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Abstract: The present study is aimed to investigate the effects of different proportions of locally sourced 

RHA in Vietnam on the mechanical properties, microstructure and porosity of cement mortar. RHA is a material that 

was used to replace the original Portland cement (OPC). Prisms of dimensions of 40x40x160mm were cast and 

cured in water to determine the flexural and compressive strengths at 7 days and 28 days. The porosity was studied 

by Mercury Intrusion Porosimetry (MIP), while the microstructure of RHA mortar was determined by Scanning 

Electron Microscope (SEM). The results show that RHA reduces the workability of fresh mortar unless water 

reducing admixture is added, due to the porosity of RHA leading to an increase in the surface area of RHA. The 

locally-sourced RHA reduces the strengths at 7 and 28 days; however, the strength improves with age due to the 

latent pozzolanic reaction between RHA and Ca(OH)2. In addition, 5% and 20% RHA both increase the effective 

porosity and cumulative intruded volume, while 10% RHA reduces those properties at both 7 days and 28 days. 

Keywords: mortar, rice husk ash, strength, microstructure, porosity. 

 

本地混合的稻壳灰（RHA）砂浆的性能 

 

摘要：本研究旨在调查越南不同比例的RHA对水泥砂浆的力学性能，微观结构和孔隙率

的影响。RHA是用于替代原始波特兰水泥（OPC）的材料。在水中浇铸并固化尺寸为40x40x

160毫米的棱镜，以确定在7天和28天时的抗弯强度和抗压强度。用水银压入孔率法（MIP）

研究孔隙度，用扫描电子显微镜（扫描电镜）测定RHA砂浆的微观结构。结果表明，除非添

加减水剂，否则RHA会降低新鲜砂浆的可加工性，这是由于RHA的孔隙率导致RHA表面积增

加。本地采购的RHA会在

7天和28天时降低强度。但是，由于RHA和钙（哦）2之间潜在的火山灰反应，强度会随着年

龄的增长而提高。此外，5％和20％的RHA均会增加有效孔隙率和累积侵入体积，而10％的

RHA会在7天和28天同时降低这些性能。 

关键词：砂浆，稻壳灰，强度，微结构，孔隙率。 

 
 

1. Introduction 
Mortar is an effective paste consisting of cement, 

sand, and water. It is used to bind different types of 

building blocks, such as stone, bricks, and concrete 

masonry by sealing the regular/irregular openings 

between them [50]. The most common binders used in 

mortar are Portland cement and lime [1]. Mortar used 

in construction needs to meet the relevant requirements 

in the consistency of fresh mortar and the strength of 

hardened mortar in accordance with standard TCVN 

4314: 2003 [2]. 

Nowadays, given the drive toward sustainable 

development practices in the construction industry, 

researchers have conducted a wide range of studies on 

the utilization of waste materials as supplementary 

cementitious materials. The common pozzolanic agents 

deriving from industry and agriculture by-products, 

such as fly ash and rice husk ash (RHA), are being 
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studied as they diversify the product quality of the 

blended cement concrete and reduce the cost and 

negative environmental impact [3, 4]. Fly ash is a by-

product of the combustion of pulverized coal in thermal 

power plants. It has been used as a supplementary 

cementitious material (SCM) to replace Portland 

cement in mortar and concrete [5, 6] and is recognized 

in the standards covering SCMs [7, 8]. The economic 

and performance advantages of using fly ash as a 

supplementary cementitious material include saving the 

resources used in the production of Portland cement, 

improved workability, enhanced mix efficiency and 

increased durability, and corrosion resistance [9, 10]. 

More recently, the focus for the use of fly ash in 

concrete has shifted to quantifying the benefits offered 

in enhancing concrete sustainability [11]. However, 

there are also several drawbacks to using fly ash in 

concrete, which include the extended setting time, 

reduced early age strengths, and reduced carbonation 

resistance [6].  

Rice husk is one of the main agricultural residues 

obtained from the outer covering of rice grains during 

the milling process. It constitutes 20% of the 500 

million tons of paddy produced in the world [12]. Rice 

husk ash, which had previously been dumped into 

water streams and caused the pollution and 

contamination of springs, is considered a useful 

mineral admixture for concrete [13, 14, 49]. Rice husk 

is abundant in many parts of the world, especially in 

rice-cropping countries like Vietnam. Each ton of 

paddy rice can produce approximately 200 kg of rice 

husk, which, on combustion, produces about 40 kg of 

ash [15]. According to the “Rice market monitor’’ 

report [16], in 2017, global rice paddy production was 

about 759.6 million tons (in which the Vietnam paddy 

production was about 42 million tons), resulting in 

approximately 145 million tons of rice husks. RHA is 

the residue of completely incinerated rice husk under 

proper conditions. The most important characteristic of 

RHA is pore structure, which affects the specific 

surface area, pozzolanic reactivity, and water 

absorption of RHA [10, 15, 17]. The rice husk ash 

properties depend upon incinerating conditions, rate of 

heating, geographic location, and fineness [18, 19]. 

Previous research shows that RHA can fully 

substitute silica fume in terms of calcium hydroxide 

consumption, autogenous shrinkage, compressive 

strength, and the durability of high performance 

concrete [15, 20] and ultra-high performance concrete 

[17, 21]. Some research shows that RHA reduced the 

strength of mortar or concrete. For example, the 

addition of up to 15% RHA from Thailand contributes 

to a reduction of more than 40% in the compressive 

strength of mortar at 24 days due to the increase in 

porosity. In addition, the carbon and impurity in RHA 

contributed to a further reduction in compressive 

strength [22]. Dabai et al. pointed out that the 

compressive strength of mortar at 28 days reduced 

when RHA proportions increased, as well as a 

reduction of 27% when the mortar was blended with 

20% of RHA (by weight of cement) [23]. By contrast, 

other research shows that RHA increases the 

compressive strength of mortar or concrete [24, 25]. 

The compressive strength of RHA-blended concrete or 

mortar depends upon the water to cement ratio, curing 

condition, RHA replacement level, and type/source of 

RHA, including the particle size [26]. 

Porosity of cement-based material is a key 

parameter affecting strength, permeability, and 

durability. The pore structure of cement-based 

materials includes air voids, capillary pores, and gel 

pores [27, 28]. Different techniques are used to 

determine the pore structures of mortar, in which 

mercury intrusion porosimetry (MIP) is an available 

method to determine the pore size distribution. MIP can 

determine the mean pore diameter, threshold radius, 

and total porosity, which are the most crucial 

parameters describing pore size distribution [27]. The 

porosity of cement paste depends on many factors and 

typically decreases with the water to cement ratio and 

age [29]. In addition, the type of cement/binder also 

affects porosity [30]. Therefore, replacing OPC with 

supplementary cementitious materials will influence 

the porosity of mortar.  

The present study aimed to investigate the effect of 

different proportions of locally-sourced RHA in 

Vietnam used to replace the original Portland cement 

(OPC) on the mechanical properties, microstructure, 

and porosity of cement mortar. RHA was used to 

replace OPC at three proportions: 5%, 10%, and 20% 

by weight, respectively. Porosity was studied using 

MIP, while the microstructure of RHA mortar was 

studied by SEM. The successful incorporation of RHA 

into mortar brings a positive impact to the environment 

as it helps to sort out the rice husk, which was usually 

burned in the field. In addition, it also helps to reduce 

the Portland cement used in construction, which also 

leads to a reduction in CO2 emissions. 

 

2. Materials and Methods 
 

2.1. Materials 

The OPC, supplied by Song Gianh Ltd, Vietnam, 

met the requirements of TCVN 2682:2009 [31]. The 

fine aggregate was natural sand from the Ky Lam 

River, Quang Nam, Vietnam, and met the requirements 

of TCVN 1770: 1996 [32]. Rice husk ash (RHA) was 

obtained from MTX Ltd in Binh Phuoc, Vietnam. The 

chemical composition of RHA is presented in Table 1. 

X-ray powder diffraction (XRD) of RHA (Fig. 1) was 

obtained through the use of a Philips X-1 Pert X-ray 

diffractometer. XRD was operated with a Cu Kα 

radiation source (40 KV and 40 mA, wavelength 

λ=1.5406nm [6.07 x10-9 2 in.]) by scanning from 5o to 

75o at an angle of 2Ɵ. The scan step size is 0.0131303. 
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X-ray data were fitted using the pseudo-Voigt profile 

function and refined by means of Rietveld.  

 
Fig. 1 X-ray diffraction patterns of RHA 

 

 
Fig. 2 SEM image of RHA 

 

Fig. 1 shows peaks for quartz, microcline, rutile and 

sylvite. The highest peak is quartz, representing the 

crystalline phase of the silica content, which is 

attributed to the high temperature of the burning 

process of RHA. The Scanning Electron Microscope 

(SEM) image of RHA was obtained by using the 

QUANTA 650, and is presented in Fig. 2. A water-

reducing admixture, Sikamen R4, was supplied by the 

Sika group meeting the requirements of ASTM C494 

[33].  

 
Table 1 Chemical composition of Portland cement and RHA 

Constituents RHA OPC 

MgO % 0.864 0.982 

Al2O3 % 1.999 5.513 

SiO2 % 84.296 18.311 

SO3 % 0.144 2.544 

K2O % 6.961 1.005 

CaO % 2.334 68.621 

TiO2 % 0.184 0.11 

MnO % 0.152 - 

Fe2O3 % 1.321 2.612 

SrO % - 0.042 

P2O5 % 0.737 0.064 

ZnO % - 0.08 

Cl % 1.009 0.117 

 

2.2. Mix Proportions and Samples Preparation 

Details of mix proportions are shown in Table 2. 

The mortar proportions for binder, sand and water were 

1.0:2.0:0.5, in which the binder consists of a mixture of 

OPC and RHA. RHA was used to replace OPC at the 

proportions of 5%, 10% and 20% by weight, 

respectively. The mix proportion was selected to 

achieve the mortar grade of M20 in accordance with 

TCVN 4314:2003 [2]. The negative effect of 

incorporation of RHA into mortar or concrete is a 

reduction in workability, as it increases the surface area 

of binder. The larger the specific surface area of the 

component, the greater its water demand [34, 35]. 

Therefore, water reducing admixture was used to 

ensure a flow of fresh mortar of approximately 20 cm, 

meeting the consistency requirement for fresh mortar in 

accordance with TCVN 4314:2003 [2]. Samples of 

40x40x160 mm were cast and demoulded after 24 

hours. After demoulding, prisms were cured in the 

water until test dates of 7 and 28 days. 

 
Table 2 Details of mix proportions 

ID OPC RHA Sand WRA W/B 

Flow 

(cm) 

M0 1 0 2 0% 0.5 20.5 

M1 0.95 0.05 2 0.50% 0.5 22.0 

M2 0.9 0.1 2 1% 0.5 20.5 

M3 0.8 0.2 2 2.5% 0.5 18.0 

Notes:  

+WRA = water-reducing admixture (by weight of binder) 

+W/B = water to binder ratio 

+B = binder, which consists of OPC and RHA 

 

2.3. Test Procedure 

 

2.3.1. Consistency of Fresh Mortar 

The workability of fresh mortar was measured using 

the flow table test, in accordance with TCVN 3121-

3:2003 [36]. The flow value represented the mean 

diameter of a test sample of the fresh mortar placed on 

the flow table disc by means of a defined mould, and 

given a number of vertical impacts by raising the flow 

table and allowing it to fall freely from a given height. 

 

2.3.2. Mechanical Properties 

The flexural and compressive strengths were 

determined in accordance with TCVN 3121-11:2003 

[37]. The three-point bending test method was used to 

determine the flexural strength. The two halves of the 

broken prisms from the flexural strength tests were 

used to determine the compressive strength. The 

strength measurements of mortar were made at 7 and 

28 day age. Each result of the flexural and compressive 

strength was the average value of three and six 

specimens, respectively.  

 

2.3.3. Scanning Electron Microscope (SEM) 

SEM (QUANTA 650) was used to observe the 

cementitious matrix. Samples for SEM were taken 

from the 7 and 28 days age specimens, respectively, 

oven-dried for 4 hours before coating with a 20 nm 

thick layer of gold using a Quorum Q150T. SEM 

images were obtained with an ETD detector, a working 

distance of about 10 mm, an accelerating voltage of 5 

kV, and a spot size of 4 nm. 

 

2.3.4. Mercury Intrusion Porosimetry (MIP) 
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The effect of RHA on the porosity and pore size 

distribution of mortar was determined by mercury 

intrusion porosimetry using the PASCAL 140/240. 

Porosimeter samples were obtained from the inner core 

of 40x40x160mm prisms used for flexural strength 

tests. The weight of the MIP samples was between 1 - 

2g (0.002 - 0.004 lb) with an average length of 1 cm 

(0.39 in.). The MIP samples were placed in an oven 

(50oC) for three days to remove water presented within 

the pores of its matrix. The oven-dried samples were 

then immersed in acetone for 4 h before placing them 

inside a desiccator for a minimum of 24 h until they 

were tested. The desiccator has silica gel at its bottom 

to prevent moisture migration from the air. The 

diameter of pores was calculated according to the 

Washburn equation given below: 

P=2cosƟ/r                                                            (1) 

where P is the applied pressure (Pa); r is the radius of 

pores (nm); c is the surface tension of mercury (N m-

1); h is the contact angle between mercury and concrete 

(assumed as 140). The surface tension of mercury is 

0.48 N m-1. 

 

3. Results and Discussion 
 

3.1. Workability 

The flows of all mixes are given in Table 1. RHA 

reduced the flow and was compensated by the water-

reducing admixtures, so the flow of all four mixes was 

kept at around 20 cm. This ensures that it can be cast 

easily. This agrees well with the previous research 

where RHA reduced the workability unless water-

reducing admixtures were used. RHA influenced 

greatly the normal consistency of the cement paste 

mixture, blended up to 20% by weight of Portland 

cement, as RHA absorbs large amounts of water [34]. 

Other research also concluded that blending RHA into 

a concrete mix leads to an increased amount of water, 

and a superplasticiser was used to obtain the targeted 

workability of the fresh concrete. RHA blended 

concrete requires more water for a given consistency 

due to its adsorptive character of cellular RHA particles 

and its high fineness, which leads to an increase in its 

specific surface area [35]. Research also shows that the 

superplasticiser content increases when the RHA 

proportions increase [38]. The higher water required 

when RHA is added to the mixes can be explained by 

the fact that RHA is a porous material with macro- and 

meso-pores inside and on the surface of the particles, 

making a very large specific surface area. RHA 

absorbed a certain amount of water on its surface, 

reducing the free water and producing less workability 

[26]. 

 

3.2. Compressive Strength 

The compressive strength of all the mortar mixes is 

shown in Fig. 3. The ratio of the compressive strength 

of the RHA mortar to the control mix is also presented 

in Fig. 3. It can be seen that RHA reduces the 

compressive strength of mortar at both 7 days and 28 

days; the more the proportion of RHA, the greater the 

reduction in the compressive strength. At 7 days the 

compressive strength of the control sample is 21.18 

MPa while it is 17.58 MPa, 13.61 MPa, and 6.39 MPa 

for M1 (5% RHA), M2 (10% RHA), and M3 (20% 

RHA), respectively. This is equivalent to 0.83, 0.64, 

and 0.3, respectively, for the compressive strength of 

the control sample (M0). At 28 days the compressive 

strength of the control sample is 29.16 MPa while it is 

26.86 MPa, 19.99 MPa, and 11.99 MPa for M1 (5% 

RHA), M2 (10% RHA), and M3 (20% RHA), 

respectively. This is equivalent to 0.92, 0.69, and 0.41, 

respectively, for the compressive strength of the control 

sample (M0). This agrees well with some previous 

research where RHA reduced the compressive strength 

of mortar or concrete [22, 23, 38]. 

 
*ratio compressive strength 

Fig. 3 Compressive strength of control and RHA blended cement 

mortars at 7 and 28 days 

 

Fig. 3 also shows that the ratio of compressive 

strength of RHA samples to the control samples is 

increased with the increase of curing time, predicting 

that the compressive strength of RHA samples is higher 

than that of the control samples at a later age. The 

ratios increases from 0.83 at seven days to 0.92 at 28 

days for M1 (5%RHA), from 0.64 at seven days to 0.69 

at 28 days for M2 (10%RHA), from 0.3 at seven days 

to 0.41 at 28 days for M3 (20%RHA). Therefore, it is 

predicted that the ratio of compressive strength of 5% 

RHA samples will be greater than 1.0 at later than 28 

days. This agrees well with previous research, where at 

an early age, the amount of up to 20%RHA reduced the 

OPC in the mix and increased the volume of capillary 

pores leading to the accumulating CH on the interface. 

This causes a lower strength than that of the control 

specimens without RHA. However, at a later age 

(normally after 28 days), the compressive strength is 

enhanced as the pozzolanic reaction starts, decreasing 

CH and increasing the densification [38]. 

The reduction in the compressive strength of the 

RHA samples compared with the control sample can be 

explained by the late pozzolanic reaction of the RHA 

and Ca(OH)2 [26]. Pozzolanic properties refer to the 

chemical reaction between RHA, calcium hydroxide, 

and water; this reaction plays an important role in 
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determining concrete strength. In RHA, pozzolanic 

activity is delayed due to the larger particle sizes and 

higher carbon content of RHA compared with the silica 

fume [26]. This pozzolanic delay can further be 

explained by the cellular porous structure of RHA 

particles—the silica inside the RHA particles must first 

diffuse to the surface of these particles and then diffuse 

to the solution in order to combine with calcium 

hydroxide [17]. 

 

3.3. Flexural Strength 

The flexural strengths of the mortar mixes are 

shown in Fig. 4. The ratio of the flexural strength of the 

RHA mortar to the control mix is also presented in Fig. 

4. It is clear that the RHA reduced the flexural strength 

of the mortar at both 7 days and 28 days—the greater 

the proportion of RHA, the greater the reduction in 

flexural strength. At 7 days, the flexural strength of the 

control sample was 5.71 MPa, whereas it was 4.14 

MPa, 3.5 MPa, and 3.22 MPa for M1 (5% RHA), M2 

(10% RHA), and M3 (20% RHA), respectively. The 

ratios of flexural strength of M1 (5% RHA), M2 (10% 

RHA), and M3 (20% RHA) to the control sample (M0) 

are 0.73, 0.61, and 0.57, respectively. At 28 days, the 

flexural strength of the control sample was 6.66 MPa, 

whereas it was 6.08 MPa, 4.96 MPa, and 4.22 MPa for 

M1 (5% RHA), M2 (10% RHA), and M3 (20% RHA), 

respectively. The ratios of flexural strength of M1 (5% 

RHA), M2 (10% RHA), and M3 (20% RHA) to the 

control sample (M0) are 0.91, 0.74, and 0.63, 

respectively. The ratio of RHA flexural strength to the 

control samples increased with age, confirming that the 

flexural strength of the RHA samples continuously 

increased from 7 days to 28 days. The ratios increased 

from 0.73 at 7 days to 0.91 at 28 days for M1 (5% 

RHA), from 0.61 at 7 days to 0.74 at 28 days for M2 

(10% RHA), and from 0.57 at 7 days to 0.63 at 28 days 

for M3 (20% RHA). Therefore, like compressive 

strength, this study predicts that the ratio of the flexural 

strength of the 5% RHA samples will be greater than 

1.0 past 28 days. This locally sourced RHA reduced the 

flexural strength at 7 and 28 days, but this study 

predicts that it will continuously increase after 28 days. 

This prediction is based on the pozzolanic reaction 

between the RHA and Ca(OH)2. The reaction is time-

dependent; it begins slowly in the early stages but 

increases with time depending on the porosity of the 

RHA, the particle size, and the water-to-cement ratio 

[26]. In the early days, the C-S-H gel produced from 

the RHA and Ca(OH)2 reaction cannot compensate for 

the loss of Portland cement hydration, which is 

replaced by the RHA. However, the C-S-H gel 

produced from the RHA pozzolanic reaction increases 

with as curing time increases. Further research on the 

long-term strength of RHA mortar is needed. 

 
*ratio flexural strength 

Fig. 4 Flexural strength of control and RHA blended cement 

mortars at 7 and 28 days 

 

Previous research confirms that the effect of RHA 

on the flexural strength of mortar depends on the type 

of RHA, replacement proportion, and age. M. Jamil et 

al. investigated the effect of 10% and 20% small rice 

husk ash (SRHA) and large rice husk ash (LRHA) on 

the flexural strength of mortar at 14, 28, and 90 days 

[39]. They ground the RHA with steel balls to achieve 

two different particle sizes, which they retrieved by dry 

sieving. SRHA was about 5 ± 2% by weight of the 

ground material retained on a 45 mm sieve, whereas 

LRHA was about 34 ± 2% by weight of the ground 

material retained on a 45 mm sieve. Both SRHA and 

LRHA contributed to reducing the flexural strength at 

14 days compared with the control mortar. However, at 

28 and 90 days of curing, the flexural strength of the 

10% SRHA and 20% SRHA mortars was higher than 

the control mortar. In contrast, the flexural strength of 

the 10% LRHA and 20% LRHA mortars was lower 

than the control mortar, even after 28 and 90 days of 

curing. The authors’ results also stated that the 

pozzolanic and filler effects of the LRHA particles 

were less significant at later ages compared with the 

hydration effect of the control mortar. This again 

confirms that the particle size of the RHA influenced 

the flexural strength of the mortar in a similar pattern to 

that of compressive strength [39]. The influence of the 

particle size of RHA on flexural strength is also 

supported by other research [40, 41]. The effect of the 

particle size of this locally sourced RHA on flexural 

strength warrants further study.  

 

3.4. Microstructure 

SEM was used to determine the effect of RHA on 

the microstructure of cement mortar at both 7 days 

(Fig. 5a–d) and 28 days (Fig. 5e–h). Previous research 

reported that the SiO2 in RHA will react with Ca(OH)2 

to produce a C-S-H gel, which determines the strength 

of the mortar; further, the paste containing RHA had a 

lower Ca(OH)2 content than the control Portland 

cement paste [42, 43]. The addition of RHA slowed 

down cement hydration at an early age, as the 

pozzolanic activities of the RHA paste were more 

substantial at later ages than at earlier ages. This is due 

to the porous structure of the RHA particles [44]. 
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Water absorbed in porous RHA works as the internal 

curing agent, increasing the cement hydration at a later 

age. Therefore, the pozzolanic reaction of RHA in 

Portland cement depends on the porosity of the RHA. 

The particle size of the RHA also determines the 

porosity and strength of the mortar due to the related 

filling effects. 

 
Fig. 5 SEM images of control and RHA blended cement mortars at 7 and 28 days 

 

At 7 days, the SEM images showed that the reaction 

between RHA and CH was still very weak. 

Specifically, there was less C-S-H gel when the RHA 

increased, and RHA was still present in the cement 

paste; this mainly appeared in the 20% RHA samples. 

This result explains the strength reduction in the RHA 

samples compared with the control, as the more RHA 

was added, the less Portland cement there was. This 

reduced the amount of C-S-H gel produced while the 

pozzolanic reaction between RHA and CH was still 

very low at this early age. At 28 days, the more 

pozzolanic reaction between RHA and Ca(OH)2 led to 

more CSH gel in 28-day age samples than 7-day age 

samples. However, again at 28 days, the CSH gel in 
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RHA samples is still less than that in the control 

samples, and the more RHA added, the less CHS gel 

due to less Portland cement (replaced by RHA) while 

the reaction of RHA and Ca(OH)2 is still low even at 

28 days. However, from the SEM image, we can see 

that the RHA filled the gap of cement mortar paste. 

The less pozzolanic reaction of RHA causes the less 

dense of the paste and reduction in the strength of RHA 

blended mortar. Fig. 5a-d shows that more CH and 

porosity appeared on the 5% and 20%RHA blended 

mortar than 10% RHA blended mortar at seven days 

and 28 days. This is confirmed by the previous 

research, where the grinding of RHA has affected the 

microstructure of blended cement mortar in which 

unground rice husk ash (URHA) and ground rice hush 

ask (GRHA) were investigated. The URHA is coarsely 

graded compared to others, and the average particle 

sizes of URHA, GRHA are about 30 mm and 6 mm, 

respectively. Research shows that the URHA 

influenced the porous structure of blended mortar due 

to creating internal porosity within the matrix and 

holding available water within their internal pores. The 

microstructure of URHA mortar indicates a relatively 

lesser dense paste in a less significant pozzolanic 

reaction [45]. 

 

3.5. Porosity  

The pore size distribution of the control and RHA 

mortars at seven days are shown in Fig. 6, while their 

effective porosities are given in Table 3. Fig. 6 shows 

the range of pore diameter in which significant levels 

of differential pore volume are observed and the range 

when the differential pore volume is at or near zero. 

The diameter zones showing significant differential 

pore volume represent porosity, while the range 

indicating zero differential pore volume represents a 

non-porous zone. Based on these criteria, it can be 

observed that M0(0%RHA), M1(5%RHA), 

M2(10%RHA), and M3(20%RHA) have a unimodal 

pore distribution (Fig. 6). The pore distribution is 

considered unimodal when a single range of pore 

volume is observed within the differential pore volume 

graphs. In contrast, a double range of pore diameters 

with significant differential pore volume separated by a 

diameter range with nearly zero differential pore 

volume is referred to as bimodal pore distribution [46]. 

The pore volume of the control mortar M0, 

M1(5%RHA), M2(10%RHA) and M3(20%RHA) are 

in the range of 0.01-1.0µm, 0.01-9.0 µm; 0.01-9.0 µm; 

and 0.01-100 µm respectively. The control M0 and 

M1(5%RHA) have a high volume of their pore 

diameter within 0.2 µm and 0.8 µm with the peak 

differential pore volume of around 76 mm3/g and 

around 60 mm3/g for the control M0 and M1(5%RHA) 

respectively. The M2(10%RHA) has a high volume of 

its pore diameter within 0.4 µm and 1.7 µm with a peak 

differential pore volume of around 35 mm3/g. The 

M3(20%RHA) has a high volume of its pore diameter 

within 16 µm and 35 µm with the peak differential pore 

volume of around 130 mm3/g. This agrees well with 

the strength of mortar as the high pore volume resulted 

in the low strength.  

 
Fig. 6 Differential volume of intruded mercury versus pore 

diameter of mortars at seven days 

  

Fig. 7 shows the cumulative pore volume curves of 

the control M0 and RHA mortar at seven days. At 

seven days, RHA increases the intrudable pore volume 

of the mortar; the intrudable pore volume of the control 

M0, M1 (5% RHA), M2 (10% RHA), and M3 (20% 

RHA) are 52.73 mm3/g, 57.22 mm3/g, 53.33 mm3/g, 

and 68.24 mm3/g respectively. 

 
Fig. 7 Intrudable porosity for the control and RHA blended mortar 

at seven days 

 

The pore size distributions of the control and RHA 

mortar at 28 days are shown in Fig. 8, while their 

effective porosities are given in Table 3. Fig. 8 shows 

the pore diameter range in which significant levels of 

differential pore volume are observed and the range 

where the differential pore volume is at or near zero. 

Again, it can be observed that M0 (0% RHA), M1 (5% 

RHA), M2 (10% RHA), and M3 (20% RHA) have a 

unimodal pore distribution (Fig. 8). The pore volumes 

of the control mortar M0, M1 (5% RHA), M2 (10% 

RHA), and M3 (20% RHA) are in the range of 0.01–

1.0 µm, 0.01–1.2 µm, 0.01–100 µm, and 0.01–100 µm, 

respectively. The control M0 has a high volume of pore 

diameter within 0.3 µm and 1.0 µm with a peak 

differential pore volume of around 74 mm3/g. M1 (5% 

RHA) has a high volume of pore diameter within 0.01 

µm and 0.02 µm with a peak differential pore volume 

of around 61 mm3/g. M2 (10% RHA) has a high 

volume of pore diameter within 0.06 µm and 0.14 µm 

with a peak differential pore volume of around 27 

mm3/g. M3 (20% RHA) has a high volume of pore 
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diameter within 13 µm and 37 µm with a peak 

differential pore volume of around 96 mm3/g. This also 

agrees well with the strength of mortar, as the high 

pore volume resulted in low strength at 28 days. 

 
Fig. 8 Differential volume of intruded mercury versus pore 

diameter of mortars at 28 days 

 

Fig. 9 shows the cumulative pore volume curves of 

the control M0 and RHA mortar at 28 days. At 28 days 

5% RHA and 20% RHA increase the intrudable pore 

volume of the mortar, while 10% RHA reduces the 

intrudable pore volume. The intrudable pore volume of 

the control M0, M1(5% RHA), M2 (10% RHA), and 

M3 (20% RHA) are 47.43 mm3/g, 51.77 mm3/g, 41.02 

mm3/g, and 70.89 mm3/g, respectively. 

 
Fig. 9 Intrudable porosity for the control and RHA blended cement 

mortars at 28 days 

  

Previous research investigated the porosities and 

pore size distribution of 10% RHA cement paste. They 

concluded that the pore size of all ground RHA paste 

decreases with increased curing time due to the 

pozzolanic reaction, which fills the voids between 

grains with their products. It is also found that finer 

RHA paste has less pore size distribution than others 

[47]. This again suggests that porosity and pore size 

distribution depends on RHA particle size, and further 

research on the effect of RHA particle size on the 

porosity and pore size distribution of RHA mortar 

should be conducted.  

Table 3 shows that 5% RHA and 20% RHA 

increased effective porosities, while 10% RHA reduced 

the effective porosity at both 7 and 28 days. At 7 days, 

while the effective porosity of the control is 11.579%, 

the effective porosities of 5% RHA and 20% RHA 

mortar are 11.983% and 13.612%, respectively, 

representing increases of 3.5% and 17.6%, 

respectively, compared to the control samples. By 

contrast, the effective porosity of 10% RHA mortar is 

11.301%, showing a slight reduction of 2.4% when 

compared with the control samples. At 28 days, while 

the effective porosity of the control is 10.012%, the 

effective porosities of 5% and 20% RHA mortar are 

10.623% and 13.686%, respectively, representing an 

increase of 6.1% and 36.7%, respectively, compared 

with the control samples. By contrast, the effective 

porosity of 10% RHA mortar is 8.282% and shows a 

reduction of 17.3% compared to the control samples. 

Table 3 also shows that aging the samples seven to 28 

days, the effective porosities of all the control, 

M1(5%RHA), M2(10%RHA) reduced, while sample 

M3 (20% RHA) remained the same. The same results 

were applied to the cumulative intrusion volume. The 

5% RHA and 20% RHA samples showed an increase 

in cumulative intrusion volume, while 10% RHA 

reduced the cumulative intrusion volume at both seven 

days and 28 days and adding the aging effect that seven 

to 28 days had, the cumulative intrusion volume of 

control samples M1 (5% RHA) and M2 (10% RHA) 

was reduced, while sample M3 (20% RHA) remained 

the same. This concurs with previous research which 

showed that the porosity of RHA mixed concrete 

reduced with curing time due to an additional 

pozzolanic reaction [48]. Table 3 shows that locally 

sourced RHA from Vietnam increases porosity when 

20% of the RHA was used to replace OPC while 10% 

RHA slightly reduced the total porosity at both seven 

and 28 days. This can be explained by the fact that the 

size of the particles of the Vietnam RHA used in this 

experiment were large and the filling effect did not 

function effectively with a replacement proportion of 

20%.  

 
Table 3 Summary of porosity data 

Sample ID Age (days) Effective 

porosity (%) 

Cumulative 

intruded 

volume 

(mm3/g) 

M0-7D 7 11.579 52.73 

M1-7D 7 11.983 57.22 

M2-7D 7 11.301 53.33 

M3-7D 7 13.612 68.24 

M0-28D 28 10.012 47.43 

M1-28D 28 10.623 51.77 

M2-28D 28 8.282 41.02 

M3-28D 28 13.686 70.89 

 

4. Conclusion 
Based on the results described in this paper, the 

following conclusions can be made: 

1. RHA reduces the workability of mortar, 

unless a water reducing admixture is added. The 

reduction in the workability of RHA blended mortar is 

demonstrated by the fact that the porosity of the RHA 

and the increase in the surface area of the RHA 

absorbed the water. 

2. Within the range of investigation, locally 

sourced RHA reduced both the flexural strength and 

compressive strength at 28 days. This is due to the late 
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reaction of the RHA and Ca (OH)2 and is dependent on 

the type of RHA. It is predicted that the strength of the 

RHA mortar will be higher than that of the control 

sample after 28 ages. 

3. SEM images show that the CSH in RHA 

samples was still less than that of the control samples, 

and if more RHA was added, less CHS gel was 

produced as the reaction of RHA and Ca (OH)2 was 

still low, even at 28 days. However, we can see from 

the SEM image that the RHA filled the gaps in the 

cement mortar paste. 

4. Both the control samples and RHA mortar 

have a unimodal pore distribution. At 5% and 20% 

RHA, the effective porosity and cumulative intrusion 

volume increased, while 10% RHA reduced the 

effective porosity and cumulative intrusion volume at 

both seven days and 28 days.  

5. With the effect that aging for seven to 28 days 

had, the cumulative intrusion volume of the control 

samples M1 (5% RHA) and M2 (10% RHA) was 

reduced, while sample M3 (20% RHA) remained the 

same.  

6. Further research on the strength of aged RHA 

blended mortar needs to be conducted for the 

investigation of the long term pozzolanic reaction of 

RHA and Ca (OH)2, and the effectiveness thereof on 

long term strength and porosity. 

7. Further research of the effect that the particle 

size of RHA has on the strength, porosity and pore size 

distribution of blended cement mortar should be 

investigated. 
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