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Abstract Boron-activated high belite cement could

be a promising alternative to ordinary Portland cement

to provide considerable energy savings and to reduce

the environmental impacts of concrete production.

However, this material has little practical use in

industry without satisfactory durability, which is a

fundamental feature of serviceable concrete structures

subjected to working conditions. Experimental

research was conducted to ascertain the durability of

the concretes made with boron-stabilized high belite

cement (HBC) over that of ordinary cement (OPC)-

based concretes. Four concrete mixtures were

designed with HBC and OPC at 0.35 and 0.55 w/c

ratios. Apart from early and late compressive and

tensile strengths, the durability of the concretes was

tested for free and restrained shrinkage, water and

chloride ion permeability, and accelerated corrosion

resistance. Test results revealed that the concretes with

HBC demonstrated outstanding durability perfor-

mance than compared to OPC-concrete in many

aspects owing to its high belite content leading to

much less calcium hydroxide, thus providing a denser

matrix and interface in the concrete.

Keywords Boron � Belite rich cement � Durability �
Shrinkage cracking � Corrosion � Permeability

1 Introduction

The United Nations has been bringing together

countries for the worldwide climate summits called

COPs (Conference of the Parties) for almost three

decades for the environmental protection of the world.

The COP21 event was organized in Paris in 2015,

where the participants promised to be involved in

cooperation to reduce global warming to below 2 �C
and aim for 1.5 degrees. Moreover, COP26, which

took place in Glasgow, Scotland in 2021, revealed that

greenhouse gas emissions must be halved by the next

decade and that carbon emissions need to be zero by

the middle of this century if the global temperature rise

is to be limited to 1.5 �C [1]. Therefore, reducing

carbon emissions and preserving natural resources

have been the goals of many industries and studies

[2–4].

In contrast to the aims of the Paris Agreement, a

high content of CaCO3 in raw mixtures of ordinary

Portland cement causes a substantial amount of CO2

release to the atmosphere during the manufacturing

process. Moreover, it requires a large amount of

energy before and after production in preparing the

raw materials as well as in grinding the clinkers. It is

known that one ton of OPC production results in 0.97

tons of CO2 emissions, being the sum of electrical

power, decarbonation, and thermal power. Therefore,

cement manufacturing plants constitute approxi-

mately 7–8% of the overall CO2 emissions in the

world [5–8]. The manufacture of cement expends
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40–50% of its total CO2 emissions for production,

20–30% for thermal energy, and 12–15% for electrical

energy [9, 10]. In light of these facts, the development

of more sustainable cement with lower CO2 emissions

has received great attention from cement and concrete

researchers [8]. Among the main compounds of the

ordinary Portland cement clinker that generate a large

amount of CO2, alite (C3S) is reported to be the most

responsible phase. Thus, increasing the belite (C2S)

phase accompanied by a decrease in the alite phase

leads to a great reduction in CO2, which has been

accomplished by using industrial byproducts with

significant lime, silica, and alumina contents [11, 12].

As an environmentally friendly material, research

on belite cement has attracted significant attention

from scientists [13–18]. To find a worldwide use,

however, the activation of such cements has become a

research priority because of their slow hydraulic

reaction resulting in lower strength development at

early ages [19, 20]. According to Cuesta et al. [20],

activation of the belite cement can be obtained by

three methods, namely, chemical, physical, and

admixture activation. Kachimi et al. [15] investigated

the cooling rate of belite clinker by water quenching to

stabilize the reactive belite so that the clinker had

improved hydraulic properties. Adding NaF and

Fe2O3 contributed to the properties of the clinker

burned at low temperature. Cuberos et al. [16]

attempted to enhance the early age mechanical

strength of high belite cement. For this, the slow

hydraulic reactivity of belite phases, which led to low

early strength, was activated by alkaline oxides. In the

study of Martin-Sodeno et al. [17], belite sulfoalumi-

nate (BSA) cement was introduced as an alternative to

OPC. Three types of BSA cements differing in the

main compositions C2S, C4A3$ (also called Clein’s

salt), CA, and C12A7 were obtained under laboratory

conditions, where C, S, A, and $ designate CaO, SiO2,

Al2O3, and SO3, respectively. Fifteen minutes at

1350 �C was sufficient for good clinkering. Londono-

Zuluaga et al. [18] produced belite-alite-ye’elimite

(BAY) cement, which was activated by the presence of

both alite and ye’elimite to overcome low early

strength. BAY cement led to mortars with higher

compressive strengths. Cements with a high belite

content have a denser crystalline structure and higher

thermodynamic stability, which are the main reasons

for their low hydraulic reactivity [21]. As a good

measure to remedy the low reactivity of belite with

water, the use of nanomineral admixtures was pro-

posed to accelerate the hydration reaction [22, 23].

Carbon dioxide curing was also considered in recent

studies to enhance the belite reaction [24–27].

According to previous studies, enhanced hydraulic

reactivity of the belite phase could be achieved by

incorporating a stabilizer oxide, such as boron oxide

(B2O3) [28, 29]. For this, boron ions are introduced

into the lattice structure of C2S to stabilize its a0- and

b-polymorphs because the a0-C2S phase is more active

than b–C2S [28, 30]. As a result, the hydraulically

nonreactive c-form does not form at all. Preventing c
formation is so important because when the b-belite

transforms to the c belite, a volume change occurs,

which in turn causes disintegration (dusting effect)

[31, 32]. Koumpouri and Angelopoulos [33] investi-

gated the possibility of belite cement production with

low energy consumption by adding boron oxide. For

this, belite cements with three kinds with boron waste

and boric acid were made and tested. Belite cement

was produced by using boron oxide. Moreover, the

delay in the compressive strength of such cements was

found to be more affected by the crystal type of the

belite rather than its content in the clinker. In the study

by Saglik et al. [34], belite-rich cement was produced

by adding Colami Colemanite ore, in which CaO,

B2O3 and SiO2 are the main compounds; the final

product was called boron-modified active belite

(BAB) cement, abbreviated as ‘‘BAB-cement’’. Typ-

ically, the alite (C3S) phase, one of the principal

compounds of OPC, was much less abundant in the

boron-activated belite-rich cement. Indeed, the author

stated that it was not produced at all in the BAB

cement. Therefore, it was quite rich in the active and

stable belite phase found in the structural form of a-

C2S or a0-C2S. The burning temperature in the rotary

kiln was well below 1325 �C, which in turn provided a

25% reduction in CO2 emissions during its manufac-

turing stage.

Although researchers have paid significant atten-

tion to the activation of belite-rich cement, the

literature on mortar and concrete made with such

cement is very limited. Sirtoli et al. [35] investigated

the variation in the volume stability of concretes with

calcium sulfoaluminate (CSA) cement, which par-

tially replaced PC. Shrinkage and creep were tested

and observed to be lower than those of the PC mortar.

Sui et al. [36] attempted to produce 50–80 MPa high

strength concretes using high belite cement and fly ash
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at low w/c ratios. The resultant concretes at 90 days

reached 116 MPa, which even passed that of ordinary

PC concrete with 110 MPa. In the study of Afroughsa-

bet et al. [37], the mechanical and physical perfor-

mance of calcium sulfoaluminate (CSA) cement-

based concretes was examined. It was observed that

replacing OPC with CSA cement enhanced the

mechanical properties. Using CSA cement reduced

the shrinkage but raised the risk of corrosion. Guerrero

et al. [38] hydrothermally activated fly ash and CaO at

200 �C to manufacture fly ash-belite cement to be used

in making mortars. The durability of the mortars was

examined in a sulfated medium via flexural strength. It

was observed that the decreased porosity and pore size

distribution densified the structure so that the flexural

strength increased. Gokce [39] studied the high-

temperature resistance of OPC and boron-activated

belite cement mortars exposed to 900 �C. Mortar

made with boron-activated belite cement was less

resistant to high temperature than PC mortar.

As is extensively observed in the literature, con-

cretes with high belite cement are based on the use of

calcium sulfoaluminate (CSA) cement, although

boron has been emphasized as a very good activator

in the fabrication of sustainable high active belite

cements (HBCs). As mentioned above, the production

of such cement may decrease CO2 release by as much

as 25%, but they are of little practical application

unless the concrete with HBC is sufficiently durable in

aggressive environments [40]. However, few studies

have been conducted on the durability of HBC-based

concretes, such as drying and autogenous shrinkage,

restrained shrinkage cracking, water and chloride ion

permeability, and corrosion performance of the rein-

forcing bars embedded in the concrete. Saglik [41]

stated that the heat of hydration produced by the BAB-

cement was quite low at early ages and substantially

decreased the adiabatic temperature rise of concrete

when compared to that of OPC. The concretes made

with BAB-cement also had lower water permeability.

Irico et al. [42] investigated the durability of concrete

made with high belite cement (HBC). It was reported

that HBC-incorporated concretes demonstrated good

resistance to freeze–thaw scaling and an extraordinary

ability to resist chloride ion penetration. Both Saglik

[41] and Irico et al. [42] strongly proposed incorpo-

rating such cements in mass concrete production, as it

has a very low heat of hydration. Based on this

property of HBC, Irico et al. [43] suggested its use to

produce high-performance self-compacting concretes

(SCCs) as an alternative to OPC because the high

cement content in SCC mixtures generates a high

degree of heat of hydration. Thus, SCCs made with

high belite cement had reduced heat development and

longer service life.

2 Experimental details

2.1 Materials

Boron-activated high belite cement (HBC) obtained

from the Goltas cement manufacturing plant in

Denizli, Turkey and CEM I 42.5R ordinary Portland

cement (OPC) conforming to Turkish standard TS EN

197-1 [44] were used in the concrete mixtures. The

physical and chemical properties of both HBC and

OPC are presented in Table 1. Fine aggregate was a

mixture of river sand and natural sand, whereas

crushed limestone with a maximum particle size of

22 mm was used as coarse aggregate. A superplasti-

cizer based on sulfonated naphthalene formaldehyde

with a specific gravity of 1.22 was used to achieve

consistent workability.

2.2 Concrete mixture proportioning, casting

and curing of test specimens

Two concrete series were designed at water/cement

ratios of 0.35 (low w/c) and 0.55 (high w/c). High

belite cement and ordinary Portland cement were

incorporated into both of the concrete mixtures with

cement contents of 450 and 350 kg/m3, respectively

(Table 2). Aggregate grading was kept constant for the

concretes at each w/c ratio. Superplasticizer was added

during mixing to achieve the workability specified by

a slump of 15 ± 2 cm. The mixtures were designated

based on the cement type and the w/c ratio so that

HBC-0.35 indicates concrete made with high belite

cement at a w/c of 0.35.

A power-driven revolving pan was used to mix all

of the concretes. First, dry concrete ingredients were

mixed for one minute; thereafter, the water-containing

superplasticizer was added for an additional three

minutes. The following samples were cast from each

mixture: eighteen 150 mm cubes for compression, six

150 9 300 mm cylinders for splitting tension, eight

100 9 200 mm cylinders for sorptivity and chloride
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ion permeation, four 100 9 200 mm cylinders with

reinforcing bars for corrosion cracking, six

70 9 70 9 280 mm prisms for free and autogenous

shrinkage, and two ring specimens for restrained

shrinkage. All of the specimens were cast into the steel

molds at least in two layers, compacted on a vibrating

table. The samples, except for those for testing

shrinkage, were covered with a plastic sheet and left

in the casting room for one day. Thereafter, they were

demolded and immersed in water until the testing age.

Free, autogenous, and restrained shrinkage specimens

were cured in a climate chamber at 20 �C and 100%

relative humidity for 4 h and then demolded.

2.3 Measurement and testing

The compressive strength values of the concretes with

HBC and OPC were tested at 1, 3, 7, 28, 56, and

90 days on three 150 mm cubes. Similarly, the

splitting tensile strength was determined on

Ø150 9 300 mm cylinders at 28 and 90 days. The

tests were carried out as per ASTM C39 [45] and C496

[46] by means of a 2000 kN capacity testing machine.

Drying shrinkage was monitored according to

ASTM C157 [47]. After demolding the concrete

prisms, steel pins were glued on to fix the gage length

of 200 mm, as shown in Fig. 1, and then they were

dried for 60 days in a climate chamber at 23 ± 2 0C

and 50 ± 5% relative humidity. Three specimens with

dimensions of 70 9 70 9 280 mm were tested for

each concrete type. Similarly, autogenous shrinkage

of the concretes was measured on three

70 9 70 9 280 mm prisms. First, thin plastic sheets

with two layers were entirely applied to the interior

sides of the prisms prior to casting of the concrete.

Next, the concrete was cast into molds, which were

kept in a climate chamber at 20 �C and 100% relative

humidity for approximately 4 h. After the steel pins

adhered to the concrete surface, the sides of the molds

were removed. Finally, the prism was entirely covered

by another layer of plastic sheet and two layers of

aluminum foil by means of adhesive tape (Fig. 2).

Table 1 Properties of

ordinary portland cement

(OPC) and boron activated

high-belite- cement (HBC)

Item OPC HBC

Si02 (%) 19.73 19.10

Al203 (%) 5.09 4.68

Fe203 (%) 3.99 3.42

Ca0 (%) 62.86 57.10

Mg0 (%) 1.61 1.32

S03 (%) 2.62 2.68

Na20 (%) 0.18 0.34

K20 (%) 0.80 0.78

Cl-(%) 0.01 0.001

B2O3 (%) 3.0

Insoluble residue (%) 0.24 0.20

Loss on ignition (%) 1.90 1.40

Free lime (%) 0.57 –

Specific gravity (g/cm3) 3.14 3.15

Setting time, Vicat needle Initial/Final (h-min) 2-46/3-44 2-50/3-25

Le chatelier (mm) 1 1.5

Specific surface area (m2/kg) 327 427

Table 2 Concrete mixture

proportioning (kg/m3)

*w/c: water/cement ratio;

**SP: Superplasticizer

w/c* Cement Water Fine Aggregate Coarse Aggregate SP**

CrushSand Natural Sand No I No II

0.35 450 157.5 94.0 747.2 644.4 366.5 4.1

0.55 350 192.5 90.5 736.5 631.8 360.5 2.8
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Then, they were maintained in a climate chamber at

20 ± 2 �C and 100 ± 5% relative humidity for

60 days. A dial gauge extensometer with a 200 mm

gauge length and 0.002 strain accuracy was used to

measure the length change.

Moreover, ring-type specimens were adopted to

monitor the cracking of concrete induced by restrained

shrinkage. Figure 3 shows a schematic view of such a

ring and a photograph of a specimen equipped with a

crack width measuring microscope. Upon drying, the

concrete was exposed to an inner stress generated by

the restraining effect of the interior steel ring. How-

ever, the tensile hoop stress measured on the concrete

surface differs from that on the inner shell by as little

as 10%. The highest radial stress was measured to be

only one-fifth of the maximum hoop stress. When the

steel ring restrains the shrinkage of concrete upon

drying, the concrete annulus is subjected to an almost

uniaxial tension. Additionally, a concrete thickness of

35 mm, one-fourth of its 140 mm width, was chosen

to provide the concrete specimen with a uniform

shrinkage throughout its width [48–51]. After strip-

ping off the outer steel ring, the upper surface of the

concrete was covered by silicon rubber to allow drying

to occur solely from the outer surface. Eventually, the

concrete annulus was subjected to drying at

23 ± 2 �C and 50 ± 5% relative humidity, conform-

ing to ASTM C157 [47] over a period of 60 days, in

the same way as the drying shrinkage specimens.

Restrained shrinkage cracking on the ring specimens

was monitored using a crack detecting microscope, as

shown in Fig. 3b. For this, the microscope was fixed at

the center of the base plate by means of a locator

attached to a horizontal bar in such a way that it was

possible to check the entire circumferential surface of

the concrete. For each crack, three measurements (one

Fig. 1 a Measurement of shrinkage strain b Free shrinkage test specimens

Fig. 2 Preparing the specimens for autogenous deformation a Pre-sealing of specimens with two layers of plastic sheets b Final sealing

of the specimens with a layer of aluminum foil
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at the center and the other two at the centers of the top

and bottom halves) were performed, and their average

was reported as the crack width. The surface of the

concrete ring was inspected daily for new cracks, and

the width of a present crack was measured via the

microscope.

The water rise through the capillary pores of the

concretes was measured via a sorptivity test, which

provides the rate at which water is drawn into the

concrete pores. First, two Ø100 9 60 mm samples

were cut out from the Ø100 9 200 cylinders and then

maintained in an oven at 80 �C until a constant mass

was measured. Next, they were kept in a sealed

container to cool them to ambient temperature. To

allow the free water rise to occur through only the

bottom surface, the sides of the concrete samples were

sealed by paraffin and then placed on glass rods in a

testing tray (Fig. 4). The samples were brought into

contact with water up to a height of 5 mm from the

bottom surface. As an indication of water absorption,

the increase in the sample mass was monitored by

weighing the samples outside the tray every 1 h over a

period of 24 h. Finally, the volume of absorbed water

was computed by dividing the mass increase by the

nominal surface area of the sample as well as by the

density of water. The sorptivity coefficient, which

accounts for the capillary water suction of the

concrete, was then computed as the slope of the line

best fitting a plot of the volume of the absorbed water

versus the square root of time.

The resistance of the concretes to chloride ion

penetration was determined via the RCPT (rapid

chloride permeability test) in terms of charge passed

through the concrete, as per ASTM C1202 [52].

Figure 5 shows the RCPT setup utilized in this study.

A 50 mm thick disk sample was cut from the mid

portions of the Ø100 9 200 mm cylinder with a saw.

After being conditioned for moisture as described in

ASTM C1202 [52], the disc was fixed between two

cells of the test unit so that its one face was brought

(a)

(b)

Fig. 3 Test setup for

restrained shrinkage test:

a schematic view,

b photographic view
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into contact with 0.30 N NaOH, while the other face

was in contact with 3% NaCl, as shown in the inset of

Fig. 5. Thereafter, a 60.0 ± 0.1 V direct voltage was

applied across the faces, and the current that passed

through the concrete disk was recorded by a data

acquisition system for 6 h. At the end of the test, the

area under the current–time graph that accounts for the

charge passed (in coulombs) was obtained. Two

Fig. 4 Sorptivity measurement

Fig. 5 Rapid chloride permeability measurement
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specimens for each concrete were tested at 28 and

90 days.

An accelerated corrosion test was utilized to

determine the corrosion performance of the concretes

made with OPC and HBC. Figure 6a exhibits a

schematic diagram of the corrosion cell in which the

steel rebar, steel plates, and sodium chloride (NaCl)

solution represent the anode, cathode, and electrolyte,

respectively. The reinforced concrete cylinder was

immersed in a 4% sodium chloride solution to half its

height in a plexiglass tank. The steel bar embedded in

the concrete cylinder as the working electrode was

connected to the positive terminal of a power supply.

As the counter electrode, the stainless steel plates

located next to the concrete samples in the solution

were connected to the negative terminal. To initiate

the corrosion process, a power source of direct current

supplied a 12 V anodic potential. As shown in Fig. 6b,

there is an abrupt increase in the current as soon as

corrosion cracks appear on the concrete surface. For

Fig. 6 Accelerated corrosion test setup a Schematic representation, b Typical corrosion cracking
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this, the variation in the current with time was

recorded continuously by a data logger until concrete

failure. Two specimens for each mixture were tested at

28 and 90 days.

3 Results and discussions

3.1 Mechanical properties

The development of compressive strength and split-

ting tensile strength of the concretes with high belite

cement (HBC) and ordinary Portland cement (OPC)

are shown in Figs. 7 and 8, respectively. The large

difference in the composition of the cements plays an

important role in the strength of the concretes,

especially at early ages. Figure 7 shows that the

strength gain of the HBC concretes was much slower

until 28 days of curing period compared to that of the

OPC concretes, irrespective of the w/c ratio. Thus, the

HBC concrete was said to have lower early strength. In

the case of a low w/c ratio, the compressive strengths

at 14 days were 63 and 70 MPa for the concretes with

HBC and OPC, respectively. The corresponding

strength values were 35 and 40 MPa, respectively.

Figure 7 indicates a limiting curing age of 28 days for

the HBC-based concretes. Indeed, they had lower

compressive strength than OPC concretes until

28 days; thereafter, the strength gain was much faster

in the case of the former. Irrespective of the w/c ratio,

concretes with HBC surpassed the OPC-concretes at

28 days onward in terms of compressive strength.

After 90 days of curing, the compressive strengths of

the HBC and OPC concretes were measured to be 83

and 77 MPa at a low w/c ratio and 57 and 48 MPa at a

high w/c ratio, respectively.

The splitting tensile strength of the concretes

followed their compressive strength development at

28 and 90 days (Fig. 8). At both w/c ratios, HBC

concretes had higher strength values than OPC

concretes. From 28 to 90 days, the splitting tensile

strength of the HBC increased from 3.39 to 4.27 and

from 2.25 to 3.55 MPa at low and high w/c ratios,

respectively. Such values indicate 26 and 57%

improvements in the splitting tensile strength, respec-

tively. However, these strength increments in the case

of OPC-based concretes were almost 14 and 24%,

respectively.

The remarkable rise in the long-term compressive

and splitting tensile strengths of the concretes with

HBC proved the presence of active belite as the main

ingredient in the HBC. The HBC used in this study was

composed of approximately 3.0% (wt.) B2O3 (boric

oxide) as the main activator. Therefore, HBC has

almost no C3S, whereas it has an extremely high

amount of active and stable a-C2S as well as a0-C2S

crystal phases, which leads to the formation of a more

packed and denser concrete microstructure [34]. In the
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study by Sui et al. [36], the splitting tensile strength of

the HBC-based concrete displayed a similar strength

development pattern as the compressive strength with

the curing period in terms of low early strength,

comparable 28-day strength and high long-term

strength compared with the OPC-based concrete.

3.2 Drying shrinkage, autogenous shrinkage,

and restrained shrinkage induced cracking

The total shrinkage of concrete covers both drying and

autogenous shrinkages. Loss of moisture to the

atmosphere from the concrete when exposed to drying

causes the former, while consumption of mixing water

in the hydration process results in the latter [53, 54].

Over the hydration period of 60 days, the drying and

autogenous shrinkage of the concretes with HBC and

OPC are shown in Figs. 9 and 10, respectively. At the

early ages, the OPC-concrete exhibited net shrinkage

that occurred at a fast rate and continued over the

hydration period. The ultimate shrinkages of the OPC-

0.35 and OPC-0.55 mixtures were 0.0943% and

0.0742%, respectively. However, the counterpart

concretes with HBC at the low and high w/c ratios

had shrinkage of 0.0709% and 0.0510%, respectively,

at 60 days. With the use of HBC in the concretes, the

ultimate shrinkage development was much slower,

and even HBC-0.35 concrete had a smaller shrinkage

strain than OPC-0.55 concrete. Using HBC especially

played a marked role in the early hydration period. At

the end of six days, for instance, the concretes with

HBC almost halved the shrinkage values for both low

and high w/c ratios. Early stabilization of the shrink-

age at later ages was also observed. As long as the

effect of the w/c ratio was considered, both types of

concretes exhibited similar behavior, such that a low

w/c ratio caused higher shrinkage deformation mainly

due to the presence of a high cement content.

The development of autogenous shrinkage for the

HBC- and OPC-based concretes is illustrated in

Fig. 10. The behavior of the concretes was similar to

the drying shrinkage when the ultimate shrinkage is

considered. The HBC-incorporated concretes suffered

less autogenous shrinkage deformation than the con-

cretes with OPC. For a given w/c ratio of 0.35, the

concretes with HBC and OPC had shrinkage values of

0.0196% and 0.0230%, respectively. At the early

stages of hydration, autogenous deformation of HBC

concretes is much slower and less extensive. This

lower autogenous shrinkage is attributed to the lower

hydration of the HBC, which results in less mixing

water being consumed. This finding also agrees with

the compressive strength development because both

autogenous shrinkage and strength development are

remarkably affected by the hydration process of the

cement used in the concrete [55]. Overall, the lower

autogenous and drying shrinkage deformation of the

concretes with HBC results from the low hydration
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rate of the belite phase as well as the lack or small

amount of the alite phase in the boron-modified

cement. As mentioned by Saglik et al. [34], the main

distinctive feature of HBC from OPC is the presence

of a highly active belite phase instead of an alite phase.

The hardening process of HBC concrete depends on

the hydration of the active belite, while the other

compounds seem to have minor roles.

When restrained, shrinkage strains make concrete

more vulnerable to cracking since the tensile strength

of concrete is quite low. Therefore, concrete is

expected to crack immediately after the tensile stress

induced by the constraint for the shrinkage strain beats
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its tensile strength. As seen in Fig. 11, lower shrinkage

deformations in the early ages also affected the

restrained shrinkage cracking of the concretes. It is

well known that the lower the early shrinkage, the

longer the concrete cracking time will be. The effect of

the lower shrinkage strain of the concretes with HBC

was to prolong the cracking time of such concretes.

Cracking was observed at 10 and 13 days of hydration

for the HBC concretes with 0.35 and 0.55 w/c ratios,

respectively, while OPC concretes experienced crack-

ing at 6 and 10 days, respectively. Apart from the

longer cracking time, using HBC influenced the crack

propagation as well as the ultimate crack width of the

concretes. Indeed, the crack opening was much faster

in the case of OPC concretes, and the ultimate crack

width was measured to be 1.1 and 0.9 mm at low and

high w/c ratios, respectively. However, the concretes

with HBC had 0.92 and 0.77 mm crack widths,

respectively. Therefore, the lower values of drying

shrinkage strain associated with lower heat of hydra-

tion and higher late strength of HBC give the concrete

very good volume stability and thus much greater

resistance to restrained shrinkage cracking [36]. On

the other hand, higher drying shrinkage associated

with higher elastic modulus and the prospective higher

creep strains at the early ages helped in earlier

cracking of OPC-based concretes despite its greater

splitting tensile strength [49–52].

3.3 Resistance to water permeability and chloride

ion ingress

Based on the physical–chemical phenomena, one of

the most crucial issues causing concrete damage is

water ingress with chloride and/or other aggressive

ions into concrete. The microstructure of concrete

controls this process and is associated with water

transport and the ingress of ions into concrete [56].

Water penetration through capillary suction of the

concretes with OPC and HBC is presented in terms of

the sorptivity index in Fig. 12. This test is based on

flowing water into the concrete through large con-

nected pores, so it is considered a relative measure of

the permeability. Figure 12 shows that there was a

systematic decrease in the sorptivity with a prolonged

curing period from 28 to 90 days, irrespective of the

type of cement used. This effect was more influential

in the case of HBC concretes because HBC had lower

hydration kinetics than OPC [34, 36]. Indeed, the

sorptivity index for the HBC-0.55 and OPC-0.55

concretes decreased from 0.231 to 0.170 and from

0.272 to 0.246 mm/min1/2, respectively, with increas-

ing curing period from 28 to 90 days. Such values

indicated a 26% reduction for the former, while it was

as low as 9% for the latter. At both the w/c ratio and

curing age, the concretes with HBC had better

performance against sorptivity than OPC-concretes.

At 90 days, the reduction in the sorptivity of the

concretes with the use of HBC was as high as 30%.

Fig. 11 Restrained

shrinkage cracking of the

OPC-and HBC-concretes
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Test results related to the resistance of the concretes

against chloride ion penetration are presented in

Fig. 13. The corresponding classification of the con-

cretes as per ASTM C1202 [52] are given along the

right-hand side of the figure. In line with the sorptivity

index, when the concretes were made with HBC, they

had considerable resistance to chloride ion ingress. At

a low w/c ratio, the total charge values passed through

the concretes with OPC were measured to be 1843 and

1643 C at 28 and 90 days, respectively, for which the

rating of ASTM 1202 [52] was low. When HBC was

introduced to the concrete, the total charge passed was

reduced to 1545 and 1025 C at 28 and 90 days,

respectively, corresponding to 16 and 38% decreases.

Additionally, the corresponding ASTM classification

shifted from low to very low at 90 days by using HBC

in the concretes. Similarly, the concretes with HBC

had higher resistance to chloride ion penetration at a

high w/c ratio. Using HBC decreased the total charge

from 5352 to 3526 C at 28 days and from 4271 to 2431

C at 90 days. Thus, HBC incorporation enhanced the

concrete rating from high to moderate levels associ-

ated with 34 and 43% less total charge passing across

the concretes at 28 and 90 days, respectively. The

effect of a longer curing age on the performance of the

concretes against chloride ion penetration was

observed to be highly similar to the trend in the

sorptivity. The concretes with HBC were much more

improved with curing age than the OPC-concretes.

This behavior may be attributed to the fact that

HBC has better pore refinement than OPC because the

higher amount of C2S in HBC compared to OPC led to

a much lower amount of CH (calcium hydroxide). This

is the weakest hydration product that mostly tends to

gather in the interfacial transition zone between the

aggregate and the matrix. It is well known that, when

C2S reacts with water, it generates a much lower

content of CH than C3S does. Moreover, there is a

further hydration reaction at later ages to form

additional tobermorite gel. Therefore, both the matrix

itself and the interface between the aggregate and

cement paste in HBC concretes have lower perme-

ability, particularly at later ages, so the capillary water

transport and chloride ion migration are much lower

[34, 57, 58].

3.4 Resistance of concrete against corrosion-

induced cracking

Previous studies have proven the accelerated corrosion

test to be a successful measure to monitor the

corrosion of steel bars embedded in concrete

[59, 60]. Therefore, this test was employed to deter-

mine the resistance of the concretes with HBC and

OPC against corrosion-induced cracking by applying a

constant anodic potential. The current necessary to

keep the fixed potential was plotted against time, as

illustrated in Fig. 6b. Figure 6b shows that the

Fig. 12 Variation in the sorptivity of OPC- or HBC-concretes
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current–time graph has an initial descending branch

followed by a gradual ascending part. However, there

will be a very sudden increase in the current attributed

to the crack initiation induced by the corrosion

expansion of the rebar. In addition to the inset of

Figs. 6b and 14b shows the samples with damage due

to corrosion of the rebar after the test was terminated.

Moreover, a fast longitudinal crack is observed on the

concrete specimens at the time of a sharp rise in the

current.

Figure 14a shows the cracking time of the con-

cretes with OPC and HBC due to the corrosion of steel

bars. It was observed that the concretes with HBC had

highly superior performance and mostly had a longer

time to corrosion cracking compared to those with

OPC. The corrosion resistance of HBC concretes

increased remarkably from 28 to 90 days, whereas this

increase was quite marginal in the case of OPC-

included concretes. At a curing age of 28 days, for

instance, first crack initiations on the concretes with

OPC and HBC were observed at 115 and 149 and 92

and 108 h for the low and high w/c ratios, respectively.

Such values indicated that using HBC in concrete

production provided 30 and 17% later cracking ages,

respectively. When the curing period was prolonged

from 28 to 90 days, the concretes had longer times

before corrosion cracking occurred. Thus, the time to

failure for the HBC-0.35 concrete increased to 216 h,

while that of the OPC-0.35 mixture extended to 143 h.

The rise in the cracking age of the former was as high

as 45% while that of the latter was approximately

24%. The outstanding performance of concrete with

high belite cement is attributed to its intrinsic compo-

sition. In comparison to ordinary Portland cement,

high belite cement has greater C2S and lower C3S and

C3A contents, thus resulting in much less calcium

hydroxide (CH) and aluminum phases in its cement

hydrates [61, 62]. It is commonly accepted that the gel

of calcium silicate hydrates (CSH) formed by the

hydration of C2S has a higher polymerization degree.

Therefore, the mineralogical characteristics of high

belite cement result in denser hydration products with

less calcium hydroxide and calcium aluminate

hydrate, exhibiting a better resistance to deterioration

by chloride attacks compared to Portland cement.

4 Conclusions

The following conclusions can be drawn according to

the experimental results obtained in the current study.

(1) The early compressive strength of the concretes

with HBC was lower than that of the OPC-based

concretes, irrespective of the w/c ratio. How-

ever, after 7 days of curing, HBC-concrete

exhibited a much better strength gain, resulting

in a higher late compressive strength than OPC-

concrete. Especially after a limiting curing age

of 28 days, the compressive and splitting tensile

strengths of the HBC-based concretes surpassed

those of the concretes with OPC. The late

compressive strength development of belite

Fig. 13 Chloride ion

permeability associated with

the ASTM 1202

classifications of the

concretes
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cements depends mainly on the crystal type as

well as the content of belite in the clinker. It was

determined that the C3S phase, formed at high

ratios in normal Portland cement, did not form at

all or formed in very small amounts in the BAB

cement.

(2) Drying shrinkage of OPC-concrete exhibited a

fast development rate, especially at early ages of

hydration, and continued over the testing period.

With the use of HBC, however, shrinkage at

early ages showed a slower increase and led to

much smaller ultimate shrinkage deformation.

HBC-incorporated concretes also had much less

autogenous shrinkage deformation than OPC-

containing concretes. This lower autogenous

shrinkage is attributed to the slower hydration of

the HBC that results in less mixing water

available to be consumed.

(3) The resistance of the concretes with HBC to

restrained shrinkage cracking was beneficially

(a)

(b)

Fig. 14 a Average time to corrosion cracking b View of failed samples exposed to accelerated corrosion
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affected by the lower shrinkage deformations,

which prolonged the cracking age. The crack

width opening was much faster, leading to a

wider ultimate crack in the case of OPC-

concrete. The first crack on the OPC-concrete

specimen was seen as early as on the 6th day,

which eventually reached 1.1 mm in width,

while the HBC-concrete specimen cracked on

the 10th day, and the crack opening was only

0.92 mm. The lower values of drying and

autogenous shrinkage associated with the lower

heat of hydration and higher late strength of

HBC give the concrete very good volume

stability and thus much greater resistance to

restrained shrinkage cracking.

(4) HBC-based concretes had remarkably lower

sorptivity coefficients than the concretes with

OPC, irrespective of testing age and curing

conditions. This may be attributed to the higher

amount of C2S content in HBC compared to

OPC, so that there is a further hydration reaction

at later ages to form additional tobermorite gel.

Moreover, the high C2S content associated with

the lack of C3S gives rise to less calcium

hydroxide, which generally accumulates in the

cement paste-aggregate interfacial zone. There-

fore, the resulting matrix as well as the matrix-

aggregate interface become more compact with

much lower porosity.

(5) The total charge values passed through the

concretes with OPC were measured to be 1843

and 1643 C at 28 and 90 days, respectively,

while those of HBC-concretes were 1545 and

1025 C at 28 and 90 days, respectively. Such

values indicated reductions of 16 and 38% in the

total charge passed. Additionally, the corre-

sponding ASTM classification shifted from low

to very low at 90 days when using HBC in the

concretes. The reason for such an enhancement

in the case of HBC concretes might be the more

compact matrix and interface within the con-

crete structure in line with the sorptivity.

(6) It was observed that the concretes with HBC had

highly superior performance and mostly fea-

tured a longer time to corrosion cracking when

compared to those with OPC. The corrosion

resistance of HBC concretes increased remark-

ably from 28 to 90 days, whereas this increase

was quite marginal in the case of OPC-included

concretes.

(7) High belite cement-based concretes seem to

have better durability performance than OPC-

concrete in many aspects owing to slow hydra-

tion associated with the denser matrix and

interface structures.
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