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Abstract:  9 

Layered double hydroxide (LDH) is reported to improve the durability of concretes, primarily due 10 

to its ability to exchange anionic species, including chloride, which is implicated in corrosion-11 

driven durability issues. However, there is no comprehensive study investigating the effect of LDH 12 

on the properties of different cement systems at both early and mature ages. In this study, the early 13 

age and mature age properties of Portland cement (OPC) and calcium sulfoaluminate (CSA) 14 

cement pastes seeded with submicron-sized calcium aluminum-NO3 LDH (CaAl-NO3 LDH) were 15 

investigated. The effects of the 1- 5 %mass dosage of LDH on the hydration of both cement systems 16 

were characterized by rheology, isothermal calorimetry, porosimetry, compressive strength tests, 17 

thermogravimetric analysis, and x-ray diffraction. Time-dependent rheology results indicate that 18 

CaAl-NO3 LDH seeding enhanced the buildability of cement pastes, as evidenced by increased 19 

plasticity loss, hardening, and yield stress. While LDH seeding accelerated hydration kinetics for 20 

both CSA and OPC pastes, interestingly, the OPC exhibited reduced heat release, suggesting 21 

potential applications of LDH as heat sink in various areas, including building in hot climates, 22 

reducing heat and crack-propensity in mass concrete placements, and 3D-printed OPC-based 23 

concretes. Although LDH slightly decreased compressive strengths at both 1d and 28d, its primary 24 

role was to expedite the hydration process without enhancing the microstructure or strength of the 25 

final product. 26 

 27 

Keywords: Calcium sulfoaluminate cement; Layered double hydroxide; Chemical admixtures; 28 

Rheology; AFm phase; Portland cement. 29 

1. Introduction 30 

Layered double hydroxides (LDHs) are 2D materials, also known as ionic solids with 31 

exchangeable anionic layers sandwiched by a brucite-like double-layer structure [1–3]. A portion 32 

of the divalent cations in the structure are coordinated with oxygens to form the octahedra 33 

structure, and when their edges are shared, they create thin 2D infinite layers. A positive charge is 34 

produced on the layers when trivalent cations are partially and isomorphously substituted for 35 

divalent ones. The positively charged 2D layers are separated by the charge-balancing anions, and 36 

any remaining space in the interlayer area may be taken up by hydrogen-bonded water molecules. 37 

A general formula of LDHs is [M2+
1-xM

3+
x(OH)2]

x+(An–)x/n⋅mH2O, where the exchangeable anions 38 

are represented by An–
 (e.g., NO3

-, Cl-, CO3
2-), and x is the molar ratio of M3+ / (M3+ + M2+) [M2+ 39 

= Ca2+, Mg2+, Zn2+ etc., and M3+= Al3+, Fe3+, Cr3+ etc.] [4,5].  40 
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 41 

In recent years, multifunctional LDH materials have gained increasing interest in many 42 

applications. The weak electrostatic force between anions in the interlayer and the cationic layers 43 

makes it easy to exchange the interlayer anions wherein the ability of the anions to replace each 44 

other follow the sequence of (CO3
2− > SO4

2− > OH− > NO3
- ) [6]. Due to its ion-exchange capability, 45 

high tunability, and easy methods for synthesis, LDH have been adapted for many significant 46 

applications, including catalysis [7,8], ion-exchange [9], adsorption [10–12], pharmaceutics 47 

[13,14], biochemistry [15], genetic engineering [16], electrochemistry [17–19], corrosion 48 

protection [20–22], polymer materials [23–25], cement and concrete systems [26–32], etc. 49 

Furthermore, the synthesis of LDHs is inexpensive and straightforward in both laboratory and 50 

industrial scales, positioning LDH-based materials as eco-friendly and cost-effective 51 

multifunctional material [33–35]. In the realm of cement and construction materials, the addition 52 

of LDH stands out for their cost-effectiveness and eco-friendliness, as their addition enhances the 53 

durability and performance of cementitious matrices. Also, it may potentially reduce the need for 54 

less benign synthetic additives, and promote the utilization of industrial by-products [36]. 55 

 56 

Among many other types of LDHs, CaAl-NO3 LDH has some critical benefits. Firstly, as from the 57 

sequence above, the NO3
- can easily be exchanged by anionic polymer (e.g., PCE), and some of 58 

the harmful anions (e.g., Cl-, CO3
2-), thereby facilitating the removal of deleterious ions such as 59 

Cl-, CO3
2- and release of nitrate into the pore solution which can make the cement hydration 60 

process smoother and protect steel reinforcement from corrosion in the concrete system [22]. 61 

Secondly, unlike some non-native nano and submicron particles (e.g., titania, clay, copper, carbon-62 

based materials, etc.) [37] that are frequently used to enhance the hydration and properties of 63 

cement-based materials, LDHs (popularly known as AFm phases in cement community) [38–43] 64 

are native to cement system which helps with the additive stability and compatibility in the cement 65 

systems. Hence, the CaAl-NO3 LDH variant was the main focus of the present study to understand 66 

its seeding effects on the early age and mature age properties of both CSA cements and Portland 67 

cement (OPC). 68 

 69 

OPC dominates global cement usage, but enhancing its workability remains crucial for specific 70 

applications like 3D printing and oil-well cementing. As cement production contributes ~ 8% of 71 

global CO2 emission, there is a rising interest in sustainable alternatives like CSA cement, which 72 

closely competes with OPC in performance and research attention. Inclusion of LDH in the OPC 73 

and CSA cement systems is not new, but the published studies are limited to certain aspects. There 74 

are scarce studies which thoroughly investigated the effect of LDH (e.g., CaAl-NO3 LDH) in both 75 

OPC and CSA cement systems. Investigating the impact of LDH in both OPC and CSA cement 76 

systems holds critical importance, as OPC is the most widely utilized cement, and CSA is emerging 77 

as a highly promising alternative, offering a more sustainable solution. Understanding their 78 

individual interactions with LDH is crucial for optimizing their respective performances and 79 

advancing sustainable construction practices [6,44–48].  80 

In cement systems, most of the available studies are limited to the effectiveness of LDHs in 81 

corrosion protection [20–22], improvement of mechanical strength [49–51,51], and controlled 82 

admixture release [26,28,32,52,53]. Further investigation into the impact of LDH addition on 83 
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cement paste hydration, time-dependent workability, and microstructural-to-bulk properties 84 

development is still crucial. This study provides some of the critical aspects and findings on the 85 

incorporation of LDH in the above two types of cement pastes (OPC and CSA cement), providing 86 

insights on the  effectiveness of LDH in cement systems in 1) the presence of different chemical 87 

admixtures; and effects of LDH on the 2) time-dependent static and dynamic rheological behavior, 88 

3) the heat evolution characteristics, 4) thermogravimetric changes, 5) time-dependent evolution 89 

of the hydrated phases, 6) porosity and pore structures, and 7) compressive strength development. 90 

2. Experimental 91 

2.1 Materials 92 

2.1.1 Synthesis of CaAl-NO3 LDH 93 

The CaAl-NO3 LDH was successfully synthesized by a pH-controlled coprecipitation technique 94 

following the published methods [28,54,55]. Analytical grade 66.122 g Ca(NO3)2.4H2O (calcium 95 

nitrate tetrahydrate, ACROS organics, purity of 98%) and 45.01 g Al(NO3)3.9H2O (aluminum 96 

nitrate nanohydrate, Alfa Aesar, purity of 98%) were mixed together at solid state. 320 ml 97 

deionized water (resistivity of 18.2 MΩ) was added to the mixed solids maintaining an overall 98 

liquid/solid ≈ 2. This solution was then poured dropwise into another mixed solids of 24 g NaOH 99 

(sodium hydroxide, Fisher chemical) and 34 g NaNO3 (sodium nitrate, Alfa Aesar, purity of 99%) 100 

with stirring. The final pH of the solution was 9.1. The mixture was heated under insulation at 65 101 
oC for 16 h maintaining a vigorous stirring at 800 rpm. The mixture was then filtered and 102 

thoroughly washed several times with decarbonated water and acetone. Finally, the LDH material 103 

was dried under vacuum (-27 inHg) for ~ 30 h.  104 

 105 

The particle size distribution of the LDH sample was measured by a dynamic light scattering 106 

(DLS) instrument (Anton Paar Litesizer 500) as shown in Fig. 1(a), and the average particle size 107 

from three runs was in the submicron range (< 1 μm) with a median size (D50) of 0.39 μm.  The 108 

X-ray diffraction (XRD) profile of the LDH acquired with a PANalytical X’Pert Pro diffractometer 109 

utilizing a 2θ configuration and CuKα (λ = 1.540 Å) radiation is presented in Fig. 1(c). The 110 

morphology of the synthesized LDH surfaces was examined using a Hitachi S4700 scanning 111 

electron microscope (SEM) as shown in Fig. 1 (b). 112 

2.1.2 Cement samples and admixtures 113 

A commercial grade OPC (Type I/II) and CSA cement was received from Continental Cement Co. 114 

USA, and Buzzi Unicem USA, respectively. The elemental oxide composition of the cement 115 

samples was analyzed with Rigaku Supermini 200 wavelength dispersive X-ray fluorescence and 116 

presented in Table 1. The XRD profiles of the OPC and CSA cement samples are shown in Fig. 117 

2. The quantitative x-ray powder diffraction (QXRD)-based phase analysis indicates the CSA 118 

cement contains 41% ye’elimite, 29.2% belite, 27 % anhydrite, and 2.8% aluminate. The QXRD 119 

of OPC shows 70.2% alite, 22.5 % belite, 5.6% gypsum, 1.4% aluminate, 0.1% ferrite, and 0.2% 120 

periclase. Rietveld refinement method was utilized for QXRD analysis, with corundum as an 121 

internal standard at 10 wt% [56,57]. The QXRD results were obtained with Rwp of < 5%. The 122 

particle size of the CSA cement and OPC measured with the DLS technique were 2.21 μm and 3.4 123 

μm, respectively. 124 

 125 
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A fixed dosage of  reagent-grade citric acid (CA) monohydrate (C6H8O7·H2O, ACROS organics, 126 

purity of 99.5%) was used as a retarder for the CSA cement (CSAC) pastes, while a fixed dosage 127 

of Adva Cast 600 (GCP Applied Technologies, USA), a polycarboxylate ether (PCE)-based 128 

polymer dispersant compliant with ASTM C1017 Type I standards was utilized to enhance 129 

dispersion of particles in both the OPC and CSAC systems. It is often thought that competitive 130 

adsorption of PCE and citric acid, and the nature of the CSA cement systems, will make PCE 131 

ineffective when employed together with smaller citric molecule in CSA pastes[58]. To clarify 132 

these assumptions, some the CSA systems were studied with only citric acid admixture with no 133 

PCE in the formulation for comparison. 134 

 
(a) 

  
(b) (c) 

Fig. 1. (a) Average intensity weighted size distribution, (b) SEM image, and (c) XRD pattern 

of the of submicron CaAl-NO3 LDH Particles. 
 135 

 136 

Table 1. Elemental composition of cement samples (%mass). 

Species Na2O MgO CaO Al2O3 SiO2 P2O5 SO3 K2O TiO2 MnO Fe2O3 LOI 

CSAC 0.29 0.74 48.60 20.44 13.31 0.38 10.01 0.61 0.56 0.10 3.22 1.65 

5 μm
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OPC 0.10 2.07 64.40 3.55 19.28 0.01 1.18 0.9 0.34 0.75 3.9 3.35 

 137 

 
Fig. 2. XRD pattern of CSA cement (CSAC) and OPC. 

 138 

2.2 Mixing protocol 139 

For the rheology study, the mix designs for CSAC and OPC pastes were prepared with 1 – 5 %mass 140 

of dry cement dosages of LDH at a constant water/cement (w/c, mass fraction) of 0.5. The 1-5 %mass 141 

LDH was selected in this study to examine its broader impact on OPC and CSA cement systems, 142 

aiming to find an optimal balance that enhances properties without detrimental effects [6,59]. Two 143 

different types of CSA cement pastes were prepared for the rheology study: i) with PCE, and ii) 144 

without PCE. This was done to investigate the influence of PCE in these CSA cement systems. A 145 

set retarder was always used in both CSA mix designs. A dosage of 0.1%mass of cement PCE and 2 146 

%mass of cement citric acid (CA) was used in this study, which was the optimum dosage in one of the  147 

previous studies [60]. The OPC pastes contained 0.1%mass of cement PCE. The ratio of the admixtures 148 

in the mixture was maintained constant (on the basis of the cement mass only) in the pastes, 149 

whereas the dosage of the LDH was varied. The cement pastes were prepared using grade II 150 

deionized water. In the pastes, the total amount of the water employed was accounted including 151 

the water present in chemical admixtures. The mix proportions of different pastes are listed in 152 

Table 2. In case of the pastes without PCE, no PCE was used in the mix design. 153 

 154 

Table 2. Mix proportions of cement pastes (%mass). 

Cement DI water C6H8O7·H2O (CA.H2O)* PCE (solid polymer basis) LDH (1-5%) 
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10 4.98 0.22 0.01 0.1 

10 4.98 0.22 0.01 0.2 

10 4.98 0.22 0.01 0.3 

10 4.98 0.22 0.01 0.4 

10 4.98 0.22 0.01 0.5 

*The citrate contributes 0.02g of water, making the net water content of 5g per 10g of cement. 155 

 156 

For better dispersion of LDH in the cement pastes, the design proportion of LDH, PCE (without 157 

PCE for some of the CSA pastes), and water were mixed and sonicated for five minutes in a 30W 158 

Branson 200 ultrasonic cleaner with an output frequency of 46 KHz. In CSA systems, the desired 159 

blend ratios of the other solid components (CSA cement and citric acid powder) were initially 160 

homogenized manually before blending with the sonicated mixtures. In preparation for OPC 161 

pastes, the sonicated sample was mixed to the OPC cement. For each static rheology study, 10 g 162 

of cement was employed. Always, a 250 mL plastic container was used for preparing the pastes 163 

utilizing a IKA RW 20 Digital four-blade overhead stirrer for one minute of homogeneous mixing 164 

at 1000 rpm. The paste was immediately placed into the rheometer for the rheology measurements. 165 

A consistent mixing procedure was followed for preparing samples for hydrate phase assemblage 166 

tracking, compressive strength test cubes, and isothermal calorimetry tests. For calorimetry tests, 167 

the liquids were then introduced to the mixed solids in a 2 ml glass vial (National C4013-1W 12 x 168 

32mm clear screw thread, Thermo Scientific), and the pastes were manually stirred for an 169 

additional minute. After that, the vial was placed into the micro reaction calorimeter for isothermal 170 

analysis. 171 

 172 

2.3 Parallel plate rheometry of cement pastes 173 

For analyzing the rheological behavior of the cement pastes, parallel plate geometries were 174 

preferred [61–65]. This study used a stress-controlled shear rheometer (DHR-2, TA Instruments) 175 

in a parallel plate configuration, utilizing 40 mm-diameter plates on both top and bottom to assess 176 

the evolving yield stress of the cement pastes over time. The top and bottom plate surfaces were 177 

crosshatched to reduce slippage and to keep a uniform distribution of cement particles near the 178 

plates [66]. Prior to each test, the inertia of the instrument, and the inertia and friction of the 179 

geometry were calibrated. For better comparison of the rheology data, the calibration results were 180 

ensured to be consistent with the previous calibration data. 181 

During the run time, a 1000 µm gap was maintained between the upper and lower plates. 182 

Throughout the experiments, a constant temperature of 25 °C was maintained using a Peltier plate 183 

attached to the bottom geometry. During the tests, the pastes were covered from drought with the 184 

aid of an environmental chamber and a small amount of deionized (DI) water was placed in a 185 

solvent trap on the top plate to maintain a consistent humidity level surrounding the pastes. The 186 

same experimental set up was applied to assess both the static and dynamic rheological behavior 187 

of the pastes. 188 

 189 

The time taken to mix and set up the paste sample on the rheometer was about five minutes from 190 

the moment the cement made contact with the liquid used for mixing (which contained LDH, 191 

water, and PCE). The pastes were sheared for 180 s with a rate of 0.01 s-1 after being pre-sheared 192 
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for 30 s at 0.1 s-1 followed by a 30 s rest. As shown in Fig. 3 (a), the static yield stress was obtained 193 

as the peak shear stress where the paste started to flow. This transition point is where the  elastic 194 

deformation changed to plastic flow, measured at a constant shear strain rate of 0.01 s-1 [60]. A 195 

reasonable estimate of the static yield stress is the peak shear stress [67,68].  Fig. 3 (c) shows a 196 

representative shear stress vs. shear rate curve, wherein the commonly used Bingham model, 197 

𝝈∗ =  𝝈𝒚 +  µ𝒑𝒍. 𝜸̇ , [where 𝝈∗ indicates the shear stress, 𝝈𝒚 is the yield stress, µ𝒑𝒍 is the plastic 198 

viscosity, and 𝜸̇ is the shear rate (0-200 s-1)], was applied on the ramp-down to extract the dynamic 199 

yield stress and plastic viscosity.  200 

 201 

Fig. 3 (b) shows the representative evolution yield stress as a function of hydration time, where 202 

slopes 𝒎𝟏 and 𝒎𝟐 of the two linear regimes represents the paste’s flowability loss rate and 203 

hardening rate, accordingly. The placement limit, 𝒕𝒑, represents the endpoint of the plastic 204 

behavior or flowability regime of the pastes and where the hardening regime starts. In practical 205 

cement work, it is to be noted that before the 𝒕𝒑, the cement mixture should have been be placed, 206 

and then the finishing completed promptly as the cement pastes loses its workability rapidly after 207 

𝒕𝒑 [69]. Additionally, the exponential growth model 𝝈𝒚𝒕 = 𝝈𝒚𝟎𝒆
𝒌𝒕 can be applied to the yield stress 208 

data to understand the overall yield stress build-up kinetics, where 𝝈𝒚𝒕  is the yield stress at time t, 209 

𝝈𝒚𝟎 is the initial yield stress first measured after mixing, and 𝒌 is the yield stress growth rate 210 

constant[60].  211 

  
(a)  (b)  
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(c)  

Fig. 3. Representative: (a) stress growth flow curve for determining the static yield stress (σy) 

was determined, (b) shear stress-shear rate flow curves showing the ramp-up and ramp-down 

between 0-200 s-1 for the determination of dynamic yield stress and plastic viscosity using the 

Bingham model on the down ramp, (b) time-dependent yield stress evolution of cement paste, 

illustrating the flowability loss rate 𝒎𝟏, placement limit 𝒕𝒑, acceleration angle 𝜽𝒑, and 

hardening rate 𝒎𝟐 workability parameters. 
 212 

2.4. Isothermal calorimetry 213 

A widely used approach for monitoring cement's hydration is isothermal calorimetry. For all the 214 

OPC and CSA cement pastes utilized for the rheology investigations, isothermal calorimetry was 215 

studied to investigate the seeding effects of the LDH on the hydration kinetics of the cement pastes. 216 

Utilizing a THT µRC single-channel isothermal micro reaction calorimeter with Peltier-based 217 

temperature control, the heat development, and the cumulative heat from the hydration of the 218 

cement systems were observed for 24 hours at a fixed temperature of 25 ± 0.001°C and at ambient 219 

pressure. In every test, 0.7 g sample of cement was used and the same mix design proportions, 220 

including w/c of 0.5 and 0.1%mass of cement PCE (plus 2%CA for CSAC pastes) were maintained for 221 

calorimetric measurement. The materials were placed within a 2.0 ml glass vial with a typical 222 

polypyridene cover before being loaded into the microcalorimeter. This research leverages the 223 

capability of the THT micro reaction calorimeter to identify heat evolution with a fairly high 224 

precision, having a resolution of 5 µW and a range between 5 µW and 600 mW. To reduce 225 

interference and undesirable transient effects, a neutral reference sample (equivalent water) vial 226 

with a heat capacity similar to the paste sample was incorporated into the reference cell [70]. All 227 

the isothermal experiments were initiated on stabilization at the set temperature, after 4.5 minutes 228 

of mixing the solid and liquid components. 229 

2.5. Compressive strength tests 230 
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The 1d and 28d compressive strength of 0, 1, and 5% LDH-dosed OPC and CSA cement cubes 231 

were investigated to understand the effect of LDH and evolution of mechanical strength over time. 232 

The 1-inch cubes were prepared maintaining the same mix proportions stated in section 2. 233 

The cubes were prepared and stored in accordance with ASTM C 109, C 305, and C 511-19 234 

standards. A Perfa-Cure concrete curing box at a temperature of 23±2 oC and a relative humidity 235 

of 95% was utilized for curing the cubes. The cubes' compressive strength was determined using 236 

a Tinius Olsen universal compression machine with a 200,000 lb servo-controlled hydraulic 237 

pressure and paired with a computer workstation for data collection. A consistent load rate of 200 238 

lb/sec was maintained for every test.  239 

 240 

2.6. TGA tests 241 

Thermogravimetric analysis (TGA) was conducted using a NETZSCH STA 449 F5 PC system.  242 

The TGA measurements were used to primarily quantify and identify the amount of free water, 243 

bound water, and other volatiles embedded into the blended cement systems. Identifying the 244 

cement phases present at various hydration times was also useful. In every test, the mass loss 245 

(thermogravimetry, TG, %mass) and the differential mass loss rate (DTG, %mass/min) were 246 

measured. The quantity of the bound water present in a sample was used to assess the degree of 247 

hydration as well as the other thermal properties of the samples. At specific ages, small pieces of 248 

the samples were extracted off from the paste specimens and submerged into the isopropanol to 249 

arrest hydration. The samples were dried in a vacuum oven for 15 min to remove any remaining 250 

solvents, ground to powder, and weighted in a consistent manner before they are placed in the 251 

TGA instrument. The loaded mass of the samples for TGA test were around 10 mg. The samples 252 

were enclosed on the alumina pan and heated from room temperature to 1000 oC with a temperature 253 

ramp of 10 oC/min under N2 environment. 254 

2.7. MIP tests 255 

To determine the capillary porosity, and pore size distribution of selected 1d and 28d hydrated 256 

pastes a Mercury Intrusion Porosimeter (MIP) was utilized. The chunks of the hydrated pastes 257 

were submerged under isopropanol to arrest the hydration reaction. Before the MIP tests, the 258 

samples were dried at 70 oC for 2 days to remove the loosely attached water molecules. The 259 

temperature of 70 °C was used to effectively remove free water from the pores without 260 

significantly altering the microstructure of the cement [71,72]. However, it is noted that prolong 261 

drying at elevated temperatures of 70 °C can degrade ettringite [72], which may influence the net 262 

porosity. Although, the present porosity investigation focuses on the relative comparison of 263 

samples dried under same condition rather than the absolute porosity values. The samples were 264 

made dust free by blowing air and the dimension was maintained around 5 mm before loading into 265 

the bulb of the penetrometer. The Washburn equation [73] estimates the pore size, and the pressure 266 

needed to force mercury, a non-wetting fluid, into the cylindrical pores of the samples. The surface 267 

tension of mercury and contact angle between mercury and sample were selected as 480 erg/cm2 268 

and 130◦. The sample preparation procedure and other testing parameter selection were followed 269 

by the guidelines on mercury intrusion porosimetry in concrete systems [74]. In this study, the 270 

mercury intrusion porosimetry (MIP) test was conducted using a Quantachrome PoreMaster 271 

(automated mercury intrusion porosimeter). First, in the low-pressure test, the mercury was filled 272 
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up into the penetrometer and made contact with the sample. Secondly, in the high-pressure tests, 273 

the mercury penetrated the pores of the samples. The measurable pores are in the range 7 nm - 0.4 274 

mm.  The final pressure of 30000 psi was employed in the MIP tests. Though for cement-related 275 

materials, because of the ink-bottle effect, the MIP method is not highly reliable, it is useful for 276 

reasonable analysis, especially for comparison purposes [75,76].  277 

 278 

3. Results and discussions 279 

3.1. Effect of LDH on CSA cement rheology and workability 280 

The effect of CaAl-NO3 LDH on CSA cement rheology is discussed in this section. To better 281 

understand the flow behavior, the rheology was studied utilizing both the static and dynamic yield 282 

stress evolution (dynamic is presented in section 3.3). Fig. 4a shows the evolution of time-283 

dependent static yield stress of the LDH-dosed CSA cement pastes containing a fixed 0.1% PCE 284 

and 2 % CA (admixture utilized for dispersion and retardation, respectively), but varying dosage 285 

of LDH seeds from 1-to-5%. As seen in Fig 4a, the flow curve shifts to the left with increasing 286 

dosage of LDH indicating accelerated hydration and hardening with increase in LDH content. The 287 

corresponding workability parameters, obtained from this flow curves as described in section 2.3, 288 

are presented in Fig. 4 (b-f), showing the effect of LDH. The error bars are the standard deviation 289 

of triplicate measurements.  From Fig. 4, it is obvious that, overall, LDH increases the flowability 290 

loss rate, , hardening rate, and acceleration angle, whereas LDH decreases the placement limit. 291 

This suggests that LDH somewhat accelerates the setting and hardening of cement. These 292 

occurrences can be because of the accelerated precipitation and development of new hydration 293 

products facilitated by the nucleation sites provided by the LDH particles in the cement paste pore 294 

solution environment. Thus, LDH catalyzes the nucleation and growth of crystals, and this effect 295 

is amplified with increase in the dosage of LDH (supporting results are discussed in section 3.4). 296 

In addition, it is reported that LDH adsorbs more water which can lead to the  improvement of 297 

cement paste hardening and setting rate [77]. Consequently, the buildability of the cement paste is 298 

enhanced with increase in LDH dosage. 299 

 300 

It is well known that there is a compatibility issue of PCE in hydrated CSA cement pastes, 301 

especially if the citric acid (CA) is dosed as a set retarder. Apart from the quick reacting hydrated 302 

CSA cement particles, because of the competitive adsorption, CA with higher anionic charge 303 

density become more adsorbed on the surface of the cement particles and makes the PCE less 304 

effective in interacting with the cement particles [78]. Thus, many researchers suggest using PCE 305 

in CSA cement systems is not reasonably effective [60]. Hence, we have examined the CSA system 306 

dosed with only CA as well as CSA system with concurrent dosage of CA and PCE. 307 

 308 
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(a) (b) 

 
 

(c) (d) 
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(e) (f) 

Fig. 4. Workability of CSA pastes with LDH, in the presence of 0.1% PCE: (a) evolution of 

time-dependent static yield stress in (1-5%) LDH-dosed CSA cement pastes, and (b-f) effect of 

LDH on the corresponding rheological parameters, flowability loss rate 𝒎𝟏, hardening rate 

𝒎𝟐, placement limit 𝒕𝒑, yield stress growth rate constant k, and acceleration angle 𝜽𝒑, 

respectively. All pastes contain a fixed 2%CA retarder. 
 309 

To elucidate the effect of PCE in the CSA cement pastes, the above-presented mix design (in Fig 310 

4) were studied without the incorporation of PCE, keeping all other parameters same. The results 311 

without PCE are displayed in Fig. 5, which provide more insights on the effect of PCE in CSA 312 

cement rheology. Comparing the results in Fig. 4 and 5, reveal the influence of PCE in the paste’s 313 

rheology. As shown in Fig. 6, PCE decreases the 𝒎𝟏, 𝒎𝟐, k, and 𝜽𝒑 around 2-3 times, whereas 314 

there is almost no impact of PCE on the placement limit, 𝒕𝒑. The results obtained for 𝒎𝟏, 𝒎𝟐, k, 315 

and 𝜽𝒑, showing a considerable effect of PCE may seems contrary to the published studies [79–316 

81], where the findings suggest that due to the competitive adsorption of PCE with retarder, PCE 317 

will have almost no influence in the CSA pastes. However, in this study, the effect of PCE can be 318 

attributed to the slightly different working mechanism due to the presence of NO3-LDH in the 319 

systems. The PCE can easily be intercalated into the anionic layers in the LDHs replacing the NO3
-320 

, and following the control release capability of LDHs [28,53,82], the PCE might be released into 321 

the cement suspension after a certain time, and making a natural impact of PCE to the systems. 322 

Thus, due to the potential intercalation in LDH and modulated release, the PCE may avoid the 323 

competitive adsorption with the higher anionic charged density-contained citrate ions, and can 324 

continue its superplasticizing effect. Using the LDH thus improve the synergistic effect and can 325 

be beneficial for some target applications, where a fixed set time is required but simultaneously 326 

controlling the hydration kinetics is anticipated (e.g., 3D printing of concrete). 327 
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(a) (b) 
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(e) (f) 

Fig. 5. Workability of CSA cement pastes in the absence of PCE; (a) evolution of time-

dependent static yield stress in (1-5%) LDH-dosed CSA cement pastes, and (b-f) effect of 

LDH on the corresponding rheological parameters, flowability loss rate 𝒎𝟏, hardening rate 

𝒎𝟐, placement limit 𝒕𝒑, yield stress growth rate constant k, and acceleration angle 𝜽𝒑, 

respectively. All pastes contain a fixed 2%CA retarder. 
 328 

 329 

  

(a) (b) 
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(c) (d) 

Fig. 6. Effect of PCE in CSA cement systems. 
 330 

3.2. Effect of LDH on OPC paste rheology. 331 

The effect of (1-5%) dosages of CaAl-NO3 LDH on OPC pastes rheology is also studied to get 332 

more insights of influence of LDH in different cement pastes. In this study, all the OPC pastes 333 

were prepared with 0.1% PCE as dispersant. Similar to CSA cement systems, LDH increases the 334 

flowability loss rate (𝒎𝟏), hardening rate (𝒎𝟐), yield stress growth rate constant (k), and 335 

acceleration angle (𝜽𝒑), and decreases the placement limit (𝒕𝒑) (Fig. 7). As stated above, LDH can 336 

act as a seeding or stiffening agent in the cement systems, accelerating nucleation kinetics and 337 

growth of the hydrated cement phases, thereby increasing the buildability of the cement pastes.  338 

  

(a) (b) 
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(c) (d) 

 
 

(e) (f) 

Fig. 7. Workability of OPC pastes: (a) evolution of time-dependent static yield stress in (1-

5%) LDH-dosed OPC pastes, and (b-f) effect of LDH on the corresponding rheological 

parameters, flowability loss rate 𝒎𝟏, hardening rate 𝒎𝟐, placement limit 𝒕𝒑, yield stress 

growth rate constant k, and acceleration angle 𝜽𝒑, respectively. 

 339 

3.3. Effect of LDH on dynamic rheology of cement pastes 340 

In order to gain more insights of the rheological properties, different methods of yield stress 341 

evolution were studied. Both static and dynamic yield stresses hold significance for numerous 342 

practical applications [83]. For instance, understanding the static yield stress of cement pastes can 343 

provide insights into their stability and resistance to deformation from rest. On the other hand, the 344 

dynamic yield stress offers valuable data regarding the flow behavior of cement when it's pumped 345 

and during the extrusion process in 3D printing of concrete. Thus, dynamic yield stress of cement 346 
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pastes under the influence of PCE has frequently been researched in cement field to understand 347 

pumping and bleeding [84]. The dynamic yield stresses of cement pastes is  preferred to be small 348 

for pumping, whereas the static yield stresses are preferred high for better stability and lesser 349 

formwork pressure [85,86]. The evolution of dynamic yield stress and plastic viscosity of the 350 

CSAC and OPC cement pastes (CSA + 1-5% LDH+ 0.1 % PCE + 2 % CA [w/c = 0.5]) and (OPC 351 

+ 1-5% LDH + 0.1% PCE [w/c = 0.5]), and the corresponding rheological parameters are presented 352 

in Fig. 8 and 9, respectively. In the test method, a conditioning step was always followed by a 353 

ramp-up and ramp-down steps. The ramp-down steps were executed after a 5 s rest following the 354 

ramp-up. The traditional Bingham model was employed to determine the dynamic yield stresses 355 

and plastic viscosities, 𝝈∗ =  𝝈𝒚 + 𝜸̇. µ𝒑𝒍; where 𝝈∗ (variable) is the dynamic shear stress in a step, 356 

𝝈𝒚 is the dynamic yield stress, 𝜸̇ is the shear rate ranging from 0 - 200 s-1, and µ𝒑𝒍 is the plastic 357 

viscosity. As stated above, compared to the static yield stresses, dynamic yield stresses are lower, 358 

and simultaneously the placement limits are extended. The static yield stress values and the stress 359 

overshoot magnitude can be significantly impacted by the rest interval between the end of the pre-360 

shear and the test run [87].  361 

 362 

In this section three most important workability parameters, 𝒎𝟏, 𝒎𝟐, and 𝒕𝒑 were analyzed, and 363 

the trends for both cement pastes are similar to the trends obtained utilizing static yield stress, 364 

presented in earlier sections. However, the magnitudes are significantly lower for, 𝒎𝟏 and 𝒎𝟐 in 365 

the dynamic tests compared to the static tests, because the up-ramp flow and shear history of the 366 

dynamic test methods breaks the structure and bonding in the hydrated cement pastes prior to the 367 

down-ramp used in obtaining the dynamic yield stress and plastic viscosity data. For the same 368 

shear history difference and perturbation of hydration process, the 𝒕𝒑 parameter is higher in the 369 

dynamic than in the static yield stress method. 370 

 371 

  

(a) (b) 



18 
 

 

 

 

(c) (d) (e) 

 

 

 

(f) (g) (h) 

Fig. 8. Workability of CSAC pastes derived from dynamic tests: (a) time-dependent evolution 

of dynamic yield stress, and (b) development of plastic viscosity, (c - e) evolution of 

rheological parameters from the dynamic yield stress method, and (f - h) evolution of 

rheological parameters in utilizing the plastic viscosity data.  
 372 

  373 
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 374 

  

(a) (b) 

 

  

(c) (d) (e) 

 

 

 

(f) (g) (h) 

Fig. 9. Workability of OPC pastes derived from dynamic tests: (a) time-dependent dynamic 

yield stress evolution, and (b) development of plastic viscosity, (c - e) evolution of rheological 

parameters from the dynamic yield stress method, and (f - h) evolution of rheological 

parameters utilizing the plastic viscosity data. 
 375 

 376 
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3.4. Effects of LDH on the evolution of cement hydrate phases 377 

The effect of the LDH on the hydrated phase assemblage was tracked as a function of time, by 378 

examining the XRD pattern of the pastes seeded with 5%LDH in comparison with the control 379 

(0%LDH) at multiple intervals, for up to 28days. Fig. 10 shows the evolution of hydrated cement 380 

phases over time. From Fig. 10 (a) and (b), it is evident that the ettringite peaks grew faster in the 381 

LDH-dosed OPC pastes compared to the control, as can been seen on the 3h diffraction patterns. 382 

Also, the gypsum peaks diminished faster in the LDH-dosed OPC pastes compared to the control. 383 

This observation indicates that the addition of LDH accelerated the precipitation of ettringite and 384 

concurrently led to faster consumption of gypsum compared to the control paste at early age. 385 

Conversely, at the later age of 28days (Fig. 10e), it is difficult to distinguish the phase assemblage 386 

of LDH-seeded OPC paste from the control, indicating that the effect of LDH is more significant 387 

at the early age stages than the later age. Similar trend was obtained with CSAC pastes, where 388 

ettringite grew faster as seen in the 1h data of the LDH-dosed CSAC pastes compared to the control 389 

(Fig. 10 (c) and (d)), and at later age the system equilibrated featuring identical phase assemblage 390 

(Fig. 10f). These results clearly agree with the fresh paste rheology that suggesting that the LDH 391 

seeds provides nucleation sites that encouraged rapid formation and growth of new hydration 392 

products at early age resulting in the accelerated stiffening and hardening of the pastes with LDH 393 

dosage. 394 

  

  
(a) (b) 



21 
 

  
(c) (d) 

  
(e) (f) 

Fig. 10. Evolution of hydrated cement phases over time: (a) OPC+5% LDH, (b) OPC+0% 

LDH (control), (c) CSA+5% LDH, and (d) CSA+0% LDH (control), (e) 28 day OPC pastes, 

(f) 28day CSAC pastes. 
 395 

3.5. Isothermal calorimetry 396 

The results from the isothermal calorimetric analyses of CSA cement and OPC pastes seeded with 397 

0-5%LDH are shown in Fig 11. The aim of the isothermal calorimetry was to (i) identify attributes 398 

that could be linked to the rheological properties of the pastes, (ii) to know their heat evolution 399 

profiles at an early-age, and (iii) the effect of LDH dosage on the calorimetry profiles of the CSA 400 

cement and OPC systems. Fig. 11(a) and (b) presents the heat flow and cumulative heat profiles 401 

of the CSAC pastes over a 24-hour curing time. It is observed that with increase in LDH content, 402 
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heat flow increases at both the induction and acceleration stages, with a noticeable shift of the heat 403 

flow peak to the left (Fig. 10(a)) and rise in the cumulative heat over 24 h (Fig. 10(b)). These 404 

characteristics indicates acceleration of the CSA cement hydration with LDH dosage, in agreement 405 

with the rheology and mineral phase assemblage tracking, all of which supports the postulate that 406 

LDH provides additional surfaces with crystal nuclei in the suspension thereby accelerating 407 

nucleation and growth of hydrates, as has been observed for other type of LDHs [88,89]. The 408 

cumulative heat generation is expectedly higher in 5% LDH-dosed system, compared to the one 409 

with 0% LDH dose. The CSA systems follows the trend of increased heat evolution as the dosing 410 

5% > 4% > 3% > 2% > 1% LDH. This effect observed in isothermal calorimetry is similar to the 411 

rheological studies; more LDH-induced hydrated products increased the loss of flowability (𝒎𝟏), 412 

increased the hardening rate (𝒎𝟐), growth rate constant (𝒌), and decreased the placement limit 413 

(𝒕𝒑).  414 

 415 

Compared to CSA systems, OPC pastes show a more noticeable shift of the peak heat flow to the 416 

left which signifies a shrinking of the dormant period and acceleration of hydration (Fig 11(c) and 417 

9(d)), which agrees with the rheology and phase assemblage data. However, the peak heat flow 418 

and 24-hour cumulative heat are observed to decrease with LDH dosage, in contrast with the trend 419 

with CSA pastes. The observed decrease in cumulative heat of the OPC pastes with increase in 420 

LDH dosage, despite the increase in hydration kinetics, is a new finding that can be explained as 421 

follows. First, the LDH seed in the cement systems provides nucleation sites for formation of new 422 

LDH nuclei which subsequently converts almost immediately or slowly to ettringite depending on 423 

the sulfate concentration of the pore solution according to Eq. (1). It is therefore expected that the 424 

conversion of the new nuclei to ettringite is almost instant in CSA cement pastes due to the 425 

supersulfated pore solution at early age leading to a chemical reaction dominated by Eq (2) with 426 

high heat of formation. Hence the heat release is increased for the CSA cement paste containing 427 

LDH seeds. Conversely, in OPC systems with moderate sulfate concentration and high calcium 428 

ion concentration at early age, it is expected that the new LDH nuclei formed will convert to 429 

ettringite more slowly than it is formed leading to a reaction that is dominated by Eqs (3) and (4) 430 

with lesser heat release than Eq 1 pathway, which may be contributory to the lower overall heat 431 

release in the OPC systems with LDH seeding within the first 24 hours of hydration.   432 

 433 

C4AsH12(AFm)  

± 2(𝐶𝑎2++ 𝑆𝑂4
2−); 20𝐻

⇔                 C6As3H32 (AFt)      (1) 434 

 435 

6Ca2+ + 2Al(OH)4
− + 3SO4

2− + 4OH− + 26H2O  →  Ca6Al2(SO4)3(OH)12·2 6H2O :  ΔfH° = - 17,535 kJ/mol         (2) 436 

4Ca2+ + 2Al(OH)4
− + SO4

2− + 4OH− + 6H2O → Ca4Al2(SO4)(OH)12·6H2O :  ΔfH° = − 8,758.6  kJ/mol  (3) 437 

4Ca2+ + 2 Al(OH)4
− + 2 NO3

− + 4OH− + 4H2O → Ca4Al2(OH)12(NO3)2·4H2O : ΔfH° = − 7,719.3 kJ/mol   (4) 438 

Additionally, a closer look at the phase assemblage shown in Fig. 10(a) and (b) reveals more 439 

calcite formation in LDH-dosed OPC systems, and calcite formation is an endothermic process 440 

that can lead to lower heat generation.  441 
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Thus, LDH-OPC composites with accelerated hardening but lower heat generation can be 442 

beneficial for certain applications, including 3D printing, where a less heat generation is desired 443 

(for preventing crack formations, maintaining better microstructural stability, and other benefits),  444 

and higher buildability with accelerated hardening is critically expected. The calorimetry data for 445 

OPC agrees with the 1d TGA data presented in the latter section, i.e., addition of LDH contributed 446 

to accelerated reaction (more bound water). 447 

 448 

  449 

  
(a) (b) 

  
(c) (d) 

Fig. 11. Isothermal micro reaction calorimetry revealed the time-dependent: (a) heat flow from 

[CSAC+LDH] pastes, (b) cumulative heat from [CSAC+LDH] pastes, (c) heat flow from 

[OPC+LDH] pastes, (d) cumulative heat from [OPC+LDH] pastes. All the pastes were 

prepared with 0.1% PCE at w/c = 0.5, additionally 2% CA was used in CSA cement pastes.  
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 450 

3.7. Thermal analysis 451 

The thermogravimetric analysis (TGA) and differential thermogravimetry (DTG) curves of 0% 452 

and 1% CaAl-NO3 LDH-dosed 1d and 28d OPC and CSA cement samples are shown in Fig. 12. 453 

The mass losses (%) of the samples at different temperature ranges are presented in Table 3.  454 

Typically, the free or evaporable water is eliminated within 0 - 110 oC [92], decomposition and 455 

loss of loosely bound water in gypsum, ettringite, C-S-H and other hydrated phases including LDH 456 

happens in 110 - 170 oC [92–95], decomposition of C-S-H, LDH and loss of the remaining bound 457 

water occurs in 170 - 300 oC [92,96,97], dihydroxylation of portlandites occur within 450 – 550 458 
oC [92,93], and decarbonation and losses of other volatiles happens at ≥ 600 oC [92,98]. It is worth 459 

noting that C-S-H gel decomposes around similar temperature as ettringite making it difficult to 460 

differentiate the mass loses due to C-S-H and ettringite. However, this study mainly focused on 461 

the losses of free water (unbound water), bound water, and other volatiles. Free water losses were 462 

counted to 110 oC, bound water from 110 – 600 oC, and volatiles from 600 – 1000 oC. The bound 463 

water content is related to the degree of hydration of the individual samples and can be 464 

proportionately related to the heat evolution in the calorimetry as well as to compressive strength 465 

development of the samples. For example, the bound water content in 1d LDH-dosed OPC and 466 

CSA samples are higher than the control samples. This is attributable to the accelerated hydration 467 

reaction by LDH as seen in calorimetry results where the heat flow peaks shifted to the left. The 468 

bound water content in LDH-dosed samples at 28d is comparatively lower than their respective 469 

control samples, which can be associated with lower degree of hydration at later ages suggesting 470 

that the effect of LDH is much more beneficial at early age. However, the total mass loss still 471 

shows higher amounts for the LDH-dosed pastes at 28 days, and a close look also reveals 472 

significantly higher mass loss for the LDH-dosed pastes below 110 ⁰C compared to the control 473 

(Table 3). It has been reported that ettringite may begin to decompose and release its water from 474 

temperature as low as 50 ⁰C[94,99,100] which may suggest underestimated bound water, 475 

especially for the CSA system. 476 

 477 

Also, the higher mass loss below 110 ⁰C LDH-dosed pastes cured for 28 days compared to the 478 

controls may suggest that the addition of LDH impacts a hygroscopic-like property to the pastes 479 

at later stage, encouraging the entrapment of  unreacted or loose water molecules in the metrices, 480 

which lead to lower compressive strength. Figure 13 depicts the structure of LDH with the 481 

interlayer anions. When external anions (e.g., OH-) are introduced to the environment, LDH has 482 

the capability to trap these anions, a process that simultaneously involves the displacement and 483 

release of anions initially situated in the interlayer spaces. The nitrate ions (NO3
-) present in the 484 

LDH, may easily get exchanged with the OH- or water molecules. Thus, the entrapped water 485 

molecules in the LDH particles may not actively participate in the hydration reaction, which can 486 

be responsible for more incomplete reaction and or overall higher disposable water content, 487 

leading to less strength development. The possible mechanism of exchanged anions and 488 

encapsulation of water or hydroxyl molecules are presented in Fig. 13.  489 

 490 
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(a): 1d (b): 1d 

  
(c): 28d (d): 28d 

Fig. 12: Thermal analysis of 1d and 28d control and 1% LDH-dosed (a, c) OPC, and (b, d) 

CSA cement samples. All the samples were prepared with the same designed mix proportions. 
 491 

 492 

Table 3. TGA of blended cement samples 

Materials (with 

admixtures) 

Mass (%) losses of 1d and 28d OPC samples Total mass 

loss (%) ≤ 110 oC  

(free water) 

110 – 600 oC 

(bound water) 

600 – 1000 oC 

(other volatiles) 

OPC + 0%LDH- 1d 7.48 8.24 2.36 18.08 

OPC + 1%LDH- 1d 7.40 9.02 2.59 19.01 

OPC + 0%LDH- 28d 6.59 15.27 3.72 25.58 

OPC + 1%LDH -28d 13.28 15.09 1.57 29.94 

 Mass (%) losses of 1d and 28d CSAC samples  

CSA + 0%LDH- 1d 14.99 10.93 1.10 27.02 

CSA + 1%LDH- 1d 14.84 12.91 1.16 28.92 

CSA + 0%LDH- 28d 11.35 17.2 3.52 32.07 

CSA + 1%LDH- 28d 15.74 15.32 2.73 33.79 
 493 
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Fig. 13. Illustration of entrapped and loosely attached unbound water molecules into the CaAl-

NO3 LDH layers, and exchange of nitrate ions with water or hydroxyl molecules present in the 

pore solution in the cement systems. 

 494 

3.7. Mercury intrusion porosimetry  495 

The porosity and pore size distribution of 0% and 1% LDH-dosed cement samples obtained by 496 

mercury intrusion porosimetry (MIP) is shown in Fig. 14 and Fig. 15. The overall porosity of the 497 

samples is summarized in Table 4. Figure 14 shows the porosity and pore size distribution of 1d 498 

and 28d OPC samples. The porosity of the 1d OPC samples are nearly the same (Fig. 14(a)). 499 

However, Fig. 14 (c, d, g, h) shows that there are larger pores in the 1% LDH-dosed sample, which 500 

can be responsible for the slightly reduced compressive strength of 1% LDH-dosed OPC sample. 501 

Fig. 14 (e, f, g) indicates that the LDH-dosed OPC sample cured for 28 days feature higher porosity 502 

and larger pores, which similarly corroborate the reduced compressive strength found for the 28d 503 

LDH-dosed sample, compared to control. An almost similar pattern can be observed for the CSA 504 

cement systems in Fig. 15. LDH-dosed CSA samples displayed nearly the same overall porosity; 505 

however the LDH-dosed samples had more pores with larger volumes. The nature of the porosity 506 

profiles were found similar to the published work [101–104]. Higher porosity and especially larger 507 

pores decreased the mechanical strength of most of the LDH-dosed pastes, albeit the decrease in 508 

strength is very negligible in the CSAC pastes (section 3.8). Thus, the incorporation of CaAl-NO3 509 

LDH in this study showed no improvement in the strength development of the blended cement 510 

samples. Reducing the size of the LDH, for example, submicron-to-nano LDH, and utilizing lower 511 

amount of dosage (e.g., < 1%) and more robust particle dispersion protocol may be suggested for 512 

future investigations. As stated in section 2.7, it is possible for some ettringite to degrade during 513 

the drying which may have affected the absolute porosity, especially for the CSAC samples. 514 

However, since the control samples were dried under the same conditions as the LDH-modified 515 

samples, the comparison of the results relative to each other can still provide useful information 516 

despite any errors potentially arising from the drying protocol. 517 

 518 
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(a) (b) 

 
 

(c) (d) 
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(e) (f) 

  
(g) (h) 

Fig. 14. Porosity and pore size distribution analysis of (a, b, c, d) 1d, and (e, f, g, h) 28d 

control and 1% LDH-dosed OPC cement samples. All the samples were prepared with the 

same designed mix proportions. 
 519 

 520 

Table 4. Porosity of blended cement samples 

Materials 

(with admixtures) 

Porosity (%) 

1d-OPC+0%LDH 35.94 

1d-OPC+1%LDH 35.71 

1d-CSA+0%LDH 24.94 

1d-CSA+1%LDH 25.75 
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28d-OPC+0%LDH 21.62 

28d-OPC+1%LDH 26.00 

28d-CSA+0%LDH 20.54 

28d-CSA+1%LDH 22.74 

 521 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

  
(g) (h) 

Fig. 15. Porosity and pore size distribution analysis of (a, b, c, d) 1d, and (e, f, g, h) 28d 

control and 1% LDH-dosed CSA cement samples. All the samples were prepared with the 

same designed mix proportions. 

3.8. Compressive strength 522 

The effect of CaAl-LDH on modified OPC and CSA cement paste can also be characterized by its 523 

impact on the compression resistance. Fig. 16 represents the 1d and 28d compressive strength of 524 

OPC and CSA cement pastes with a 0% (control paste), 1% and 5% LDH dosage. The results 525 

indicate that CaAl-NO3 LDH does not improve the mechanical strength in both 1d and 28d OPC 526 

and CSA cement cubes. A slight reduction continued with increase in the LDH content in the 527 

cement systems, which is slightly contrary to the results available in the literature [90]. However, 528 

addition of higher content of LDH (e.g., 1,5 - 10% LDH), and larger particle size of the LDH may 529 

affect the microstructure and results in lower compressive strength [46,90,91]. The reduction of 530 

strength in LDH-dosed OPC systems can be attributed to the calcite formation in the samples 531 
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shown in Fig. 10 (a). The reduction of the compressive strength is also proportionally related to 532 

higher porosity and larger pores in the cement systems. The porosity and pore distributions are 533 

discussed in the previous section. The compressive strength of CSA cubes, shown in Fig. 16 (b) 534 

followed similar trends like OPC. However, the evolution of compressive strength in CSA samples 535 

seems lower than the published results [47,51], though Li and Mg-based LDHs were used in those 536 

studies. One possible reason can be the effect of admixtures, specifically the effect of retarder or 537 

combined negative effect of citric acid, PCE, and the LDH. Both the 1d and 28d porosimetry data 538 

discussed in section 3.7 indicates that larger pores were present in the CSA samples, which could 539 

lead to the reduction in strength. Overall, higher dosage and larger particle sizes of LDH can cause 540 

agglomeration and may lead to decrease the strength, instead of enhancement of strength by LDH. 541 

As mechanical strength is one of the vital parameters for the assessment and acceptability of 542 

construction materials, further investigation is needed on the improvement of compressive 543 

strength. The possible areas of improvement can be the use of nano-LDH, lowering the CaAl-NO3 544 

LDH content (e.g., ≤ 1% dosage), enhancing dispersion, and increasing the w/c ratio to fulfill the 545 

water demand for the completion of hydration reaction. 546 

  
(a) (b) 

Fig. 16. Compressive strength of 0-5% LDH-dosed: (a) OPC, and (b) CSA cement pastes. 

Similar mix design proportions were used to make all the pastes’ cubes. 
 547 

 548 

4. Conclusions 549 

The study examined the impact of submicron CaAl-NO3 LDH particles on the properties of OPC 550 

and CSA cement pastes in both their fresh and mature stages, and following conclusions can be 551 

drawn.  552 

(1) Rheology-based protocol was employed to investigate the time-dependent quantitative 553 

workability of cement pastes utilizing both static and dynamic yield stress modes. The 554 

outcomes indicate that LDH as a seeding agent providing crystal nuclei in the suspension 555 

and helps accelerate the hydration process by contributing more surface area for the 556 

nucleation and growth of the hydrated cement phases. Thus, in general, LDH in both cement 557 
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systems increased the flowability loss rate (𝒎𝟏), hardening rate (𝒎𝟐), yield stress growth 558 

rate constant (k), acceleration angle (𝜽𝒑), and reduced the placement limit (𝒕𝒑).  559 

(2) Over a 28-day tracking of the evolution of hydrated phase assemblage, it was revealed that 560 

the LDH-dosed OPC showed quicker depletion of gypsum and more rapid formation of 561 

ettringite, along with a slight increase in calcite precipitation compared to the control. This 562 

indicates that LDH seeding accelerated the hydration process. In the context of CSA pastes, 563 

LDH peaks were clearly present as early as 0.5 h in the LDH-dosed system, however, there 564 

was no significant impact of the LDH on the CSA's overall mineral phase assemblage. 565 

(3) Isothermal calorimetry findings affirm a more pronounced seeding effect of LDH on OPC 566 

than CSA cement pastes, accelerating the hydration reactions. As anticipated, higher LDH 567 

dosing (1 to 5 %mass) in CSA systems corresponded with increased heat production. In 568 

contrast, addition of LDH to OPC systems resulted in reduced peak heat flow and cumulative 569 

heat generation. The observed endothermic properties of OPC pastes might be slightly 570 

enhanced due to calcite formation, and the dominance of a reaction pathway with lower 571 

enthalpy of formation. This discovery can be advantageous for additive concrete 572 

manufacturing, such as 3D printing, where a balance between rapid setting post-placement, 573 

improved thixotropy, and reduced heat generation is desirable. 574 

(4) LDH addition slightly reduced compressive strengths attributable to increase in porosity, 575 

presence of larger pores, highlighting the negative impact of CaAl-NO3 LDH. Nevertheless, 576 

these systems can benefit applications requiring rapid hardening, even if it slightly reduces 577 

concrete’s strength.  578 

Further research is crucial to fully understand the role of CaAl-NO3 LDH in construction materials. 579 

Recommendations for future work include studying the effect of nano-sized LDH particles, 580 

limiting LDH dosage below 1%, altering admixtures, enhancing dispersion, tracking the 581 

performances for an extended period (e.g., several months), applying these materials in 582 

challenging environments, and employing molecular simulation to uncover detailed interactions 583 

and phase formations. 584 
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