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ABSTRACT 
 
     Uniaxial compressive strength tests and modelling calculations were carried out on 
concrete specimens with different GGBS-to-binder ratios exposed to three different 
curing temperatures. The significant effect of curing temperature on the early-age 
compressive strength development of GGBS concrete was investigated, underscoring its 
importance in optimizing concrete performance. The test results demonstrate significant 
differences in strength development between ordinary Portland cement concrete and 
GGBS concrete, indicating that the conventional maturity model established for normal 
concrete is inadequate for predicting the compressive strength of GGBS concrete. To 
further quantitatively analyse the discrepancy, the maturity model, which accounts for the 
curing temperature histories of GGBS concrete with different GGBS replacement ratios, 
was modified by reevaluating the coefficient "s" based on a regression analysis of 
experimental data obtained in this study, with reference to the fib Model Code 2010. The 
modified maturity model enables real-time prediction of compressive strength 
development. The results indicate that, compared with the original strength estimation 
function, the modified model yields significantly more accurate predictions of the 
compressive strength development of GGBS concrete, demonstrating that the modified 
model can effectively monitor and predict the in-situ early-age compressive strength 
development of GGBS concrete during practical engineering construction. 
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1. INTRODUCTION 
 
     Driven by global decarbonization, the construction sector faces stringent pressure 
to reduce its embodied carbon footprint, as traditional clinker production alone accounts 
for approximately 8% of global anthropogenic CO2 emissions (Andrew 2018 and Adesina 
2020). Substituting ordinary Portland cement with ground granulated blast-furnace slag 
(GGBS) substantially mitigates carbon intensity while facilitating resource circularity 
within the built environment (Scrivener 2018 and Pacewska 2020). This substitution, 
however, fundamentally disrupts the hydration dynamics of the blended system. GGBS 
fundamentally alters the hydration sequence and the evolution of mechanical properties 
in blended cementitious systems, as its pozzolanic activation lags behind the primary 
hydration of ordinary Portland cement and reshapes the trajectory of early compressive 
strength gain (Kanavaris & Soutsos 2023).  
 
     Early-age compressive strength development remains a governing factor in 
modern concrete construction, directly dictating structural safety during execution, 
stripped formwork schedules, and overall site productivity (EN 1992-1-1 2004 and 
Vollpracht 2018). Among the available predictive approaches, the maturity method 
remains one of the most practical tools for relating strength development to temperature 
history (Miller 2022). It is formally adopted in ASTM C1074 and reflected in the strength-
development framework of fib Model Code 2010, both of which provide a basis for non-
destructive strength estimation from thermal history (ASTM International 2019 and fib 
2013).  
 
     However, he existing maturity models were originally developed for ordinary 
concrete systems (Barnett 2006) and usually overestimate the strength development of 
concrete cured in real sites (Liao 2008 and Kwon 2014). When applied directly to GGBS 
concrete, they may not fully capture the altered kinetics resulting from GGBS, and the 
predicted strength may deviate from measured values (Vollpracht 2018, Vijaya Bhaskara 
2018, Soutsos 2020 and Sun 2023). Existing experimental results demonstrate that 
curing temperature exerts dominant control over reaction kinetics of GGBS concrete: low 
thermal regimes suppress GGBS dissolution and slow early strength accumulation, while 
elevated temperatures accelerate initial hardening yet risk compromised long-term 
mechanical performance via the well-documented crossover effect (Soutsos 2017, 
Vollpracht 2018 and Lothenbach & Zajac, 2019). The combined effects of GGBS 
replacement proportion and curing temperature govern early-age strength development, 
creating a clear need to quantify their interaction on strength. 
 
     In this study, the coupled effects of curing temperature and GGBS-to-binder ratio 
(GGBS/b) on early-age compressive strength development were investigated through 
experimental study and modelling calculations. A series of concrete cubes with three 
GGBS-to-binder ratios exposed to three different curing temperatures were tested. The 
measured results are used to examine the effect of temperature and GGBS content on 
strength development. Then, the fib Model Code’s strength model is recalibrated by re-
evaluating coefficient "s" using regression analysis of real-time strength data. 
 



The 2026 World Congress on
The 2026 Structures Congress (Structures26)
23-25, August, 2026, Convensia, Incheon, Korea

 
2. EXPERIMENTAL PROGRAMME 
 
     2.1 Materials 
 
     The concrete cubes (100 mm) were prepared using CEM 52.5 N ordinary Portland 
cement supplied by Green Island Cement (Holdings) Limited, which fully complies with 
the standard BS EN 197-1. Well-graded natural river sand featuring a fineness modulus 
of 2.4 was selected as the fine aggregate, whereas crushed granite possessing a 
maximum particle size of 10 mm was incorporated as the coarse aggregate. Standard 
tap water was utilized throughout the mixing process. 
 
     In this paper, the testing factors considered are GGBS-to-binder ratios (GGBS/b = 
35%, 55%, and 75%) and curing temperatures (25℃, 40℃, and 55℃), with a control mix 
(0% GGBS) included for baseline comparison. Material properties of the GGBS are 
summarized in Table 1. To monitor concrete temperature, sensors have been embedded 
in two cubes per batch.  
 
 

Table 1 Properties of GGBS 
 

Fineness 
(m2/kg) 

Density 
(kg/m3) 

Sulfate content  
(as SO3) 

Loss-on ignition 
(L.O.I.) 

Moisture 
Content 

Magnesium 
oxide content 

529 2870 <0.1% 1.24% 0.3% 6.75% 

 
 

                
 

(a) Curing water tank       (b) Automatic constant-temperature water curing tank 
 

Fig.1 Detailed demonstration of specimens curing 
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     2.2 Curing and testing procedures 
 
     To study the effect of curing temperature on the early-age strength development, 
all freshly cast concrete cubes were immediately transferred to the temperature-
controlled water curing tank to maintain the specified curing temperatures, as illustrated 
in Fig. 1(a). After a 24-hour curing period within the moulds, specimens were de-moulded 
and subsequently transferred to fully automated water curing tanks, where they remained 
fully submerged under controlled constant curing temperature conditions, as shown in 
Fig. 1(b). 
 
     Compressive strength tests were scheduled at the curing ages of 3 days, 7 days, 
14 days, and 28 days. The load shall be applied steadily and without shock such that the 
stress is increased at a rate of 0.6 MPa/s for all of the compressive strength tests in this 
study (Construction Standard 2010). 
 
 
3. TEST RESULTS 
 
     3.1 Influence of temperature 

        

(a) Ordinary concrete (0% GGBS)              (b) 35% GGBS concrete 
 

         

 (c) 55% GGBS concrete                   (d) 75% GGBS concrete 
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Fig.2 Compressive strengths of specimens under various temperatures 

 
     To investigate the effect of temperature on early-age strength development of 
GGBS concrete, all concrete cubes were fully submerged in water tanks maintained at 
the corresponding curing temperature throughout the entire curing period.  
 
     Fig. 2 presents the compressive strengths of the concrete specimens cured at 
various temperatures, demonstrating that curing temperature has a highly noticeable 
impact on the strength development of GGBS concrete. Some of the salient 
characteristics are specifically identified and discussed in this research. 
 
 

       

(a) Curing at 25℃                         (b) Curing at 40℃ 
 

 
 

(c) Curing at 55℃  

Fig. 3 Compressive strength of concrete with different GGBS content 
 
 
     Specifically, when the temperature varied from 25°C to 55°C, the early-age 
compressive strength of GGBS concrete at low temperatures was obviously lower than 
that at high temperatures.  
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     At 28 days, however, maximum compressive strength was recorded at 40°C rather 
than 55°C. This strength reversal is attributable to the “crossover effect”, which indicates 
that excessive temperature at an early age can result in concrete exhibiting a higher initial 
strength and a lower long-term strength. This can be due to non-uniform microstructure. 
The rapid hydration at high temperatures leads to a less dense and more porous 
microstructure. A dense layer of hydration products can form rapidly around cement 
grains and hinder complete hydration of the inner core. 
 
 
     3.2 Influence of GGBS content 
 
     Fig. 3 illustrates the development of compressive strength in concrete with varying 
GGBS-to-binder ratios. The experimental results demonstrate that the early-age strength 
development of GGBS concrete, particularly before 7 days of curing, is significantly lower 
than that of ordinary Portland cement (OPC) concrete, while its later-age strength 
exceeds that of OPC concrete, especially at curing temperatures of 25 °C and 40 °C 
(except for the 75% GGBS concrete).  
 
     Moreover, concrete containing 75% GGBS shows a substantial strength reduction 
compared to both the 35% GGBS and OPC. These discrepancies underscore a critical 
limitation: conventional maturity models show inadequate predictive performance for the 
early-age strength development of GGBS concrete, thereby necessitating the formulation 
of an improved predictive framework. 
 
 
4. MODIFIED MATURITY MODEL 
 
     4.1 Modification of the strength prediction model 
 
     The prediction of concrete strength development primarily focuses on the 
relationship between time and strength under varying temperatures. The fib Model Code 
2010 provides a simple time-strength relationship to determine the compressive strength 
of concrete at various ages, as shown in Eq. (1). 
 

𝑓𝑐𝑚(𝑡) = 𝛽𝑐𝑐(𝑡) × 𝑓𝑐𝑚                            (1) 

                         𝛽𝑐𝑐(𝑡) = 𝑒
{𝑠×[1−(

28

𝑡
)
0.5

]}
                            (2) 

 
where fcm(t) is the compressive strength of concrete in MPa at a certain age t (in days); 
fcm is the compressive strength of concrete at the age of 28 days; βcc(t) describes the 
compressive strength development over time; t is the concrete age in days; “s” is a 
coefficient related to the strength class of cement, given in fib Model Code as below. 
 

⚫ fcm ≤ 60 MPa, CEM 32.5 N: s = 0.38, 
⚫ fcm ≤ 60 MPa, CEM 32.5 R & 42.5 N: s = 0.25, 
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⚫ fcm ≤ 60 MPa, CEM 42.5 R, 52.5 N, & 52.5 R: s = 0.2, 
⚫ fcm > 60 MPa, all strength class: s = 0.2. 

 
     This equation allows for easy prediction of concrete compressive strength. 
However, it may not be applied to fly ash concrete due to the different strength 
development characteristics. Therefore, in this study, the “s” values are obtained by fitting 
the experimental compressive strength through Eq. (1) and Eq. (2). 
 
     Vollpracht (2018) proposed the calculation of coefficient “s” with a linear function 
as below. 
 

𝑠 = 𝑐1 ×
𝑤

𝑏
+ 𝑐2 ×

𝑆𝐶𝑀

𝑏
                           (3) 

 
where w/b is water-to-binder ratio and SCM/b is the mass proportion of SCM in the binder 
(nondimensional); c1 and c2 are coefficients depending on the strength class of the 
cement. 
 
     Sun (2021) proposed a new function to calculate the coefficient “s” by a Power's 
type function as below. 
 

𝑠 = 𝑎 × 𝑋𝑏                                (4) 
 
Where X is w/b ratio and GGBS/b ratio of concrete; a and b are the fitting parameters of 
the regression analysis. 
 
     As previously mentioned, temperature has a highly noticeable impact on the 
strength development of concrete. The effect of curing temperature on the early-age 
compressive strength development of concrete would be carried out by calculating the 
equivalent age of concrete through the maturity method of concrete (Hansen 1977), 
which can be determined by Eq. (5). Therefore, the age of concrete t (in days) in Eq. (2) 
was replaced by the equivalent age of concrete at each curing temperatures. 
 

𝑡𝑒 = Σ𝑒
𝐸𝑎
𝑅
(
1

𝑇𝑎
−

1

𝑇𝑠
)
Δ𝑡                            (5) 

 
where te is the equivalent age at the reference temperature; Ea is the apparent activation 
energy (J/mol); R is the universal gas constant (J/K·mol); Ta is the average concrete 
temperature over the time interval ∆𝑡 (K); Ts is the specified temperature (K). 
 
     For some current models (fib 2013; ACI committee 209 2008), a constant value of 
33,256 J/mol is given to the apparent activation energy (Ea) for normal strength concrete. 
Then, Eq. (5) is transformed into Eq. (6): 
 

𝑡𝑒 = Σ𝑒13.65−[
4000

273+𝑇
]Δ𝑡                            (6) 
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     4.2 Determination of coefficient “s” 
 
     To calibrate the value of coefficient “s” of each mixing proportion, non-linear 
regression analyses based on Eq. (1) and Eq. (2) were conducted using the experimental 
results to fit the compressive strength at every testing age. In the fitting procedure, the 
fcm was fixed as the 28-day test compressive strength results of the concrete reported 
above, and the fitting results are presented in Table 2. 
 
 

Table 2 Regression analysis results of the coefficient “s” 
 

Temperature (℃) OPC 35% 
GGBS 

55% 
GGBS 

75% 
GGBS 

25 0.33 0.43 0.62 0.53 

40 0.24 0.40 0.28 0.19 

55 0.16 0.20 0.18 0.12 

 
 
     To further calibrate the calculation of the value of coefficient “s”, the regression 
analyses based on Eq. (3) and Eq. (4) were performed, with the corresponding best-fit 
parameters summarized in Table 3. As compiled in Table 2, the values of “s” indicate 
that the distribution of coefficient “s” seems to follow a non-linear tendency with W/b ratio 
or GGBS/b ratio. This observational trend shows strong consistency with the 
mathematical formulations derived from the non-linear curve fitting in Eqs. (3) and (4). 
 
 

Table 3 Regression analysis results of curve fitting parameters 
 

Temperature 
(℃) 

𝑠 = 𝑐1 ×
𝑤

𝑏
+ 𝑐2 ×

𝐺𝐺𝐵𝑆

𝑏
 

Eq. (3) 

 

𝑠 = 𝑎 × 𝑋𝑏 
Eq. (4) 

c1 c2 a b 

25 0.55 0.25 0.62 0.27 

40 0.83 -0.53 0.16 -0.91 

55 0.38 -0.18 0.12 -0.53 

 
 
     4.3 Accuracy of the maturity model 
 
    Upon determination of the coefficient “s”, the early-age compressive strength 
estimation of GGBS concrete can be predicted by substituting the coefficient “s” into Eqs. 
(1) and (2), together with the 28-day compressive strength “fcm” of concrete with various 
GGBS/b ratios.  
 
     Crucially, the time-dependent strength development predicted by the model 
corresponds to the mechanical response evaluated at its equivalent age. Consequently, 



The 2026 World Congress on
The 2026 Structures Congress (Structures26)
23-25, August, 2026, Convensia, Incheon, Korea

the equivalent age, which is dominated by temperature, must be determined before any 
strength evaluation. The predicted compressive strengths were compared with the 
measured results for concrete specimens with various GGBS/b ratios.  
 
 

 
 

Fig. 4 Comparison between measured and predicted compressive strength 
 
 
 
     A significant positive correlation is observed between the predicted and measured 
compressive strengths. Irrespective of temperature and GGBS/b ratios, the predicted 
compressive strengths show good agreement with the experimental results, confirming 
that the modified maturity model presents good prediction accuracy. 
 
 
5. CONCLUSION 
 
     The experimental investigation and modelling calculations were conducted to study 
the effect of temperature on early-age compressive strength development of GGBS 
concrete. Based on the analysis of the test results and the comparison with the predicted 
results of the modified maturity model, the following conclusions are drawn. 
 
     (a) Curing temperature has a significant effect on the development of compressive 
strength of concrete, with higher temperatures markedly enhancing early-age strength 
relative to lower curing temperatures. Crucially, however, excessive early temperature 
exposure often induces a trade-off: while promoting high initial strength, it impedes long-
term strength development. 
 
     (b) An exponential function was applied to modify the coefficient “s” in the fib Model 
Code 2010 model, and the correlation between “s” and varying GGBS content in concrete 
have been effectively established. 
 
     (c) Comparative analysis demonstrates that the modified maturity model exhibits 
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good predictive accuracy for early-age strength development in GGBS concrete. 
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