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ABSTRACT: Hardening of calcium hydroxide and calcium silicate binders composed of cement, rice husk 

ash (RHA) and lime in different compositions were studied with mortars using thermal analysis, mechanical 

strength and SEM. When cement is partially replaced with RHA and lime, hardening occurs as a result of 

combined hydration, pozzolanic reaction and carbonation reaction. While hydration of cement contributes to 

the early strength development of the mortars, carbonation is much more pronounced at later stage with the 

decrease in the cement content and increase in the porosity of the mortars. RHA-cement mortars indicated a 

long-term strength development, which is lower than that of the reference cement mortar. This was attributed 

to their higher porosity due to the high water demand of the porous RHA grains. Strength reduction was 

recorded at the very early stage for RHA-cement-lime mortars containing 10%-wt cement as well as RHA-

lime mortars. This has been explained with the insufficient cement content, destructive effect of the calcium 

carbonate phases on the initially hydrated cement phases and partial carbonation of the initially hydrated 

phases. This decrease can also be related to the presence of excess RHA in the matrix as excess silica can 

react with the initially formed C-S-H phase, which can lead to the formation of polymerized C-S-H phase. 

 

1 INTRODUCTION 

The use of artificial pozzolana as a partial 

replacement with cement in mortar and concrete has 

been considered recently in order to produce durable, 

low-cost and sustainable mortar and concrete. 

Alternative cement blends containing waste 

materials as artificial pozzolana such as fly ash, 

silica fume, blast furnace slag and rice husk ash have 

the advantage of energy saving, cost reduction, 

recycling of the wastes and reduction of the carbon 

dioxide emission during cement production. Such 

cement blends are known to have promising results 

for the production of high performance concrete. 

It is crucial to fully understand the hardening 

mechanism of cement-pozzolana blends since the 

presence of the pozzolana influences the progress of 

cement hydration and its compounds to some extend. 

The main hardening mechanism is a combined 

reaction composed of cement hydration and 

pozzolanic reaction, which is rather complicated as 

each reaction follow different reaction processes at 

different rates. Additional hydrated phases are 

formed upon pozzolanic reaction between the 

pozzolana and calcium hydroxide formed during the 

hydration of cement. The pozzolanic reaction, which 

proceeds much slower than the fast hydration of the 

cement, generally becomes effective between 3-14 

days. This is mainly after 70-80% of the alite content 

in the cement has hydrated. This period can be 

shorter for the pozzolana with relatively high 

reactivity and specific surface area [Massazza 1998, 

Taylor 1990, Ogawa et al. 1980]. Hydration of alite 

and belite has been reported to be accelerated with 

the presence of pozzolana [Massazza 1998, Ogawa 

et al. 1980, Wu and Young 1984, Sharara et al. 

1994]. This is due to the fact that fine pozzolana 

grains act as a precipitation site for additional 

hydrated phases and dissolution of alite and belite is 

accelerated as a result of the decrease in the calcium 

hydroxide content due to their consumption through 

the pozzolanic reaction [Ogawa et al. 1980].  



Formation of additional hydrated phases by the 

pozzolanic reaction modifies the microstructure of 

the cement matrix and results in a pore size 

refinement effect causing a decrease in the large 

pores and increase in the fine pores [Mehta 1981, 

Mehta and Gjorv 1982, Chengzhi et al. 1996]. 

Strength increase of the cement mortars and concrete 

blended with pozzolana is, therefore, correlated with 

the pore size refinement effect.  

Binary and ternary blends can also be used to 

produce low-cost and sustainable binders. While the 

former includes cement-lime binders, the latter refers 

to a ternary composition of cement, pozzolana and 

lime in varying ratios. Literature concerning the 

hardening reactions of these blends is rather limited. 

It has been reported that hydration of tricalcium 

aluminate was slightly retarded in the presence of 

additional lime and hexagonal hydro-aluminate 

crystals were formed [Collepardi et al. 1978]. 

Carbonation of the binary and ternary blends should 

be also considered due to the presence of lime from 

the beginning but this is generally neglected in the 

literature. 

In this study, hardening of cement blends with 

pozzolana and lime has been studied with mortars 

using rice husk ash (RHA) as a highly reactive 

artificial pozzoana when produced under controlled 

burning of abundant agricultural waste material of 

rice husks. Its reactivity derives from its high content 

of amorphous silica (around 90%-wt) and high 

specific surface area governed by the porous 

structure of the ashes. Cement blends with RHA 

have proven promising results for the production of 

high performance concrete [Zhang et al. 1996, Bui 

2001, Isia et al. 2003, Sousa Coutinho 2003, Nehdi 

et al. 2003, Bui et al. 2005, Rodriguez de Sensale 

2006]. It is also used for producing cheap binders, 

such as RHA-lime and RHA-cement, for mortars 

and plasters in rural areas of developing countries 

where the portland cement is scarce and expensive 

for construction practices [Stroeven et al. 1999]. 

Considering these aspects, a research has been 

conducted in the framework of collaboration 

between the K.U.Leuven in Belgium and a local 

NGO (Mwanza Rural Housing Programme) in 

Tanzania in order to rationalize the use of cement 

with locally available RHA for the production of 

sustainable and low-cost binders. This study 

summarizes the results on the hardening of cement 

blends with RHA and lime in various compositions. 

The emphasis is given on understanding of the 

combined hardening reactions of these blended 

binders and their consequences on the long-term 

strength development and modification of the 

microstructure of the mortars. 

2 RESEARCH PROGRAMME 

2.1 Materials 

Portland cement (CEM I 52.5 N), RHA and 

commercial lime hydrate were used for the 

production of supplementary cementitious binders 

for mortars. The lime hydrate is composed of 

83.22% calcium hydroxide content with a Blaine 

specific surface area of 19,464cm
2
/g and a mean 

value of its particle size distribution of 4.40µm. 

2.2 Characteristics of the RHA 

RHA was provided from Tanzania where the ash 

samples were obtained by burning rice husks in a 

local kiln under poorly controlled conditions. The 

RHA is composed of high contents of silica 

(90.86%-wt) and low contents of carbon (2.49%-wt) 

(Table 1). XRD analysis indicated the amorphous 

nature of the silica due to the broad band between 

15-30 2θº and certain amounts of cristobalite and 

tridymite as crystalline silica (Figure 1). The latter 

gives evidence to high burning temperatures (800-

1000ºC) leading to the crystallization of the 

amorphous silica. This is the result of the poorly 

controlled burning conditions in the kiln, creating 

locally high temperatures [Shinohara and Kohyama 

2004]. 

 

Table 1. Chemical composition of the RHA. 

Composition    (%) 

SO3    0.25 

CaO    0.78 

MgO    0.53 

SiO2  90.86 

Fe2O3    0.24 

K2O    1.13 

Loss on ignition at 975°C    2.49 
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Figure 1. XRD pattern of the RHA. 

 

Reactivity of the RHA with lime significantly 

depends on its specific surface area which is 

controlled by unburnt carbon particles that are very 

porous. Recent studies have reported a significant 

influence of grinding time on the specific surface 

area of the RHA [Bui 2001]. Therefore, RHA was 

ground to various degrees of fineness using a 

laboratory vibrating ring mill in order to determine 

the optimum grinding time for achieving adequate 

pozzolanic activity. Upon initial grinding until 10 

minutes, the specific surface area increased as a 

result of a decrease in the particle diameter of the 

ashes (Figure 2). However, further grinding caused a 

decrease in the specific surface area of the RHA 

even though the fineness of the particles remained 

mostly the same. This decrease was reported to be 

due to the collapse of the porous structure of the 

ashes upon further grinding [Bui 2001]. Decrease in 

the specific surface area led to a decrease in the 

pozzolanic activity of the RHA (Figure 3). 

Considering these results, total batch of the RHA 

was ground by means of a laboratory batch ball mill 

until certain fineness and specific surface area 

(13,047 cm
2
/g) were reached. The ground RHA 

grains are mostly angular edged and spherical grains 

with varying particle sizes less than 50µm. 
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Figure 2. Variation in the specific surface area 

(SBlaine) of the ashes for different grinding times. 
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Figure 3. Correlation between the Blaine specific 

surface area (SBlaine) and pozzolanic activity [Luxan 

et al. 1989] of the RHA according to grinding time. 

 

Pozzolanic activity of the ground RHA was 

studied with RHA-lime paste prepared in 1:1 RHA-

lime ratio by weight and 1.25 water/solid by weight. 

The paste was stored in closed plastic vessels and 

then hydrated for 28 days. Consumption of lime by 

pozzolanic reaction and formation of hydrated 

compounds were followed by thermogravimetric 

analysis (TG-DTG) at 3, 7, 14, 21 and 28 days of 

hydration. The results revealed that RHA is quite 

reactive since all available lime was consumed very 

rapidly within 21 days as a result of the pozzolanic 

reaction (Figs. 4, 5). Hydrated compound formed is 

calcium silicate hydrate (C-S-H) phase giving a 

dehydration peak at around 110ºC. This phase can be 

already observed at 3 days, revealing that the 

pozzolanic reaction started just before. 
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Figure 4. DTG graph of lime-RHA paste hydrated 

for 28 days, giving the progress of the formation of 

C-S-H phase and consumption of lime through 

pozzolanic reaction in time. 
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Figure 5. Reacted lime (%) by the pozzolanic 

reaction in time. 

2.3 Mortar compositions 

Three types of mortars were prepared as RHA-

cement mortars, RHA-cement-lime mortars and 

RHA-lime mortars (Table 2). The mortars were 

prepared using standard quartz sand with maximum 

grain size of 2 mm [EN 196-1]. Binder/sand ratio of 

these mortars was kept 1:3 by weight. Reference 

cement mortar and three types of RHA-cement 

mortars were studied for the comparison of the data. 

Concerning the latter, cement was replaced at 30%-

wt, 50%-wt and 70%-wt with RHA (Table 2).  

Two types of ternary blended mortars composed 

of RHA, cement and lime were prepared. The ratio 

of the cement was kept 10%-wt for both 

compositions with varying lime and RHA ratios 

(Table 2). Due to the higher porosity and specific 

surface area of the RHA and lime than the cement, 

they have higher water absorption. This led to the 

use of much more water for the blended mortars to 

reach similar workability with the RHA-cement 

mortars, resulting in different water/binder. For 

practical reasons in Tanzania, no superplasticizer 

was used to reduce the amount of water. 

RHA-lime mortars were studied in 1:3 binder-

sand ratio both by volume and by weight for the 

comparison of the data (Table 3) 

2.4 Methods 

Hardening of the mortars was studied using standard 

mortar beams (40×40×160mm) which were prepared 

in accordance with the European standards [EN 196-

1]. Mortars were cured at the standard laboratory 

conditions (20ºC, 60% R.H.) for 360 days. The 

progress of hardening was studied by means of 

mechanical strength test and thermal analysis. Pore 

size distribution and modification of the 

microstructure was studied using respectively 

Mercury Intrusion Porosimetry (Micromeritics 

AutoPore IV) and Philips XL 30S FG Scanning 

Electron Microscope (SEM) coupled with X-Ray 

Energy Dispersive System. Mechanical strength tests 

were carried out by three-point bending test using 

the standard mortar beams at 7, 28, 60, 90, 120, 180 

and 360 days of hardening [EN 196-1]. Thermal 

analysis was performed on finely ground samples 

after they were vacuum dried at 0.025mbar. The 

analysis was carried out using a Netzsch STA 409 

PC DSC-TGA system in static nitrogen atmosphere 

at a temperature range between 20-1000°C with a 

controlled heating rate 10°C/min. SEM analysis was 

carried out on the fresh fractured surfaces coated 

with gold after the samples were dried at 40 ºC.

 

Table 2. Compositions of the cement mortars blended with RHA and lime. 

Mortar  RHA Cement Lime Water/binder Flow 

 (%) (%) (%) (by weight) (mm) 

Cref - 100 - 0.48 144 

RHA-C.3-7 30 70 - 0.60 150 

RHA-C.5-5 50 50 - 0.65 146 

RHA-C.7-3 70 30 - 0.70 147 

RHA-C-L.7-1-2 70 10 20 0.80 151 

RHA-C-L.5-1-4 50 10 40 0.82 148 

RHA: rice husk ash, C: cement, L: lime 

 

 

Table 3. Compositions of the RHA-lime mortars. 

Lime RHA Sand Binder/sand Binder/sand Water/binder Mortar 

(g) (g) (g) (by volume) (by weight) (by weight) 

RHA-Lwt 225 225 1350 - 1:3 0.80 

RHA-Lvol 87.5 87.5 1350 1:3 1:7.7 1.25 



3 RESULTS 

3.1 Thermal Analysis 

Progress of hardening of the mortars was followed 

by thermal analysis using the first derivative of the 

thermogravimetry (DTG). Results for the Cref, 

RHA-C.3-7 and RHA-C.5-5 mortars are given in 

Figure 6 and those for RHA-cement-lime mortars are 

given in Figure 7. Peak at around 110ºC is due to the 

dehydration of the C-S-H phase and at around 160ºC 

due to the dehydration of the AFm phase. The 

weight loss at around 450ºC indicates the 

decomposition of calcium hydroxide. Weight loss 

recorded between 500ºC and 800ºC derives from the 

decomposition of the carbonated phases. Two 

decomposition peaks appeared at around 600ºC and 

700ºC for the blended mortars. Partial replacement 

of cement with RHA led to a decrease in the calcium 

hydroxide content and an increase in the carbonated 

phases. Further decrease in the cement content 

resulted in a decrease in the hydrated phases. In the 

RHA-cement-lime mortars and RHA-lime, 

carbonated phases are much more pronounced than 

the hydrated phases (Figs. 7,8). 
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Figure 6. DTG of the Cref, RHA-C.3-7 and RHA-C.5-5 mortars at 7, 28, 60, 90 and 120 days of hardening. 
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Figure 7. DTG of the RHA-C-L.5-1-4 and RHA-C-L.7-1-2 mortars at 7, 28 and 60 days of hardening. 
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Figure 8. DTG of the RHA-Lvol mortar at 28, 60 

and 90 days. 

3.2 Mechanical strength 

Progress of flexural strength of reference cement 

mortar and RHA-cement mortars is given in Figure 

9. While the reference cement mortar yielded the 

highest flexural strength values at all stages, these 

values became lower as cement was partially 

replaced with RHA at 30%, 50% and 70%-wt 

respectively. RHA-C.3-7 and RHA-C.5-5 mortars 

yielded an increasing flexural strength development 

until 360 days whereas no strength increase was 

recorded for the RHA-C.7-3 mortar after 120 days. 

Early strength development of the RHA-C.3-7 

mortar between 7 and 28 days was much more 

pronounced than that of the RHA-C.5-5 and RHA-

C.7-3 mortars having lower cement content than the 

RHA-C.3-7 mortar. 
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Figure 9. Flexural strength development of the 

reference cement mortar and RHA-cement mortars. 

 

RHA-cement-lime mortars yielded relatively 

lower flexural strength values than those of the 

RHA-cement mortars (Figure 10). Reduction in the 

flexural strength was recorded at the very early stage 

after 28 days of hardening. Flexural strength of 

RHA-C-L.5-1-4 mortar decreased between 28 and 

60 days but after that it stayed almost at the same 

value until 120 days followed by a decrease at 180 

days. Strength reduction was much more pronounced 

for RHA-C-L.7-1-2 mortar between 28 and 360 days 

even though its initial strength was higher than that 

of the other. The decrease in the flexural strength is 

recorded to be from 0.68 N/mm
2
 to 0. 21 N/mm

2
. 

RHA-lime mortars had the lowest flexural 

strength values. RHA-Lwt with higher binder 

content than RHA-Lvol yielded higher flexural 

strength values at all stages (Figure 11). However, 

strength reduction was recorded after 60 days for 

both compositions. It is much more pronounced for 

the RHA-Lwt mortar with a gradual decrease till 180 

days. Concerning RHA-Lvol, the reduction in the 

strength was observed between 90 and 120 days and 

this was followed by an increase at 180 days. 
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Figure 10. Reduction in the flexural strength of the 

RHA-cement-lime mortars after 28 days. 
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Figure 11. Reduction in the flexural strength of the 

RHA-lime mortars after 60 days. 



3.3 Pore size distribution 

Pore size distribution of the blended cement mortars 

was determined at 90 days of hardening (Figure 12). 

RHA-cement mortars had higher volume of smaller 

and larger pores when compared with the reference 

cement mortar. RHA-cement-lime mortars 

containing only 10%-wt cement yielded the highest 

porosity with their higher volume of large and small 

pores than the rest. 
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Figure 12. Pore size distribution of the blended 

cement mortars at 90 days. 

3.4 Microstructure of the mortars 

Use of RHA and lime together with cement led to 

modification in the microstructure of the mortars. 

The microstructure of the reference cement mortar 

was composed of needle-like and reticular C-S-H 

phase, and calcium hydroxide crystals formed inside 

the pores and in the cement matrix (Figure 13). 

RHA-cement mortars were characterized by the 

microstructure with flocs-like and fibrous-like C-S-

H phase that were well connected to each other 

(Figure 14). Needle-like C-S-H phase were not 

observed that much in the matrix of these mortars. 

In the matrix of the RHA-cement mortars, plate-

like, semi-circle and spherical RHA particles 

remained substantially unreacted or partially reacted. 

In some cases, shrinkage cracks were observed 

between the RHA particles and cement matrix, 

which may have occurred during the chemical 

shrinkage caused by the cement hydration (Figure 

15). It is evident that these RHA grains acted as a 

surface for the precipitation of additional C-S-H 

phase through pozzolanic reaction with calcium 

hydroxide formed during the cement hydration 

(Figure 16). When totally reacted, flocs-like C-S-H 

phase was formed, which played a bridging role 

between hydrated and unhydrated cement 

compounds by growing from the grain surface 

towards the surrounding matrix (Figure 17).

 

  

Figure 13. SEM micrograph of needle-like and 

reticular C-S-H phases formed inside the pore  

of the Cref mortar at 120 days. 

Figure 14. SEM micrograph of flocs-like C-S-H 

phases formed in the matrix of RHA-C.5-5 mortar 

at 120 days. 

 

 

 



 

Figure 15. SEM micrograph of shrinkage cracks 

observed between the RHA particle and cement 

matrix of the RHA-C.3-7 mortar at 120 days. 

 

 

 

Figure 16. SEM micrograph showing the 

precipitation of the C-S-H phases on the surface of a 

RHA grain. 

 

 

 

Figure 17. SEM micrograph showing a totally 

reacted RHA grain, forming flocs-like amorphous  

C-S-H connected to the surrounding matrix. 

 

 

 

Figure 18. SEM micrograph of the matrix of the 

RHA-C-L.5-1-4 mortar at 28 days, indicating 

amorphous hydrated phases. 

 

 

 

Figure 19. SEM micrograph of the matrix of the 

RHA-C-L. 5-1-4 mortar at 60 days when strength 

reduction was observed. 

 

 

 

Figure 20. SEM micrographs of the rather poor 

matrix of the RHA-C-L.5-1-4 mortar at 120 days, 

showing hexagonal and needle-like crystals 

embedded within the matrix. 

 



RHA-cement-lime mortars exhibited a totally 

different microstructure when compared with the 

RHA-cement mortars. The early-stage matrix was 

mostly characterized by amorphous C-S-H phase 

with large pores in-between (Figure 18) while this 

microstructure was modified upon hardening. The 

matrix at 60 and 120 days was composed of silica-

rich and carbonated dense phases which 

agglomerated with rather large pores in-between 

(Figure 19). Clusters of needle-like crystals and 

hexagonal plate-like crystals were observed in the 

matrix of these mortars at all stages of hardening, 

mostly at 120 days (Figure 20). 

Microstructure of the RHA-L mortars revealed 

some similarities with that of the RHA-cement-lime 

mortars with the morphology of the carbonated 

phases (Figure 21). However, needle-like crystals 

and hexagonal plate-like crystals were not observed 

that much. 

 

 

Figure 21. SEM micrograph of the matrix of RHA-

Lvol mortar at 90 days. 

4 DISCUSSION 

Blended binders composed of RHA-cement, RHA-

cement-lime and RHA-lime revealed different 

hardening reactions, strength development and 

microstructure. Thermal analysis results indicated 

that while hardening of the reference cement mortar 

was governed by the cement hydration, that of RHA-

cement mortars occurred as a result of early-stage 

cement hydration combined with pozzolanic reaction 

and carbonation at later stage (Figure 6). Decrease in 

the calcium hydroxide content in the RHA-cement 

mortars upon hardening gives evidence to its 

consumption by the pozzolanic reaction and 

carbonation. The carbonation reaction is much more 

pronounced with decreasing cement content and 

increasing porosity which favours the diffusion of 

the carbon dioxide into the core where calcium 

hydroxide is still present to carbonate [Van Balen 

and Van Gemert 1994]. The reaction started to 

appear much more after 60 days for RHA-C.3-7 and 

after 28 days for RHA-C.5-5 and RHA-C.7-3. It is 

not that clear exactly when the pozzolanic reaction 

has started but it has probably started before 7 days 

and contributed to the formation of hydrated phases 

upon hardening as RHA is quite reactive. Unreacted 

or partially reacted RHA grains could be detected in 

the matrix of the RHA-cement mortars even at the 

age of 120 days, indicating the ongoing pozzolanic 

reaction (Figure 16). The mechanism of the 

pozzolanic reaction could be estimated as well. The 

reaction started on the surface of the RHA grains, 

leading to the precipitation of amorphous C-S-H 

phase. When totally reacted, they became flocs-like 

C-S-H phase playing a bridging role between 

hydrated and unhydrated cement particles by 

growing from the grain surface towards the 

surrounding cement matrix (Figure 17). This could 

help improving the microstructure at the interfacial 

transition zone between sand and the cement matrix. 

RHA-cement mortars reached high strength 

values at 7 days, confirming that early-stage strength 

gain was mainly controlled by the rapid hydration of 

cement as well as pozzolanic reaction. Contribution 

of the pozzolanic reaction and carbonation to the 

strength development of these mortars is also 

evident as the strength values increased gradually 

until 360 days while no considerable increase was 

recorded in the strength of the reference cement 

mortar after 28 days (Figure 9). RHA-C.3-7 and 

RHA-C.5-5 mortars yielded an increasing long-term 

strength development whereas no strength increase 

was recorded for the RHA-C.7-3 mortar after 120 

days as it contained lower amounts of cement (30%-

wt) than the other blended mortars. All the RHA-

cement mortars indicated a long-term strength 

development even though their strength values were 

lower than that of the reference cement mortar. 

Strength values became lower as the cement was 

partially replaced by RHA respectively at 30%-wt, 

50%-wt and 70%-wt. This was ascribed to their 

higher porosity than the reference cement mortar, 

which derived from high W/B of the mortars due to 

the high water demand of porous RHA particles. 

This resulted in an increase in the volume of large 

pores (>0.1 µm) (Figure 12). Increase in the volume 

of small pores (<0.1 µm) was also recorded due to 

the formation of additional C-S-H phases by the 

pozzolanic reaction. This can be verified with SEM 



micrographs as the matrix of the RHA-cement 

mortars was mostly composed of well-connected 

flocs-like C-S-H phase with much more small pores 

in-between while that of the reference cement mortar 

was characterized by large pores containing needle-

like and reticular C-S-H phases (Figs. 13,14).  

RHA-cement-lime mortars revealed totally 

different hardening mechanism and relatively lower 

strength values when compared with those of the 

RHA-cement mortars. Strength reduction was 

recorded at the very early stage of 28 days and 

continued until 360 days of hardening (Figure 10). 

This reduction was also reported in the literature for 

the same type of mortar composition after 28 weeks 

[Stroeven et al 1999] and for ternary grouts 

containing 10%-wt cement after 60 days or more 

[Van Rickstal et al. 2003]. As the cement content 

was relatively low (10%-wt) in the composition of 

the RHA-cement-lime mortars, its hydration would 

be at the very early stage together with the 

pozzolanic reaction, and carbonation would be 

expected to be much more effective at later stage. 

This has been verified by thermal analysis results 

revealing that hydration and pozzolanic reaction 

were effective until 28 days when the highest 

strength values were recorded. Carbonation was 

much more pronounced at 60 days when strength 

reduction was recorded. This could indicate that 

calcium carbonate phases formed afterwards could 

have a destructive effect on the initially hydrated 

cement phases. In addition, decalcification of the C-

S-H phase is possible due to the slight decrease in 

the intensity of the C-S-H peak and increase in the 

intensity of the peak of carbonated phases at 60 days. 

The overall effect of this would be to weaken rather 

than to strengthen the existing C-S-H phase. Dry 

curing conditions (60% R.H.) should be considered 

for the progress of the hardening reactions as it is 

more ideal for the carbonation rather than for the 

cement hydration and pozzolanic reaction. 

Strength reduction of the RHA-cement-lime 

mortars can be related with their microstructure that 

has modified upon hardening. Amorphous C-S-H 

phase can be observed at the 28 days (Figure 18) 

while the matrix is quite poor at 60 and 120 days 

with the silica-rich carbonated dense phases that 

were agglomerated with rather large pores in-

between (Figs. 19,20). This can strengthen the 

finding on the decalcification of the initially 

hydrated phases, which was determined by thermal 

analysis. This verifies that the carbonation has 

negative consequences on the microstructure of the 

initially hydrated phases, leading to a decrease in the 

strength of the mortar. In agreement with the earlier 

research, it can be concluded that 10%-wt cement 

was not sufficient for the long-term strength 

development of these ternary blended mortars [Van 

Rickstal et al. 2003]. 

Concerning the results on the RHA-lime mortars, 

hardening occurs as a result of rapid pozzolanic 

reaction within 28 days and carbonation mostly after 

that period (Figure 8). The rapid consumption of 

lime by highly reactive RHA resulted in the 

formation of C-S-H phase. Strength reduction 

recorded after 60 and 90 days of hardening can be 

explained with the phenomenon given for the 

strength reduction of the RHA-cement-lime mortars. 

This decrease in both mortar compositions can be 

also related with the presence of excess amount of 

the unreacted RHA in the matrix as all of the lime 

was consumed mostly by highly reactive RHA and 

carbonation reaction. It is reported in the literature 

that when all lime is consumed, the excess silica can 

react with the initially formed C-S-H phase, which 

will lead to the formation of highly polymerized C-

S-H phase [Wu and Young 1984]. The overall effect 

of this was reported to be a decrease in the Ca/Si 

(~1.0) of the existing C-S-H. In this case, it seems 

that 1:1 RHA:lime is not suitable for the binder 

composition of the lime mortar. Decrease in the 

RHA amount and increase in the lime content can 

help in maintaining the C-S-H structure, promoting 

the carbonation reaction and contributing the long-

term strength development of the lime mortar. 

5 CONCLUSIONS 

Hardening of cement in combination with RHA and 

lime occurs as a result of combined cement 

hydration, pozzolanic reaction and carbonation. 

Initial strength development of the RHA-cement 

mortars was mostly governed by the cement 

hydration while pozzolanic reaction and carbonation 

contributed to the long-term strength development. 

Carbonation was favoured at the later stage with the 

increase in the porosity of the mortars due to high 

W/B. High porosity caused relatively lower strength 

values when compared to the reference cement 

mortar. Flexural strength of each RHA-cement 

mortar increased gradually, indicating their long-

term strength development. However, strength 

reduction was recorded at the very early stage for the 

RHA-cement-lime mortars and RHA lime mortars. 

This was explained with the insufficient cement 



content in the RHA-cement-lime mortars, 

destructive effect of the calcium carbonate phases on 

the initially hydrated phases and partial carbonation 

of the hydrated phases. This decrease can also be 

related with the presence of excess amount of the 

unreacted RHA in the matrix as excess silica can 

react with the initially formed C-S-H phase, which 

can lead to the formation of highly polymerized C-S-

H phase. For such reasons, mortar compositions and 

hardening reactions can be important for strength 

development when producing cement blends using 

pozzolana and lime. Rural construction in Tanzania 

can be benefited by recycling the rice husk waste 

with its use in RHA-cement mortars with given 

compositions. However, 10%-wt cement in the 

composition of the ternary blended mortars is not 

sufficient for long-term strength development of the 

mortars. The lowest cement content leading to long-

term strength development for the ternary blended 

mortars will be further investigated. 
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