabisi Onabanjo University, Ogun State, Nigeria   

A R T I C L E  I N F O   

Keywords: 
Abrasion 
Skid resistance 
Strength 
Calcined clay 
Sawdust ash 
Pavement concrete 
Chemical admixture 

A B S T R A C T   

Strength, abrasion and skid resistance are crucial factors for assessing the performance of pave-
ment concrete and concrete for flooring applications. Due to sustainability concerns and global 
climate change, various supplementary (pozzolanic) cementitious materials (SCMs) are increas-
ingly promoted for use as cement replacement in pavement concrete without considering their 
effects on the strength, abrasion and skid resistance. In addition, chemical admixtures are often 
added to improve workability of pavement concrete. Therefore, this study investigates the effects 
of calcined clay and sawdust ash utilized as cement replacements and two kinds of chemical 
admixtures on thestrength, abrasion and skid resistance of concrete for pavement and flooring 
applications. Calcined clay is preferable to sawdust ash as partial cement replacement in pave-
ment concrete as it gives higher flexural strength, skid resistanceand similar abrasion value. 
However, sawdust ash is preferable for flooring applications owing to its lower water absorption 
and higher compressive strength. The optimum calcined clay is 5% while the optimum 
crystalline-based admixture is 1%. More studies are required to guide correct applications of SCM 
in sustainable concrete pavement.   

1. Introduction 

Skid resistance of pavement is crucial for aircraft landing and vehicular braking [1,2]. However, with frequent usage, the surface of 
such pavements become worn-out due to friction, thereby increasing the loss of braking force as well as increase risk of poor control. 
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Skid resistance performance of pavement is a function of surface texture, material properties as well as dry/wet condition of the 
pavement. A recent study confirmed that skid resistance performance of a pavement is influenced by the material proper-
ties/composition comprising the pavement [2]. Cement loss when pavement ages as well as attenuation of texture of exposed pave-
ment aggregates due to polishing effect decreases skid resistance of pavement before the end of their service life [1]. Therefore, 
appropriate cement type, mixture design and constituent materials are essential to improve skid resistance of pavements and ensure 
favourable long-term performance. In addition, careful selection of coarse aggregates and increased number of lanes in pavement 
construction are important for improve skid resistance [1]. Optimizing the mixture designs of pavement to accomplish conflicting 
mechanical, environmental and safety requirements is essential to ensure a cost-effective sustainable, multi-functional pavement [3]. 
Unfortunately, cement concrete pavement has high noise pollution and poor skid resistance due to its rigid, smooth and compact 
structure, low adhesion and insufficient macrotexture [4]. Likewise, another study recommended balancing the surface abrasion 
resistance, mechanical strength, surface abrasion resistance and freezing resistance of concrete pavements to determine the supple-
mentary cementitious materials (SCM) to be added and their dosage [5]. Some studies reported that the abrasion resistance of concrete 
pavement is affected by the surface texture, water-cement ratio, SCM type and combination [6,7]. The studies reported that a 
decreased in abrasion resistance with increase in water-cement ratio, increases with compressive strength and use of fibre and that 
silica fume yields better wear resistance than fly ash [6–9]. In addition, there is insufficient studies on the safety aspect (skid resistance) 
of rigid concrete pavements. 

A recent study revealed that pavement skid resistance is influenced by maximum aggregate size, binder, aggregate gradation and 
air voids content [10]. Skid resistance is the force that develops when a vehicle tire slides along the pavement surface during the 
braking maneuver and this force comprises two mechanisms namely adhesion and hysteresis. While adhesion is an intermolecular 
force between vehicle tire and surface microtexture, on the other hand, hysteresis on macrotexture surface level, occurs as a result of 
energy loss due to the bulk deformation of vehicle tire in contact with surface texture asperities [11]. A recent study revealed that skid 
resistance is mainly affected by average annual daily traffic, surface layer material, number of lanes and polished stone value [12]. The 
authors reported that skid resistance is not affected by pavement type and thickness and frequency of rehabilitation. Mitigation of 
deterioration of skid resistance and texture of road surface becomes important to reduce road accidents and improve safety of roads 
[13]. Risks of road accidents can be minimized by 50 % bydoubling skid resistance of pavements [14]. A recent study revealed that 
nano-montmorillonite, nano-silica, and nano-halloysite improved skid resistance of concrete pavement (BPN) by 24 %, 18.9 %, and 9.7 
% when utilized as partial substitution of cement [15]. The authors reported that montmorillonite improved adhesion and that skid 
resistance can be improved with improved permeability of concrete pavement and recommended optimal cement replacement with 
2% nano-montmorillonite, 3% nano-silica, and 3% nano-halloysite by weight of cement. Another study also reported that continuously 
graded aggregates provide better skid resistance compared to single-sized aggregate mixture because of its higher friction coefficient 
[16]. 

There have been calls to develop wear-resistant concrete but no affordable concrete has been developed. Since the abrasion occurs 
at the surface, the quality and strength of cement is a crucial factor. The abrasive resistance of concrete depends on paste hardness, type 
of aggregate and strength of aggregate/paste bond and the amount of calcium hydroxide in the hardened paste which depends on the 
water-cementitious ratio used in the concrete [17]. Abrasion resistance is the resistance of concrete surface under shear force and it is a 
crucial parameter to maintain skid resistance and surface texture of concrete pavement [15]. Another study reported that limestone 
concrete showed less damage compared with the river gravel concrete mixture after freeze/thaw cycles and also recommended surface 
treatments [18]. Also, a recent study recommended artificial aggregates, surface water drainage by grooving and inclusion of synthetic 
fibres enhanced not only the micro/macrotextures of pavements nut also improved their skid resistance [19]. In addition, the authors 
utilized PFA (pulverized fly ash) and microsilica sand as cement replacement as well as HRWRA (high range water reducing 
admixture). Therefore, the authors called for selection of suitable raw materials, mix design and mix sequence in concrete pavements 
to reduce rehabilitation frequency and extend service life of concrete pavements. 

Abrasion susceptibility of highway pavements has a great impact on the skid resistance, and consequently accident rate. Abrasion is 
due to surface poor curing and loss of integrity due to texturing and to reduce abrasion, the authors called for appropriate texturing of 
concrete pavements [20]. Porous asphalt surfaces demonstrate higher skid resistance compared to dense asphalt concrete and are more 
resilient to adverse conditions such as rainfall intensity and increasing vehicular speed [21]. Likewise, the authors also reported that 
higher cross slopes provide better safety against skidding irrespective of surface type. Another study reported that roller compacted 
concrete with improved skid resistance can be achieved with 17.20 % by volume substitution of fine aggregate with crumb rubber and 
1.87 % nano silica addition by weight of cementitious materials [22]. 

The performance of concrete for whatever application is dependent on certain properties of this material either in the fresh of 
hardened state. Properties in the fresh state is determined by workability while in the hardened state concrete performance can be 
accessed in form of mechanical strength and durability properties. Concrete pavements are designed and built with the ultimate aim of 
ensuring that the transmitted stresses due to wheel load are sufficiently reduced to a safe value on the sub-grade soil; to fulfill this 
requirement, concrete pavements should be strong enough and stable [23]. Furthermore, since strength is an indicator of concrete 
quality, therefore, it is vital to understand the strength behavior of concrete pavements that forms this basic requirement [24]. 
Therefore, developing concrete mixture in order to improve the concrete strength will results to higher performance concrete pave-
ment [25]. 

Sawdust ash (SDA), also known as wood waste ash (WWA), has been reported useful in reducing ASR (alkali silicate reactivity) and 
electrical conductivity, reduce cracking susceptibility and weight loss in aggressive environment, improve compressive strength and 
workability due to lower water demand and reduces water absorption of concrete materials due to its pozzolanic and filler charac-
teristics [26]. In addition, though several studies have reported the performance of crystalline-based admixtures (CBA) in concrete, 
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there is still insufficient investigation on the effectiveness of CBA as self-healing in concrete for pavement and flooring applications 
[27–30]. The long-term self-healing properties of CBA is useful in pavement which is susceptible to repeated cracking and recovery 
[31]. Therefore, this study aims to investigate the effect of calcined clay, saw dust ash as cement replacement as well as chemical 
admixtures on concrete for pavement and flooring applications. The study is significant as it contributes towards sustainability and 
cleaner production by lowering carbon emission through cement replacement and reduction of hazardous waste disposal of sawdust. 
The study is also significant by showcasing correct application of chemical admixtures in pavement concrete and concrete for flooring 
applications, which is scarce in literature. 

2. Materials and methods 

2.1. Materials 

The cement used in the study was grade 42.5R Dangote brand of Portland limestone cement available in the local market. The saw 
dust was sourced from a saw-mill industry in Ikere-Ekiti, Ekiti state in Nigeria. The saw dust was burnt to ashes by open burning in a 
metal container. The ash was sieved through 150 mm sieve size. The clay was sourced locally from Ire Clay Production Limited 
Company in Ire town, Ekiti State, Nigeria. It was moulded into 150 mm diameter balls and dried for two weeks. This was done to 
remove the moisture and to make it easy for firing. After drying, the clay balls were laid on crucibles and placed in a muffle furnace for 
calcination at 900 ◦C for 2 h before Pulverization. The calcined clay was sieved through 150 mm sieve size.The fine aggregate used was 
stone dust. It was sourced from an on-going construction site outside the Ekiti State University (EKSU) campus, Ado Ekiti, Ekiti State. 
The coarse aggregate passing through sieve size 10 mm and 20 mm also sourced from an on-going construction site outside EKSU 
campus. Two types of chemical admixtures were utilized in this study namely the crystalline-based admixtures (CBA) and super-
plasticizer and both were manufactured by the same company named Advanced Concrete Technology Limited, located in Ikeja, Lagos 
State, Nigeria. CBA is hydrophilic in nature and react with the constituents of the cement matrix to form CSH crystals. These crystals 
generate pore shrinking deposits that are found to improve the concrete’s ability to resist water penetration.Potable water obtained on 
campus was utilized in concrete mixing. 

2.2. Methods 

Taguchi experimental design was utilized in this study. The factors and levels of each experimental components are displayed in 
Table 1 while the orthogonal array utilized in conducting the experiment is shown in Table 2. The mix proportion of the concrete is 
depicted in Table 3. Ref. [32] recommended the use of 5% saw dust ash as partial cement substitution for maximum strength benefit. 
The same percentage replacement was replicated for calcined clay to ensure uniformity in percentage of SCM addition. Ref. [33] 
achieved reduced water absorption for conventional concrete using 2% (by weight of cement) of crystalline protection materials. The 
study considered a variation in Crystaline based admixture between 0% and 2% by weight of cement. The super plasticizer dosage was 
also varied within 0% and 2% to evaluate influence of super plasticizer on the workability.The chemical composition of both calcined 
clay and sawdust ash is displayed in Table 4. The pozzolanic content (SiO2 + Al2O3 + Fe2O3) of calcined clay of 82.72 % is greater than 
70.33 % recorded for sawdust ash and meets the minimum requirement of 70 % for pozzolanic materials [36]. This implies both 
calcined clay and sawdust ash can be employed as cement replacement in concrete. 

2.3. Testing 

Workability was measured using a slump cone of bottom diameter 200 mm, top diameter 100 mm and height 300 mm. The test was 
done in accordance to BS EN 12350- 2:2009. 

The abrasion test was carried out on cubes using an abrasion testing machine displayed in Fig. 1(a) while abrasion tested samples 
are displayed in Fig. 1(b). The initial weight of each specimen was recorded before placing in the machine and after 500 revolutions the 
samples were remove from the machine and weighted. The percentage weight loss was computed for each trial mix using Eq. (1) 

W2 − W1

W1
× 100 (1)  

W1= Initial weight of test specimen (g) 

Table 1 
Factors and their variation level.  

Level Factor  

Calcined clay Saw Dust Ash (SDA) Crystalline based Admixture (CBA) Super Plasticizer (SP) 
Replacement of cement (%) Addition (% wt of cement) 

1 0 0 0 0 
2 2.5 2.5 1 1 
3 5 5 2 2  
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W2= Final weight of test specimen (g) 
Skid resistance test was carried out to determine the energy loss when a rubber slides edge is propelled over the nine trial mixes of 

the hardened concrete obtained in the study. The skid resistance experimental set up is portrayed in Fig. 1(c). The test was carried out 
using a skid resistance tester and the values obtained represents the frictional properties and is expressed in British Pendulum Number 
(BPN). In addition, split tensile strength test was performed using universal testing machine displayed in Fig. 1(d) according to BS EN 
12390-6:2009 at 28-day. Load was centrally applied on the specimen and was gradually increased until failure occurred by splitting. 
The horizontal tensile stress was calculated using Eq. (2) as follows: 

Ft =
2P

(πDL)
(2)  

where P = The maximum load; D = Diameter of the cylinder concrete; L = Length of the cylindrical concrete; Ft = Split tensile strength 
(MPa). 

Table 2 
L9 (34) Orthogonal array for conducting design of experiments.  

Mix 

Parameter 

%Replacement of cement by weight Addition (% wt of cement) 

Calcined clay SDA CBA SP 

1 5 5 1 0 
2 5 2.5 0 2 
3 5 0 2 1 
4 0 2.5 1 1 
5 2.5 0 1 2 
6 2.5 5 0 1 
7 2.5 2.5 2 0 
8 0 5 2 2 
9 0 0 0 0  

Table 3 
Mix proportion of constituent material.  

Mix 
Cement (kg/ 
m3) 

%Calcined clay (kg/ 
m3) 

%SDA (kg/ 
m3) 

% CBA (kg/ 
m3) 

% SP (kg/ 
m3) 

FA (kg/ 
m3) 

Coarse Aggregate 

0− 10 mm (kg/ 
m 
3) 

10− 20 mm (kg/ 
m3) 

1 364 18.2 18.2 3.64 0 764 562 562 
2 364 18.2 9.1 0 7.28 764 562 562 
3 364 18.2 0 7.28 3.64 764 562 562 
4 364 0 9.1 3.64 3.64 764 562 562 
5 364 9.1  3.64 7.28 764 562 562 
6 364 9.1 18.2 0 3.64 764 562 562 
7 364 9.1 9.1 7.28 0 764 562 562 
8 364 0 18.2 7.28 7.28 764 562 562 
9 364 0 0 0 0 764 562 562 

SDA- saw dust ash; CBA-crystalline based admixture; SP-superplasticizer; FA- Fine aggregate. 

Table 4 
Chemical composition of calcined clay and sawdust ash.  

Oxides Calcined clay 
[34] 

Sawdust ash [35] 

SiO2 53.4 53.39 
Al2O3 22.75 14.30 
Fe2O3 6.57 2.64 
MgO 0.49 3.30 
CaO 0.10 7.20 
P2O5 0.06 2.95 
K2O 0.15 8.43 
TiO2 0.03 0.05 
Na2O 1.97 1.00 
MnO 0.05 0.41 
LOI 4.83 5.48  
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Furthermore, flexural strength which is a degree of the tensile strength of an unreinforced concrete beam or slab to resist failure in 
bending was carried out accordingto BS EN 12390-5: 2009.Three-point loading point method was used, to carry out flexural strength 
on a beam of size (400 mm by 100 mm by 100 mm) at 28-day. The flexural strength was determined using Eq. (3): 

FL =
3PL

2BD2 (3)  

Where; P = max load measured (kN), D = Depth (mm), L = Effective length(mm), B = Width (mm), and FL = Flexural Strength (N/ 
mm2) 

Water absorption test was used to measure the amount of water absorbed under specified conditions. The concrete after curing for 
28 days were oven dried at temperature of 105 ◦C for 6 h, immediately weighed and subsequently wholly immersed in water for 24 h 
and weighed again. Eq. (4) was used to estimate the percentage water absorption 

Water absorption =
W2 − W1

W1
× 100 (4)  

where W1= Weight of sample before immersion in water; W2= Weight of sample after immersion in water 

Fig. 1. (a) Abrasion equipment (b) Some samples after abrasion test (c) Sample undergoing Skid resistance test (d) Split tensile strength test with 
Universal Testing Machine. 
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3. Results and discussion 

3.1. Workability 

The results of workability, which is an important parameter in the determination of concrete performanceare shown in Figs. 2 and 3  
. Fig. 2 indicates that the slumpvalue decreases as the SDA content increases. In contrast, there was a decrease in slump up to 2.5 % 
increment in CC and an increased afterwards. As reported by [32], the high demand of water with increase in SDA is due to increase in 
the amount of silica in the mixture. Also, as revealed in Fig. 3, there was a decreased in the slump with the increased in SP proportion 
up to 1% and increased in afterwards; indicating that SP proportion up to 2% enhanced the workability of the mix. Therefore, 
replacement of cement by 5%CC with 2.5 %SDA will required SP dosage up to 2% to compensate for the workability.In addition, Fig. 3 
indicates that CBA content of 2% corresponds to a reduction in slump which translates to a low moisture content. Previous research on 
the application of CBA in concrete has indicated that low moisture content is required to achieve adequate dosage and good pene-
tration [33]. 

3.2. Water absorption 

Water absorption of the concrete mixtures were observed to increase with the increase in calcined clay as shown in Fig. 4. 
Experiment run 2 containing 5% calcined clay (CC) and 2.5 % SDA (sawdust ash) replacement of cement recorded the highest water 
absorption of 7.21 % as shown in Table 5. On the other hand, concrete water absorption increased with SDA up to 2.5 % cement 
replacement and decreased significantly to 4.75 % thereafter. This implies SDA is very useful in reducing the water absorption of 
concrete. Also, CBA caused a slight reduction in concrete water absorption while superplasticizer caused an increase in water ab-
sorption as depicted in Fig. 5. This implies addition of 1% CBA is the optimum for reduction of concrete water absorption. Further 
increase in CBA has negligible effect on water absorption reduction. Likewise, a recent study reported that CBA has negligible effect on 
water permeability of high-performance concrete [37] which is closely related to water absorption. Also, these results also imply SP 
should be conservatively utilized especially where it is added to improve concrete workability. Based on the results obtained, it is 
advisable that SDAis combined with calcined clay to reduce the water absorption of concrete. Therefore, SDA acts as an alkali activator 
to counteract the negative effects of high-water absorption of calcined clay resulting in a more dense and water-resistant concrete [38]. 
Similar study also reported reduction in water absorption with SDA cement substitution [39]. A recent study recommended that 
addition of SDA up to 6% minimizes porosity resulting in more dense and compact structure [40] and it is close to the 5% obtained in 
this study. The water absorption results obtained in this study is less than 10 % acceptable in most construction materials [41] and <
6% limiting value of Indian Standard [42]. Increase in SDA content beyond the optimum increases the affinity SDA-concrete for water 
which is detrimental to the overall mechanical properties of concrete. 

3.3. Compressive strength 

As displayed in Fig. 6, calcined clay and sawdust ash exhibited opposing effects on compressive strength (CS). While CS decreased 
with increasing CC content, addition of SDA caused a slight reduction first before exhibiting an increase in CS. Similarly, CBA and SP 
displayed opposing effect on CS as depicted in Fig. 7. Addition of CBA caused a drop in CS before a slight increase whereas SP addition 
caused an increase in CS at 1% addition and a decrease at 2%. This implies addition of SP is preferable to CBA in terms of strength gain 
and the SP addition should not exceed 1%. Recent studies also reported increased CS with CBA [27,29]. A recent study also obtained 
about 50 % increase in CS between 28–90 days with 5% SDA blended-cement [43]. The CS increase at low SDA content was attributed 
to deceleration of hydration permitting the formation of strength contributing dicalcium silicate (C2S) [44]. The SDA utilized in this 
study is within the maximum 10 % SDA limits recommended in literature to obtain beneficial concrete properties [45,46]. Also, in 

Fig. 2. Effect of calcined clay and sawdust ash on workability.  
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Fig. 3. Effect of chemical admixtures ash on workability.  

Fig. 4. Effect of calcined clay and sawdust ash on concrete water absorption.  

Table 5 
Experimental Results.  

Trial 
mix 

% Calcined 
clay 

% 
SDA 

% 
CBA 

% 
SP 

% Water 
Absorption 

%Abrasion 
value 

Compressive strength 
(N/mm2) 

Split tensile strength 
(N/mm2) 

Skid resistance 
(BPN) 

1 5 5 1 0 4.60 14.36 9.47 0.74 76.33 
2 5 2.5 0 2 7.21 9.28 11.52 1.44 69.67 
3 5 0 2 1 5.65 6.98 15.65 1.99 95.33 
4 0 2.5 1 1 4.62 8.12 15.61 1.69 90.67 
5 2.5 0 1 2 5.90 11.36 15.02 1.75 72 
6 2.5 5 0 1 4.99 8.05 18.41 1.97 67.67 
7 2.5 2.5 2 0 5.10 10.15 11.89 1.94 62.67 
8 0 5 2 2 4.65 9.58 15.21 1.73 68 
9 0 0 0 0 4.93 7.60 14.67 1.80 67.67  

Fig. 5. Effect of chemical admixtures on concrete water absorption.  
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corroboration, another recent study mentioned that optimal cement replacement with agricultural residue ranges between 5–15 % 
[47]. Although, the highest compressive strength of 18.41 MPa obtained in this study was found to be lower than the minimum 25 MPa 
of a typical 28-day strength used for rigid pavement design according to Cement and Concrete Association of Australia and American 
Concrete Pavement Association specifications, however, for flooring application, the CS is tolerable. 

3.4. Abrasion value 

Abrasion value of concrete was observed to increase slightly with increasing cement replacement with CC and SDA as portrayed in 
Fig. 8. While SDA tends to increase concrete abrasion value further, CC tends toward stable abrasion value with increasing CC uti-
lization. However, utilization of CBA and SP demonstrated opposing effects as shown in Fig. 9. The highest abrasion value for CBA 
addition was recorded at 1% addition while in contrast, the lowest abrasion value for SP was recorded at 1% addition. Also, SP tends to 
increase abrasion value with further increased in SP addition. A study observed highest abrasion resistance at 10 % SDA content and 
recommended the usage of SDA for concrete in interlocking paving units for walkways and driveways [48]. A recent study also re-
ported optimum abrasion resistance at 10 % sawdust content in green interlocking paving units [49]. 

3.5. Skid resistance 

Fig. 10 revealed that concrete skid resistance decreased linearly with increasing SDA addition. In contrast, the concrete skid 
resistance reduced up to 2.5 % cement replacement and increased significantly at 5% cement replacement with CC. On the other hand, 
skid resistance increased with increasing chemical admixtures up to 1% but decreased afterwards. The increment in skid resistance 
with SP was slightly higher than CBA at 1% chemical admixture content but also decreased afterwards as revealed in Fig. 11. Also, the 
measured skid resistance values obtained indicate that all the values achieved were higher than the minimum 45 of BS EN 1338: 2003 
requirements. Therefore, the concretesatisfied the skid resistance requirements and is therefore fit for use in the construction of 
pavements. 

3.6. Split tensile strength 

Fig. 12 revealed that split tensile strength (STS) increased with CC addition up to 2.5 % and decreased afterwards. In contrast, STS 
decreased linearly with increased SDA addition. Surprisingly, STS increased with increased CBA addition while STS increased with SP 
addition up to 1% and decreased afterwards with further SP addition as portrayed in Fig. 13. Recent study also reported improvement 

Fig. 6. Effect of calcined clay and SDA on compressive strength.  

Fig. 7. Effect of chemical admixtures on compressive strength.  
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Fig. 8. Effect of calcined clay and sawdust ash on abrasion value of concrete.  

Fig. 9. Effect of chemical admixtures on concrete abrasion value.  

Fig. 10. Effect of calcined clay and sawdust ash on skid resistance.  

Fig. 11. Effect of chemical admixtures on skid resistance.  
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in split tensile strength with CBA in full water immersion environment [29]. The improvement by CBA is attributed to self-healing 
properties both during and after hydration due to formation of hydration products which healed the pores and pre-cracks in con-
crete [29]. These results imply CC when utilized as cement replacement and SP when utilized as concrete admixture should not exceed 
2.5 % and 1% respectively to avoid STS loss. Therefore, care/caution should be taken with regards to the type and dosage of chemical 
admixture utilized in pavement concrete mixtures. Another study obtained optimum STS at 10 % cement replacement with combi-
nation of sawdust ash and egg shell powder [50]. This implies SDA will perform better as blended cement. 

3.7. Flexural strength 

The flexural strength result is depicted in Figs. 14 and 15. It can be seen from Fig. 14 that there is an increase in flexural strength 
with increase in CC addition. In contrast, flexural Strength slightly decreased with increased SDA addition up to 2.5 % and increased 
afterwards. Surprisingly, for SP addition, there was an increased in the flexural strength. However, for CBA addition, there was an 
increase in flexural strength up to 1% and decreased afterwards with further CBA addition as portrayed in Fig. 15. In a study conducted 
by [50], an improvement in flexural strength with increase in the combination of sawdust ash and egg shell was observed. In another 
study conducted by [51], the results showed an increased in flexural strengths by using an optimum blend of superplasticizer type, 
dosage and liquid/solids ratio. An optimum superplasticizer dosage of 2% was achieved from the study. This study has also observed a 
similar trend. Also, the 28-day flexural strengths obtained for test numbers were found to exceed minimum 3.5Mpa for a typical 28-day 

Fig. 12. Effect of calcined clay and sawdust ash on split tensile strength.  

Fig. 13. Effect of chemical admixtures on split tensile strength.  

Fig. 14. Effect of calcined clay and sawdust ash on flexural strength.  
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flexural strength value for rigid pavement design according to cement and Concrete Association of Australia and American Concrete 
Pavement Association. 

3.8. Optimum values 

The optimum cement substitution with CC and SDA for maximum abrasion value alone is 5%. In addition, the optimum percentage 
of CBA is 1% to obtain high abrasion value alone while SP is not advisable to be utilized due to significant reduction in abrasion value. 
With respect to skid resistance, the optimum value of calcined clay is 5% while SDA is not recommended to be utilized due to sig-
nificant linear reduction with increased SDA addition. Furthermore, the optimum cement substitution for flexural strength is 5% CC 
with 1% CBA. In corroboration, earlier research has recommended that utilization of SDA-modified concrete should be limited to non- 
structural applications [52]. Also, a recent study obtained the best self-healing property of crystalline-based admixtures at 10 % 
cement replacement with ground granulated blast furnace slag [53]. However, considering flexural strength, abrasion and skid 
resistance simultaneously, the optimum CC content of 5% and 1% CBA is recommended. Alternatively, sawdust ash may be utilized as 
additive to reduce water absorption of calcined clay concrete without jeopardizing the mechanical, abrasion and skid resistance of the 
concrete pavement. Optimum CC of 5% as partial cement replacement improves flexural strength, improves abrasion resistance and 
lowers water absorption. 

4. Conclusions 

This study evaluated the effects of cement substitution with calcined clay and SDA on the skid resistance, abrasion resistance, 
mechanical strength of rigid pavement concrete. The main conclusions from the study are as follows:  

1 Calcined clay partial cement substitution is preferable to sawdust ash cement substitution as it gives higher skid resistance and 
comparatively similar abrasion value.  

2 Sawdust ash can be utilized as partial cement substitution in non-pavement concrete applications such as flooring and bricks owing 
to its lower water absorption and slightly higher compressive strength.  

3 Comparatively, crystalline-based admixture (CBA) seems preferable when high quantities of chemical admixture is required to 
improve the properties (mechanical strength, skid and abrasion resistance) of pavement concrete. 
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