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ABSTRACT 

Concrete structures suffer serious deterioration under corrosive environment. Consequently, 

the safety of these concrete structures is decreased. The influence of natural pumice (NP) and 

natural scoria (NS) as supplementing cementing materials of concrete exposed to sulphate, 

chloride and combined effect of sulphate and chloride is studied. Portland cement (PLC) was 

replaced with NP or NS at a substitution level of 10%. Concrete samples were submerged in 

portable water for 28 days. Afterwards, the specimens were immersed in 5% sodium sulphate 

(Na2SO4), 5% sodium chloride (NaCl) and combined sodium sulphate and chloride solutions 

for 28, 56 and 90 days. The results were compared between concrete mixes with NP or NS and 

control mix (CT) with PLC. The effects of sulphate, chloride and combined sulphate and 

chloride were evaluated in terms of change in weight, variation in compressive strength and 

degree of damage. The compressive strength was not compromised at 10% substitution level. 

It was observed that, concrete containing NP and NS have compressive strength of 46 MPa 

(7.7%) and 44 MPa (3.04%) higher than 42.7 MPa of CT submerged in water for 90 days 

respectively. Concrete samples immersed in 5% Na2SO4 solution, NP and NS has a 

compressive strength around 45.5 MPa (15.4%) and 44.8 MPa (13.6%) higher than 39.4 MPa 

of CT mix at 90 days, respectively. However, under 5% NaCl solution the compressive strength 

of concrete containing NP and NS decreased up to 34.2 MPa (7.5%) and 32.5 MPa (7.2%) for 

90 days cured samples. Moreover, under combined effect of 5% Na2SO4 and 5% NaCl concrete 

containing NP and NS has a compressive strength around 29.8 MPa (8%) and 29.2 MPa (7.3%) 

higher than 27.4 MPa of control mix at the exposure period of 90 days. It can be concluded that 

NP and NS have extraordinary potential to be utilized as a cementitious material in concrete.  
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negative effects on concrete properties under corrosive environment. Pozzolans have been 

reported to be best SCMs to consume CH. There is growing interest to produce green and 

durable concrete from natural materials. Pumice and Scoria are among natural materials that 

are utilized as pozzolans that are rich in silica and alkali with high fineness. Researchers have 

been investigating the properties of containing Pumice and Scoria (Al-Swaidani, 2018; Al-

Swaidani & Aliyan, 2015; Al-Swaidani et al., 2016; Granata, 2015; Mboya et al., 2019). 

However, no studies have reported on the concrete properties containing Pumice and Scoria 

under combined attack of sulphate and chloride. The experimental work is therefore aiming to 

evaluate the mechanical and durability properties of concrete containing Pumice and Scoria 

under combined attack of sulphate and chloride for short exposure time. 

1.3 Rationale of the Study 

The rationale of this study is to increase the service life of concrete by strengthen the strength 

and durability in sulphate and chloride environment by mixing cement with natural Pozzolans. 

This will lead to strong and stable structures which are more resistant to aggressive 

environment. Furthermore, green and sustainable concrete will be produced. 

1.4 Objectives 

1.4.1 Main Objective 

To investigate the strength and durability properties of concrete incorporated with Scoria and 

Pumice as cement supplement materials under combined attack of sulphate and chloride. 

1.4.2 Specific Objectives 

(i) To assess the properties of concrete ingredients and proportioning. 

(ii) To assess the strength and durability properties of Pumice and Scoria based concrete 

under combined attack of sulphate and chloride. 

(iii) To evaluate the influence of Pumice and Scoria on the hydration of cement. 

1.5 Research Questions 

(i) Do the properties of aggregates and binders suitable to be used in production of 

concrete? 
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(ii) What is the impact of Pumice and Scoria on the resistance of concrete under combined 

attack of sulphate and chloride? 

1.6 Significance of the Study 

Safety and economic factors are major aspect to be considered during concrete structure design. 

It is advised to explore materials before they are endorsed for certain applications. This study 

is aiming to provide understanding on the behavior of concrete incorporated with Pumice and 

Scoria when exposed to combined attack of sulphate and chloride. This will attract application 

of Pumice and Scoria in the construction industry in order to produce durable and sustainable 

concrete and also the accessibility of raw materials for cement production will be increased. 

1.7 Delineation of the Study  

The focus of this study is to investigate the properties of concrete containing pumice and scoria 

as supplementary cementing materials exposed to combined attack of sulphate and chloride. 

The materials used are Pumice from Mbeya and Scoria from Uchira-Moshi. The first part of 

the study was based in producing Pumice and Scoria powder by using a disc miller and milled 

to have a fineness like cement for which the elemental analysis was done. The additional part 

of this study based on studying the properties of concrete incorporated with pumice and scoria 

exposed to combined attack of sulphate and chloride. Mechanical and durability properties 

were evaluated after exposure period of 28 days, 56 days and 90 days. The mass of concrete 

samples were recorded before and after exposure time was reached. The mass loss was 

calculated as the mass difference by considering each exposure condition. The compressive 

strength and degree of damage were determined for all concrete samples considered. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Cement  

Cement is a common material in construction industry. In the presence of water it binds sand 

and gravel. The compact structure id formed after hydration process. Due to their ability of 

setting and hardens in presence of water, Portland cements (PC) are used as hydraulic cement. 

PC has four main phases, which are alite (50-70% tricalcium silicate - Ca3SiO5) belite (15-30% 

di-calcium silicate - Ca2SiO4) aluminate (5-10% tri-calcium aluminate - Ca3Al2O6) and ferrite 

(5-15% tetra-calcium aluminoferrite -CaAlFeO5). Raw materials which are rich in silicates, 

aluminates and iron oxides are used to manufacture them (Hewlett & Liska, 2019; Neville & 

Brooks, 2010). Manufacturing of PC requires high energy and also has high emission of CO2.  

The process of mixing PC with inorganic materials gives a composite cement. Organic 

materials blended together with cement gives additional strength and contribute to hydration 

process of cement. (Neville & Brooks, 2010). The collective term of these material is 

supplementary cementing materials (SCMs). They exhibit properties like pozzolanic and latent 

hydraulic properties. The reason of using composite cement is to improve properties of mortar, 

concrete, environment conservation reason, reducing energy consumption (Alp et al., 2009; 

Sabir et al., 2001). 

The compositions of hydraulic cement is between those of pozzolanic materials and PC. It is 

mixed with pozzolanic material to improve mortar and concrete properties such as strength, 

durability and permeability. Addition of pozzolanic materials lower the cost of cement (Al-

Chaar et al., 2011; Nair et al., 2006).  The pozzolanic materials has advantages in construction 

industries and in cement manufacture industries in terms of cost, energy saving and natural 

resources conservation. The pozzolanic materials are produced by blending PC with Ground 

Granulated Blast Furnace Slag (GGBFS) or fly ash (FA) (Neville & Brooks, 2010).  Moreover, 

it was found that calcination of clays such as kaolinite has greater potential as artificial 

pozzolanic material due to their availability around the world (Al-Ajeel et al., 2012). 
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2.2 Cement Hydration 

The process by which the main compounds of cement chemically react with water to yield 

calcium silicate hydrate (C-S-H) gel and calcium hydroxide (CH) is termed as hydration. 

Various solid phases are formed when the main cement minerals hydrate at different rates. The 

phases formed are the ones influencing the strength of the formed cement paste (Gartner et al., 

2002). The hydration process of the calcium silicate minerals present in the Ordinary Portland 

Cement (OPC) highly influences the strength of formed cement paste. The early concrete 

strength is an outcome of the hydration of C3S, which is the most plentiful and important 

mineral in OPC. The hydration of C2S has little influence on the early strength (Gambhir, 

2013). As presented in Equation (1) and (2), the hydration of C3S and C2S yield C-S-H gel and 

C-H. However, the rate of solubility of C3S is relative high compared to C2S which yield high 

amount of free lime (CH) (Scrivener et al., 2015). 

 6CHHS3C9HS3C3 �������o��         (1) 

 2CHHS2C4HS2C2 �������o��         (2) 

About 75% of cement paste are converted to calcium silicate hydrate (C-S-H) due to hydration 

reactions of cement. The aggregates are bounded together by C-S-H. The 25% of cement paste 

remaining is mainly composed with calcium hydroxide (CH) as byproduct. Accumulation of 

CH in concrete has negative effect on steel reinforcement, increase alkalinity or acidity. 

Calcium hydroxide accelerates the alkali silica reaction in the presence of reactive aggregates 

which affect the compatibility of the concrete (Davidovits, 1994). In the presence of water, 

pozzolans react with portlandite (CH).  

2.3 Pozzolanic Reaction  

Pozzolans materials are alumino-silicate materials which can be natural or man-made and can 

be used as supplement to cement. These materials react with calcium hydroxide produced 

during hydration of cement to produce a highly cementitious product, C-S-H gel (Aprianti et 

al., 2015). The reaction occurs at ordinary temperature. Commonly materials used as pozzolans 

to supplement cement are Silica fume and Fly ashes. The main chemical components of 

pozzolans are the oxides of silicon and aluminium metals. The C618 of the American Society 

for Testing and Materials (ASTM) specifies the chemical requirements of pozzolans as shown 

in Table 1.  
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Table 1: ASTM C618 Chemical requirements of pozzolans 

Chemical composition 
 Class  

N F C 

Silicon dioxide (SiO2) plus aluminum oxide 

(Al2O3) plus iron oxide (Fe2O3), min % 

70 70 50 

Sulfur trioxide (SO3), max % 4.0 5.0 5.0 

Moisture content, max % 3.0 3.0 3.0 

Loss on Ignition (LoI), max % 10.0 6.0 6.0 

The CH produced in Equation (1) has no significant importance on improving concrete strength 

but has negative effect on the concrete durability properties. Pozzolans have high amount of 

silicon dioxide which upon their addition to cement with Ca (OH) 2 to yield excess C-S-H gel,  

as the main binding material in cement as described in Equation (3). Incorporation of pozzolans 

can result into green concrete products at a relatively low cost. Moreover, utilization of 

pozzolans to supplement cement reduce environment pollution by reducing the rate of CO2 

emissions. 

222253 3Ca(OH)O.4H3CaO.2SiOO7HSiO3Ca ���o��       (3) 

2.4 Concrete Aggregates 

Aggregates occupies about three-quarters of the total volume of normal concrete. The 

properties of aggregates influence the properties of concrete at fresh and hardened state. The 

concrete performance is affected through their properties such as chemical, thermal and 

physical properties. Aggregates used in concrete or mortar are classified depending on their 

size and nature of their availability (Antoni et al., 2012).  

2.4.1 Effect of Aggregates  

The concrete properties are mostly affected by aggregates properties. Aggregates properties 

like surface texture affects the aggregates bonds matrix which influence the strength of the 

concrete and affect the workability of the concrete. Crushed aggregates are most preferred in 

concrete production because of their angular surface textures which gives satisfactory concrete 

properties (Gambhir, 2013). 
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2.5 Water 

Water occupies about 15 to 25 % of the total volume of concrete. The properties of concrete at 

fresh and hardened state are influenced by water (Gambhir, 2013; Kurdowski, 2014).  Water is 

used for mixing, curing and washing of aggregates in concrete production as outlined below: 

2.5.1 Mixing Water 

The amount of water which is added to interact with cement to form a paste. The amount of 

water added reacts with cement to form the hydration products which binds the aggregates 

together. The water added affects the workability of the concrete and strength properties. 

Mixing water is therefore recommended to be free from chemical contamination and also 

should be safe for human consumption (Gambhir, 2013).  

2.5.2 Water for Curing of Concrete 

Water for curing of concrete has no restriction because concrete is cured in short period of time 

but will depending on the quality of the concrete required. Water containing organic and in 

organic matters can be used for curing of concrete. However, water containing corrosive 

species may cause disturbance on the growth of concrete strength. Accumulation of impurities 

is there recommended to be at acceptable limit water (Kurdowski, 2014). 

2.5.3 Water for Washing Aggregate 

Normally, aggregates are washed to remove unwanted organic matters and also materials 

coated on their surface which when not removed will affect the bonds between cement paste 

and aggregates. Water suitable for washing aggregates should not have a capability on forming 

films or coasts after washing the aggregates and should be free from chemical species which 

have detrimental effects (Duggal, 2008). 

2.6 Supplementary Cementitious Materials  

Around the global, researchers are extensively explore suitable and affordable materials to 

replace certain amount of cement for structural and non-structural use. The aim is to replace 

certain amount of cement in mortar and concrete without compromising properties of concrete 

at fresh and hardened state. Pozzolan appeared to be best supplementary cementing material. 

Pozzolans which are used to supplement cement react with the CH during cement hydration 
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Granata (2015) investigated the properties of SCC incoporated with Pumice powder as filler. 

Self compacting concrete with Pumice filler is compared with other mixtures contains Silica 

fume and Marble powder as fillers through tests on properties of concretee. Rheological and 

mechanical properties such as compressive and tensile strength  of SCC was investigated after 

28 days of curing . It was concluded that addition of pumice in SCC has a positive impact on 

mechanical properties after 28 days of curing. 

Onoue et al. (2015) investigated the properties of LWC by using volcanic pumice aggregates 

on their shock- absorbing capacity. In the impact test, a falling weight tester was employed 

with placing buffer layer concrete on base layer concrete. Statistical analysis results indicated 

that the LWC is by averages of 28% and 41% more effective in reducing the maximum impact 

load than the control concrete, under the impact velocities of 1.5 m/s and 4.5 m/s, respectively. 

This indicates that, volcanic pumice aggreates can be used in LWC to improve structural 

properties of concrete  structures. 

Bogas and Cunha (2017)  studied the properties of Non-Structured Light Weight Concrete 

(NSLWC) incoporated with volcanic scoria. Mechanical and physical properties of building 

floors were evealuated where the abrasion resistance, compressive and tensile  strength, 

shrinkage , behaviour at high temperatures of different NSLWC fill solutions were analyzed. 

The results showed the potential of using volcanic scoria to improve concrete properies. 

Compared to control concrete, NSLWC with volcanic scoria showed similar mechanical 

strength, less shrinkage, higher punching strength.  

2.9 Effect of Corrossive Species on Compressive Strength of Concrete 

The durability study by Barbhuiya and Kumala (2017) studied the effects of 3% sulphuric acid 

and 1.5% nitric acid on the properties of sustainable concrete. The level of substitution was 

30% for fly ash and 10% for ultra-fine fly ash. Concrete mixes submerged in 3% sulphuric acid 

showed a high resistance against degradation when the cement was replaced with 30% fly ash 

and 10% ultra-fine fly ash. Moreover, concrete mixes submerged in nitric acid have higher 

compressive strength when the substitution level was 30% for fly ash and 10% for ultra-fine 

fly ash. 

De Sensale (2010) investigated the influence of mortar incorporated with Rice Husk Ash 

(RHA) to resist acid. The 1% hydrochloric acid was used as corrosive environment and mortar 

specimens were submerged on it. The durability properties of mortar were evaluated. The 
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incorporation of RHA reduces the mass loss of specimens when exposed to hydrochloric acid 

solutions and reduces the expansion due to sulphate attack and alkali-silica reaction. The acid 

resistance of mortar specimens increases with increase in substitution level of RHA. 

Kannan and Ganesan (2014) investigated strength and durability performance of SCC 

incorporated with self- combusted RHA and MK. The level of substitution was between 0% to 

30% for individual replacement of MK or RHA respectively and 0% to 40% for combination 

of MK and RHA. The durability and strength properties were investigated. The 15% RHA, 

10% MK and 10% RHA + 10% MK b mixers of SCC showed improved properties and 

resistance to aggressive environment attack. 

Chindaprasirt et al. (2007) investigated the sulphate resistance of OPC incorporated with RHA. 

The slump flow, V- Funnel, U-box, L-Flow and hardened properties such as mechanical 

strength (compressive and split tensile) and durability properties (porosity and rapid chloride 

permeability test) at 7, 28 and 56 days were investigated. Concrete specimens were prepared 

with 0, 10, 15 and 20% RHA replacing cement. Replacing cement with 20% RHA showed 

minimum specified workability. The increase of compressive strength was observed to be 25%, 

33% and 36% at 7, 28 and 56 days respectively when RHA content was 15% compared to 

control mix. Maximum split tensile strength was 3.8 N/mm2 at 28 days and 4.0 N/mm2 at 56 

days for 15% RHA replacement. 

Merida and Kharchi (2015) investigated the sulphate resistance of high performance concrete 

(HPC) incorporated with Algerian natural pozzolan of volcanic origin extracted from the 

deposit Beni-saf. The strengthen of strength was noticed for concrete samples immersed in 

water where the control samples has developed as strength from 34 MPa to 45MPa and HPC 

has developed a compressive strength of 56 MPa to 73 MPa after curing in water respectively 

for 28 days. Both samples cured in sulphate environment showed the decrease in strength, 

where the compressive strength of control concrete decreased by 17.77% and that of HPC 

decreased by 5.48%. 

Al-Swaidani & Aliyan (2015) considered Scoria as SCMs for concrete exposed to aggressive 

acidic environment, sulphate resistance mortars were submerged in 5% Na2SO4 solution for 52 

weeks. After 28 and 90 days of curing, the rapid chloride penetration test was done and declared 

that, chloride penetration resistance of concrete increases with the increase in substitution level. 
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Additionally, the acid resistance of mortars increase with increase in addition of Scoria at early 

age. 

However, based on aforementioned studies, no any study has been reported on concrete 

containing NP and NS as SCMs under combined exposure of sulphate and chloride. Moreover, 

the earlier inputs by (Mboya et al., 2019) validated that the compressive strength of concrete 

incorporated with NP and NS were satisfactory at a 10% substitution level. The 10% 

substitution level of cement with NP and NS has been adopted. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 General Overview 

This chapter explains the specified materials used and their properties and laboratory testing 

that were carried in this study. For better understanding tables and figures were used to describe 

the methodology employed. 

3.2 Materials 

3.2.1 Cement 

In this study, Portland Limestone Cement type II (Twiga plus) class 42.5 N compatible with 

Tanzanian standard TZS 727:2002 which comply with British standard, BS 12:1996 13. PLC 

was purchased in the city (Arusha). Type II cement was chosen because it has finer particle 

than type I cement. This makes it to be more reactive and higher surface area allows more 

hydration. The mineralogical composition of the cement employed are shown in Table 7 in 

result section. 

3.2.2 Coarse Aggregates 

The coarse aggregates with nominal size of 20 mm were utilized. The coarse aggregate were 

ordered from Mohamed builders in Arusha region. Figure 2 shows a visual description of 

coarse aggregate that were used. 

 
Figure 2: Coarse aggregates 
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and Scoria as tabulated in Table 4. The mix was 1:1.3:3 for cement, fine aggregates and coarse 

aggregates respectively. The Appendix 6 shows the procedures outlined in BS 8110 for 

concrete mix design process. 

Table 4: Mix design of concrete adopted 

Components (kg/m3) 
Percent of PLC replacement (wt. %) 

0 10 

Cement 380 342 

NP/NS 0 38 

Fine aggregate 552 552 

Coarse aggregate 1243 1243 

Water 205 205 

3.7 Production of Concrete 

British standard of concrete mixing BSI, (British standard, 1986) was used as guidance during 

production of concrete, the electric concrete mixer was used to mix concrete ingredients as 

shown in Fig. 5. The weighed aggregates (fine and coarse) and cement were put into the 

concrete mixer. The proportions were mixed before adding water. Afterward, water, cement, P 

and N was added simultaneously and thoroughly mixed for 3 minutes. Natural pumice (NP) 

and Natural scoria (NS) was used to prepare concrete samples by replacing cement. During the 

laboratory work, three streams were established for preparing the concrete sample. The first 

stream considered 0% replacement of cement, the remaining two stream considered replacing 

cement at 10% with both NP and NS. The workability test was carried out before casting of 

concrete. 
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Figure 5: Concrete production 

3.7.1 Workability of Concrete 

After mixing concrete ingredients, the workability of the concrete was measured by using 

slump test method. Workability of the concrete affects its final properties. Moreover, it 

described the easiness of transporting, casting and compaction of the concrete or mortar. The 

slump method test was used to measure the concrete workability. The apparatus has a rod, 

measurement scale and slump cone comprises of slump cone. The cone height is 300 mm, 

base diameter of 200 mm and top opening diameter of 100 mm. 

The workability was measured by following steps as mentioned in BS: 1199-1959: 

(i) The apparati were cleaned before placing them on the flat surface. 

  
(a) (b) 
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Table 5: Concrete sample details 

Sample details Curing(days) 
Immersed under 

Water 5%  
Na2SO4 

5% 
NaCl 

5%  Na2SO4+5% 
NaCl 

Control mix (CT) 28 3 3 3 3 
 56 3 3 3 3 
 90 3 3 3 3 
Concrete with 10% NP(S1) 28 3 3 3 3 
 56 3 3 3 3 
 90 3 3 3 3 
Concrete with 10% NS 
(S2) 

28 3 3 3 3 

 56 3 3 3 3 
 90 3 3 3 3 
Sub total  27 27 27 27 
Total number of specimens  108    

 

  

(a) (b) 

  
(c) (d) 

 

Figure 7: Concrete sample preparation: (a) molds; (b) casting; (c) demolding; and (d) 
curing 
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3.8 Treatment in Sulphate and Chloride Solution 

A methodology similar to earlier study was adopted (Mangi et al., 2019), where  9 specimens 

of CT, 9 specimens of NP and 9 specimens of NS were immersed in 5% Na2SO4, 5% NaCl and 

5% Na2SO4 + 5 % NaCl for 28, 56 and 90 days. The control samples were cured in water for 

addition curing of 28, 56 and 90 days. Preparation and testing equipment used complied with 

British standard (2000) and British standard (1983). 

3.9 Testing of Concrete Specimen 

By means of digital balance, the mass loss of concrete specimen was assessed. The maximum 

capacity of digital balance was 10000 g. Control specimens were weighed and initial mass was 

recorded as M1 without submerging the specimen either in sulphate, chloride or combination 

of sulphate and chloride solution. The weight of specimen after submerging in sulphate, 

chloride or combination of both sulphate and chloride solution was recorded as M2. The 

weights, M1 and M2 were used to determine overall mass change. The change in weight at each 

submerging time was determined by using Equation (7). 

2

12

M
MM

M change
��

�           (7) 

A compressive testing machine with a full load of 3000 kN was used to determine the strength 

of concrete specimens as shown in Fig. 8. Concrete specimens were crushed at a loading rate 

of 100 kN/min. The concrete samples were loaded to the point of failure and crushing load 

was obtained as described in British standard. (1983). The crushing was done at loading rate 

of 100 kN/min. As described in British standard. (2003), the samples were loaded up to the 

point of failure where the crushing load was recorded. 





29 
 

CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Properties of Aggregates 

Properties of fine and coarse aggregates used in the study are presented in Table 6. The 

properties presented in Table 6 were determined by using BS 882:1992 (British standard, 

1992). Fine and coarse aggregates were classified and combined together to obtain the correct 

proportions in order to have anticipated properties at fresh and hardened state of concrete 

(British standard, 1992). The proportions of fine to coarse aggregates was 33% to 67% 

respectively. The fineness modulus (FM) was 5.1 and specific gravity (SG) was 2.6 for the 

combined aggregates. The SG of aggregates was observed to lay between 2.4 and 2.8 which 

suggest that the aggregates used were normal weight aggregates (Mboya et al., 2019).  

Table 6: Measured properties of coarse and fine aggregates 

Properties Coarse aggregates Fine aggregates 

Maximum size (mm) 20 4.75 

Water absorption (%) 

Specific gravity 

0.8 

2.96 

1.3 

2.65 

Bulk density (kg/m3)  2956 2649 

Moisture content (%) 3.5 4.57 

Fineness modulus 6.6 2.2 

Absorption capacity measures aggregates capacity to withstand degradation. Water contents 

measures the amount of water held in the pores of the concrete.  The porosity level is measured 

by water stored in aggregate pores. Moisture content defines the amount of water stored in the 

pores of aggregate.  The amount of water to be added or reduced is controlled by these 

properties. 

A set of sieves described in Table 2 was used for grading of aggregates used in the study. 

Particle size distribution are shown in Fig. 9.  From the Fig. 9, the grading curve indicates that 

the aggregates particles are well distributed and meets the standards to be used as aggregate 

in concrete production.  



30 
 

 

Figure 9: Particle size distribution of the used aggregates 

4.2 Characterization of Natural Pumice, Natural Scoria and Portland Limestone 

Cement  

X-ray Fluorescence (XRF) was used to analyze chemical composition of NP, NS and PLC. 

The results are tabulated in Table 7.  The physical properties are presented in Table 8. Total 

silica, aluminum oxide and iron oxide was found to be 67 and 76% for NS and NP 

respectively. The allowable loss on ignition for class N fly ash as stipulated in ASTM C618 

is 10%. The loss on ignition for NP and NS were less than 10%. This prove that NP and NS 

meets the requirement stipulated in ASTM (2005). 

Table 7: Chemical properties of Portland limestone cement, natural pumice and natural 
scoria 

Chemical Properties 
Material 

PLC NP NS 
SiO2 17.9 55.91 39.07 
CaO 60.9 0.52 10.32 
Al2O3 5.5 14.55 12.80 
Fe2O3 2.9 4.30 15.47 
MgO 0.5 0.21 4.82 
TiO2  0.55 3.84 
K2O 0.22 5.01 0.62 
MnO 0.36 0.36 0.22 
Na2O  4.95 0.40 
Loss on Ignition 8.4 8.79 10.73 
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Table 8: Physical Properties of portland limestone cement, natural pumice and natural 
scoria 

Physical Properties 
Material 

PLC NP NS 

Density ( kg/m3) 3010 2390s 2930 

Blaine-specific surface area (m2/kg) 431 507 575 

Initial setting time (minutes) 148   

soundness (mm) 1.5   

Compressive strength 28 days (MPa) 45   

4.3 Properties of Fresh Concrete 

The workability of the concrete was evaluated by using slump cone method with accordance 

of ASTM C143 (British standard, 2015). Workability results of concrete mix CT (control mix), 

S1 (concrete containing NP) and S2 (concrete containing NS) are shown in Table 9. The slump 

results reveal that, slump decrease due to  increases silicon concentration which increases water 

demand in order to produce workable concrete (Adesanya & Raheem, 2009). This results are 

also confirmed by (Mboya et al., 2019) and (Adesanya & Raheem, 2009) when SCMs are used 

as substitution of cement in concrete production. 

Table 9: Concrete workability 

Concrete Mix Slump value (mm) 

Control mix (CT) 68 

Concrete  S1-10% NP 58 

Concrete S2-10% NS 60 

4.4 Properties of Hardened Concrete  

4.4.1 Weight Loss 

The weight of concrete specimen was taken before and after immersing the specimen in water, 

sulphate, chloride and combination of sulphate and chloride solution. The detailed results of 

mass loss are provided in Fig. 10. The result reveals that there is no weight change of all 

specimens immersed in water. The significant change in weight is noted when both types of 
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specimens are immersed in 5% Na2SO4, 5% NaCl and the combination of both. At 56 days, CT 

was observed to have uppermost weight gain while the lowest is observed in both S1 and S2 

when exposed 5% Na2SO4. Concrete with NP and NS has lower values compared to control 

mix because of the denser structure which reduces salts penetration.  

It was also agreed by  (Xu et al., 2013) that higher amount of sulphate ions, gypsum and 

ettringite are influenced by more hydration product which provides growth in weight of 

specimen which containing 30% fly ash in 5% Na2SO4 (Mangi et al., 2019). Under combined 

sulphate and chloride, there is significant mass increase from 28 days up-to 90 days and CT 

concrete is more affected and this is mainly attributed by formation of more ettringite and 

gypsum. This concur with the finding of Maes and De Belie (Maes & De Belie, 2014) where 

the investigation was done to evaluate the effect of combined attack of chloride and sulphate 

on concrete and mortar. 

 Incorporation of NP and NS reduces the hydration process, moreover reduces the penetration 

of salt in concrete thus no significant increase in weight in (S1 and S2). This assure that 

incorporation of SCMs in concrete (S1 and S2) could reduce the permeability of corrosive 

species which cause corrosion in reinforced structures and failure of structure (Jaya et al., 2011; 

Ramadhansyah et al., 2011). It is concluded that, addition of NP and NS increase the overall 

performance of concrete thus it is adequate under 5% NaCl and 5% Na2SO4 and combination 

of both 5% NaCl and 5% Na2SO4. 
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Figure 10: Weight of concrete CT, S1 and S2 sample in sulphate, chloride and combined 
sulphate and chloride solution 

4.4.2 Compressive Strength of the Specimens Immersed in Portable Water 

The compressive strength for the dried samples was determined after immersion test. The 

compressive strength of 28, 56 and 90 days immersed samples in portable water are presented 

in Fig 12. The results demonstrate that the performance of concrete samples S1 (34.3MPa) and 

S2 (33.4 MPa) is higher than the CT (31.9 MPa) at 28 days when immersed in water, this 

indicates that the pozzolanic reaction initiated the growth of strength in concrete samples S1 

and S2. For instance, the compressive strength of S1 is 40.9 MPa (12.11%) and 46 MPa (7.7%) 

as compared to 36.5 MPa and 42.7 MPa of CT at 56 and 90 days respectively. S2 compressive 

strength is 38.8 MPa (6.3%) and 44 MPa (3.04%) as compared to 36.5 MPa and 42.7 MPa of 

CT at 56 and 90 days respectively. It was noted, under presence of pumice and scoria the 

pozzolanic reaction took place after 28 days and kept on increasing with concrete age. 
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Figure 11:  Compressive strength CT, SI and S2 sample in portable water 

4.4.3 Compressive Strength of the Specimens Immersed in 5% Sodium Sulphate Curing 

The compressive strength of samples immersed in 5% sodium sulphate curing for different 

exposure time are presented in Fig. 13 and the physical characteristics are presented in Table 

10. 
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Table 10: Physical characteristics of concrete mixes after exposure to sulphate solution-
slight peeling of the surface visible 

Sample 
Curing days 

28 56 90 

 

CT 

 

 

 

 

 

 

S1 

   
S2 

   

 

Figure 12: Compressive strength of CT, S1 and S2 sample in sulphate 

From Fig. 13 concrete samples under 5% Na2SO4 exposure condition show that the 

performance of concrete samples containing pumice (S1) and scoria (S2) was found to be 
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comparable with concrete without pumice and scoria (CT) at 28 days of immersion. It was 

noted that concrete samples with and without pumice and scoria after exposure to sulphate 

solution there is no significant damage caused for short-term exposure. The compressive 

strength of S1 was found to be 42.5 MPa (9.9%) and 45.5 MPa (15.4%) compared to 38.67 

MPa and 39.44 MPa of CT at 56 and 90 days respectively. The same trend is observed in S2 

where strength was 40.4 MPa (4.6%) and 44.8 (13.6%) at 56 and 90 days respectively. This 

concur with findings observed from Mangi et al. (2019) as they investigated on OPC concrete 

with coal bottom ashes exposed to sulphate solution for 90 days exposure time.  

Moreover, Demir et al. (2018) reported the same findings which coincide with the current study 

where OPC mortar with blast-furnace slag, bottom ash and fly ash as SMCs were investigated 

where mortar samples were immersed in Na2SO4 solution for 360 days and strength 

performance of blended mortar was 2% superior to OPC mortar. It was previously declared 

that samples immersed in lower proportions of Na2SO4 (0.27-1.8%) for 300 days no significant 

damage is caused on mortar properties.  

It was also acknowledged that diffusion of sulphate ions in pores of the concrete accelerate the 

chemical reaction between cement hydration products. The chemical reaction of Na2SO4 and 

sulphate ions with Ca (OH)2 and mono-sulphate gives gypsum and ettringite (crystal needle) 

in concrete pores (Aköz et al., 1999; Saribas & Cakir, 2017). Addition of pozzolanic materials 

makes the concrete denser by decreasing Ca (OH)2 content at the same time development of 

corrosive species becomes hard to grow (Association, 2001). Pumice and scoria remove lime 

liberated during cement hydration and C3A dilution (Al-Swaidani & Aliyan, 2015). It was 

experimentally found that pumice and scoria blended concrete has better performance and 

found to resist the effect of Na2SO4 solution. The performance of pumice and scoria blended 

concrete is attributed by refinement of pore sizes that limits ingress of sulfate ions (Djobo et 

al., 2016; Granata, 2015). 

4.4.4 Compressive Strength of the Samples Immersed in 5% Sodium Chloride Curing 

The compressive strength of samples immersed in 5% sodium chloride curing for different 

exposure time are presented in Fig 14 and the physical characteristics are presented in Table 

11. 

  



37 
 

Table 11: Physical characteristics of concrete mixes after exposure to chloride solution-
without significant surface damage 

Sample 
Curing days 

28 56 90 

 

CT 

 

 

 

 

 

 

S1 

   
S2 

   

 

Figure 13: Compressive strength of concrete CT, S1 and S2 sample in chloride 

The strength development of S1 and S2 was found to be lower than CT in NaCl exposure 

environment.  The same trend have been found in the concrete containing 5% coal bottom ashes 
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ettringite and gypsum will form and deterioration will occur at later ages. Moreover, ettringite 

may induce expansion in concrete which may cause a certain cracking in concrete (Jin et al., 

2016). This cracking leads to increase of chloride penetrability in concrete. The sample S1 and 

S2 performance was influenced by dense microstructure due to pozzolanic reaction of pumice 

and scoria so that the penetration of chloride ions becomes less.  

Table 12: Physical characteristics of concrete mixes after exposure to sulphate and 
chloride solution-large peeling of the surface visible 

Sample 
Curing days 

28 56 90  

 

CT 

 

 
 

 

 

 

 

S1 

 
 

 
 

S2 
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Figure 14: Compressive strength of CT, S1 and S2 sample in combined solution of 
sulphate and chloride 

4.4.6 Compressive Strength Variation 

The strength assessment between concrete with natural pumice (S1), concrete with natural 

scoria (S2) with reference to CT (concrete without natural pumice and scoria) under altered 

exposure environments at the age of 28, 56 and 90 days was used to assess the variation in  

strength properties. At early age of 28 days, the growth in strength was slowly for S1 (concrete 

containing NP) and S2 (concrete containing NS) when immersed in 5% Na2SO4 solution but 

significant development of strength is noticeable at the age of 56 and 90 days. 

The concrete samples, S1 (mix containing NP) and S2 (mix containing NS) under 5% NaCl 

has significant reduction of strength. Moreover, similar observation is noticed in concrete 

specimens exposed in combined 5% Na2SO4 and NaCl solution. Concrete samples immersed 

in water and Na2SO4 solution has a superior performance than other mixes immersed in 5% 

NaCl and combined 5% Na2SO4 and NaCl solution. At 56 days, the concrete containing pumice 

(S1) has a developed a strength around 12.11% in water and 9.9 % in 5% Na2SO4 solution  than 

CT, while  concrete containing scoria (S2) has developed a strength around 6.3% in water  and 

4.6% in 5% Na2SO4 solution. For 90 days cured samples, concrete containing pumice (S1) has 
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developed a strength around 7.7% in water and 15.4% in 5% Na2SO4 solution, while concrete 

containing scoria (S2) has 3.04% in water and 13.6% in 5% Na2SO4 solution..  

The concrete containing pumice (S1) and scoria (S2) showed the drop of strength under 5% 

NaCl exposure condition. Under the combination of both 5% Na2SO4 and NaCl solution, 

concrete containing pumice (S1) has developed a strength around  8% and concrete containing 

scoria (S2) has developed a strength around 7.3% higher than control mix (CT) at immersed 

period of 90 days. Figure 15 demonstrate the differential in compressive of concrete specimens 

S1 and S2 under Na2SO4 and NaCl solution at different concrete ages. 

 

Figure 15: Compressive strength variation of CT, S1 and S2 sample in water, sulphate 
and chloride  

4.4.7 Degree of Damage  

The degree of damage measures the extent of deterioration of concrete. The Equation 9 was 

used to evaluate the degree of damage as described by Mangi et al. (2019). 

The extent of deterioration of concrete specimens immersed in water, sulphate and chloride 

was obtained by using Equation 9 and presented in Fig. 16-19. The results reveal that the extent 

of deterioration of control mix (CT) is highest at all exposure conditions except for sodium 

chloride exposure where the degree of damage is lowest. Moreover, the concrete containing 

pumice (S1) and scoria (S2) has less degree of damage at all exposure conditions except for 

sodium chloride exposure. 
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 However, the higher were noticed in CT concrete 0.02, 0.04 and 0.11 under combined 

exposure of sulphate and chloride for 28, 56 and 90 days respectively. The sample S1 has 0.01, 

0.04, 0.08 under combined exposure of sulphate and chloride for 28, 56 and 90 days 

respectively, while S2 has 0.02, 0.04 and 0.7 of 28, 56 and 90 days respectively. The degree of 

damage was highest in control mix (CT) because of the porous structure formed due to 

chemical corrosion. Sulphate and chloride penetrate easily into interior due to increased 

permeability hence increased porosity and decreasing of effective area (Ming et al., 2016). The 

increase in degree of damage reduce the bearing capacity of concrete structures and it will reach 

a time the concrete structure will collapse completely (Ramadhansyah et al., 2012). As the 

degree of damage is lowered, the more the structure is durable.  

 

Figure 16: Degree of damage of concrete with and without pumice and scoria sample in 
water 
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Figure 17: Degree of damage of concrete with and without pumice and scoria sample in 
sulphate solution 

 

 

Figure 18: Degree of damage of concrete with and without pumice and scoria sample in 
chloride solution 
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Figure 19: Degree of damage of concrete with and without pumice and scoria immersed 
in combined sulphate and chloride solution 

 

 

  



45 
 

CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion  

The present study investigated the compressive strength, degree of damage, physical properties 

of the cement-NP/NS mixed normal concrete (with design strength of 25 MPa) subjected 

sodium sulphate and sodium chloride solution. The blended concrete mixes containing 10% 

NP/NS showed a greater compressive strength than the control mixes, implying that the 

inclusion of NP/NS led to better-quality concrete at both ordinary and aggressive environment. 

The blended concrete performed better than the normal concrete when immersed in both 

sodium sulphate and combination of both solutions (sodium sulphate and sodium chloride). 

The significant loss of strength was observed when concrete blended with 10% NP/NS was 

immersed in sodium chloride solution. Following are the conclusion drawn on the presented 

experimental results as follows: 

(i) The study indicated the successfulness of pumice and scoria as SCMs to replacement 

OPC in concrete under normal and aggressive environment. 

(ii) Under normal water curing, concrete mixes do not change its weight. It was observed 

that the changes in weight occurs when all type of mixes, CT, S1, S2 are exposed in 5% 

Na2SO4, 5% NaCl and 5% Na2SO4 + 5% NaCl solution. Control mixes (CT) were 

observed to have highest weight gain. However, concrete mixes S1 and S2 has less 

weight gain when exposed to 5% Na2SO4, 5% NaCl due to reduced hydration process 

and decreased salt penetrability. Moreover, under combination of both 5% Na2SO4 + 

5% NaCl highest weight gain is observed in CT and less in S1 and S2 which was 

influenced by dense microstructure due to pozzolanic reaction of pumice and scoria. 

(iii) The compressive strength of S1 and S2 was higher than CT under water curing at 28 

days. This indicates that the pozzolanic reaction started at early age. The compressive 

strength of S1 was 40.9 MPa (12.11%) and 46 MPa (7.7%) higher than 36.5 MPa and 

42.7 MPa of CT at 56 and 90 days respectively, S2 was 38.8 MPa (6.3%) and 44 MPa 

(3.04%) higher than 36.5 MPa and 42.7 MPa of CT at 56 and 90 days respectively. 
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(iv) The performance of S1 and S2 when exposed to 5% Na2SO4 solution was found to be 

superior to control mix (CT). S1 and S2 has higher strength of 45.5 MPa (15.4%) and 

44.8 MPa (13.6%) than 39.44 MPa CT at 90 days. 

(v) The performance of S1 and S2 when exposed to 5% NaCl solution was unsatisfactory 

than that of CT, however, strength development was noticed in S1 and S2. Moreover, 

it was observed that control mix (CT) gain its strength up to 56 days and strength decline 

upon further exposure. 

(vi) Under 5% Na2SO4 + 5% NaCl solution, the performance of S1 (concrete with pumice) 

and S2 (concrete with scoria) was found to be superior to CT (concrete without pumice 

and scoria). Compressive strength of S1 and S2 was 29.8 MPa (8%) and 29.2 MPa 

(7.3%) higher than 27.4 MPa of CT at 90 days respectively. 

(vii) Application of pumice and scoria conveys satisfactory performances of concrete 

exposed to sulphate, chloride and combination of sulphate and chloride environment. 

5.2 Recommendations  

In view of the findings, analysis of the results and conclusion arrived, the following 

recommendations are made regarding to Pumice and Scoria as supplementary cementitious 

materials: 

(i) The current study was carried out in steady condition. Future study is therefore 

recommended to carry the durability studies on stressed conditions since the structures 

will not only suffers from attack by chemical substances but also may suffer from high 

stresses induced by underground water in the overlaying soil and surrounding rocks. 

(ii) The durability studies were carried out for short exposure time up to 90 days, future 

studies is recommended to evaluate durability properties on long exposure period of 

180 and 360 days. 
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APPENDICES 

Appendix 1: Moisture content of aggregates 

Sample reference Unit Coarse aggregates Fine aggregates 

Mass if wet sample +container g 385.19 369.83 

Mass of dry sample+ container g 374.54 356.74 

Mass of container g 70.34 70.34 

Mass of moisture g 10.65 13.09 

Mass of dry sample g 304.2 286.4 

MOISTURE CONTENT % 3.5 4.57 
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Appendix 2: Water absorption of aggregates 

Sample reference Unit Coarse aggregates Fine aggregates 

Mass of saturated surface dry aggregates in 

air 

g 310.9 332.7 

Mass of oven-dry aggregate in air g 308.4 328.4 

WATER ABSORPTION g 0.81 1.31 
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Appendix 3: Specific gravity of aggregates 

Sample reference Unit Coarse aggregates Fine aggregates 

Weight of empty pycnometer, W1 g 619.7 619.7 

Weight of pycnometer half filled 

with aggregates, W2 

g 1348.3 1349.8 

Weight of pycnometer filled with 

half aggregate and half water, W3 

g 2172.0 2143.3 

Weight of pycnometer filled with 

water, W4 

g 1688.8 1688.8 

Specific gravity, GS  2.96 2.65 
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Appendix 4: Particle size distribution of coarse aggregates 

 Coarse aggregates  Fine aggregates  

Sieve size 

(mm) 

Cumulative mass 

retained (g) 

% Passing Cumulative mass 

retained (g) 

% Passing 

37.5 0 100 0 100 

19 16.7 99.87 0 100 

9.5 1379.43 98.99 30.23 99.38 

4.75 2957.63 97.2 94.73 98.08 

2.36 4539.83 94.3 195.96 96.02 

1.18 6132.43 88.99 387.06 92.13 

0.6 7726.33 76.39 827.23 83.18 

0.3 9325.86 63.76 1909.36 61.18 

0.15 10923.66 51.04 3373.76 31.4 

0.075 12523.46 38.31 4918.89 0 
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Appendix 5: Concrete mix design calculation 

Step 1: water/cement ratio selection 

The compressive strength for the concrete made of OPC and W/C of 0.50 after 28 days is 49 

MPa. Appendix 6 outlined that, to achieve a compressive strength of 49 MPa, W/C is 0.58, and 

for this case average value is adopted. 

Considering 5% defectiveness and for less than 20 samples per batch, the margin strength 

can be calculated as follows; 

Margin strength = standard deviation (from Fig. 21) × appropriate defectiveness value 

= 3 × 1.64 

= 4.92 MPa 

The target mean strength = specified mean strength + the margin 

= 25 + 4.92 = 29.92 MPa  
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Appendix 6: Approximate compressive strengths (N/mm2) of concrete mixes made with a 
free water/cement ratio of 0.5 

Cement strength 
class 

Type of coarse 
aggregates 

Compressive strength (N/mm2) 
Age (days) 

  3 7 28 91 
42.5 Uncrushed 22 30 42 49 
 Crushed 27 36 49 56 
52.5 Uncrushed 29 37 48 54 
 Crushed 34 43 55 61 
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Appendix 7: Relationship between standard deviation and characteristic strength; BSI 
(1986) 
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Appendix 8: Determination of water to cement ratio depending on design strength: BSI 
(1986) 

 
 

Step 2: Water content determination 

The slump value selected is between 60 - 180 mm. For the uncrushed fine aggregates and coarse 

aggregates with a nominal size of 20 mm, that the amount of free water required is 205 kg/m3 

of concrete. 
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Appendix 11: Estimated wet density of fully compacted concrete; BSI (1986)  

 

 

Step 5:  Determination of fine and coarse aggregates contents 

From table 21, the ratio of FA/CA is 0.31/0.69, therefore: fine aggregate content is 

1795x0.308= 552.9 kg/m3 and coarse aggregate is 1795-553=1242kg/m3. 
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Appendix 12: Combination of fine and coarse aggregates 

Sieve size mm `0.15 0.30 0.60 1.18 2.36 4.75 9.50 19.00 37.50 

FA 0.31  5.98 30.50 72.12 87.73 93.50 95.86 98.06 100.00 100.00 

   1.84 9.39 22.21 27.02 28.80 29.53 30.20 30.80 30.80 

CA 0.69  0.40 0.54 0.65 0.70 0.87 1.62 15.05 98.96 100.00 

   0.28 0.37 0.45 0.49 0.60 1.12 10.42 68.48 69.20 

Resultant 1.00 2.12 9.77 22.66 27.51 29.40 30.65 40.62 99.28 100.00 

Target    4 7 13 20 28 40 62 88 100 

 

The calculated quantities in kg/m3 are summarized as follows; 

Cement: 380 

Fine aggregate: 552 

Coarse aggregate: 1243 

Water: 205 

Total: 2380 

 

 
 

  






























