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Abstract. This study investigates the influence of thermally activated sparingly soluble additives 
– phosphogypsum, limestone, and fly ash – on the rheological behavior and strength 
characteristics of Portland cement. Additives were incorporated in amounts of 1-5 % into clinkers 
from the Kuvasoy and Bekabad plants and evaluated for workability, water-cement ratio, and 
compressive strength. The results demonstrate that thermal activation (200-400 °C) enhances the 
surface reactivity of additives, promoting accelerated hydration of calcium silicates and improved 
microstructural densification. Compressive strength reached 534×105 Pa at 28 days for mixtures 
containing 5 % limestone activated at 200 °C. These improvements are particularly relevant for 
vibration-resistant transport structures – such as bridge decks, pavements, and railways – where 
enhanced flowability and durability are essential. The research also supports sustainable cement 
production through the valorization of industrial by-products like phosphogypsum and fly ash.  
Keywords: sparingly soluble additives, thermally activated limestone, phosphogypsum, fly ash, 
rheology, hydration, compressive strength, vibration resistance, transport structures. 

1. Introduction 

Cement-based composites play a crucial role in modern transport infrastructure, including 
bridge decks, pavements, and railway foundations, where materials are continuously subjected to 
vibration-induced and cyclic loads. Under such service conditions, ordinary Portland cement often 
exhibits limitations in rheological stability, workability retention, and early strength development, 
which may compromise long-term durability of transport structures [1-3]. Therefore, improving 
the fresh-state flow behavior and hydration kinetics of cement systems is essential for ensuring 
both structural integrity and energy-efficient construction. 

Recent studies have shown that the incorporation of mineral additives and supplementary 
cementitious materials (SCMs) can effectively modify hydration mechanisms and microstructural 
evolution of Portland cement matrices [4-6]. Among these, sparingly soluble substances such as 
phosphogypsum, limestone, barium sulfate, and fly ash have attracted significant attention due to 
their dual effect: they can enhance workability through controlled release of ionic species and 
contribute to the formation of stable hydration products such as ettringite and calcium silicate 
hydrates (C-S-H) [7-9]. Furthermore, these additives support sustainable material utilization by 
valorizing industrial by-products from the chemical and energy sectors. 

In particular, thermal activation of such additives increases their surface acidity and reactivity, 
which accelerates the hydration of aluminate and silicate phases in cement [10-12]. However, the 
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optimal activation conditions, dosage ratios, and their combined impact on both rheological and 
strength characteristics – especially in the context of vibration-resistant transport concretes – 
remain insufficiently explored. 

The present study investigates the effect of thermally activated sparingly soluble additives 
(phosphogypsum and limestone, activated at 400 °C and 200 °C, respectively, and Angren coal 
fly ash) on the rheological behavior, hydration, and compressive strength of Portland cement. 
Additives were incorporated at low dosages (1–5 wt%) into industrial clinkers from the Kuvasoy 
and Bekabad plants. 

The novelty of this work lies in the integrated assessment of thermal activation, hydration 
kinetics, and rheological improvement in relation to the performance requirements of vibration-
resistant transport structures. The findings contribute to the development of durable, sustainable, 
and vibration-tolerant cement composites applicable in road, bridge, and railway engineering. 

2. Materials and methods 

2.1. Materials 

Portland cement clinkers were obtained from the Kuvasoy and Bekabad cement plants 
(Uzbekistan). The clinkers served as the base material for all mixes. The following sparingly 
soluble additives were used: 

1) Phosphogypsum. 
2) Limestone. 
3) Barium sulfate 
4) Coal fly ash from the Angren thermal power plant. 
Phosphogypsum and limestone were thermally activated at 400 °C and 200 °C, respectively, 

in a laboratory furnace for 2 h to enhance surface acidity and reactivity, following the approach 
reported in [11]. The additives were introduced into cement in amounts at 1-5 wt% of binder mass. 

2.2. Sample preparation 

Cement pastes and mortars were prepared at a constant temperature of 20±2 °C using a 
laboratory planetary mixer. 

The water-to-cement ratio (w/c) was adjusted to achieve a target cone spread of 110-115 mm, 
in accordance with GOST 310.4-81 and ISO 679:2009 standards. 

Each composition was labeled according to the type and activation temperature of the additive: 
1) K.K – control sample without additives. 
2) L200 – cement with 5 % limestone activated at 200 °C. 
3) PG400 – cement with 3 % phosphogypsum activated at 400 °C. 
4) FA500 – cement with fly ash activated at 450-500 °C. 

2.3. Rheological tests 

The rheological behavior was characterized by cone spread measurements for both pastes and 
mortars using a standard flow table test. Plasticity was quantified by the spread diameter and 
expressed as the ratio of cone spread to sample height. The water demand corresponding to a target 
spread was recorded for each composition. 

This method provides a reliable estimate of yield stress and consistency for comparative 
analysis of mineral additives [4], [5]. 

2.4. Mechanical tests 

The flexural and compressive strengths of hardened specimens were determined after 3 days 
and 28 days of curing under standard humidity (95±5 %) and temperature (20±2 °C), following 
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GOST 310.4-81 procedures. 
Compressive strength was measured using a hydraulic press (loading rate = 0.5 MPa/s). 
The results were averaged over three parallel tests for each mix to ensure reproducibility. 

2.5. Physicochemical characterization 

To elucidate the hydration and activation mechanisms, the following analytical techniques 
were employed: 

1) X-ray diffraction (XRD) – phase composition and crystalline structure (Cu Kα radiation, 2𝜃 = 10–60°). 
2) Infrared (IR) spectroscopy — identification of sulfate, silicate, and hydroxyl vibrations 

(400-4000 cm⁻¹). 
3) Differential thermal analysis (DTA/TG) – thermal effects during activation of fly ash (up to 

700 °C, heating rate 10 °C/min). 
These methods follow established protocols described in [7], [8], [11]. 
For activated fly ash, mass loss and phase transformations were analyzed to determine the 

optimal calcination temperature range (450-500 °C), as recommended in [12]. 

2.6. Data analysis 

The experimental data were processed using OriginPro 2023 for regression analysis and 
graphical visualization. 

Each test result was checked for consistency; the standard deviation did not exceed ± 5 % for 
strength data and ± 2 % for flow measurements. 

3. Results and discussion 

3.1. Rheological behavior and plasticizing effect 

The incorporation of sparingly soluble additives significantly influenced the workability of 
Portland cement pastes and mortars [15], [16]. 

As shown in Fig. 1, the optimum plasticizing effect was achieved when 1 % phosphogypsum 
and 5 % limestone were added to the cement mixture. 

 
Fig. 1. Effect of sparingly soluble additives on the spreadability of cement pastes (1-3)  

and mortars (4-5): 1, 3 – phosphogypsum; 4 – limestone (200 °C);  
5 – phosphogypsum (400 °C). K.K – control cement samples 

These compositions exhibited a wider cone spread at an equivalent water-to-cement ratio, 
indicating improved flowability. 

The improvement in rheology can be attributed to two factors: 
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1) Partial dissolution of the additives, which releases Ca2⁺ and SO4
2⁻ ions that promote 

dispersion of cement grains. 
2) Surface activation caused by heat treatment, which enhances interaction with the silicate 

phase [4], [8]. 
The results correspond well with previously reported data on limestone-filled cements with 

optimized particle size distributions [2]. 
Such rheological stability is particularly beneficial for transport concretes (bridge decks, 

pavements, railway slabs), where uniform workability is essential for vibration-resistant 
placement and compaction under cyclic loading. 

3.2. Water-to-cement ratio and hydration activity 

The water demand decreased from 0.40 (control) to 0.37 for the mixture containing 5 % 
limestone activated at 200 °C, while maintaining equal plasticity (Table 1). 

Table 1. Strength characteristics of portland cements activated with thermally treated limestone 

Limestone Water-to-
cement ratio 

(W/C (-)) 

Cone spread, 
(mm) 

Duration (days) 
Flexural strength 

(MPa) 
Compressive 

strength (MPa) 
Content, 

(%) 
Temperature, 

(°C) 3 28 3 28 

– – 0.40 110 38 62 248 462 
5 100 0.38 114 42 61 286 502 
5 200 0.37 114 47 74 300 534 

This reduction in water demand indicates a packing density improvement and the formation of 
a denser particle skeleton, in agreement with [3]. 

Furthermore, thermally activated phosphogypsum acted as a controlled sulfate source, 
regulating aluminate hydration and contributing to the formation of ettringite during early stages. 

This behavior corresponds to the mechanism of sulfate activation reported by Chen et al. [11]. 
The visual difference in spread and surface texture between the control and modified samples 

is illustrated in Fig. 2. 

 
Fig. 2. Influence of phosphogypsum on cement pastes and mortars (Bekabad cement):  

1 – natural phosphogypsum; 2 – phosphogypsum activated at 400 °C;  
3-5 – mortars with natural phosphogypsum (w/c = 0.34, 0.36, 0.38) 

3.3. Strength development and hydration kinetics 

Mechanical testing revealed that the compressive strength of the composite containing 5 % 
limestone activated at 200 °C reached 534×105 Pa after 28 days, representing a ~15 % increase 
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compared to the control. 
Flexural strength also improved by 20-25 %. 
Infrared (IR) spectroscopy confirmed the acceleration of silicate hydration, evidenced by the 

transformation of Si-O-Si stretching vibrations near 880 cm-1 and by the increased intensity of 
hydroxyl peaks around 3640 cm-1. 

X-ray diffraction (XRD) analysis showed stronger ettringite reflections (1125-1150 cm-1) and 
a decreased intensity of gypsum bands near 650 cm-1, indicating the consumption of free sulfates 
[14]. 

These results demonstrate that thermal activation enhances surface acidity and ion exchange 
capacity, which accelerates the formation of C-S-H and ettringite phases [7], [11]. 

Similar improvements in early hydration kinetics have been observed for nano-SiO2 and high-
surface-area fillers [4], [6]. 

3.4. Activation of fly ash and phase transformations 

Fly ash from the Angren coal deposit was analyzed as a potential aluminosilicate activator. 
The differential thermal analysis (DTA/TG) (Fig. 3-5) revealed that optimal activation occurs 

between 450-500 °C, where exothermic oxidation of carbon residues leads to the removal of 
amorphous coatings and formation of reactive silica phases. 

 
Fig. 3. DTA/TG curves of fly ash: 1 – raw; 2 – calcined at 460 °C 

 
Fig. 4. Mass loss (TG) of fly ash: 1 – raw; 2 – calcined at 460 °C 

After heat treatment at ~460 °C, XRD patterns displayed a decrease in carbon-related peaks 
(0.334 nm → 0.333 nm) and the appearance of mullite-type reflections, indicating enhanced 
reactivity. 

IR spectra also showed stronger –OH vibration bands (3640-3700 cm-1), consistent with 
surface hydroxylation [12]. 

Activated fly ash promoted hydration of both silicate and aluminate components, stabilized 
ettringite, and improved the microstructure of hardened cement pastes, similar to observations in 
[9]. 

This mechanism supports the sustainable reuse of coal combustion residues in cement 
composites for transport infrastructure applications [13], [14]. 
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Fig. 5. DTA/TG curves of fly ash: 1 – raw; 2 – 460 °C; 3 – 600 °C; 4 – 700 °C 

3.5. Implications for transport and vibration-resistant structures 

The experimental findings confirm that thermally activated phosphogypsum, limestone, and 
fly ash additives can substantially improve rheological stability, hydration rate, and mechanical 
performance of Portland cement [12], [13], [17]. 

For transport structures exposed to repeated vibration and dynamic loading – such as road 
pavements, bridge slabs, and rail bases – these modifications offer three key advantages: 

Better workability at lower w/c ratios enables uniform compaction and reduced air entrapment 
under vibration. 

Faster hydration ensures earlier strength gain, minimizing downtime for construction 
operations. 

Denser microstructure enhances long-term durability, reducing crack propagation caused by 
cyclic stresses. 

Therefore, thermally activated sparingly soluble additives provide a cost-effective and eco-
efficient route to producing vibration-tolerant transport concretes, aligning with the sustainability 
goals highlighted in [12]. 

4. Conclusions 

This study examined the effect of thermally activated sparingly soluble additives – 
phosphogypsum, limestone, and fly ash – on the rheological, hydration, and strength properties of 
Portland cement composites intended for vibration-resistant transport structures. 

The following key conclusions can be drawn: 
Thermal activation of phosphogypsum (400 °C) and limestone (200 °C) increases surface 

acidity and reactivity, resulting in accelerated hydration and improved workability. 
The optimal combination of 1 % phosphogypsum and 5 % limestone yielded the highest 

flowability and a 15 % increase in compressive strength compared to the control sample  
(534×105 Pa at 28 days). 

Fly ash activated at 450-500 °C enhanced the formation of ettringite and C-S-H, contributing 
to microstructural densification and sustainability through industrial waste utilization. 

The improved rheology and hydration kinetics particularly for bridge decks, pavements, and 
railway concretes, where vibration and cyclic loading demand high cohesion and early strength. 

The obtained results align with international findings on thermally activated binders [11] and 
sustainable transport composites [12]. 

Overall, the proposed approach demonstrates a cost-effective, eco-efficient pathway toward 
the production of vibration-tolerant and resource-saving cement composites for transport 
infrastructure. 
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