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A B S T R A C T

The widespread use of ternary cement produced from Portland cement (CEM I), granulated blast furnace slag 
(GGBFS) and limestone powder in structural concrete can be anticipated given the recent standardisation of such 
ternary cements in EN 197–5. However, understanding of these cements is limited to paste or mortar-scale 
studies, and comprehensive studies on concretes produced from such cements are needed urgently. In this 
study, fresh and hardened properties including strength, elastic modulus, water absorption and chloride 
permeability of ternary cement concrete comprising 50 wt% CEM I blended with GGBFS and 10 or 20 wt% 
limestone are investigated, as a function of the curing duration. Reducing the GGBFS content, by replacing it with 
10–20 wt% limestone powder, leads to satisfactory mechanical and durability properties relative to binary and 
CEM I concrete. It was established that the ternary concretes evaluated exhibit a progressive increase in 
compressive strength, reaching values comparable to those of the reference CEM I concrete by 365 days of 
curing. The flexural strength, static and dynamic elastic moduli of the GGBFS-containing concretes, with or 
without limestone, are comparable to CEM I concrete, at the investigated curing ages. The chloride permeability 
and water sorption studies demonstrated that concrete made of composite cements containing up to 20 wt% 
limestone has no detrimental implications on the resistance to chlorides and water ingress. This study also 
demonstrates that the mechanical properties of concretes with high replacement of blast furnace slag in Portland 
blended cements, with or without limestone, are compliant with ACI, fib and Eurocode 2 for structural concrete 
applications.

1. Introduction

Reducing the clinker factor is one of the key strategies adopted by the 
cement and concrete industries to reduce the carbon footprint of the 
construction sector, and to meet net zero targets [1,2]. This is achieved 
by using cement replacements or supplementary cementitious materials 
(SCMs), and/or limestone. Although the use of SCMs for the production 
of blended Portland cements is a well-established practice, in some re
gions, conventional SCMs such as fly ash or granulated blast furnace slag 
(referred to as GGBFS or slag in this manuscript) are becoming scarce, 
motivating the use of other highly abundant cement replacements such 
as limestone instead [3]. Also, in several regions Portland limestone 

cements (PLC in North America [4] or CEM II/A-L in Europe [5]) are 
becoming the prevalent cement type being commercialised. PLC or CEM 
II/AL cements with moderated levels (10–15 wt%) of limestone powder 
have been extensively utilised as efficient alternatives to Portland 
cement (OPC or CEM I) with similar performance [6,7]. More recently, 
multicomponent binders with reduced clinker contents are being 
adopted, which compromise OPC clinker, a SCM and limestone powder, 
and often referred to as composite cements [8]. These binders have 
recently been included in various cement and concrete standards (BS 
8500–2:2023 [9] and the EN 197–5:2021 [8]) enabling its use in con
crete production.

It has been extensively studied [10–13] the synergistic benefit of 
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limestone addition in the improvement of hydration kinetics of clinker 
and/or slag hydration through the provision of additional nucleation 
sites, as well as its influence on microstructure related properties. The 
reaction of limestone with tricalcium aluminate yields 
mono-carboaluminates formation, which stabilises ettringite [14,15]
and further contributes to increasing the solid volume due to the low 
density of ettringite phase compared to other hydration products. In 
ternary slag systems, limestone addition favours slag dissolution 
enhancing clinker hydration [13], thus facilitating accelerated hydra
tion, limiting the early age retarding effect of slag hydration by high 
alumina concentrations in the pore water upon its dissolution [10]. It 
has also been reported [16] that in ternary systems, using different slag 
to limestone ratios had a minimal effect of the total heat of reaction, 
consistent with the results from [10], however, higher limestone content 
led to improved porosity and expedited the reaction kinetics. Since 
composite ternary binder contain multiple ingredients, the specific 
surface of each component is also important. Adu-Amankwah et al. [17]
identified that the fineness of CEM I, GGBFS and limestone can be 
optimised to maximise reactivity of composite cements, and increasing 
fineness does not necessarily lead to higher reaction degree. Equally the 
blending method (intergrinding or interblended) could also influence 
hydration kinetics and mechanical performance due to differences in 
grinding efficiency of different ingredients in ternary cement [18]. This 
means that in composite cements, the optimised specific surface of each 
component as a function of their chemistry can facilitate the use of lower 
clinker content for a comparable reaction kinetics and strength 
development.

The main hydration products in ternary slag-limestone systems, as 
predicted by GEMS thermodynamic modelling and extensively verified 
by experimental evidence, are an aluminium substituted calcium silicate 
hydrate (C-(A)-S-H type gel, portlandite, carboaluminates and hydro
garnets [14,19,20]. The synergetic effect of limestone with the Portland 
cement and blast furnace slag, leads to pore filling due to additional 
hydrates formation which in turns leads to a refined pore structure, 
which impacts the strength development and durability properties [10, 
21]. However, the implications of changes in reaction kinetics and phase 
assemblages of ternary slag-limestone cements on the mechanical and 
durability performance when used for structural concrete production is 
not widely reported, particularly in cognisance with design codes. 
Evaluation of the performances of composite cement concrete is neces
sary to accelerate the adoption of these binders in construction practices, 
including determining the applicability of existing design codes and 
standards, which is the main objective of the present study.

Addition of limestone powder has been reported to influence the 
fresh properties of concretes in both binary and ternary mixtures. 
Limestone addition in low dosages (<10–20 wt%) to Portland clinker 
can enhance workability of fresh concrete; however, increasing the 
limestone content above 20 wt% reduces workability and concrete 
mixes necessitate the addition of a superplasticizer [22,23]. Besides 
particle size and specific surface area (SSA) of limestone, morphology 
and purity of limestone can also affect the fresh properties of concrete 
mixes [24]. There is also a growing interest to explore the use of low 
purity limestone [25] from cement quarries that are not suitable for 
cement production which would also modify the phase assemblage and 
early age performance in composite systems containing limestone [18, 
26,27].

It has been reported that, for a similar water-binder-ratio, concretes 
made from ternary Portland-slag-limestone with ~20 wt% limestone 
addition exhibited comparable strengths to binary slag and CEM I con
crete [28,29]. The use of multicomponent composite cements can lead to 
variation in fresh and hardened properties of a concrete mixture 
depending on the blend compositions, limestone replacement level and 
choice of SCM used. A few reports exist evaluating the influence of low 
levels of limestone addition (<10 wt%) in the performance Portland 
concrete, particularly in-service conditions [30,31]. Since composite 
cements, also referred to as CEM VI cement, with high volume 

replacement of Portland cement with slag and limestone have only 
recently been included in European standards, these materials lack of an 
in-service track record. Consequently, their longer-term durability per
formance can be perceived as one of the barriers to limit their wide
spread use. There are limited studies in the literature on concrete 
produced with ternary Portland-blast furnace slag- limestone cements 
with existing studies focusing on compressive strength and early age 
durability testing in concrete [28,29,32].

Durability of blast furnace slag blended Portland concretes is well 
documented [33–35], highlighting the potential beneficial role of high 
volume slag based concrete on pore structure [36] and resistance to 
chloride ingress in marine and other aggressive environments [37–39]. 
However, there is still limited understanding on the effect of the partial 
replacement of slag by limestone on the engineering of these composite 
concretes. The majority of studies on slag-limestone combination fo
cuses on blend optimisation and hydration characteristics evaluated in 
paste specimens [10,11,40], with limited studies focusing on evaluating 
concrete specifically on transport properties and durability performance 
[41]. The present study aims to contribute to resolve this knowledge 
gap, to create the confidence for practitioners to adopt these materials in 
construction practices, and to identify their suitability for different 
exposure classes considered in the standards. This is essential for the 
widespread acceptance of composite cement type for structural concrete 
applications. The adoption of composite cements has the potential to 
alleviate future demand constrains as the availability of blast furnace 
slag is limited in many parts of world, enabling its most efficient use 
[42]. This, if similar performance can be attained by composite cement 
concrete to those reported in binary concrete.

This study reports the mechanical and durability aspects of sustain
able concretes made with CEM I and slag-blended composite cements 
with or without limestone (up to 20 wt%). The mechanical properties 
tested included compressive strength, flexural strength, static elastic 
modulus, and UPV dynamic elastic modulus. The compliance of existing 
standards of slag-limestone composite concrete is also evaluated and 
discussed. Studies on the transport properties focused on moisture 
ingress (sorptivity and total water absorption), chloride permeability, as 
well as bulk conductivity and surface resistivity are conducted to 
determine the durability of these composite concretes. The results re
ported here will facilitate the adoption of slag-limestone composite 
concrete in construction practices, promoting the efficient use of blast 
furnace slag by co-substitution along with limestone to produce sus
tainable concrete.

2. Experimental methods

2.1. Materials

In this study, a CEM I 52.5 N and granulated blast furnace slag 
(GGBFS), were used as main binders. These materials were supplied by 
Heidelberg Materials UK, from Ribblesdale and Port Talbot works 
respectively. A limestone powder (conforms to BS 7979 [43]) supplied 
by LKAB minerals UK was used, as well as natural anhydrite supplied by 
Heidelberg Materials UK. Table 1 shows the oxide compositions of the 
materials used in this study, determined by X-ray fluorescence (XRF) 
spectroscopy using a Rigaku ZSX Primus II, with the fused bead prepa
ration method. The quality (CaO + Al2O3 + MgO / TiO2 + SiO2) and 
basicity (CaO + MgO /Al2O3 + SiO2) coefficients of the slag used are 
1.65 and 1.02 respectively. Based on laser granulometry (measured with 
a Malvern Mastersizer 2000 laser diffractometer, using a dry dispersion 
unit), the dry particle size distribution of CEM I, GGBFS and limestone 
are shown in Fig. 1(a), which present a d50 of 17.1 µm, 14.1 µm and 
11.9 µm respectively. Density measurements based on helium pycn
ometry revealed values of 3136.4, 2917.3 and 2727.7 kg/m3 for CEM I, 
GGBFS and limestone correspondingly. Limestone exhibited a bimodal 
particle size distribution, which is likely due to break up of large par
ticles. Nitrogen adsorption-desorption measurements were conducted at 
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77 K using a Micromeritics Tristar 3000 to ascertain the 
Brunauer-Emmett-Teller (BET) surface area. The BET specific surface of 
the materials used were 1.38 m2/g for GGBS, 1.29 m2/g for CEM I and 
1.04 m2/g for limestone.

The cementitious fraction was formulated to achieve ≥ 50 wt% CEM 
I replacement as shown in Table 2. The aggregates used for concrete 
production were uncrushed quartzite. The particle size distribution of 
sand and aggregates (max. size 10 mm and 20 mm) used for concrete 
production are shown in Fig. 1(b). The water absorption of sand, 10 mm 
and 20 mm aggregates was determined according to BS EN 1097–6:2022 
(18) and the values for the different aggregate fractions were 1.9 (sand), 
1.2 (10 mm aggregate) and 1.1 (20 mm aggregate) % respectively. 
Water corrections due to aggregates water absorption were factored in 
the concrete mix designs.

2.2. Concrete mix design and mixing

The mix designs used for producing concrete in this study are shown 
in Table 2. The binder content for all the concrete assessed was main
tained at 320.3 kg/m3 which conforms to the limiting values of concrete 
composition as prescribed by BS EN 206–2021 [in Table F.1 of the 
standard] [44] suitable for carbonation induced corrosion (XC1–4) and 

chlorides exposure classes XS(1− 2) and XD(1− 3). The mix design was 
developed on volumetric basis, so that cement/binder content as well as 
the ratio of water-to-binder was kept constant at 0.5, with additional 
approximate volumes apportioned to the aggregates. An air content of 
2.5 % was targeted for the mixes. No air entrainment and super
plasticisers were used.

Dry aggregates and binder constituents were transferred into a 
planetary mixer and homogenised for 5 min, then water was added, and 
the concrete further mixed for another 5 min. The fresh properties of the 
concretes were immediately determined, followed by casting concrete 
specimens in plastic/metallic moulds as per BS EN 12390‑2:2019 [45], 
and demoulded after 24 hrs, followed by storing in a curing room at 
95 % relative humidity (RH) and 20 ± 3◦C until testing.

2.3. Concrete characterisation

2.3.1. Fresh state properties
In this study, the slump test was conducted as per BS EN 

12350–2:2019 [46]. The flow or spread of the concretes were measured 
based on BS EN 12350–5:2019 [47]. The BS EN 12390–7:2019 [48]
standard was adopted for air content determination. The density of fresh 
concrete was determined in accordance with BS EN 12350–6:2019 [48].

Table 1 
Oxide compositions of CEM slag, limestone and anhydrite.

Al2O3 SiO2 CaO SO3 K2O Na2O MgO TiO2 MnO Fe2O3 Trace LOI*

CEM I 4.51 18.6 62.59 5.72 0.31 0.18 2.39 0.22 0.06 2.08 0.39 2.95
Slag 11.52 35.56 40.25 2.41 0.5 0.3 7.98 0.57 0.2 0.31 0. 41 -
Limestone 0.27 0.94 55.82 0.09 0.03 0.2 0.69 - - 0.06 0.09 41.8
Anhydrite 0.8 2.37 38.35 52.18 0.19 0.34 1.4 - - 0.25 0.34 3.8

* Loss on ignition (LOI) determined by wt. (%) change at room temperature and weight after 2hrs heating at 900 ◦C and ambient cooling

Fig. 1. (a) Particle size distribution determined by laser diffractometry of CEM I, GGBFS and limestone powders; and (b) Particle size distribution of aggregates as 
determined by sieving analysis.

Table 2 
Concrete mix design (kg/m3 of fresh mix).

Mix ID CEM I 52.5 N Slag Limestone Anhydrite Water Sand 10 mm 
Aggregates

20 mm 
Aggregates

N 320.3 - - - 160.2 651.8 237.7 950.8
NS 164.0 155.4 - 0.8 160.2 648.8 236.6 946.5
NSL 165.6 125.6 28.3 0.8 160.2 648.2 236.4 945.5
NS2L 167.2 93.2 59.0 0.8 160.2 647.5 236.1 944.5

*Note: In NS, NSL and NS2L mixes limestone and anhydrite are counted as part of the binder
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2.3.2. Compressive and flexural strength testing
The compressive strength evolution of concrete mixes was deter

mined at 2, 7, 28, 90,180 and 365 days of curing. Compression test was 
conducted at 6 kN/s loading rate on 100 mm cubes in triplicates in 
accordance with BS EN 12390–3:2019 [49], using a 3000 kN capacity 
MATEST crusher. The flexural strength of concretes was determined 
using the bending testing on duplicate 100 × 100 × 400 mm prismatic 
specimens, tested as 0.2 kN/s as per BS EN 12390–5:2019 [50].

2.3.3. Static elastic modulus and Poisson ratio determination
The static elastic modulus and the Poisson ratio of the concretes 

mixes was determined in accordance with the ASTM C469/C469M-22 
[51] standard on two Ø100 × 200 mm cylinders per mix. Here, 
surface-dried concrete specimens were bonded with 60 mm, 120 Ω 
Tokyo instrument-supplied strain gauges using a hardened TEROSON 
UP 130 (mixed with benzoyl peroxide (BPO) paste) as substrate. The 
strain gauge length is dependent on largest aggregate in the concrete 
mixes. Before attaching strain gauges, the hardened TEROSON UP-130 
was grounded with successive grades of sandpaper to achieve a 
smoothened and flattened surface, and the gauges were held in place 
with quick-drying glue.

Each cylinder was appended with four 120 Ω resistor strain gauges so 
that, two were positioned axially on the circumference at the mid-span 
of the cylinders in a diametrically parallel manner, and the other two 
strain gauges were placed laterally along the mid-height so that they are 
opposite to each other. The strain gauges were lead-soldered to wires, 
which were further connected to separate channels, each in a quarter- 
bridge circuit configuration attached to a Campbell® Scientific 
CR3000 micro logger. The data logger was connected to a computer 
program for strain data monitoring and collection, while a USB was used 
to download data on applied load (kN) to failure. The axial and lateral 
strain evolution of the cylinders were recorded when subjected to 
compressive loads to failure using the MATEST crusher at a loading rate 
of 3kN/s. 

Est = [S2 − S1]/(ε2 − 0.00005) (1) 

Where:
S1 = stress corresponding to longitudinal strain, ε1, of 50 millionths, 

MPa; S2 = stress corresponding to 40 % ultimate load; E = chord modulus of 
elasticity, MPa; ε2 = longitudinal strain produced by stress S2.

The Eq. 1 was used to determine the static elastic modulus of the 
concrete specimens. The gradient of the load displacement plot was 
recorded as the static elastic modulus (GPa). Meanwhile the Poisson 
ratio was estimated from the axial and transverse strains corresponding 
to 40 % of the ultimate load.

2.3.4. Ultrasonic pulse velocity (UPV) dynamic elastic modulus
For determining the evolution of dynamic properties of the concrete 

mixes, triplicate 100 × 100 mm cubes were used for measuring the 
dynamic elastic modulus at curing ages of 2, 7, 28, 90 and 180 days. The 
non-destructive ultrasonic pulse velocity technique was implemented 
based on the BS EN 12504–4:2021 [52], using a Proceq Pundit PL-200PE 
test kit connected with 250 kHz compressional wave transducers and a 
receiver. Prior to every test, an OLYMPUS-supplied shear wave couplant 
was applied on the surfaces of the receiver and to facilitate wave 
propagation. This was followed by a test run for transit time using a 
manufacturer-supplied calibration block, where a 25.4µS value indi
cated very high reliability of the test. For any given cubic sample, the 
transducer and receiver setup (each positioned at opposite ends of the 
tested cube) was used to measure the wave propagation transit time. 
Two measurements were taken per specimen on two opposite surfaces 
other than the as-cast surface. Prior to testing, the mass of the three 
concrete cubes per mix was measured in accordance with [53]. Then, the 
density was calculated as the mass per unit volume (dimensional). Based 
on data collected, the UPV dynamic elastic, Edyn (GPa) was calculated 

with Eq. 2 as per the ASTM C 597 [54]. 

Edyn = Vp
2ρ(1+ ν)(1 − 2ν)

/
(1 − ν) (2) 

Where Edyn = dynamic elastic modulus ρ = density (Kg/m3), ʋ= Poisson 
ratio, V (m/s) = velocity computed from transit time

It must be highlighted that, while the Eq. 2 suggests the use of dy
namic Poisson ratio for the computation of dynamic elastic modulus, the 
increase in strength and maturity of concrete tends to influence the 
Poisson ratio so that the values of static Poisson ratio and dynamic ratio 
appear to converge with time [55]. Thus, in this study the Poisson ratio 
adopted in the Edyn calculation is based on the static poison ratio.

2.3.5. Bulk conductivity
Bulk conductivity provides useful information on the pore’s conti

nuity in the matrix of hardened concretes. This was performed on cy
lindrical samples (100Ø × 50 mm) as for the chloride permeability 
testing. Prior to initiating permeability test (described in Section 2.3.6), 
the bulk conductivity was recorded by subjecting the specimens to 60 
Volts for a duration of 60 s using the potentiostat operated by the 
Proove’it software. The software then returns the values of bulk con
ductivity (mS/m) after the test duration. This automated test followed 
the ASTM C 1760 testing method [56]. Three cylindrical samples per 
concrete mix were tested per age.

2.3.6. Chloride permeability/migration testing
The Nordtest NTBUILD 492 chloride migration test [57] was adopted 

for studying the resistance of the concrete specimens to chloride ingress. 
The chloride permeability test was conducted on concretes after 28, 90 
and 180 days of curing. The 100Ø × 50(±5) mm specimens cut from 
100Ø × 200 mm cylinders were used for the test. About 15 mm was cut 
off from the as-cast surface and the bottom of the specimens and then 
equal thickness of (50 ± 5) mm were then obtained from the remaining 
section. After cutting, the circumference of the surface dried cylinders 
was coated with a Sika® primer (3 A:1B) and allowed to dry in a fume 
cupboard for 24-hours.

For all concretes whose chloride permeability was investigated, the 
coated specimens were preconditioned and tested as follows: the cy
lindrical specimens were placed in an 18 L preconditioning steel vessel. 
The vessel was covered and subjected to vacuum treatment pump for 
3hrs. The vessel was then filled with saturated lime (~3 g/L) by opening 
a valve connecting a hosepipe from 5 L glass bottle to the vessel. Once all 
samples were fully immersed in lime solution, the valve was closed and 
set up allowed to continue running under vacuum for a further 1 h fol
lowed by soaking the specimen fully immersed for 18 h, and not under 
vacuum.

The chloride migration test was carried out in a Germann instrument 
PROOVE’it equipment (with associated software) by applying an elec
trical potential across the concrete specimens with 10 wt% NaCl solu
tion and 0.3 M NaOH as catholyte and anolyte solution, respectively. 
Meanwhile a temperature sensor in the NaCl logged the temperature 
evolution during test time. Following a predetermined test duration 
(based on adjusted current recorded after applying 30 V over 60 s), the 
exposed surfaces were cleaned under running water. The tested cylin
ders were then split axially into two halves thereafter. The chloride 
penetration depth was measured from white precipitates formed on 
samples after 0.1 M AgNO3 spraying of the freshly split surfaces. Seven 
chloride depth data points were recorded per each halved cylinder. The 
average chloride depths, initial and final temperature, in addition to 
applied voltage were used as input to calculate the non-steady-state 
chloride migration coefficient (Dnssm ×10–12 m2/s) according to Eq. 3. 

Dnssm =
0.0239 ∗ L ∗ (T + 273)

t ∗ (P − 2)
∗

(

x − 0.0238
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(T + 273) ∗ L ∗ x

P − 2

√ )

(3) 
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Where; P (V) = absolute value of the potential difference applied; T (◦C) 
= mean value of initial and final temperature in the anolyte (NaCl) so
lution; X‾ (mm) = mean value of measured chloride depths; t (hour) 
= testing time; and L (mm) = average thickness of test piece measured 
across four points

2.3.7. Surface resistivity
The surface resistivity is a non-destructive rapid electrochemical 

technique used for concrete structural health monitoring. It was deter
mined using a handheld Proceq resipod device that operated based on 
the Wenner 4-probe resistivity measurement. The four probes of the 
resipod equidistant to each other were axially attached to the concrete, 
so that current is applied via the outer probes, and inner probes measure 
the voltage. The device is calibrated to return the resistivity (kΩ*cm) on 
its display. Test was conducted on concrete cylinders immediately they 
were taken out of the moist room. A total of nine readings were taken per 
cylinder.

2.3.8. Sorptivity and porosity
The sorptivity test was conducted to assess the water admissibility of 

concrete. Samples for sorptivity were obtained from saw cutting the bulk 
cylindrical specimens. Before cutting, concrete specimens were coated 
with epoxy on the circumference. The test was conducted following the 
BS EN 13057:2002 testing method [58]. Prior to the test, samples were 
precondtioned by drying in a ventilated oven at (105 ± 5 ◦C), based on 
[59], as initial trials demonstrated the drying process was effective at 
this temperature towards achieving stabilised mass changes in 7 days, 
relative to studies where constant mass was achieved in 2 months drying 
at 50 ◦C [60]. While varied lower pre-conditioning temperatures [29, 
61] have been implemented in other studies, for reasons such as thermal 
gradient induced cracking or phase assemblage decomposition, trial 
studies on mortars or concretes showed no such indication. Also, it was 
decided to test the samples as per standard, so the results can be 
compared with those obtained in real practice, and not only used for 
research purposes. After oven drying, samples were cooled to room 
temperature in a desiccator for 24 h until testing. The samples were 
placed in flat-bottomed container supported with angled (L-shaped) 
polyvinyl chloride (PVC) pipe, such that water level traversed about 
3 mm from the immersed surface of the tested sample. The mass of the 
cooled oven-dried sample was measured prior to the test. Then mass 
changes after immersion were further measured at predetermined du
rations up to 15 days.

Porosities of samples used for sorptivity test were further determined 
under vacuum saturation. This involved placement of samples in an 18 L 
metal vessel and under vacuum for 3 h, followed by addition of deion
ised water to fill to a level just above the samples. The setup was further 
allowed to run under vacuum for further one hour, and then vacuum 
turned off thereafter. Samples were kept fully immersed in water for 
further 24 h. Then after the surface dried mass post water saturation 
were measured. Porosity was computed as the ratio of mass differences 
to sample volume expressed a percentage. The water absorption was 
determined as the difference between dried and saturated mass 
expressed as a percentage.

3. Results and discussion

3.1. Fresh state properties

The fresh state properties of the concrete mixes are summarised in 
Table 3. The slump and flow classes conform to S4 (150–220 mm) and 
F4 (490–550 mm) respectively as per the BS EN 206:2013 +A2:2021 
[44]. Fresh densities attained indicate normal weight concretes, and air 
content was similar for all mixes. It is noted that the addition of lime
stone in the slag Portland blended concretes led to a slightly improved 
workability compared to concretes without limestone, as reflected in the 

consistency and the flow diameter. These results are consistent with the 
fresh properties reported for similar concrete mixes prepared with the 
finer CEM I 52.5 R cement [29]. Overall, the fresh properties including 
the air content are comparable to those of CEM I concrete. For slag 
blended concrete it has been reported that the water to binder (w/b) and 
aggregate to binder (a/b) ratio are the key factors influencing slump 
retention, with higher ratios leading to the reduced total slump, this 
varying depending on the slag content in the concrete mix [62]. Given 
all the concretes evaluated in this study were designed with similar w/b 
and a/b ratios the slight changes in fresh state properties are likely 
linked to the different fineness of the binder’s components, and the 
reactivity indexes of the slag used, which control the binder reaction 
kinetics [17,63].

3.2. Mechanical performance

3.2.1. Compressive and flexural strength
The compressive strength evolution of the concrete produced, up to 

365 days of curing, is shown Fig. 4(a). Binary and ternary concrete 
showed significantly reduced strength (40 % reduction) at 2 days of 
curing compared with CEM I, albeit still meeting the typical target 
strengths criteria of ~10 MPa for formworks removal in construction 
practice [64,65]. However, continuous strength gain is observed for all 
concrete mixes at later ages. It is worth noting that, the replacement of 
slag with limestone had smaller effect on the strength values, particu
larly after 28 days of curing. The strength ratios (fcm,2/fcm,28) obtained 
for composite binders (0.3–0.4), and CEM I (0.6) show medium and 
rapid development respectively, according to what is suggested in [44]. 
All composite concretes approached strengths closer to that of CEM I 
concretes by 28 days of curing, and progressively increased when cured 
for 365 days. At 28 days of curing NS, NSL and NS2L achieved ~84, 75 
and 78 % of the compressive strength exhibited by the CEM I concrete. 
At later curing ages (e.g. 180 days), those mixes reached 92, 84 and 80 % 
of the CEM I concrete strength respectively. There is no marked differ
ence in the compressive strength values of ternary blended concrete with 
10 wt% or 20 wt% limestone addition, demonstrating the limited dilu
tion effect arising from increased limestone addition. The compressive 
strength evolution observed here is consistent with what has been re
ported for same curing ages in other studies, where 20 wt% limestone 
additions show lower compressive strength to CEM III/A and CEM I [28, 
29].

Models exist for time dependent prectiction of compressive strength, 
such as the ACI 209 R [66], which is an empirical model that can be 
described as in Eq. 4. This relationship considers the strength ratio for 
any curing time to the 28 days strength. Although the ACI 209 models 
are explicitly developed for shrinkage and creep prediction of concrete, 
the model also provides equations for the predictions of other me
chanical performance properties such as elastic modulus and compres
sive strength development. The results shown in Fig. 2(b) indicate that 
the existing time-dependent compressive strength development models 
available are conservative for blended composite concretes especially 
with respect to later age compressive strength predictions, which is 
commonly seen in concrete with SCM addition. Further calibration of 
constants to potentially improve the accuracy of long-term compressive 
strength prediction are required. 

Table 3 
Fresh state properties of binary and ternary blended concretes.

Mix ID Slump 
(mm)

Flow diameter 
(mm)

Air content 
(%)

Density 
(Kg/m3)

N 185 520 1.2 2330
NS 170 480 1.1 2350
NSL 190 540 1.5 2330
NS2L 180 500 1.2 2340
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fc
ʹ
(t)

fc
ʹ
(28)

=
t

α + βt
(4) 

where; fc’(t) = compressive strength of concrete at any time t; fc’(28) 
= mean 28 days compressive strength (cylinder), and α, β = constants 
depending on cement and curing type, and appears not to be affected by 
aggregate (all-light weight, normal weight, and sand lightweight) type

For a 150Ø × 300 mm cylinder, the model recommends constant 
values of α = 4, β= 0.85 for moist room cure type 1 cement. Assuming 
the model is valid for the ternary and binary mixes evaluated here, the 
strength ratios of experimental compressive strength at all ages, in 
comparison to ACI 209 R strength ratios are shown in Fig. 4(b). It can be 
seen that CEM I shows slightly higher strength ratios at the early curing 
ages, while the slag containing concretes, with or without limestone, 
exhibited lower strength ratio than that predicted by the ACI 209 R. At 
28 days and 90 days of curing, CEM I concrete conforms to the ACI-209R 
with a significant increase, thereafter, demonstrating that this rela
tionship underestimates the strength gain of such concrete beyond 90 
days of curing. In the case of NS, NSL and NS2L a progressively higher 
strength ratios than CEM I, from 28 days of curing onward, are observed. 
The early age compressive strength predicted by applying the equation 
recommended by ACI-209R agrees with the BS EN 206:2013 +A2 [44]
classification of strength development based on the strength ratios (fcm, 

2/fcm,28), thus while the composite cements show lower early age 
strength development, after 28 days their rate of strength development 
progressively exceeds that of CEM I-based concrete.

The flexural strength of 28 and 180 days cured samples reported in 
Fig. 3 shows that the composite concrete exhibit comparable strength to 
CEM I-based concrete at early (28 days) and at extended curing ages. 
The contribution of slag replacement in improving flexural strength of 
concrete is consistent with the findings of Khatib and Hibbert [67]. It 
does appear that the replacement of slag content with up to 20 wt% 
limestone has no adverse impact on the flexural strength of ternary 
blends, as the values increase at later ages relative to those obtained in 
binary slag blended concrete. The comparable performance under 
bending loads of the concrete assessed, despite the different compressive 
strengths recorded, can be attributed to the refined microstructure due 
to secondary hydration or better packing density in slag blended con
crete relative to CEM I, particularly around the more porous interfacial 
transition zone (ITZ) [68,69]. Thus, an improvement in the bond 

strength of ITZ in NS, NSL and NS2L is likely to contributing to their 
flexure strength performance, particularly for NSL and NS2L at later 
curing ages. However, this needs to be evaluated.

3.2.1.1. Empirical and experimental relationship between compressive 
strength and flexural strength. Design codes, standards and researchers 
have proposed different approaches to estimate flexural strength from 
the compressive strength values of concrete using analytical relation
ships. For emerging concretes produced with ternary blended cements, it 
is important to ascertain the extent of over/under estimation when using 
these equations to determine their applicability. Fig. 4 shows experi
mentally determined flexural strengths in comparison with estimated 
values based on empirical equations (shown in Table 4) using experi
mentally determined 28 and 180 days compressive cylindrical strengths 
as input.

Where Fr is the flexural strength f’c is the compressive strength and λ 

Fig. 2. (a) Compressive strength development of cured concrete mixes (error bars corresponds to one standard deviation of three measurements), (b) Comparison of 
strength ratios with ACI 209 R prediction models (strength are based on cube converted strength; cylinder strength (experimentally determined) = 0.8 * 
cube strength).

Fig. 3. Flexural strength evolution of binary and ternary slag Portland blended 
concrete prisms, as a function of the curing duration and limestone content. 
Error bars corresponds to one standard deviation of two measurements.
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is constant based on composition of aggregates or equilibrium density of 
concrete [normal weight concrete in this case]

The results in Fig. 4 show that all the concrete mixes assessed exceed 
the values predicted by the three codes evaluated, indicating that any of 
these codes can safely be adopted for predicting the values of flexural 
strength achieved by binary and ternary slag concretes. This suggests 
that concrete made from slag composite cements with limestone addi
tion can perform satisfactorily as structural concrete, according to 
existing strength prediction equations proposed by design codes.

3.2.1.2. Poisson ratio determination. The Poisson ratio determined 
experimentally was used as input to calculate the dynamic elastic 
modulus for the evaluated concretes. It was determined from the axial 
and transverse strains corresponding to 40 % of the ultimate load. The 
computed values for N, NS, NSL and NS2L were 0.13 ± 0.02, 0.14 
± 0.003, 0.15 ± 0.03, and 0.15 ± 0.012, respectively. Concrete with 
binary and ternary cements had slightly higher Poisson ratio than CEM I- 
based concrete. The obtained results approach typical values recom
mended by design codes, such as BS EN 1992–1–1:2023 (Eurocode 2) 
and fib model code, where a general Poisson ratio of 0.2 and 0 are 
prescribed, for uncracked and cracked concrete respectively [73,74]. 
However, as experimentally determined Poisson ratio for concretes 
made with ternary composite binders containing limestone are not often 
reported in the open literature, the likelihood for overdesign arising 
from the use of conservative values recommended by design codes is 
inevitable. Such tendencies are interrogated by comparative analysis on 
dynamic modulus elasticity computed using experimentally determined 
Poisson ratio and values specified by BS EN 1992–1–1:2023 (Eurocode 
2) in subsequent sections.

3.2.1.3. Static and dynamic modulus of elasticity. The modulus of elas
ticity of concrete is an important structural design parameter. It is 
pertinent for serviceability compliance in structural design e.g. for 
controlling deflection and estimating creep limit states and allowable 

sway of structures [70]. It indicates the stiffness of concrete, and it is 
typically related to the density of concrete and compressive strength of 
concrete using analytical relationship that are commonly used to esti
mate elastic-modulus for structural design [73,75,76]. Fig. 5(a) shows 
the static modulus of elasticity of the concrete mixes evaluated. The 
cylinder compressive strength of N, NS, NSL, and NS2L at the time of 
testing were 29.8, 29.2, 25.4, and 26.2 MPa, respectively, corresponding 
to cylinder/cube strength of approximately 0.8 for all the mixes. It is 
identified that slag containing concretes with/without limestone 
exhibited comparable elastic behaviour to CEM I under static loads, as 
reflected in the stress strain relationship as shown in Fig. 5(b).

Additionally, the dynamic elastic modulus of concrete mixes was 
calculated using Eq. 2. In Fig. 6(a), the evolution of the dynamic 
modulus for the concrete mixes evaluated is reported. The dynamic 
elastic modulus of all concrete mixes increased with curing age. Com
posite cement concrete shows relatively lower modulus from 2 days 
compared with CEM I concrete, but a significant increase is observed 
from 7 days of curing onward, and compares with CEM I concrete by 28 
days of curing and at advanced curing ages. The results are consistent 
with other studies particularly at the early ages [77]. The UPV dynamic 
elastic modulus evolves similarly to the compressive strength as shown 
in Fig. 6(b). Overall, the elastic properties of concrete can be influenced 
by the aggregate’s fraction. Factors such as the aggregate and cement 
paste interface would play significant role, as failure would typically 
proceed in those regions under load for matured concretes. The plausible 
refinement of microstructure of concrete, particularly in the ITZ regions 
typically reported for slag cement concrete [78] likely improves the 
static and dynamic moduli relative to CEM I-concrete for the tested 
curing ages.

A comparison between experimentally determined dynamic elastic 
modulus and the estimated values calculated according to the BS EN 
1992–1–1:2023 (Eurocode 2) or the fib model code, which recommends 
a Poisson ratio of 0.2 for uncracked concrete, was conducted, and the 
results are shown in Fig. 7(a). It can be seen that a direct correlation 
exists between the experimental data and estimated results based on 
Poisson ratios recommended by the design codes. This indicates that the 
proposed values in design codes can be satisfactorily used for the 
structural design of concrete made with the composite cement assessed 
in this study.

Despite the potential applicability of the Poisson ratio for the 
structural design of composite cement, a comparison (see Fig. 7(b)) of 
dynamic modulus calculated using the experimentally determined 
Poisson ratios or the prescribed value of 0.2 in the codes was conducted. 
It was identified that the computed dynamic modulus based on experi
mental Poisson values yields nearly + 5 GPa more than computation 
based on recommended values such Poisson ratio prescribed in the BS 
EN 1992–1–1:2023 (Eurocode 2) or fib code. Considering reinforcement 
bar requirement in structural design is typically dependent on the elastic 
modulus and Poisson ratios [51], the results here suggest that potential 
savings in quantities required of concrete cover layer can be achieved by 
minimising overdesign while using binary or ternary slag blended 
concretes.

3.2.1.4. Correlation of compressive strength and static elastic modulus.
Table 5 shows a summary of analytical equations used for estimating 
static elastic modulus from the mean 28 days compressive strength. 
Fig. 8 shows a plot comparing experimentally determined values versus 
estimates from empirical equations.

The results indicate that slag blended concretes with up to 20 wt% 
limestone addition evaluated in this study can perform satisfactorily as 
per existing strength-modulus relationships in structural concrete stan
dards. The fib model code and Eurocode 2 appears to exhibit better 
predictability for concrete mixes assessed here, than the more conser
vative ACI-318, NZS 3101:1 and CSA A23.3–04.

Fig. 4. Applicability of existing codes’ relationships between flexural and 
compressive strengths to the binary and ternary slag blended concrete studied.

Table 4 
Empirical equation for flexural strength prediction from compressive strength.

Design code Equation (MPa) Reference

ACI 318 – 19 Fr = 0.62 * λ *(f’c)0.5; λ = 1.00 [70]
CSA A23.3–04 Fr = 0.6 λ (f’c)0.5; λ = 1.00 [71]
NZS 3101:1–2006 Fr = 0.6 λ (f’c)0.5; λ = 0.85 [72]
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3.2.2. Durability performance

3.2.2.1. Sorptivity and total porosity. The sorptivity of concrete gives a 
measure of one-dimensional water admissibility in the capillary pores 
with respect to time, driven by interfacial pressure gradients, and is 
generally used as an indirect durability indicator of pore structure var
iations in cementitious materials. Sorptivity profiles are obtained plot
ting the mass changes as a function of the square root of time.

Fig. 9 shows the sorptivity profile of concrete mixes cured for 28, 90 
and 180 days. No significant difference in water absorption rates was 
observed for the concrete NS, NSL and NS2L at 28 and 180 days of 
curing. The kinetics of water ingress can be quantified by the sorptivity 
coefficient. The sorptivity coefficients (slope of the initial linear portion 
of sorptivity profile) of the concrete mixes evaluated are reported in 
Table 6, where it can be seen that composite binders show comparable 
sorptivity coefficients by 180 days compared to CEM I-based concrete. 
The results show that the replacement of slag by 20 wt% limestone has 
no significant impact on the water absorption properties of the concrete 

mixes evaluated, consistent with the similarities in the total water 
absorbed at all ages. The improved water absorption properties can be 
attributed to the progressive densification of microstructure with curing 
age, this likely linked to the pore refinement in the composite cements 
contributing to their resistance to moisture ingress. The results are 
consistent with other studies that report a reduction in water admissi
bility in concrete with limestone addition [29,79].

Furthermore, the results of the total porosity of concrete mixes are 
shown in Fig. 10. It is observed that the porosity is comparable for all 
mixes with curing time, with an overall reduction in porosities at pro
longed curing durations (when considered within error margins). 
Considering the classification of concrete durability potential based on 
the porosities for SCM-containing concrete mixes proposed by Baroghel- 
Bouny et al. [80], it is identified that all the concretes assessed can be 
classified to present high to medium durability.

3.2.2.2. Bulk conductivity. Fig. 11 shows bulk conductivities of the 
concretes studied as a function of their curing age. Higher conductivities 

Fig. 5. (a) Static elastic modulus of concrete mixes (28 days cured). Error bars correspond to one standard deviation of two measurements; and (b) stress-strain 
relationship of concrete mixes (28 days cured).

Fig. 6. (a) Dynamic modulus of elasticity evolution of cured concrete mixes (error bars correspond to one standard deviation of three measurements) calculated 
using experimentally determined Poisson ratios; and (b) linear regression between compressive strength and dynamic elastic modulus of concrete mixes.
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(lower resistivities) are recorded in CEM I concrete relative to composite 
binders, at all curing ages evaluated. Among the blended concretes 
evaluated, the conductivity value reduced at an increased in curing 
duration from 28 to 180 days. The difference in the conductivity values 
between NS, NSL and NS2L is quite modest compared to CEM I-based 
concrete, demonstrating that concrete produced with composite ce
ments with up to 20 wt% limestone has a comparable bulk conductivity 

to that of binary slag concrete. Based on these results it could be inferred 
that the resistance to corrosion of steel reinforcement of concretes pro
duced with slag, or slag + limestone cements is likely to be higher than 
that of CEM I concrete, however this does not account for the ionic 
composition of the pore solution and sulfide species in slags whose 
oxidation might influence the bulk conductivity measurement [81,82]. 
Therefore, there is a need to exercise caution in the use of bulk con
ductivity to comprehensively infer corrosion resistance of steel rein
forcement in the composite concretes. It is well accepted that the 
conductivity of concrete bulk also influence the corrosion rate of steel 
reinforcement in blended concretes along with other factors such as 
moisture state, the microstructure of the at the steel-concrete-interface, 
pore solution composition and the cover depth [83,84]. Recent studies 
have also related bulk conductivity to long term chloride penetration 
depth in different binder types [85] which highlights the potential 
durability implications from lower bulk conductivity of slag and 
slag-limestone composite concretes.

The reduced conductivities potentially arises from discontinuities in 
the pores structure or increased tortuosity in the composite binders 
relative to CEM I [36,86] leading to differences in the internal degree of 
saturation of the concretes, and also the differences in the ionic 
composition of the pore water with changes in the binder chemistry.

3.2.2.3. Surface resistivity of concrete. The surface resistivity test is a 
rapid non-destructive test used for structural health monitoring of 
concrete structures as an indicator for susceptibility to corrosion, so that 
higher surface resistivity would suggest reduced risk of corrosion and 
vice versa. In Fig. 12(a), surface resistivities of the concrete mixes are 
reported. It is identified that the surface resistivity increased with the 
replacement of CEM I by slag or slag + limestone, being higher in mixes 
with 10 wt% limestone. This difference is significantly more notable at 
extended curing ages (90 days) where the surface resistivity values of 
binary or ternary cement-based concretes is 2–3 folds higher than those 
of CEM I concrete. These results can be attributed to more refined pore 
structure in slag concretes with or with/without limestone with curing 
time [11]. While this result appears to suggest a potentially reduced risk 
to corrosion, it must be recognised that the pore solution of the com
posite systems has reduced alkalis compared to CEM I [82,87], so the 
response to the resistivity test requires further evaluation to determine 
the true impact of higher resistivities obtained in composite cement 
concrete on corrosion potential in reinforced concrete.

Fig. 7. (a) Correlation between dynamic modulus of elasticity based on experimental Poisson ratio and a Poisson ratio of 0.2 as per design codes (fib/Eurocode 2) for 
uncracked concrete; and (b) Evolution of dynamic modulus of elasticity calculated using the experimentally determined Poisson ratio or the Poisson ratio (0.2) 
recommended in fib/Eurocode 2 design codes.

Table 5 
Empirical equations for static modulus prediction from compressive strength.

Design code Equation (GPa) Reference

ACI 318–19 4700*(fc0.5) [70]
fib (21.5*103)* (fc/10)1/3 [73]
BS EN 1992–1–1:2023 (Eurocode 2) 9500*fcm

1/3 [74]
CSA A23.3–04 4500*(f’c)0.5 [71]
NZS3101:1–2006 3220(f’c)0.5+ 6900 [72]

Fig. 8. Static elastic modulus of binary and ternary slag blended of 28 day 
cured concrete. Experimentally determined versus existing empirical models.
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Meanwhile, the correlation between bulk conductivity and surface 
resistivity of the concrete studied (Fig. 12) is consistent with results 
reported in other studies [88,89], however the meaning and relevance of 
this relationship for concretes with SCMs needs to be further 
investigated.

3.2.2.4. Resistance to chloride ions ingress. The NordTest NTBuild 492 
has been identified as a relatively precise non steady state method of 
investigating chloride ingress in SCM containing concretes, when 
compared to other migration/diffusion test methods [90]. The results of 
chloride migration are shown in Fig. 13. The calculated non-steady state 

Fig. 9. Sorptivity profiles of binary and ternary concretes after curing for (a) 28 days (b) 90 days and (c) 180 days. Average curves of two tested samples are reported, 
with error bars corresponding to one standard deviation of two curves.

Table 6 
Sorptivity coefficients (kg*m− 2*h− 0.5) of moist cured concrete mixes.

Cured Age Mix ID

N NS NSL NS2L

28 1.08 ± 0.26 0.99 ± 0.18 0.99 ± 0.08 0.81 ± 0.10
90 1.13 ± 0.15 1.01 ± 0.17 0.96 ± 0.18 0.89 ± 0.10
180 0.96 ± 0.19 0.99 ± 0.22 0.94 ± 0.09 0.79 ± 0.19

Table 7 
Total water absorption (%mass) of moist room cured concretes.

Cured Age Mix ID

N NS NSL NS2L

28 6.02 ± 1.53 5.43 ± 1.06 5.93 ± 0.44 5.09 ± 0.63
90 5.70 ± 1.19 6.09 ± 1.21 5.92 ± 0.39 5.11 ± 1.28
180 5.34 ± 1.2 6.28 ± 1.46 5.62 ± 0.52 4.90 ± 0.70

Fig. 10. Porosity of concrete mixes (error bars corresponds one standard de
viation of three measurements); classification based on Baroghel-Bouny 
et al. [80].
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migration coefficient shows a reduction in chloride permeability of the 
composite binders containing slag compared to CEM I concrete, which is 
consistent with what has been reported by Proske et al. [28]. The 
chloride coefficient decreases with curing age for all concrete mixes. 
While NS shows the lowest migration coefficient after 28 days curing, 
the reduction with curing time is not significant, in comparison to the 
ternary blends, where up to ~50 % reduction is observed in their 
migration coefficients and approaches values of NS at advanced ages.

In a slag rich concrete, chloride resistances may be attributed to the 
formation of Friedel’s salt arising from binding between slag hydration 
products and chloride ions [91], including the likelihood of chlorides 
binding to hydrotalcite like phases [26]; however, the NTBuild 492 is 
limited in accounting for such contributions. The assumption of a con
stant chlorides binding capacity and the possibility its reduction with 
test duration when applying a voltage as suggested in [90] is expected to 
impact the overall binding of chlorides taken place in the material. 
However, this is an artifact of the test rather than a true representation 
that chloride binding is somehow reduced for a given cementitious 
system. Fig. 14 shows a linear correlation between the bulk conductivity 
and the chloride migration coefficient for the concrete mixes assessed, so 

that higher bulk conductivities are observed in concrete with the higher 
chloride migration coefficients. The trend is similar to previous studies 
on other SCMs blended cements [87,92]. Based on durability classifi
cations proposed by Baroghel-Bouny et al. [80,93]; NS, NSL and NSL 
demonstrate medium to high resistance to chloride permeability which 
improves with curing age, while N exhibits low chloride permeability. 
The results suggest that reducing slag content by 20 wt% with limestone 
addition has a negligible effect on the chloride permeability of the 
concrete evaluated, and such concrete reports excellent performance 
compared to CEM I.

4. Conclusions

Based on the experimental findings on mechanical performance and 
durability properties of concrete with CEM I, binary cement with 50 wt 
% blast furnace slag, ternary cements with slag plus 10 wt% limestone 
and slag plus 20 wt% limestone, the following conclusions are reached: 

1. After 2-days of curing the compressive strengths of concrete pro
duced with binary or ternary cements are about 40 % lower than that 
of concrete made with CEM I-based concrete. However, all concretes 
reached ~10 MPa or more after 2 days in compliance with re
quirements for formwork removal in real practice. Binary and 

Fig. 11. Bulk conductivity on concrete mixes (error bars corresponds to one 
standard deviation of three measurements).

Fig. 12. Surface resistivity on binary or ternary slag blended concrete mixes (error bars corresponds to 2 cylinders); and (b) relationship between surface resistivity 
and bulk conductivity.

Fig. 13. Chloride migration coefficients (m2/s) of binary and ternary slag 
blended concrete mixes after 28, 90 and 180 days (error bars corresponds one 
standard deviation of three measurements). Durability classification based on 
Baroghel-Bouny et al. [80].
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ternary concretes developed a 28-day compressive strength ~30 % 
lower than CEM I-based concrete, but reached the design compres
sive strength. The compressive strength of concrete containing 
limestone developed rapidly after 7 days of curing, achieving 
strength comparable to those identified in slag-containing concretes 
without limestone addition.

2. Slag-containing concrete exhibit better flexural strength compared 
with CEM I-based concrete. The addition of 10 or 20 wt% limestone 
has no significant effect on the flexural strength of composite con
crete, as values are comparable to those of binary slag blended 
concrete. Existing equations for predicting flexural strength based on 
compressive strength values, proposed in different structural design 
codes can be utilised for slag-limestone composite cements 
concretes.

3. The dynamic elastic modulus of slag-containing concrete, with and 
without limestone addition, are lower at 2-days of curing compared 
to CEM I-based concrete, but increase significantly after 7 days of 
curing, and are comparable to CEM I by 28 days and at 180 days. This 
suggest that for the concrete mixes evaluated in this study 28 days 
compressive strength values can be used for structural design pur
poses, conversely to what has been suggested for other concretes 
with SCMs, where it has been suggested that results after 56 or 90 
days of curing should be used to compensate the delayed micro
structure and strength development.

4. Replacing Portland cement with blast furnace slag leads to a signif
icant reduction of the chlorides migration coefficient, and the addi
tion of up to 20 wt% limestone slightly increased the chloride 
permeability of concrete, relative the binary concrete, albeit about 3 
folds less than the migration coefficient of CEM I-based concrete by 
180 days curing age. Correlating the bulk conductivity to chloride 
migration coefficients demonstrates the strong influence of pore 
refinement, even when the influence of chloride binding capacity 
due to slags is not considered.

5. The sorptivity and water accessible porosity demonstrate that slag- 
containing concretes with or without limestone does not exhibit 
detrimental water absorption properties relative to CEM I-based 
concrete, which is more evident at prolonged curing ages.

6. The relatively higher surface resistivity of ternary blends indicates 
pore refinement and increased tortuosity and the potential to reduce 
migration of free chlorides.

Overall, it can be concluded that replacing slag with up to 20 wt% 
limestone powder does not adversely affect the mechanical or durability 

performance of concrete. These concrete mixes exhibit satisfactory 
performance comparable to, not only to binary slag blended concrete 
(with 50 wt% slag), but to CEM I in most cases. Assessment of their 
conformance to design codes suggest they can be satisfactorily used as 
structural concrete, with the opportunity of design optimisation, as the 
mechanical performance exhibited by the tested concrete is superior to 
that predicted by the code’s proposed relationships.
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