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Dileepa Hettiarachchi1, S.M Samindi M.K Samarakoon1, Kidane F. Gebremariam2 and Kjell Tore Fosså1
1Deapartment of Structural and Mechanical Engineering and Materials Science,    University of Stavanger, Norway 
[bookmark: _Hlk196404902]2 Museum of Archaeology, University of Stavanger, Norway
dileepa.c.hettiarachchi@uis.no
Abstract. 
The cement industry is increasingly focused on reducing CO₂ emissions associated with concrete-based construction. Supplementary cementitious materials (SCMs) play a significant role in this context, with extensive investigations aimed at maximising their utilisation without compromising and even ideally enhancing the strength and durability. However, measurements on autogenous and drying shrinkage are particularly critical in the context of low-carbon mortars incorporating SCMs and low water-to-binder ratios. 
An experimental investigation was conducted on the autogenous and drying shrinkage of binary mortar mixtures containing silicon manganese (SiMn) slag, with cement replacement levels ranging from 50% to 90%, and ternary mortar mixtures incorporating both SiMn and ground granulated blast furnace slag (GGBFS), with cement replacement levels ranging from 50% to 70%.  Autogenous and drying shrinkage strains were measured over a period exceeding 200 days and compared to a control system comprising 100% ordinary Portland cement (OPC). Microstructural and mineralogical analyses, including SEM and XRD, were conducted to understand the influence of SiMn slag on hydration kinetics, pore refinement, and phase transformations.
The results indicate that autogenous shrinkage strain decreases at early ages with higher cement replacement levels due to reduced OPC and the slower reactivity of SiMn slag compared to OPC, delaying self-desiccation. However, at high replacement levels, refined pore structures contribute to increased capillary tension, which may lead to increased autogenous shrinkage over time. In contrast, drying shrinkage strain increases in both binary and ternary mortar. This effect further increases within the mortar as the replacement levels of cement increase, due to enhanced packing density and refined porosity resulting from the incorporation of SCMs. The SCMs contribute to higher capillary tension   during moisture evaporation, which intensifies the drying shrinkage. Furthermore, SCM containing formulations exhibit reduced compressive strength at early ages, thereby making the resulting matrix more susceptible to deformations due to moisture loss to the environment. This exacerbates the drying shrinkage.
The findings highlight the potential use of SiMn slag as a high-volume cement replacement material. The development of such low-carbon cement mortar is feasible provided that the shrinkage-related challenges are addressed through optimal replacement levels and curing strategies
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[bookmark: _Hlk198112643]Introduction
[bookmark: _Hlk198112739][bookmark: _Hlk198112841][bookmark: _Hlk198112890]The construction industry is undergoing a significant transformation towards sustainability and the use of environmentally friendly construction materials. This shift has led to an increased focus on reducing clinker content in cementitious binders within the concrete industry, with growing emphasis on lowering the carbon footprint of cement production. The incorporation of supplementary cementitious materials (SCMs) is a key strategy in developing low-carbon cementitious composites and represents a viable pathway to mitigate the substantial CO₂ emissions associated with cement manufacturing, which accounts for approximately 6%–8% of total global CO₂ emissions [1]. This is a considerable fraction, driven by the ever-increasing demand for cement in the construction sector and the assured continued growth of the industry. Consequently, the development of alternative solutions for cement-based construction materials is of paramount importance. As around 60% of these CO₂ emissions originate from the calcination process in cement production [2], the role of SCMs becomes particularly critical. However, the introduction of SCMs does not always guarantee optimal performance unless their equivalence to ordinary Portland cement (OPC) is established not only in terms of strength development but also in relation to durability performance and long-term reliability.
[bookmark: _Hlk198112909][bookmark: _Hlk198113090][bookmark: _Hlk198113330]Shrinkage in cement-based materials is a critical factor affecting the long-term durability and dimensional stability of concrete structures. Although increasing research efforts have been dedicated to understanding the shrinkage behaviour of concrete over the past few decades [3, 4], the underlying mechanisms remain not fully understood [5]. Shrinkage in cementitious systems can be categorized into plastic shrinkage, Chemical shrinkage, autogenous shrinkage, drying shrinkage, thermal shrinkage and carbonation shrinkage, depending on the underlying mechanisms involved [5]. Autogenous and drying shrinkage were selected for this study as they are the most influential mechanisms affecting early-age and long-term deformation in low water-to-cement ratio systems with high-volume cement replacement. Moreover, early-age cracking in mortar or concrete with a reduced water-to-binder ratio (w/b) is a common phenomenon, primarily attributed to autogenous shrinkage. Over time, the development of drying shrinkage cracks further compromises the durability of such structural elements.
[bookmark: _Hlk198113387][bookmark: _Hlk198113575][bookmark: _Hlk198113650]Extensive studies on shrinkage-related cracking have led to a general consensus on the relationship between internal relative humidity changes in cement paste and autogenous shrinkage as hydration progresses [6]. This issue becomes more pronounced when low water-to-cement or water-to-binder ratios are required, increasing the material's vulnerability. Autogenous deformation is defined as “the bulk deformation of a closed, isothermal cementitious material system not subjected to external forces” [7] and arises from self-desiccation within the pore network due to pore water consumption during hydration.
[bookmark: _Hlk198113711][bookmark: _Hlk198113781]This phenomenon is further exacerbated by high-volume SCM replacements, which refine the pore structure and increase capillary stresses. Autogenous shrinkage at early ages is typically more severe due to internal humidity gradients between the core and the drying front and can develop within days to weeks [2]. If not adequately addressed during the mix design stage, autogenous shrinkage can lead to both micro- and macro-cracking, significantly undermining the long-term durability of concrete.
[bookmark: _Hlk198113852][bookmark: _Hlk198113899][bookmark: _Hlk198114002][bookmark: _Hlk198114058]Drying shrinkage is typically a long-term process, initiated by the diffusion of moisture through the porous network of the hardened cementitious matrix into the surrounding atmosphere. In this context, hydration kinetics, the availability of water, and changes in the pore structure of the hardening matrix are key parameters influencing the shrinkage behaviour of cement-based systems [8]. Drying shrinkage continues from the initial setting of the cement paste through the hardening stage and may persist for several years [5]. Furthermore, the morphology of hydration products subject to transformation during the hydration process has also been shown to influence shrinkage in cementitious matrices [9]. The primary factors affecting drying shrinkage include relative humidity, internal and external temperature, specimen size, water-to-binder ratio, pore structure distribution, and aggregate volume, among others [5]. Notably, drying shrinkage typically begins after the onset of external drying and is largely governed by the ambient relative humidity and the pore network distribution. These conditions can lead to the development of macrocracks in the cementitious system due to shrinkage gradients that generate internal stresses [10].
[bookmark: _Hlk198114138]Among various supplementary cementitious materials, silicon manganese (SiMn) slag, an industrial by-product of ferroalloy manufacturing, has gained attention due to its potential pozzolanic reactivity and contribution to the cement hydration process. However, its influence on shrinkage behaviour, particularly autogenous and drying shrinkage, remains insufficiently explored. Unfavourable conditions for the propagation of autogenous shrinkage-associated cracks may arise when replacing cement with SCMs, due to the low heat of hydration and the refinement of the pore structure resulting from pozzolanic reactions.
[bookmark: _Hlk198114204]In this view, this study aims to investigate the autogenous and drying shrinkage performance of high-volume cement replacement in binary and ternary binder systems incorporating two SCMs: SiMn slag and ground granulated blast-furnace slag (GGBFS). The results are compared with those of a control cementitious system over a monitoring period of 12 months. A locally available air-cooled and granulated SiMn slag from Norway was further processed by grinding to a fine powder for use as the primary SCM. GGBFS, a well-established SCM, was employed in the ternary blends to examine the synergistic effects of dual SCM combinations in replacing cement at high levels up to 90%. Improvements in compressive strength were clearly observed.


Material and Method
Material
Cement, sand, and water were used in this experimental programme to prepare cement mortar. Additionally, SiMn slag and GGBFS were incorporated according to the designed mix proportions, replacing cement accordingly.
Cement:	INDUSTRISEMENT, CEM I 52.5 R, conforming to the NS-EN 		197-1:2011standard, was used as the primary cement, sourced from 	Heidelberg Materials, Norway.
SiMn Slag: 		Various proportions of cement were replaced with ground SiMn 								slag powder, supplied by ERAMET, Norway.
GGBFS: 			Commercially available ground granulated blast furnace slag 									(GGBFS), purchased from Merox AB, Sweden.
Water: 				Locally treated potable tap water was used in the mixing process.
Superplasticizer:	An admixture based on modified acrylic polymers (Dynamon SX-							N 	by MAPEI) was added to maintain the consistency of the mortar 							prepared in the experiment.
Sand: 				Locally sourced manufactured sand, purchased from Heidelberg 								Materials Aggregate, Årdal, Stavanger, Norway. The sand 	was 								sieved, adjusted to a particle size distribution similar to CEM ref								erence sand.

Physical properties, such as the particle size distribution of cement and slags, were determined using a Mastersizer V3.88 analyser. Wet analysis was performed on all solid materials, except for those subjected to dry analysis. X-ray fluorescence (XRF) analysis was conducted to identify the oxide composition of the cement, SiMn slag, and GGBFS. The results are presented in Tables 1 and 2, respectively. Fig. 1 illustrates the corresponding particle size distribution curves.

Table 1. Physical properties of raw materials.

	Raw material
	Cement
	SiMn slag
	GGBFS
	Sand

	Dv,90 (µm)
	38.70
	51.70
	35,3
	1690

	Dv,50 (µm)
	15.20
	17.70
	13.0
	658

	Dv,10 (µm)
	4.10
	3.90
	3.01
	152

	BET, Specific 
surface area, (m2/g)
	1.76
	0.96
	3.61
	-



[bookmark: _Hlk198117872]Table 2. XRF results of cement, SCMs and sand used in the experiment.

	Material (Weight %)
	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	Na2O
	K2O
	MnO
	TiO2
	SO3
	BaO
	P2O5
	SrO2

	Cement
	23.59
	5.05
	3.84
	59.14
	0.0
	 0.0
	2.01
	0.10
	0.25
	5.51
	0.06
	0.35
	0.09

	SiMn slag

	46.86
	9.91
	0.13
	26.05
	3.85
	 0.0
	1.03
	7.15
	0.05
	0.55
	0.00
	0.00
	0.58

	GGBFS

	41.74
	9.26
	0.20
	34.45
	7.75
	 1.92
	1.20
	0.80
	1.90
	2.44
	0.07
	0.11
	0.07

	Sand
	79.76
	8.15
	3.87
	2.22
	0.0
	 0.0
	5.31
	0.07
	0.32
	0.0
	0.12
	0.0
	0.13


a)
b)

[bookmark: _Hlk197299477]
Fig. 1. Particle size distribution of the raw materials (a) differential and (b) cumulative.

[bookmark: _Hlk198117921]This difference in chemical composition, particularly the reduced amount of CaO and the higher SiO2, Al2O3 and MnO content in SiMn slag, suggests that the slag may exhibit distinct pozzolanic reactivity compared to traditional cement. The higher SiO2 and Al2O3 content in both slags, especially SiMn slag, indicates a potential for enhanced pozzolanic activity, which could contribute to the development of secondary hydration products such as C-S-H, ultimately affecting the microstructure and long-term performance of the binder. On the other hand, the presence of MnO in SiMn slag may influence the binding properties, though this requires further investigation.
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Fig. 2. XRD patterns of the raw materials. (a) GGBFS, (b) SiMn slag,  (c) cement, P- portlandite,  C-calcite, E-ettringite, A-alite, Mo- Moissanite, Ma- Mavlyanovite, Ak-Akermanite, G-Gehleite.
[bookmark: _Hlk198118132]The differences in chemical composition between the slags and cement are expected to influence not only the mechanical properties but also the shrinkage behaviour of the composite binders. The reduced CaO content in the slags may result in lower heat of hydration and slower early-age strength development, which, as previously discussed, could potentially mitigate issues related to thermal cracking, while promoting long-term durability through refined pore structure and reduce autogenous shrinkage at early ages.

Methods
Cement mortars.

[bookmark: _Hlk198118194]The NS-EN 196-1 standard was followed in the preparation of the mortar, unless otherwise specified. The experimental plan included a control series and four binary mortar mixtures, in which cement was replaced with SiMn slag at 30%, 50%, 70%, and 90% by weight. The objective was to determine the maximum feasible cement replacement. Additionally, two ternary mortar mixtures were prepared using a combination of SiMn slag and GGBFS, with GGBFS accounting for 20% by weight, replacing cement at 50% and 70%. The purpose of incorporating GGBFS was to evaluate the synergistic contribution of this well-known slag material to the physical properties of the ternary cementitious binders. Adjustments were made for the moisture content of the sand based on its available moisture content and water absorption capacity observed during mortar preparation.
A fixed water-to-binder ratio (w/b) of 0.35 was maintained throughout the study to achieve a high level of compressive strength after the 28-day curing period. Additionally, a superplasticizer was added at 1% of the binder weight to ensure consistent workability. The w/b ratio and the dosage of superplasticizer were determined based on observations from several trials conducted on cementitious pastes prepared using similar mix proportions to those of the mortars, with the aim of maintaining a minimum flow table diameter of 200 mm [11].

[bookmark: _Hlk198118352]Table 3. Quantities of material used in each type of mortar mixtures (for 5.5 Liters batch).
	[bookmark: _Hlk198118373]ID of Mortar type
	Cement % replaced
	Material requirement (g)

	
	
	Cement
	SiMn slag
	GGBFS
	Sand
	Water
	Admixture

	Control – (C)
	0
	3050
	-
	-
	9150
	1067.5
	30.5

	Binary-2 (B2)
	50
	1525
	1525
	-
	
	
	

	Binary-3 (B3)
	70
	915
	2135
	-
	
	
	

	Binary-4 (B4)
	90
	305
	2745
	-
	
	
	

	Ternary -2 (T2)
	50
	1525
	915
	610
	
	
	

	Ternary -3 (T3)
	70
	915
	1525
	610
	
	
	



[bookmark: _Hlk198118388]Specimens were labelled according to the type of mortar (control-C, binary-B, or ternary-T) and the percentage of cement replacement (ranging from 50% to 90%). For example, the designation "T3" represents a ternary binder, replacing 70% of the cement with a combination of 50% SiMn slag and 20% GGBFS. The specific mixture proportions are detailed in Table 3.

[bookmark: _Hlk198118436]Sample preparation. 

A Hobart-A200 mixer with a bowl volume of 20 litres, operating at two speed settings 107 rpm at slow speed and 360 rpm at high speed was used for mixing as described below.
Firstly, the required amounts of dry SCMs and cement were mixed for two minutes at slow speed to obtain a homogeneous mixture, except in the control. The ASTM C305-6, Standard Practice for Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic Consistency, was followed for the mixing and preparation of specimens. Next, the appropriate amount of superplasticizer was added to the water and stirred thoroughly before being added to the mixing bowl. The water was then added to the cementitious mixture and mixed at slow speed for 30 seconds. During mixing, the sand was slowly introduced over the next 30 seconds. The mixture was then mixed at high speed for 30 seconds. The mixer was stopped, and the mortar was allowed to stand for 90 seconds, as described in the standard. Finally, mixing continued for another 60 seconds. This procedure was followed for all mixtures to ensure a homogeneous mixture to the maximum extent.
[bookmark: _Hlk198118631]Fresh mortars were poured into oiled three-gang cube moulds measuring 50 mm x 50 mm x 50 mm in two lifts, following the procedure described in ASTM C 109/C 109M – 08, section 10, for compressive strength measurements as shown in Fig.3(a). The top surface of the mortar cubes was levelled, and the specimens were placed under ambient conditions, covered with a polyethylene film to prevent moisture loss until demolding. Similarly, 50 mm x 50 mm x 285 mm steel moulds were used for preparing drying shrinkage specimens, as shown in Fig. 3(b) below.

a)
b)










[bookmark: _Hlk198118718]Fig. 3. Sample prepared for (a) compressive strength test and (b) drying shrinkage.

[bookmark: _Hlk198118756]The final setting times of each mortar type were determined based on triplicate specimens prepared following the guidelines in ASTM C191-21, standard test methods for Time of Setting of Hydraulic Cement by Vicat Needle. The average values obtained for the different mortars were considered as the time to collect the first reading in the series for the autogenous shrinkage measurements.
The same mixtures of mortar were prepared for autogenous shrinkage measurements. The time when water was added to the mixture in all instances was recorded. Approximately 500 g of fresh mortar was then carefully filled into sealed, flexible, and corrugated plastic molds with a diameter of 29 ± 0.5 mm and a length of 420 ± 5 mm, as prescribed in ASTM C1698-09 standards, while applying vibration. After the filling was completed, the tube was immediately plugged with an end plug while still in the vertical support tube used to hold the corrugated mold during fabrication. The tubes were then cleaned, properly sealed as shown in Fig.5(b), and transferred to the moisture-regulated cabin by placing them in the provided corrugated sheet. Three specimens were prepared for all the test methods wherever applicable, and the average value is reported unless otherwise specified.


[bookmark: _Hlk198118796]Curing and testing of specimens.

Compressive strength test.
[bookmark: _Hlk198118838][bookmark: _Hlk198118949]After 24 hours of initial curing under ambient room conditions, as prescribed above, the molds were carefully removed, and the specimens were then fully submerged in a water bath to maintain 100% relative humidity [6]. The specimens were subsequently placed in a curing cabinet at a constant temperature of 23 ± 2 °C until they were ready for further testing.
The average compressive strength was calculated from the results of at least three samples, tested at intervals of 3, 7, 28, 90, and 365 days. The tests were conducted using an automatic compressive strength machine (UCS test machine, Toni Technik, 300 kN), with a loading rate of 0.5 MPa/s, following the NS-EN 12390-3:2019 standard.

[bookmark: _Hlk198119147]Drying Shrinkage test.
[bookmark: _Hlk198119094]ASTM C 596-07, Standard Test Method for Drying Shrinkage of Mortar Containing Hydraulic Cement, was followed for sample preparation and measurement of length change. The specimens were cast according to the experimental mix design described in section under ¨sample preparation¨ above. All specimens, except for B4, were demolded after 24 ± 0.5 hours and cured in lime-saturated water for an additional 48 ± 0.5 hours before the first length measurement were taken. The B4 specimens were kept in the molds for a further 24 hours and then cured in lime-saturated water for 24 ± 0.5 hours, as their strength development is slower.
At the age of 72 ± 0.5 hours, the specimens were removed from the water, wiped with a damp cloth, and the first reading was immediately taken using a vertical mounting length comparator. The specimens were then placed on a shelf that allowed for proper air circulation on all sides, within a closed room in the laboratory. The specimens were exposed to room conditions (average temperature 23 ± 2 °C and an average relative humidity of 33 ± 10%) for the entire duration of the test. The results reported are the averages of three specimens, with a measuring accuracy of ± 10 µm/m. The formula for calculating the drying shrinkage rate is as follows.



Drying shrinkage = [(Lo - Lt) / Le] x 100%    					-(1)
 -strain
	  
Where,

Lo– Initial comparator reading take after removal 
		from water storage, (mm)
Lt– comparator reading at time t, (mm )
Le– effective gauge length, 
		excluding the probs (mm)
 


















[bookmark: _Hlk198119233]Fig. 4. Drying shrinkage measurement.

[bookmark: _Hlk198119368]Final Setting Time.
The final setting time of each cementitious mixture was determined following ASTM C191, Test Methods for Time of Setting of Hydraulic Cement by Vicat Needle as shown in Fig.5(a) by preparing pastes. The results are reported as the average time from three separately mixed samples for all cases. The final setting was considered as the first instance when the final setting time needle could not penetrate the paste, leaving only an impression of the outer ring. The measurements were conducted in a temperature-stable room, and the specimens were kept in a temperature-controlled cabinet at a temperature of 23 ± 2 °C during the test.

Autogenous Shrinkage test.

The tests were conducted following the guidelines outlined in ASTM C 1698-09 standards. The length of the test specimens was measured manually, starting from the final setting time. Subsequent observations were made at 1, 3, 7, 14, 28, 90 days, and thereafter at regular intervals of once a month, up to 365 days after mixing with water. A horizontal dilatometer bench, equipped with all necessary accessories, was used, along with a digital displacement transducer mounted to the bench, which had a resolution of 0.001 mm. A reference bar made of Invar, with a length of 425 ± 0.5 mm and a diameter of 20 ± 1.0 mm, tapering to 10 ± 1.0 mm at both ends, was used for calibration purposes during the measurements as shown in Fig.5(b). The specimens were stored in a moisture cabinet with a temperature range of 23 ± 2 °C throughout the entire test. At the end of 30, 90, and 365 days, the final mass of the specimens was also recorded. Special care was taken when handling the specimens during measurements and storage to avoid applying any elongation along the samples. Observations were consistently made with reference to the same position, indicated by an arrow mark painted on the sample.

	Length of specimen at time t, L(t)  = Lref + R(t) – 2Lplug							-(2)

	Where, 	Lref – length of reference bar 425mm
				R(t) – length gauge reading with specimen in dilatometer at time, t
				Lplug – average length of end plugs, 19mm

	Autogenous shrinkage rate = [(Rt – Rtfs) / Ltfs] x 100 µm/m 						-(3)

	Where, 	Rt	 –	 length gauge reading with specimen at time t (mm)
		 		Rtfs – length gauge reading with specimen at time of final setting when 
						1st length measurement, (mm)
				Ltfs – specimen length at final setting time calculated based on equation 							(2), (mm)
a)
b)





















[bookmark: _Hlk198119840]Fig. 5.  (a) Final setting time measurement with vicut apparatus and (b) autogenous shrinkage measurement.
[bookmark: _Hlk198119969]Microstructural and Mineralogical Analyses.

[bookmark: _Hlk198120008]Cementitious paste specimens were separately cast, prepared based on similar mix proportions, and cured and treated under the same environmental conditions as the compressive strength test specimens. These specimens were utilised for this purpose to investigate the effects of pure cementitious materials on hydration reactions, without interference from aggregates and their compositions. The second objective was to conduct these investigations at precise time intervals without the use of any hydration-stopping methods.
Microstructural analysis was conducted using a scanning electron microscope (SEM) (Zeiss Supra 35VP field emission gun scanning electron microscope), coupled with an EDS detector (EDAX Octane Elite 25). Representative samples were collected from the inner core area of the specimens after 7, 28, and 90 days for SEM analysis. The selected specimens were coated with palladium via sputtering to eliminate charging effects.
Subsequently, the samples were crushed and ground into a powder form for X-ray diffraction (XRD) analysis, which was performed using a Bruker-AXS Micro-diffractometer D8 ADVANCE, equipped with CuKα X-ray radiation (wavelength of 1.5418 Å), and set to 40.0 kV and 25.0 mA [12]. The measurement range used was 2θ angle ranging from 3°- 70°.


Isothermal Calorimetry.

An isothermal calorimeter study was conducted on all the mix proportions to assess the influence of supplementary cementitious materials (SCMs) on the cement hydration process. The tests were performed at 23°C. This test was used to investigate the alterations in the exothermic heat reaction that occur in the normal cement hydration process when cement is replaced with SCMs, particularly at early ages. These changes can affect the internal thermal development, which in turn may influence the autogenous shrinkage [8].

For the test, 6.5 g of paste samples, prepared according to the mix proportions detailed in Table 3, were placed in plastic ampoules and sealed with lids. The ampoules were then immediately transferred into an eight-channel isothermal conduction calorimeter (TAM Air, Thermometric AB). A reference ampoule, containing dry sand equivalent to the total heat capacity of 6.5 g of the binder pastes, was placed in the corresponding channel. The test was conducted over a period of 5 days.

[bookmark: _Hlk198125107]Results and discussion 
Compressive strength development
[bookmark: _Hlk198125142]The development of the average compressive strength over time for each type of mortar specimen, prepared according to section 3.1, is shown in Fig. 06. All specimens exhibited an increasing trend in compressive strength development over time following the cement replaced levels.
a)
b)






























[bookmark: _Hlk198125196]Fig. 6. Average compressive strength of mortars (a) up to 365 days (b) up to 7 days.

In general, all composite mortars displayed poorer strength development at the initial stage, particularly at 3 days, compared to the control. Even up to 56 days, they exhibited lower strength development, with the extent of reduction following the levels of cement replacement. However, at 90 days and beyond, the B2 and T2 mortar systems achieved strengths comparable to the control. In contrast, the ternary binders, T2 and T3, showed slightly elevated initial compressive strength gain compared to the corresponding binary blends during the early stages. This may be attributed to the chemical composition of GGBFS, which has a notably higher sulphur content compared to SiMn slag, as well as elevated levels of SiO₂ and Al₂O₃, contributing to its effectiveness in this role. This was verified further by the IC test results due to their elevated cumulative heat hydration than the respective binary as shown in Fig. 11(b). The B4 specimens, with the lowest cement content, displayed relatively poor strength development throughout the investigation period.
[bookmark: _Hlk198125224][bookmark: _Hlk198125946]However, this trend was reversed at later stages, beyond 28 days, as the binary mixtures continued to gain compressive strength over the curing period, eventually surpassing both the control and the ternary systems. The increase in compressive strength observed in mortars incorporating SiMn slag and GGBFS is attributed to the pozzolanic reaction, where the reactive silica present in the SCMs reacts with portlandite in the system to form additional secondary hydration products. These reactions lead to a denser microstructure and contribute significantly to long-term strength development as reported by other investigations conducted in similar area of study [13] and verified in sections 3.5-3.7.

[bookmark: _Hlk198125986]Final setting time
The final setting times, determined using the Vicat needle apparatus for each of the different pastes, are presented in Table 4. The average values obtained from three independently mixed and tested samples were rounded to the nearest 5 minutes. It is evident that increasing the level of cement replacement led to a progressive extension of the final setting time across all mortar types investigated.

Table 4. Average final setting time of different mixtures.

	[bookmark: _Hlk198126077]ID of Mortar type
	Average final
setting time  (hrs.)
	Standard 
deviation (min)

	C
	07:25

	8.50

	B2
	11:15

	6.25

	B3
	14:45

	4.75

	B4
	20:50

	14.5

	T2
	10:50

	1.25

	T3
	14:35

	13.10



[bookmark: _Hlk198126099]In particular, B4 exhibited a significantly prolonged setting time, corresponding to a 90% replacement of cement. This indicates the limited contribution of slag materials to early hydration, attributable to their lower reactivity and the reduced proportion of cement in the binder system. The ternary mortars exhibited slightly shorter setting times compared to their corresponding binary mixtures. This may be attributed to the relatively higher reactivity of GGBFS compared to SiMn slag, as corroborated by the IC test results.
Autogenous shrinkage of test specimens
[bookmark: _Hlk198126455][bookmark: _Hlk198126194]Fig. 7 and 8 present the measured autogenous shrinkage deformations as a function of time up to 30 days for the binary and ternary mortars, respectively, with a focus on the early age behaviour up to 28 days. The control mixture exhibited the highest autogenous shrinkage among all mortars investigated approximate to a value of 320 µm/m at 28 days, with a stabilising trend of autogenous shrinkage thereafter. This observation quite agreed with reserch findings in similar works. [3, 6]
[bookmark: _Hlk198126528][bookmark: _Hlk198126329]As shown in Fig. 7, all binary composite mortars displayed lower autogenous shrinkage values compared to the control. The reduction in autogenous shrinkage was generally proportional to the reduction in cement content in each mix. However, a gradual and continuous increase in shrinkage was still observed in these binary mortars over time, particularly beyond 3 days, though at a much lower rate.
[bookmark: _Hlk198126547]A similar trend was observed in the ternary mortars in terms of autogenous shrinkage development. Shrinkage strain values are clearly lower than the control but higher than those of the binary mixes, as shown in Fig. 8. This behaviour can be attributed to the higher reactivity of GGBFS due to its chemical composition and also the fineness as shown in Table 1 and 2 compared to SiMn slag and therefore comparatively higher heat release during hydration. This was clearly verified by the IC test results which shows slightly elevated cumulative heat in ternaries compared to binaries as discussed in section 3.5 below. Therefore, the drop of the internal humidity and pore structure refinement (ultimately increasing capillary tension within the pore network) are more pronounced in the ternary mortars than in the binaries, resulting in greater autogenous shrinkage.
[bookmark: _Hlk198126572][bookmark: _Hlk198126653][bookmark: _Hlk198126712]Some fluctuations were observed likely, due to changes in hydration kinetics caused by the introduction of investigated SCMs, which alter the hydration behaviour compared to the control [6]. In contrast to the binary mixes, T3 exhibited a higher autogenous shrinkage development than T2, despite having similar cement contents. This may be due to increased pore structure refinement driven by either latent hydraulic or pozzolanic reactions, particularly in T3, which contains a higher proportion of SiMn slag. As SiMn slag is less reactive, it contributes less to stiffness development, potentially explaining the elevated autogenous shrinkage in ternary mortars with higher cement replacement levels. Similar trends have been reported by other researchers using blast furnace slag [14], although the magnitudes differ due to variations in experimental procedures.
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[bookmark: _Hlk198126753]Fig. 7. Autogenous shrinkage of binary mortar systems with SiMn slag only.
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[bookmark: _Hlk198126794]Fig. 8. Autogenous shrinkage of ternary mortar systems with SiMn slag and GGBFS.

[bookmark: _Hlk198126820]In general, SiMn slag exhibits lower reactivity compared to OPC and even GGBFS, as further verified by the additional isothermal calorimetry (IC) tests series conducted on the raw materials at the same water-to-binder ratio other than binders as discussed in discussed in Section ¨Curing and testing of specimens¨.  Hence, at early ages, SiMn slag may reduce the early heat of hydration considerably, which in turn leads to a reduction in initial autogenous shrinkage. The lower heat release also slows the reduction of internal relative humidity a key driving factor of autogenous shrinkage in mortar systems.
[bookmark: _Hlk198126878]Additionally, the development of stiffness in the paste is significantly higher in the control mix and tends to decrease with increasing cement replacement levels [6]. This is attributed to the reduced hydration resulting from the lower cement content, and the extended setting time caused by the inclusion of SCMs with lower reactivity. This mechanism may explain the continued increase in autogenous shrinkage observed in all composite binders compared to the control.



Drying Shrinkage of Test Specimens

[bookmark: _Hlk198127022]The drying shrinkage of all specimens, including the control, was monitored over a period of one year. The results up to 90 days and 365 days are presented in Fig. 9 and Fig. 10, respectively, to better illustrate the long-term effects. The initial expansion observed in all specimens is attributed swelling effect due to immersion in saturated lime water, as per the standard code of practice. Following this, a rapid drying shrinkage was evident up to 28 days similar to other researchers’ findings [15] due to self-desiccation followed by moisture loss. Over the time, the effects of pore structure refinement and the increase expulsion of internal moisture due to the internal-external humidity gradient become dominant.
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b)












[bookmark: _Hlk198127461]Fig. 9. Drying shrinkage of (a) binary mortars and (b) ternary mortars at 90days.

a)
b)












[bookmark: _Hlk198127493]Fig. 10. Drying shrinkage of (a) binary mortars and (b) ternary mortars at 365 days.
[bookmark: _Hlk198127534]Overall, all mortars investigated with partially replaced cement by SCMs, exhibited higher drying shrinkage strains throughout the study period, beginning from the initial stages of the experiment. A rapid increase in drying shrinkage was observed up to approximately 28 days, followed by a slower rate of change thereafter. Both early-age and long-term drying shrinkage behaviours of the control mortar were significantly altered by the inclusion of SCMs. Although no consistent trend was observed across all mixes, it is generally evident that increasing the SCM content results in increase drying shrinkage. The results indicate that the type of SCM influences the drying shrinkage of mortar systems, likely due to differences in chemical composition and the way these materials participate in hydration kinetics and pore structure refinement sequence.
The densification of the microstructures in the studied cement systems, where cement was partially replaced with two types of slags, is attributed to the activation of latent hydraulic properties and pozzolanic reactions. As pore refinement progresses over time, the microstructure becomes increasingly compact, thereby enhancing stiffness and tensile capacity. Consequently, drying shrinkage may be expected to decrease at later stages. However, some fluctuations were observed, which could be attributed to the non-linear nature of pore refinement associated with the two slag materials unlike the control and to minor experimental errors that are unlikely to significantly affect the overall evaluation.


[bookmark: _Hlk198127551]Isothermal Calorimetry
Hydration heat evolution immediately after water was added to each of the studied composite mortars was evaluated using an isothermal conduction calorimeter, as shown in Fig. 11. The results are presented in terms of the normalized heat evolution over the first 48 hours. The reactivity of the binders can be assessed by analysing the characteristics of these normalized hydration heat evolution curves [16].
a)
b)













[bookmark: _Hlk198127650]Fig. 11. IC study on cementitious mixtures (a) Normalized heat flow and (b) Cumulative heat.

[bookmark: _Hlk198127684]Once the samples were introduced into the isothermal calorimeter (IC), they underwent a pre-induction stage, followed by the induction stage, before entering the acceleration stage, which involved an exothermic reaction. The peak then occurred, and the deceleration period has begun, similar to the control [17].
[bookmark: _Hlk198127742]	The cumulative heat evolution, calculated under each curve, indicated that the heat evolution during the reaction periods followed a decreasing order: C, T2, B2, T3, B3, and B4. This correlates with the strength characteristics of the specimens in the same order and provides insight into the rate of the hydration process as the percentage of replacement with SCMs increased. The control (C) sample exhibited the highest heat generation compared to the binary and ternary mixes, suggesting a greater degree of early hydration. This resulted in increased self-desiccation and, consequently, higher autogenous shrinkage, with the control mix showing the highest measured shrinkage of approximately 320 µm/m after 7 days. These findings elucidate how the heat of hydration varied with different levels of cement replacement, leading to changes in autogenous shrinkage, as well as in compressive strength development.


[bookmark: _Hlk198127769]XRD Analysis
The XRD patterns of the control and all other SCM-based cement systems were evaluated at different curing ages, similar to compressive strength and shrinkage measurement observation intervals. For comparison purposes, those obtained at early age (3 days) and at a later stage (90 days) are presented in Fig. 12. It can be observed that unreacted phases, originating from both OPC and slags, are present in all cases, even at 90 days but with reduced intensities of their respective peaks. This can be attributed to the continued hydration process with longer duration, particularly due to the lower water-to-binder ratio followed. This can be further identified with observation of unreacted, partially reacted and continuation of bond formation process with SEM-EDS observations made at same intervals.
[bookmark: _Hlk198127866][bookmark: _Hlk198127997]	particularly, when comparing the peak intensities of portlandite (CH) at 2θ values of 18° and 34.1°, a reduction is observed. This can be due to combined effect of less amount of cement present in respective composite binders and consumption of portlandite in the pozzolanic reaction triggered by the SCMs with increase duration, unlike in the control sample, where the opposite is observed. Additionally, the formation of ettringite and its transformation into other hydration phases is evident, as seen in the peak reduction at 2θ of 9.1° [18]. It is possible to observe that the higher the cement replacement, the lower the aforementioned peak intensities, as shown in Fig. 13, particularly as highlighted the peak intensities around 2θ = 34.1° for 90-day specimens.
[bookmark: _Hlk198128163]	The continuation of the pozzolanic reaction, which utilises portlandite and produces secondary C-S-H to the system, explains the refinement of the pore structure and densification of the microstructure with less crystalline secondary hydration products. This phenomenon can act in contrast to the positive effect of reducing initial heat of hydration of the studied binders. Formation of less crystalline phases instead portlandite as in controls, can increase capillary tension and reduce internal water buffering capacity due to less portlandite presence. This supports to increase both autogenous and drying shrinkages. 

a)
b)


[bookmark: _Hlk198127840]Fig. 12. XRD patterns of C, B2, T2, B4 and T4 (a) at 3 days (b) 90 days of curing.
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[bookmark: _Hlk198128066]Fig. 13. XRD patterns of CH phase at 2θ,34.1° at 90 days of curing. 

[bookmark: _Hlk198128174]SEM-EDS observations
[bookmark: _Hlk198128218]The morphology of the hydration products and microstructure development were examined using SEM-EDS to illustrate the microstructures of the binary and ternary binders, and to compare them with the control across all time intervals, as detailed in the XRD investigations starting from 3 days onwards. However, a qualitative overview of the BSE images, at similar magnification for selected samples at different curing periods conducted and are presented in Fig. 14 for explanatory purposes.
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[bookmark: _Hlk198128340]Fig. 14. BSE microstructures images of C, B2 & B4 at 2k magnification (a) at 7-days) and (b) at 90-days.
It was clearly observed that higher levels of cement replacement led to lesser microstructural densification, and in lined with lowered strength development observed. This is demonstrated in Fig. 14(a) at 7- days for the C, B2, and B4 specimens. Fig. 14(b) presents the microstructures of the similar set of samples at 90 days. 
[bookmark: _Hlk198128250]	The effect on microstructural densification which apparently leads to less pore refinement clearly visualized through these observations. These outcomes validate the certain relationships observed in the XRD results and compressive strength development with respect to microstructural densification. It explains the reason for increase of the autogenous and drying shrinkage with respect to the development of dense microstructure from a lateral perspective. 

[bookmark: _Hlk198128399]Conclusion
In this research work, the effects of high-volume cement replacement with silicon manganese (SiMn) slag and ground granulated blast furnace slag (GGBFS) on the autogenous shrinkage, drying shrinkage and mechanical properties of mortars were investigated. The influence of cement replacement levels on shrinkage properties was evaluated in conjunction with compressive strength development, microstructural characteristics, and hydration kinetics over the test period, and results were compared with a control.
All composite mortars exhibited lower initial compressive strength. However, strength development progressed gradually over time due to the secondary hydration of the supplementary cementitious materials (SCMs) used. Composite mortars with 50% cement replacement achieved compressive strengths comparable to the control which is 80-85 MPa after 90 days. Even mortars with 90% cement replacement demonstrated notable strength development of more than 35 MPa at 90 days, indicating their potential suitability for certain construction applications depending on the required strength grade.
The examined binary composite mortars showed significantly reduced level of autogenous shrinkage compared to the control which is slightly below 320 µm/m particularly at early ages, followed by an increasing with fluctuations over time. This trend highlights the importance of studying autogenous shrinkage over extended curing periods, and an investigation period of at least 28 days is recommended for these cementitious systems. The observed reduction in early-age autogenous shrinkage can be attributed to the lower heat of hydration associated with increased SCM content, which is beneficial in reducing the risk of early-age cracking in the paste.
Drying shrinkage of composite mortars showed an opposite trend to that of autogenous shrinkage. From the initial stage itself the drying shrinkage observed to be higher than control and continued the same trend even after one year. The observed drying shrinkage of composite mortars within a range of 900-1000 µm/m at 90 days and susceptible to increase approximately 1200 µm/m after one year.
Microstructural analysis justified the refinement of the pore structure due to densification from the formation of secondary hydration products. XRD results revealed the reduction of crystalline portlandite phases both due to cement replacement and consumption in secondary hydration as verified by strength development over the examined period. Further, the generation of amorphous CSH in the cementitious systems which proportionate to presence amount of cement which altered the well understood hydration kinetics and shrinkage mechanisms also explained. The microstructural densification likely resulted in the development of finer capillary pores and a reduced pore network, which in turn could contribute to continue the autogenous shrinkage over time. Therefore, further investigation into the mechanisms of autogenous shrinkage in studied composite binders are necessary, particularly through detailed studies on the evolution of pore size distribution and capillary network characteristics in these high SCM content systems, especially with extended curing durations. 
Additionally, it can be understood that these systems consume less amount of mixing water, relying more on pozzolanic reactions than on cement hydration, which makes them more susceptible to water loss and elevated early-age drying shrinkage until sufficient matrix stiffness develops to resist capillary tension.
In low water-to-binder ratio mortars containing high levels of SiMn slag and GGBFS, autogenous shrinkage initially decreased but tended to increase with time, while drying shrinkage consistently increased with elevated level than control. This reflects an inverse relationship between the two mechanisms, suggesting the need for a balanced approach in mix design to mitigate adverse effects of both types effectively to produce low carbon composite binders with desirable properties like improved strength and durability.
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