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Natural hydraulic lime (NHL) has gained a great deal of attention as an eco-friendly construction material, but its application
has remained very limited due to its insufficient mechanical properties. The addition of mineral admixture to NHL has been
considered as a means of addressing this drawback and improving the mechanical properties for future commercialization.
The effects of adding a mineral admixture such as blast furnace slag (BFS) or anhydrite (AH) to NHL on the hydration
properties were systematically investigated in this study. Local Korean NHL (K-NHL) was synthesized using domestic low-
grade limestone. The hydration properties of the NHL products were then investigated as a function of the hydration time and
the addition ratio of inorganic additives. Through an investigation of the hydration properties of NHL pastes mixed with BFS
and AH, Al-based compounds such as calcium aluminate hydrates (C4AH13) and ettringite (3CaO • Al2O3 • 3CaSO4 • 32H2O)
were observed at early hydration time. The formation of calcium silicate hydrates (C-S-H) increased with enlargement of the
amount of inorganic additives. The compressive strength and setting time were improved due to increased quantities of these
hydration products.

Key words: Limestone, Natural hydraulic lime, Blast furnace slag, Anhydrite, Hydration.

Introduction

Lime can be categorized into two types, hydraulic
lime (HL) and non-hydraulic lime. Natural hydraulic
lime (NHL) is included in hydraulic lime because of its
hardening property by the hydraulic reaction of C3S
(3CaO • SiO2) and C2S (2CaO • SiO2), mineral phases
of cement, with water [1, 2]. The NHL has the property
of setting and hardening when mixed with water and
by reaction with carbon dioxide from the air through long
term, and the type of NHL is separated according to
compressive strength at 28 days [1, 3, 4]. The properties
of NHL are revealed by its porosity, and it shows
environment friendly characteristics such as constant
temperature and humidity, antifungal properties, and
absorbability of toxic materials. The manufacturing
techniques of light weight brick, porous concrete, and
porous mortar have been available for a long time.
However, these products may contain hazardous
substances and have a heat insulating property lower
than that of NHL [5 6]. 

NHL has garnered attention as an eco-friendly
construction material, but its application has remained
very limited due to its insufficient mechanical properties
such as compressive strength, flexural strength, and
setting time. In order to address these drawbacks and
improve the mechanical properties of NHL, the addition
of organic and inorganic additives has been considered.
As inorganic additives, blast furnace slag (BFS), fly-ash,
silica fume, and metakaolin having pozzolanic reactions
and latent hydraulic reactions can be used [7]. Hydration
products such as calcium silicate hydrate (C-S-H),
calcium aluminate hydrates (C-A-H), and ettringite
(3CaO • Al2O3 • 2CaSO4 • 32H2O) from these reaction
are created, which contribute to development of the
strength. Here, H is H2O, A is Al2O3 and C is CaO. BFS,
a by-product of the steel industry, has been widely used
as a mineral admixture for the type of blast furnace slag
cement that is specified as promoting green procurement
for global environment [7-9]. It is well known that the
massive production of Portland cement consumes a
huge amount of energy and is hence a primary source
of CO2 and atmospheric pollution. In this light, the
experimental program in this study was designed to
assess the hydration behavior of BFS blended NHL.
The objectives of this study are to (a) clarify the
influences of the addition ratio of BFS, the use of
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anhydrite (AH), and hydration time on the hydration
evolution of BFS blended NHL paste; (2) investigate
the correlation between the hydration behavior and the
pore size distribution; and (3) determine the effects of
BFS on the compressive strength behavior of BFS
blended NHL mortar.

Experimental Procedure

Materials
Fig. 1 presents the X-ray diffraction (XRD) analysis

results of K-NHL utilizing local Korean NHL. The
hydraulic phase of K-NHL is composed of Ca(OH)2,
C2S, C3S, and un-reacted SiO2. Fig. 2 indicates the
results of the particle size and the distribution of K-
NHL. Pulverization of K-NHL was conducted by
utilizing air classified mill (ACM), and the average
particle size was 12.25 µm.
Table 1 and Fig. 3 present the chemical analysis

results and the mineral phase analysis results for BFS

and AH. The chemical analysis results of Table 1 show
that in the case of BFS, the content of CaO, SiO2, and
Al2O3 was 42.45%, 27.41%, and 14.79%, respectively.
The main compounds of AH were CaO and SO3, and
the content of CaO and SO3 was 42.2% and 51.0%,
respectively. From the mineral phase analysis of Fig. 3,
BFS contains amorphous mineral phases and AH
contains SiO2, CaSO4 and CaSO4 • 2H2O. As BFS
contains a combination of SiO2 and Al2O3 by hydraulic
reaction, calcium silicate (C-S-H), calcium aluminate
(C-A-H), and ettringite hydrates are generated, and it is
assumed they will show excellent properties in
compressive strength and condensation [10]. 
Fig. 4 presents the analysis results on the particle size

distribution of BFS and AH. The average particle sizes
of admixtures are 12.7 µm in the case of BFS and
25.9 µm in the case of AH, which is not substantially
different from K-NHL. 

Fig. 1. XRD pattern of K-NHL.

Fig. 2. Particle size distribution curve of K-NHL.

Fig. 3. XRD patterns of (a) AH and (b) BFS.

Fig. 4. Particle size distribution curves of BFS and AH.

Table 1. Chemical composition of BFS and AH (%).

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3

BFS 27.41 14.79 0.57 42.45 8.59 0.82 0.26 3.90

AH 1.37 0.61 0.18 42.20 0.31 0.09 0.03 51.0
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NHL paste
To investigate the hydration properties of NHL paste

when adding inorganic admixtures in K-NHL, the
hydration properties with mixed amounts (10%, 20%,
and 30%) of BFS were examined to check the hydrates
of K-NHL. AH was only added at a rate of 3% in each
mixture. Table 2 presents the water mixing ratio and
experimental conditions to prepare the paste. When
manufacturing pastes with admixtures, a water ratio of
60% was applied. NHL has setting and hardening
properties when mixed with water and by reaction with
carbon dioxide from the air. To show these characteristics,
fresh NHL paste was placed on a plastic plate with a
thickness of (5 ~ 8) mm, and kept at 20 oC and relative
humidity of 95% until being analyzed, after 1, 3, 7 and
28 days of aging. The morphology of these hardened
pastes was investigated by means of scanning electron
microscopy (SEM, Hitach S-4300), and the hydrates
that formed were identified, using X-ray diffraction (XRD,
Rigaku D/MAX-2500/PC) and differential scanning
calorimetry (DSC, Netzsch STA449C Jupiter). The pore
structure of the hardened pastes was examined by an
automatic mercury porosimeter (AMP, Micromeritics
AutoPoreIV 9520). The sample was labeled as S 10-NHL,
S 20-NHL, S 30-NHL, S 10-NHL_AH, S 20-NHL_AH
and S 30-NHL_AH according to content of K-NHL, BFS,
and AH. Details are shown in Table 3.

Compressive strength and setting time test
Mortar preparation and the test method to analyze the

compressive strength were carried out according to BS
EN 459 - 2 : 2010. When manufacturing mortars in
accordance with the water/solid ratio (w/s), it was
shown that flow differences were prominent in relation
to the sample properties. To verify the compressive

strength properties as per the sample properties when a
specific flow was given, mortars were manufactured by
fixing the flow at (165 ± 3) mm. Prismatic mortar
specimens were made at (40 × 40 × 60) mm in size and
housed into two floors and hardened by utilizing a
vibrating table. The manufactured specimens were
cured at 20 oC and relative humidity of 95%. The
compressive strength was tested at 7 and 28 days’ and
when measuring the compressive strength, the loading
speed was set to 144 kN/min. Table 3 presents the w/s
ratios of each sample at flow of (165 ± 3) mm, and
equation (1) shows the formula to calculate the
compressive strength in accordance with adding
inorganic admixtures.

(1)

Here, Fc represents the maximum load, and
1600 is the cubic area upon which the load is

applied.

Paste dough for measuring the setting time was set of
its w/s ratio as the distance between the plunger and
base plate of (6 ± 2) mm, and put into a mold with a
diameter of (75 ± 10) mm and a height of (40 ± 0.2)
mm, and after curing at 20 oC and relative humidity of
95% for 30 minutes, the initial setting time was
assessed. After the initial setting time was completed,
by turning over the mold, the final setting time was
assessed utilizing the base of the specimen. Table 4
presents the water ratios of each sample.

Results and Discussion

NHL hydration
Fig. 5 shows the XRD analysis results of NHL pastes

with addition of BFS. The main mineral phases were
Ca(OH)2, CaCO3, C2S, un-reacted SiO2, gehlenite
(Ca2Al(AlSiO7)) and C4AH13. In the case of adding
BFS 30%, more C-S-H hydrates were formed than in
the other samples. CaCO3 gradually increases as time
passes, and after 28 days, it sharply increased. CaCO3

is created by the reaction of Ca(OH)2 and CO2 in the
air. The increased formation of CaCO3 gradually
increases the durability of hardened pastes [3, 11, 12].
From hydration of 1 day, C4AH13 formed due to the

R
c

F
c

1600
------------=

Table 2. Experimental condition for preparation of NHL pastes.

NHL 
type

Water 
ratio 
(%)

Condition

K-NHL 60

Replacement ratio of BFS (%): 10, 20, 30

Replacement ratio of AH (%): 0, 3

Curing condition: 20 oC with 95 % of relative 
humidity

Curing age (day): 1, 3, 7, 28

Table 3. Sample designation of NHL mixtures.

Mix proportion (%) Sample 
designationK-NHL BFS AH

90 10 − S 10-NHL

80 20 − S 20-NHL

70 30 − S 30-NHL

87 10 3 S 10-NHL_AH

77 20 3 S 20-NHL_AH

67 30 3 S 30-NHL_AH

Table 4. Water ratio for setting time test of NHL paste.

Samples Water ratio (%)

K-NHL 55

S 10-NHL 54

S 20-NHL 50

S 30-NHL 47

S 10-NHL_AH 53

S 20-NHL_AH 51

S 30-NHL_AH 48
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latent hydraulic reaction between the Al source in BFS,
and Ca(OH)2 was detected at around 10

o. C4AH13 is an
Al-based hydration product formed in the absence of a
SO3 source in the mixture, and it affects the early
strength of the hardened product [13, 14]. In the case of
S 10-NHL and S 20-NHL, the peaks of C-S-H hydrate
were not identified because the formation ratio of C-S-
H phase is very low, while the C-S-H peak of the S 30-
NHL sample was identified at around 30 o. Because the
C-S-H phase directly affects the strength of hardened
NHL, as the BFS replacement rate in NHL increased, it
was determined that the strength values of the NHL
mortar increased. 
The XRD patterns of the NHL paste with addition of

BFS and AH are presented in Fig. 6. The main mineral
phases were Ca(OH)2, CaCO3, CaSO4 • 2H2O, C2S, un-
reacted SiO2, and ettringite. Ettringite hydrates due to the
addition of AH were detected at around 9 o, and decreased
with hydration time. If SO2−

4 ions in the hardened paste
continue to be supplied, the ettringite is maintained.
However, when SO2−

4 ions are not sufficiently supplied,

the ettringite is converted into monosulfate hydrates [15,
16]. In addition, it was observed that as the BFS
replacement rate increases, the ettringite content increases
in comparison to S 10-NHL_AH paste. This is a result of
the increased latent hydraulic reaction ratio to form
ettringite with an increase of the BFS replacement rate.
The results of the DSC analysis conducted simultaneously

for BFS and AH replaced NHL pastes after 1 day, 3 days, 7
days and 28 days are presented in Fig. 7. Since dehydration
of capillary water occurs at about 100 oC and endothermic
effects take place at a (100 ~ 400) oC temperature range,
dehydration developed in hydration products such as the
C-S-H gel, ettringite, and C4AH13 in the hardened NHL
pastes. Also, dehydroxylation of Ca(OH)2 was observed in
a temperature range of (420 ~ 475) oC. The endothermic
peaks by the thermal decomposition of CaCO3 were
detected at about 800 oC. The endothermic peaks by
dehydration of hydrates and decarbonation of CaCO3

were increased by the latent hydraulic reaction and the
carbonation reaction of Ca(OH)2 as time passes.
Meanwhile, the dehydroxylation of Ca(OH)2 decreased

Fig. 5. XRD patterns of the NHL pastes containing BFS; (a) S 10-NHL, (b) S 20-NHL and (c) S 30-NHL.

Fig. 6. XRD patterns of the NHL pastes containing BFS and AH; (a) S 10-NHL_AH and (b) S 30-NHL_AH.
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with an increase of hydration time. This indicates that
the results obtained from the thermal analyses are in line
with the findings obtained from the XRD analysis. 
Fig. 8 presents the DSC analysis results for the

thermal decomposition of NHL paste mixed with BFS
and AH. The broad peak in a range of (100 ~ 200) oC
is evidence of the existence of colloidal C-S-H gel and
ettringite, where are higher than that of NHL paste
mixed with only BFS. In the case of BFS and AH
blended NHL, ettringite hydrates were formed in large
quantities due to the latent hydraulic reaction of BFS
and AH. The peak located at about 180 oC due to the
decomposition of C4AH13 hydrated products was not
observed because Al element in BFS by the reaction
with AH was exhausted [11, 15]. 

The morphology of the hardened NHL paste in the
presence of BFS and AH is presented in Fig. 9 and Fig.
10, respectively. In the absence of AH, needle-like type
ettringite, foil-like type C-S-H and hexagonal type
C4AH13 are created by the latent hydraulic reaction from
hydration 1 day and these phases are presented in Fig. 9a.
At hydration for 28 days, the CaCO3 phase was formed by
the carbonation reaction of Ca(OH)2 in NHL paste and
CO2 in the air. These phases play a role in filling pores in
the hardened NHL paste. In the presence of AH, a large
amount of ettringite was formed by the reaction of BFS
and AH from early hydration time. The ettringite phase
rapidly increases the amount of small capillary pores in
the NHL paste. Also, plate-formed monosulfate phases

Fig. 7. DSC curves of NHL paste mixed with BFS; (a) S 10-NHL and S 30-NHL after 28 days and (b) S 30-NHL with different hydration time.

Fig. 8. DSC curves of NHL pastes mixed with BFS and AH; (a) S 10-NHL_AH and S 30-NHL_AH after 28 days and (b) S 30-NHL_AH
with hydration time.

Fig. 9. SEM images of the NHL paste (S 30-NHL) with different
hydration time; (a) 1 day, (b) 3 days, (c) 7 days and (d) 28 days.

Fig. 10. SEM images of the NHL paste (S 30-NHL_AH) with
different hydration time; (a) 1 day, (b) 3 days, (c) 7 days and (d)
28 days.
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created by the lack of a SO3 source were observed in
the S 30 NHL_AH paste at hydration for 28 days. 
Fig. 11 presents tshe analysis results for the pore size

distributions of NHL mixed with BFS and AH. The
pore size decreases as the content of BFS increases and
the hydration time increases. This is a result of better
packing of pores in the hardened paste due to the filling
effect of hydrates created by hydraulic and carbonation
reactions. In the case of adding AH, the pore size is
smaller than it would be without AH. Needle-like type
ettringite hydrates are produced by hydraulic reaction
of BFS, AH, and Ca(OH)2 from early hydration time,
and they fill the inside large pores of the hardened
NHL paste. The porosity of the hardened NHL paste is
presented in Table 5. From the porosity analysis results
it is obvious that as the content of BFS and the hydration
time respectively increase, the porosity is decreased
whereas the porosity of the hardened paste with added
AH slightly increased, which is attributed to ettringite
increasing the amount of small capillary pores.

Physical and mechanical properties of blended
NHL
Fig. 12 shows the compressive strength assessment

results of mortar mixed with BFS and AH into K-NHL.
As the mixing rate of both admixtures was increased, the
compressive strength increased, and higher compressive
strength than that of K-NHL was observed in the
absence of AH. At hydration of 28 days, BFS in Fig. 12a
shows strength of 4.0 MPa when the mixing rate was
20%, and a value of 6.8 MPa at 30%, and it is verified
that compressive strength similar to NHL 3.5 or NHL 5
in ES BN 459 was possible. BFS_AH in Fig. 12b
shows better compressive strength properties than those
of BFS at 4.1 MPa with a 10% mixing rate, and at
8.6 MPa with a 20% mixing rate, reflecting twofold
greater twice as much compressive strength properties
than BFS. Needle-like type ettringite hydrates produced
by the latent hydraulic reaction of BFS and AH, and
they fill the interior pores of the hydrates, thereby
facilitating the development of compressive strength.
Table 6 presents the setting time measurement results

of NHL with the addition of admixture and K-NHL.
All samples, except for K-NHL, showed setting
properties of an initial setting time between 550 min and

Fig. 11. Pore size distribution curves of NHL pastes mixed with BFS and AH; (a) Incremental intrusion data (b) Cumulative intrusion data.

Table 5. Porosity of NHL pastes.

Samples Porosity (%)

S 10-NHL (28 days) 48.46

S 30-NHL (7 days) 51.36

S 30-NHL (28 days) 43.62

S 30-NHL_AH (28 days) 46.19

Fig. 12. Compressive strength development of the NHL mortars at 7 and 28 days; (a) Addition of BFS and (b) Addition of BFS and AH.

Table 6. Setting time of NHL pastes.

(unit: min)

Sample name Initial setting time Final setting time

K-NHL 2640 3960

S 10-NHL 1470 2100

S 20-NHL 630 1170

S 30-NHL 550 870

S 10-NHL_AH 1020 2100

S 30-NHL_AH 690 1080
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1470 min and a final setting time within 2100 min,
which corresponded to BS EN 459 - 1 : 2010. However,
K-NHL showed properties that did not comply with the
standards, with an initial setting time of 2640 min and a
final setting time of 3960 min. The mixture of BFS and
AH showed values that comply with the EU standard
due to shortening of more than 2000 min for the initial
setting time and more than 3000 min for the final setting
time, with records of 550 min for the initial setting time
and 870 min for the final setting time of S 30-NHL. In
the case of NHL with added AH, there was no
significant difference with NHL mixed with BFS. 

Conclusions

This paper mainly discussed the influence of inorganic
admixture type on the hydration behavior and mechanical
and physical properties of K-NHL. Moreover, the
relationship between the hydration degree and the
microstructure characteristics was also determined.
Hydration products such as C-S-H, C-A-H, and
ettringite due to the addition of BFS and AH in K-NHL
were formed, and the amount of hydrates increased
with an increase of the replacement rate of BFS. The
pore size and porosity of hardened NHL paste
decreased with increases of the amount of BFS and the
hydration time. However, the porosity of the hardened
paste with added AH increased slightly, which is
attributed to the ettringite increasing the amount of small
capillary pores. Ettringite hydrates with needle-like
morphology were produced by the latent hydraulic
reaction of BFS and AH, and they fill the pores of
hydrates and thereby facilitate the development of
compressive strength. Also, the setting time by these
hydration products was significantly improved. This
behavior can be attributed to better packing of hydration
particles due to the filling effect of the additional
hydrates. It is speculated that the results of this study can
be practically applicable for construction materials that
require loading resistance to compressive strength such
as flooring materials and stacking materials.

Acknowledgments

This research was supported by a grant (15RDRP-
B066780-03) from the Regional Development Research
Program funded by the Ministry of Land, Infrastructure
and Transport of the Korean government.

References

1. BS EN 459-1:2010, Building lime, Part 1: definitions,
specifications and conformity criteria. UK: British-Adopted
European Standard; 2010.

2. A. El-Turki, R.J. Ball and G.C. Allen, J. Cem. Concr. Res.
37 (2007) 1233-1240.

3. R.M.H. Raurence, “A Study of Carbonation In Non-
hydraulic Lime Mortars” (Bath University Press, (2006) p. 1

4. R. Chan, V. Bindiganavile, Mater. Struct. 43 (2010) 1435-1444.
5. A. Kalagri, A. Miltiadou-Fezans and E. Vintzileou, Mater.

Struct. 66 [43] (2010) 1135-1146.
6. F. Iucolano, B. Liguori, D. Caputo, F. Colangelo and R.

Cioffi, Mater. Des. 52 (2013) 916-922.
7. S. Song, D. Sohn, H. M. Jennings and T. O. Mason, J.

Mater. Sci. 35 (2000) 249-257.
8. V. Srivastava, R. Kumar, V. C. Agarwal, P. K. Mehta, Int. j.

civ. Struct. Eng. Res. 2 (2012) 893-900.
9. J. Y. Kim, S. K. Yum, D. W. Yoo, and H. K. Choi, J.

Korean. Ceram. Soc. 47 [5] (2010) 357-364.
10. W. Chen and H. J. H. Brouwers, J. Mater. Sci. 42 (2007)

444-464.
11. O. Cizer, K. Van Balen, D. Van Gemert, in Proceedings of

the 6th International Conference on Structural Analysis of
Historical Constructions, July 2008, edited by E. Fodde
(CRC Press, 2008) p. 965.

12. R. M. Lawrencea, T. J. Maysb, S. P. Rigbyb, P. Walkera and
D. D’Ayalaa, “ Cem. Concr. Res. 37 [7] (2007) 1059-1069.

13. M. F. Rojas and M. I. S. Rojas, Cem. Concr. Res. 36 (2005)
1292-1298.

14. W. Mechti, T. Mnif, B. Samet, M. J. Rouis, Int. j. recent
res. Appl. Stud. 12 [1] (2012) 61-71.

15. J. Stark and K Bollmann, “Delayed Ettringite Formation in
Concrete”, (Bauhaus-University Press, (2000) p. 1.

16. Ö. Cizer1, K. V. Balen, D. V. Gemert1 and J. Elsen, in
Proceedings 1st WTA-International PhD Symposium, October
2009, edited by Katholieke Universiteit Leuven (WTA
Publications Press, 2009) p. 353.


