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Abstract 

This study evaluates the material behavior of heated concrete with varying supplementary cementitious material 
(SCM) contents and quantifies its effect on the post-fire performance of reinforced concrete (RC) columns. The novelty 
of this research lies in examining the influence of SCM content on the residual behavior of heated concrete and its 
application to RC columns exposed to fire. Concrete specimens were prepared with different mix ratios of fly ash 
and slag ranging from 0% to 30% of the total binder weight. Residual stress–strain responses were obtained by testing 
the specimens after exposure to elevated temperatures. These material properties were then incorporated into finite 
element (FE) models of full-scale RC columns. Thermo-mechanical coupled analyses and structural analyses were 
sequentially performed to predict the post-fire performance of the columns. The results indicate that the load-bearing 
capacity of fire-damaged columns cannot be explained solely by the material behaviors of concrete. Notably, the col-
umn containing concrete with 10% fly ash and 10% slag demonstrated greater residual load capacity than other 
models, despite having strength and elasticity not always higher compared to other concrete mixtures. Nonetheless, 
the residual strength ratio of the columns correlates with that of concrete in general. A comparison between struc-
tural and material behaviors indicates that the residual strength ratios of the columns align with those of concrete 
heated to 400–500 ℃.

Keywords Supplementary cementitious material, Fly ash, Blast furnace slag, Concrete column, Residual response, 
Post-fire performance

1 Introduction
In recent years, concrete mixed with supplementary 
cementitious materials (SCMs), such as fly ash and 
blast furnace slag, has been widely utilized worldwide. 
This is due to SCMs’ ability to enhance the durability 
of concrete and simultaneously reduce carbon dioxide 
emissions by partially replacing cement. As the demand 
for SCMs grows in the concrete industry, research 
on their influence on concrete behavior under high-
temperature conditions has intensified. Studies have 
demonstrated that replacing cement with SCMs 
improves fire endurance and compressive strength (Fan 
et al., 2019; Karahan, 2017; Lai et al., 2023; Lu et al., 2020; 
Ramzi & Hajiloo, 2023; Shumuye et al., 2021; Tanyildizi 
& Coskun, 2008). Additionally, SCMs enhance other 
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mechanical properties such as flexural capacity, splitting 
tensile resistance, and bending strength under high 
temperatures (Singh et  al., 2023; Tanyildizi & Coskun, 
2008; Zhang et  al., 2015). Moreover, spalling was not 
observed at temperatures up to 350–450 ℃ (Cree et al., 
2013) when SCMs were added to the concrete. These 
improvements are attributed to SCMs’ ability to densify 
the C–S–H gel structure (Shumuye et al., 2021) and their 
self-healing properties during post-fire curing (Ming & 
Cao, 2020). Residual strength has been shown to improve 
in concretes exposed to temperatures of up to 400–450 ℃ 
(Cree et al., 2013; Li et al., 2012; Singh et al., 2023), while 
strength degradation occurs at temperatures exceeding 
500 ℃ (Chun et al., 2023; Fan et al., 2019; Karahan, 2017; 
Lai et  al., 2023; Ramzi & Hajiloo, 2023; Tanyildizi & 
Coskun, 2008). However, limited research has extended 
the understanding of the residual material behavior of 
SCM-incorporated concrete to the structural level.

To address this gap, studies have explored the post-fire 
performance of concrete structures incorporating SCMs. 
Concrete beams containing SCMs, such as fly ash and 
steel slag powder, generally exhibit equivalent post-fire 
performance in load–deflection response, crack pattern, 
and cutline stiffness. Moreover, they demonstrated 
improved energy dissipation capacity and resistance 
to initial cracking (Oktaviani et  al., 2020; Zhang et  al., 
2025) compared to pure cement concrete beams. 
However, ductility and flexural capacity decreased 
significantly with increasing temperature and exposure 
time (Liu et al., 2024; Mathew & Joseph, 2018). In slabs, 
the addition of SCMs had a slightly adverse effect on 
compressive strength and deflection when exposed to 
high temperatures (Ghazy et al., 2022; Mussa et al., 2021).

The post-fire behavior of reinforced concrete (RC) 
columns depends on factors such as concrete strength 
(Ali et  al., 2010; Eamon & Jensen, 2013; Pul et  al., 
2021; Tao & Yu, 2012), concrete type (Gernay et  al., 
2013; Kodur et  al., 2013), fire exposure duration (Chen 
et  al., 2009; Demir et  al., 2020; Pul et  al., 2021; Tao & 
Yu, 2012), and temperature (Eamon & Jensen, 2013). 
For instance, Khaliq and Kodur (2013) conducted an 
experimental study on high-strength concrete columns 
with and without fly ash to evaluate their post-fire 
behavior. The results showed that the fire resistance 
and thermal response of fly ash concrete columns were 
similar to those of pure cement concrete columns and the 
structural response was slightly better due to improved 
microstructure and enhanced tensile strength resulting 
from the addition of fly ash in concrete. Similarly, 
Mathews et  al. (2022), examined self-compacting 
concrete columns incorporating fly ash and ground 
granulated blast furnace slag under varying fire exposure 
durations. Their findings revealed that slag-incorporated 

concrete columns exhibited superior residual strength 
and load-carrying capacity compared to the columns 
with fly ash. However, the above mentioned studies do 
not quantify the detailed extent to which SCM content 
influences the residual material properties of concrete 
and the post-fire performance of structural members.

To address this limitation, the present study investigates 
the effects of SCM content in concrete on the post-fire 
performance of RC columns by analyzing both material 
and structural behaviors. Material tests were conducted 
on concrete with varying fly ash-to-slag ratios to obtain 
residual stress–strain relationships after exposure to 
temperatures of 200 ℃, 500 ℃, and 800 ℃ for 3  h. The 
test results of stress–strain curves were employed as 
material properties in finite element (FE) models of full-
scale RC columns to predict their structural response 
after fire exposure. Thermo-mechanical coupled analyses 
were performed to simulate asymmetric heating and 
eccentric axial loading applied to the RC columns. 
Subsequently, structural analyses were conducted on fire-
damaged columns considering temperature distributions 
and deformed shapes. The load–displacement responses 
of columns with varying SCM contents were analyzed, 
providing new insights into the residual material 
behavior of SCM-incorporated concretes and the post-
fire performance of RC columns.

2  Study Methodology
The methodology adopted in this study comprises 
material-level tests on concrete specimens with varying 
SCM contents to determine the residual mechanical 
properties of the concrete, and a series of FE-based 
numerical simulations to evaluate the post-fire 
performance of RC columns with varying SCM contents.

2.1  Material‑Level Test on Concrete with Different SCM 
Content

2.1.1  Concrete Specimen Preparation
To investigate the residual material behavior of the 
SCM-incorporated concrete after exposure to high 
temperatures, heating and compressive strength tests 
were conducted on cylindrical concrete specimens. 
The batch mix proportions of concrete in Table  1 were 
designed with varying fly ash and blast furnace slag 
contents, ranging from 0% to 30% of the total binder 
weight. Materials, including fly ash and slag, were 
supplied by Aju Corporation (South Korea) and Total 
PC (South Korea). The mix ratios of the fly ash-slag 
were varied as follows: 0–0% (F0-S0) for pure cement 
concrete, 20–0% (F20-S0) for fly ash composite concrete, 
5–15% (F5-S15), 10–10% (F10-S10), 15–5% (F15-S5) for 
typical ternary blended concrete, and 30–10% (LF30-S10) 
for low cement concrete. All specimens targeted a 
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compressive strength of 60 MPa. A superplasticizer was 
added to the concrete mixtures to enhance workability, 
and polypropylene (PP) fibers (length: 6  mm) were 
included to prevent spalling during heating tests. 
Specimen fabrication of concrete specimens followed KS 
F 2403 standard (KS F 2403 2019), and specimens were 
cured in water after demolding. The 28-day compressive 
strengths of the unheated specimens were as follows: 
F0-S0 (67.1 MPa), F20-S0 (64.7 MPa), F5-S15 (65.1 MPa), 
F10-S10 (67.2  MPa), F15-S5 (69.5  MPa), and LF30-S10 
(61.8 MPa).

2.1.2  Heating Test
To prevent spalling and delayed heat propagation caused 
by excessive moisture content, specimens were air-
cured for over 90 days before heating (Li et al., 2017; Lin 
et  al., 2011). They were then heated at 200 ℃, 500 ℃, 
and 800  ℃ for 3  h in a muffle furnace (Nabertherm, 
Germany), as depicted in Fig. 1. The heating duration was 
determined based on an analytical study that confirmed 
uniform temperature distribution within the concrete 
specimens. The temperature increase rate was controlled 
to not exceed that of the ISO 834 standard fire curve 
(approximately 8 ℃/min), as exceeding this rate could 
lead to concrete spalling during heating. After heating, 

the specimens were slowly removed from the furnace to 
minimize thermal shock and were sufficiently air-cooled 
to mitigate changes in residual mechanical properties 
due to the cooling method (Akbulut et al., 2024).

2.1.3  Compressive Strength Test
Residual compressive strengths were measured one 
day after heating. Loads were applied following ASTM 
C39M until the specimens failed. A compressor meter 
was used to measure strain during loading (Fig. 2). Data, 
including loads and strains, were recorded every second 
using a data logger (Tokyo Measuring Instruments Lab., 
Japan). The procedure was repeated two or three times 
per variable to ensure consistency, and the average values 
were reported.

Table  2 presents the maximum strengths and elastic 
moduli of the concrete specimens obtained from the 
compressive strength tests. The strengths at 200 ℃ of 
F20-S0 and LF30-S10 were higher than unheated concrete 
strengths. This phenomenon is likely attributed to the 
self-healing properties of SCMs, activated during post-
fire curing (Fan et al., 2019; Ming & Cao, 2020; Tanyildizi 
& Coskun, 2008). Significant reductions in strength and 
elasticity were observed in the specimens after exposure 
to temperatures of 500 ℃ and above. Interestingly, ternary 
blended concrete specimens (F5-S15, F10-S10, and 

Table 1 Mix proportions of the concrete

Specimen W/B Water Cement Fly ash Slag Fine aggregate Coarse 
aggregate

Superplasticizer PP fiber

% kg/m3 Vol%

F0-S0 26 157 604 0 0 681 921 6.04 0.15

F20-S0 484 120 0 662 895

F5-S15 30 90 666 909

F10-S10 60 60

F15-S5 90 30

LF30-S10 28 140 300 150 50 611 1063

Fig. 1 Heating test of the concrete specimen

Fig. 2 Compressive strength test after exposure to heating



Page 4 of 12Lee et al. Int J Concr Struct Mater           (2025) 19:49 

F15-S5) exhibited higher elastic moduli at 200 ℃, 500 ℃, 
and 800  ℃ compared to others, despite having similar 
or lower elastic moduli at 20  ℃. However, determining 
whether specific specimens consistently exhibit superior 
residual material properties remains challenging. Further 
investigation into the chemical reactions between SCMs 
at elevated temperatures is necessary to explain the 
reason for variations in material characteristics associated 
with different SCM mix ratios. To better understand the 
relationship between residual ratios at the material and 
structural levels, Table  5 lists the percentages of concrete 
strength after exposure to high temperatures compared to 

its strength at room temperature at material and structural 
levels.

2.2  Analytical Study for the Column Evaluation
An FE analytical study was conducted to examine 
the effect of varying SCM mix ratios on the post-fire 
performance of full-scale RC columns. The analytical 
method, outlined in the flowchart (Fig.  3), consisted of 
two sequential analyses: thermo-mechanical coupled 
analysis and structural analysis. The thermo-mechanical 
coupled analysis was performed to predict the behavior of 
RC columns during heating, including deformed shapes 
and temperature distributions. These results were then 

Table 2 Compressive strengths and elastic moduli of the concrete specimens

Specimen Unheated Heated temperature

20 ℃ 200 ℃ 500 ℃ 800 ℃

Compressive strength [MPa] F0-S0 67.1 65.5 39.9 9.9

F20-S0 64.7 71.5 37.8 12.7

F5-S15 65.1 56.4 32.8 13.3

F10-S10 67.2 63.5 37.7 13.4

F15-S5 69.5 63.4 32.6 11.6

LF30-S10 61.8 69.3 38.5 10.5

Elastic modulus [GPa] F0-S0 39.0 17.4 3.8 0.5

F20-S0 37.6 19.0 3.5 0.7

F5-S15 37.7 26.2 6.3 1.5

F10-S10 30.3 24.9 9.4 2.0

F15-S5 37.8 23.7 6.6 1.6

LF30-S10 31.5 14.9 4.6 0.6

Fig. 3 Flowchart of the FE analytical approach
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used to generate damaged column models, which served 
as input for the structural analysis. The structural analysis 
evaluated the residual strength and overall performance 
of the columns after exposure to elevated temperatures. 
Finally, the post-fire performance of the damaged 
columns, considering different SCM content, was 
obtained. The overall modeling methodology adopted 
in this paper is based on our previously undertaken 
studies. Especially, Lee and Kim (2023) reported 
the effect of thermal deformations and geometrical 
nonlinearity on predictions of post-fire performance of 
RC walls. Moreover, the material test simulation with 
implementation of material models obtained from the 
tests agreed well with the test results. Therefore, this 
study adopted the developed modeling methods to RC 
column models. The detailed analytical approaches will 
be described in the following subsections.

2.2.1  Thermo‑Mechanical Coupled Analysis
To investigate under real-life conditions, the column 
details were chosen from a typical structural plan 
of a high-rise building (Ryu, 2020). As illustrated in 
Fig.  4a, the initial dimensions of the column were 
450  mm × 750  mm × 3000  mm (width × depth × height), 
with longitudinal reinforcement comprising 8-D19 steel 
bars (eight deformed steel bars, 19 mm in diameter) and 
transverse reinforcement of D13@300 stirrups (13  mm 
diameter, spaced at 300-mm intervals). The FE model 

was generated and analyzed using ABAQUS version 2020 
(Dassault Systems, Velizy-Villacoublay, France). Concrete 
was modeled with 3D continuum thermally coupled brick 
elements featuring reduced integration point (C3D8RT), 
while steel reinforcements were modeled using 
3D-coupled temperature-displacement truss elements 
(T3D2T). The element size was set at 30 mm to optimize 
computational efficiency and facilitate temperature 
profile readings. A perfect bond was assumed between 
the concrete and reinforcing steel.

The mechanical behaviors of concrete with different 
SCM mix ratios were modeled based on stress–strain 
relationships obtained from material-level tests. 
However, for F0-S0 and F20-S0, due to experimental 
limitations, Eurocode 2 was used to derive stress–
strain relations as ratios of stress to maximum strength 
at various temperatures; stress values were based on 
the experimental results, while stress–strain relations 
were calculated using Eurocode 2. Thermal material 
properties, such as conductivity and heat capacity, were 
assumed to align with those of concrete containing only 
fly ash (Kodur et  al., 2004). The effect of varying SCM 
contents on thermal properties was disregarded based 
on the previous findings that suggest negligible influence 
(Kodur & Khaliq, 2011). For steel, both mechanical 
and thermal material properties were obtained from 
previously reported data (Chun et al., 2022).

Fig. 4 Details of the FE column model for the thermo-mechanical coupled analysis. a Column dimensions and boundary conditions. b Fire 
and loading prescriptions
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Heating temperatures were applied exclusively to the 
three side-surfaces of the column following the ISO 
834 time–temperature curves. This approach reflects 
the location of the column in the middle of an external 
wall, where one side faces the exterior and the other 
three sides are exposed to interior conditions. This 
configuration not only adheres to the geometry of the 
column as specified in the structural plan of a high-rise 
building (Ryu, 2020), but also accounts for a realistic 
fire scenario that results in asymmetric fire exposure 
to the column. The base of the column, with a height 
of 120  mm, was fixed in all translational directions, 
assuming that the column was embedded in a slab. The 
upper part, also 120 mm in height, was restrained only in 
the horizontal directions. Prior to heating, a load of 3322 
kN—equivalent to approximately 22.3% of the nominal 
axial loading capacity—was applied with an eccentricity 
of 135  mm. This eccentricity corresponds to 0.3 times 
the column width and half of the balanced eccentricity. 
The magnitude of the applied load was determined based 
on the column’s location and building purpose, while 
the eccentricity was determined to amplify the effects 
of asymmetry on the cross-sectional properties of the 
column, as shown in Fig.  4b. The mechanical load was 
kept constant throughout the 2-h heating period. For the 
nonlinear analysis, convergence control was employed. 
The maximum time interval was set to correspond to a 
temperature increase of 1 ℃, while the minimum time 
interval was set to 1/100,000 of the maximum interval.

After heating, the concrete temperatures within 
the column ranged from 20 ℃ to 1050  ℃, with the 
maximum temperature of the steel reinforcement 

reaching 556  ℃. Because the influence of the SCM 
content on the thermal material properties was 
disregarded in the material modeling, the representative 
temperature distributions for the concrete and 
steel reinforcements are illustrated in Fig.  5a and b, 
respectively. Due to the combined effects of heating and 
loading, the columns exhibited both lateral and axial 
deformations after the thermo-mechanical coupled 
analyses. Fig.  6 presents the von Mises stress and 
equivalent plastic strain distributions on the deformed 
shapes of the column, which are nearly identical across 
all models. The maximum stress in the concrete and the 
yield strain in the steel were observed at the location 
of eccentric loading. Additionally, steel near the fixed 
region failed, particularly at the corners of the heated 
side surfaces. Asymmetric heating and eccentric 
loading caused lateral deformations of approximately 
4.8 mm in all column models. In the axial direction, the 
columns expanded due to thermal deformation, which 
dominated the effects of mechanical loading (22.3% of 
the nominal axial loading capacity). Axial deformations 
in the z-direction measured 11.5, 11.1, 11.0, 10.8, 11.2, 
and 10.7  mm for columns with F0-S0, F20-S0, F5-S15, 
F10-S10, F15-S5, and LF30-S10, respectively. Table  3 
lists the natural frequencies at 1st ~ 6th modes for fire-
damaged column models. These frequencies, which 
ranged from 0.04435 to 0.54743, are attributed to the 
deformations caused by fire and structural loadings 
(Akbulut et  al., 2021, Altunisik et  al., 2022). Although 
the simulated columns displayed similar temperature, 
stress, and strain contours regardless of variations 
in SCM content, their axial deformations differed. 

Fig. 5 Temperature distributions of the column after 2 h of heating. a Concrete. b Steel
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Notably, the column with F0-S0 showed the largest 
deformation due to having the highest elastic modulus 
reduction of concrete.  

2.2.2  Structural Analysis
The FE models for the structural analysis were 
generated based on the deformed geometries of 
the columns obtained from the previous thermo-
mechanical coupled analysis. The nodal coordinates 
of each element were extracted from the output data 
of the thermo-mechanical coupled analyses, and the 
elements for the structural analysis were generated 
while preserving the node numbering and meshing 
order. However, these models cannot be considered 
fully coupled, as the cracks caused by thermal and 

structural loadings were not modeled, and neither 
temperature increases nor fracture mechanisms were 
applied to the columns. A 3D continuum brick element 
with a reduced integration point (C3D8R) was used 
for the concrete, while 3D truss elements (T3D2) were 
employed for the steel reinforcement.

The temperature-dependent residual material 
properties of the concrete were assigned to respective 
parts based on the temperature distributions obtained 
from the thermo-mechanical coupled analyses. 
To enhance computational efficiency, the material 
properties were assigned to the parts with intervals of 
100 ℃–200 ℃, calculated using the average temperature 
within each mesh. For columns F0-S0 and F20-S0, which 
lacked experimentally derived stress–strain relationships, 

Fig. 6 Deformed shapes of the column after thermal and mechanical loadings; the deformation scale factor is 10. a Von Mises stress distributions 
of concrete within the effective length (2760 mm). b Equivalent plastic strain distributions of the steel

Table 3 Comparison of the natural frequencies of the fire-damaged column

Mode Natural frequency [Hz] Standard deviation

F0‑S0 F20‑S0 F5‑S15 F10‑S10 F15‑S5 LF30‑S10

1 0.4835 0.4953 0.5618 0.5806 0.5549 0.4814 0.04435

2 0.9869 1.0046 1.1266 1.1131 1.1084 0.9335 0.08093

3 2.5330 2.6020 3.0045 3.0855 2.9603 2.4900 0.26572

4 2.8588 2.9274 3.3217 3.4120 3.2792 2.8279 0.26096

5 5.0721 5.1614 5.7942 5.7028 5.6991 4.7758 0.42055

6 6.8464 6.9460 7.7534 7.5127 7.6181 6.3424 0.54743
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the material properties were adopted from Eurocode 2 
and the measured compressive strengths (Fig.  7a and 
b). In contrast, the material models for F5-S15, F10-S10, 
F15-S5, and LF30-S10 were based on the test results of 
concrete specimens at 200  ℃, 500  ℃, and 800 ℃. For 
temperatures between these points, linear interpolations 
were used to determine the properties (Fig.  7c–f). For 
the fire-damaged steel reinforcement, the stress–strain 
curves reported in prior study by Chun et al. (2022) were 
adopted.

The boundary conditions and constraints between 
the concrete and steel reinforcement were similar to 
those used in the thermo-mechanical coupled analysis. 
Structural loads were incrementally applied until the 
analysis terminated due to numerical instability. The 
structural analyses accounted for both material and 
geometrical nonlinearities. Additionally, the Riks method 
was employed to capture buckling behavior, considering 
the high aspect ratio and slenderness of the columns.

Fig. 7 Material models of concrete at elevated temperatures according to the SCM content
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3  Results and Discussion
3.1  Load–Displacement Response
Fig.  8 illustrates the load–displacement responses 
predicted from the simulations of different columns. 
The initial stiffness values are nearly identical across all 
models. A load decrease is observed at displacements of 
20–23 mm, which allows the strain energy of the columns 
to be released. The peak points of the load–displacement 
curves occurred earlier in the ternary blended concrete 
column models (F5-S15, F10-S10, and F15-S5), whereas 
in the other columns, these points were observed even 
after 60 mm of displacement. As a result, the maximum 
loads for the columns, ranked in descending order, are 
as follows: F10-S10 (15,107 kN), F20-S0 (15,014 kN), 
LF30-S10 (14,710 kN), F0-S0 (14,258 kN), F15-S5 (14,207 
kN), and F5-S15 (13,136 kN).

The load–displacement curves from the structural 
analyses reveal that the post-fire performance of the 
concrete columns cannot be explained solely by the 
material properties of the concrete. The column model 
of F10-S10 exhibits the highest maximum load, as 
shown in Fig.  8. However, the strength and elasticity of 
the concrete in F10-S10 are not significantly higher than 
those of other models, both at room temperature and 
after exposure to high temperatures (Table 2). Although 
the residual concrete strength and elastic modulus at 
800 ℃ are the highest in F10-S10, this ranking does not 
align with the maximum load-bearing capacities of the 
concrete columns. Therefore, numerical analysis or 
experimental investigations at the structural level are 
necessary to accurately assess the load capacity of fire-
damaged columns.

Furthermore, these results indicate that the 500  ℃ 
isotherm method, a simplified calculation method 
proposed by Eurocode 2, may not be suitable for 
evaluating the post-fire performance of columns made 
with SCM-incorporated concrete. The 500 ℃ isotherm 
method assumes that damaged concrete exposed to 
temperatures exceeding 500  ℃ does not contribute 
to the load-bearing capacity of the member, while 
the remaining concrete cross-section (below 500  ℃) 
retains its initial strength and elastic modulus. Table  4 
compares the maximum loads of the column calculated 
using the 500 ℃ isotherm method with the results from 
the FE analysis in this study. The differences between 
the predictions from the FE analysis and the calculation 
from the 500  ℃ isotherm method are the smallest in 
the case of F0-S0 (pure cement concrete) as 1.4%, and 
largest for LF30-S10 (low cement concrete) as 12.9%. This 
discrepancy arises because the concrete strength at room 
temperature governs the load capacity of the column 
in 500  ℃ isotherm method, where the same residual 
cross-sections is assumed regardless of SCM content. 
Consequently, further research is required to determine 
the applicability of the 500  ℃ isotherm method for 
evaluating the structural performance of members made 
with SCM-incorporated concrete considering diverse 
material and structural conditions.

3.2  Residual Strength Ratio
Table 5 presents the ratios of the compressive strengths 
of heated concrete specimens to those of unheated 
specimens (at 20  ℃) and the ratios of the maximum 
loads of fire-damaged column models to those of control 
models, which were subjected only to eccentric loading 
without heating. The results provides a relationship 
between the residual strength ratio of the columns at the 
structural level and that of the concrete at the material 
level. Columns F20-S0, F10-S10, and LF30-S10 exhibit 
higher residual strength ratios (over 60%) compared to 

Fig. 8 Load–displacement response of the columns 
from the structural analyses

Table 4 Comparison of the load capacity of the fire-damaged 
column

Specimen Load‑bearing capacity [kN] Ratio of A/B [%]

Predicted from 
the FE analysis 
(A)

Calculated from 
500 ℃ isotherm 
method (B)

F0-S0 14258 14053 101.4

F20-S0 15014 13588 110.5

F5-S15 13136 13666 96.1

F10-S10 15107 14072 107.4

F15-S5 14207 14517 97.8

LF30-S10 14710 13027 112.9
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other models, consistent with mostly higher residual 
strength ratios of their corresponding concretes at the 
material level. Fig. 9 illustrates the estimated points where 
the residual strength ratios of the concrete specimens 
and columns align. For the pure cement concrete 
model (F0-S0), the marking point is at 500 ℃ because 
its residual strength ratio at the column level (59.5%) 
matches the residual strength ratio of the concrete 
specimens heated with 500  ℃. For the SCM-mixed 
concrete models, the temperatures matching residual 
strength ratios of concrete specimens were determined 
by linear interpolation between 200 ℃ and 500 ℃. The 
matching temperatures for F20-S0, F5-S15, F10-S10, F15-
S5, and LF30-S10 were found to be 457.39 ℃, 439.50 ℃, 
435.94 ℃, 422.80 ℃, and 472.29 ℃, respectively. These 
results highlight the necessity of considering the overall 
residual strength ratios of concrete after exposure to high 

temperature, especially within the 400 ℃–500 ℃ range, 
when evaluating the residual strength ratio of columns.

When comparing F0-S0 and LF30-S10, it is found that 
the replacement of cement in concrete affects to the 
residual strength ratios and post-fire performance of 
RC columns. As shown in Table 1, the weight of cement 
used in F0-S0 is approximately double that in LF30-S10. 
Even though the concrete strength of F0-S0 at ambient 
conditions (67.1  MPa) is higher than that of LF30-S10 
(61.8  MPa), the maximum load capacities of the fire-
damaged columns are 14,258 kN for F0-S0 and 14,710 kN 
for LF30-S10. Furthermore, the residual strength ratio 
of the column with LF30-S10 (66.9%) is significantly 
higher than that of the column with F0-S0 (59.5%). This 
indicates that the replacement of cement with SCMs 
likely enhanced the residual load capacity of the columns 
after fire exposure.

4  Conclusion
This study investigated the effects of SCM content on the 
residual material behaviors of concrete exposed to high 
temperatures and the post-fire performance of full-scale 
RC columns. Experimental tests, including heating and 
compressive strength tests were conducted on concrete 
specimens with six different mix proportions of fly 
ash and blast furnace slag: 0% (F0-S0), 20–0% (F20-S0), 
5–15% (F5-S15), 10–10% (F10-S10), 15–5% (F15-S5), and 
30–10% (LF30-S10). FE-based analytical methods were 
also used to predict the residual load-bearing capacity 
and structural response of columns incorporating SCM-
mixed concrete. Further research is recommended to 
expand the applicability of the findings toward wide 
ranges of parameters including the post-fire behavior 
of ultra-high-performance-concrete or zero-cement 
concrete, the effect of alternative SCM types (e.g., silica 
fume) on residual concrete strength at high temperatures, 
and the effect of SCMs on the shear and tensile behaviors 
of concrete. The key findings of this study are as follows:

(1) Residual material behavior of concrete is 
influenced by SCM content. Among specimens with 
a 20% replacement of cement, residual strength, 
elasticity, and residual strength ratio varied based 
on the fly ash–slag content. However, no single mix 
consistently demonstrated superior residual behavior 
after exposure to high temperatures.
(2) The column with the F10-S10 mix exhibited 
the highest maximum load capacity, even though 
the strength and elasticity of the F10-S10 concrete 
were not the highest among the tested mixes. This 
highlights the necessity of conducting numerical 
analyses or full-scale experiments at structural 

Table 5 Residual strength ratios at the material and structural 
levels [%]

Specimen Material level Structural level

Heated temperatures of the 
concrete

Column exposed 
to ISO‑834 for 2 h

200 ℃ 500 ℃ 800 ℃

F0-S0 97.6 59.5 14.8 59.5

F20-S0 110.5 58.4 19.6 65.8

F5-S15 86.6 50.4 20.4 57.7

F10-S10 94.5 56.1 19.9 64.3

F15-S5 91.2 46.9 17.4 58.3

LF30-S10 112.1 62.3 17.0 66.9

Fig. 9 Estimated point where the residual strength ratios 
at the material and structural levels are matched (black dashed lines: 
results from material studies)
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level, as post-fire performance of column cannot be 
determined solely based on the material behaviors of 
the concrete.
(3) The LF30-S10 column model, which was a ternary 
blended with low cement content, showed the largest 
discrepancy between predictions from the FE analy-
sis and results calculated using the 500 ℃ isotherm 
method. In contrast, the F0-S0 column model (pure 
cement concrete) exhibited the smallest discrepancy. 
This suggests that the 500 ℃ isotherm method may 
not adequately account for the effects of SCM con-
tent in concrete on post-fire performance of RC col-
umn.
(4) Mixes such as F20-S0, F10-S10, and LF30-S10 
exhibited relatively higher residual strength ratios 
not only at the material level, but also in column. 
The ratio of the maximum load of the fire-damaged 
column to that of the unheated column is closely 
linked to the residual strength ratio of the concrete. 
Evaluating residual strength ratios of concrete 
exposed to high temperature—particularly in the 
400–500 ℃ range—is important when predicting the 
post-fire residual strength of the columns.
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