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Concrete remains the most widely used construction material for buildings and
infrastructure because of its high compressive strength, durability, and cost-
effectiveness. However, fire exposure can significantly impair its structural
performance through moisture loss, thermal cracking, spalling, and the
degradation of cement hydration products. Although the fire behavior of normal-
and high-strength concrete has been extensively studied, experimental evidence
on low-strength concrete (f'c * 10-15 MPa), which is still common in older
buildings and public facilities in Indonesia, remains limited. This study
investigates the effects of elevated temperatures on the residual compressive
strength and visible deterioration of low-strength concrete with a target
compressive strength of 12.5 MPa. A narrative literature review was combined
with controlled laboratory experiments using cylindrical specimens exposed to

temperatures of 200°C, 300°C, 400°C, and 500°C. Residual compressive strength
was determined through standard compression testing, while surface
deterioration was assessed by visual inspection. The results showed progressive
strength reductions of 4.8%, 13.6%, 28.0%, and 42.4%, respectively, with one-way
ANOVA confirming a significant effect of temperature on residual compressive
strength (F (4,10) = 1015.07, p < 0.001). More severe deterioration was observed
above 300°C, characterized by color changes, crack propagation, and friable
concrete surfaces. These findings provide practical experimental evidence to
support post-fire structural assessment and decision-making for the repair,
strengthening, or demolition of low-strength concrete structures in Indonesia.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Indonesia is experiencing a growing threat from building fires. According to data from Statistics
Indonesia [1], structural fire incidents have been increasing annually, resulting in substantial
economic losses and severe damage to public infrastructure. Beyond the immediate destruction
caused by fire, one of the most critical engineering challenges is determining whether a fire-
damaged concrete structure remains serviceable, requires strengthening, or must be demolished.

Concrete is the most widely used material in buildings, bridges, and infrastructure due to its high
compressive strength, durability, and relatively low production cost [2,3]. Despite these
advantages, concrete remains vulnerable to elevated temperatures. Under high-temperature
conditions, concrete experiences progressive deterioration caused by moisture evaporation,
thermal incompatibility between cement paste and aggregates, decomposition of hydration
products, and the development of internal cracking [2-5]. Severe exposure may result in spalling,
brittleness, and significant reductions in residual compressive strength, ultimately compromising
structural performance [3,4,22].
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Previous studies have demonstrated that elevated temperatures significantly affect both the
mechanical properties and microstructural integrity of concrete. Shahraki et al. [2] developed
probabilistic models for predicting residual compressive strength after fire exposure, while Kakae
et al. [3] investigated the physical and thermal degradation mechanisms of heated concrete. Other
researchers have evaluated post-fire structural behavior using destructive and non-destructive
approaches, including residual compressive strength testing, ultrasonic pulse velocity, rebound
hammer methods, and numerical modelling [5-8]. At elevated temperatures above approximately
400°C, the decomposition of portlandite (Ca (OH),) and progressive depolymerization of calcium
silicate hydrate (C-S-H) substantially reduce concrete stiffness and strength [2,3,22-24]. Spalling
phenomena and thermal cracking become more severe, especially in concrete subjected to rapid
heating or containing dense microstructures [9-13].

However, most previous investigations focused on normal-strength or high-strength concrete
commonly used in developed countries [2,4,22-24]. Experimental data concerning low-strength
concrete (fc = 10-15 MPa), which is still widely found in older school buildings, residential
structures, and community facilities in Indonesia, remain limited. This constitutes a significant gap
in the literature: post-fire assessment guidelines and probabilistic strength models developed for
higher-grade concrete may not be directly applicable to the lower-grade concrete stock that
predominates in public buildings across developing nations.

Fig. 1. Field documentation of the fire at SDN 022 Penajam (31 January 2024), which motivated
the present experimental investigation. The left photograph shows the building during the
active fire, while the right photograph shows the post-fire condition after fire suppression,

including extensive fire damage and debris clearance prior to structural assessment. Photos:
Field documentation by the authors

The present study addresses this research gap by experimentally investigating the residual
compressive strength and visible surface degradation of low-strength concrete exposed to
temperatures of 200°C, 300°C, 400°C, and 500°C. The study is motivated by a real fire incident at
SD Negeri 022 Penajam (Sekolah Dasar Negeri; a government-operated state primary school), East
Kalimantan, Indonesia. The three objectives of this study are: (1) to evaluate the residual
compressive strength of low-strength concrete after exposure to elevated temperatures; (2) to
document visible thermal damage characteristics including color change and surface cracking; and
(3) to assess the implications of strength degradation for post-fire structural safety evaluation in
the Indonesian context.

Consistent with these objectives, the study tests the following hypotheses: (H1) the residual
compressive strength of low-strength concrete (fc = 12.5 MPa) decreases significantly with
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increasing exposure temperature across the 200-500°C range; (H2) the rate of strength loss is not
linear but accelerates once exposure temperature exceeds approximately 300°C, consistent with
the onset of calcium hydroxide dehydration reported for higher-grade concrete; and (H3) visible
surface deterioration becomes progressively more severe with increasing temperature and
strength loss, such that visual inspection may provide a preliminary, though not definitive,
indication of thermal damage severity.

Unlike previous studies that predominantly investigated normal- and high-strength concrete, the
present study specifically examines low-strength concrete (approximately 12.5 MPa), which
remains widely used in older Indonesian public buildings. The study further integrates
experimental laboratory testing with observations from an actual fire incident, thereby providing
locally relevant reference data for post-fire structural assessment in developing countries.

2. Material and Methods

2.1 Temperature Gradient

Concrete building elements consist of aggregates bound by hydrated cement paste, reinforced or
prestressed with steel. In compartment fire conditions, gas temperatures increase rapidly, often
reaching a fully developed phase before gradually decreasing during cooling. During fire exposure,
steep thermal gradients develop within structural members, accompanied by moisture migration
and internal thermal stresses. These processes induce physical and chemical changes that
progressively reduce stiffness, strength, and bond performance while increasing the risk of
cracking and spalling [3,15,22,26].

The severity of thermal damage is influenced by peak temperature, heating duration, cooling rate,
moisture condition, aggregate mineralogy, member dimensions, and mechanical restraint during
heating [2,3,22]. At relatively low temperatures (below approximately 200°C), deterioration is
mainly associated with evaporation of free and adsorbed water from capillary pores. As
temperatures exceed 300°C, degradation becomes increasingly severe [2,3,20-25].

2.2 Temperature-Dependent Damage Mechanisms

Hygral Effects (20-200°C). Free water evaporates and bound water begins to migrate. In low-
permeability, moist concrete subjected to rapid heating, pore pressure can build up, causing
microcracking and potentially explosive spalling [3,9,10,21]. Dehydration of Hydrates (105-
400°C). C-S-H, ettringite, and portlandite lose bound water. The matrix becomes less continuous,
interfacial transition zone (ITZ) debonding increases, and stiffness tends to degrade earlier and
faster than compressive strength [2,3,20,24]. Chemical Decomposition (400-800°C). Portlandite
decomposes at approximately 400-600°C, causing a marked reduction in stiffness and compressive
strength [2,3,23]. C-S-H depolymerization intensifies beyond 600°C, severely reducing cohesion
[2]. Aggregate transformations, including the a-B quartz transition occurring near 573°C,
introduce additional thermal cracking [2,3,30].

Thermal Mismatch and Structural Restraint. Different thermal expansion coefficients of paste,
aggregates, and steel induce shear and tension at the ITZ. Under sustained gravity loads and
structural restraint, transient thermal creep accelerates inelastic strains, amplifying deflections
and damage [2,3,26]. Spalling in Building Elements. Spalling arises from combined pore-pressure
and thermal-stress mechanisms, promoted by dense or high-strength mixes, high moisture content,
thin concrete covers, rapid heating rates, and high axial load [9-13,21]. Polypropylene fibres and
pre-drying reduce explosive spalling risk by improving vapor pressure dissipation during heating
[9-13].

2.3 Residual Properties Relevant to Building Safety

e Compressive Strength: Declines nonlinearly with temperature: often modest up to 200-
300°C, then accelerating markedly beyond 400°C [2,22,23]. Hertz [28] proposed a bilinear
model widely adopted in structural fire design.

e Elastic Modulus: Degrades faster than strength; serviceability (deflection, crack width) can
govern even when residual strength seems acceptable [2,4,22]. Buchanan and Abu [26]
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emphasize that deformation-based checks are critical in fire-exposed structures. Bond to
Reinforcement. Cover cracking, spalling, matrix softening, and thermal mismatch reduce
bond and anchorage; slip at laps and anchors becomes critical in post-fire assessment [4,27].

e Low-Strength Concrete Behavior: Low-strength concretes (f'c * 10-15 MPa) typical of older
Indonesian buildings may have higher initial porosity, reducing explosive spalling risk
compared to dense high-strength concrete [9,23]. However, elastic modulus and tensile
capacity still deteriorate rapidly beyond 300-400°C, making axially loaded columns and
walls particularly vulnerable [2,9,23].

2.4 Research Gap and Contribution of the Present Study

Although numerous studies have investigated fire-damaged concrete, most prior research focused
primarily on normal-strength or high-strength concrete (fc = 25 MPa) commonly used in
developed countries [2,4,22-25,27-30]. These strength classes differ substantially from the low-
strength concrete (fc  10-15 MPa) that still predominates in older school buildings, residential
structures, and community facilities across Indonesia. Because degradation mechanisms, porosity
characteristics, and residual strength trajectories differ between concrete grades, direct
extrapolation from international high-strength datasets to this lower-grade stock introduces non-
trivial uncertainty in post-fire decision-making.

A second gap lies in contextualization. Most previous investigations were conducted under
idealized laboratory conditions without reference to actual fire incidents in Indonesian public
buildings. Nationally applicable strength models and post-fire assessment protocols have not been
validated for the specific concrete grades and construction practices encountered in Indonesian
infrastructure.

The present study directly addresses both gaps by: (i) experimentally quantifying the residual
compressive strength and visible thermal damage of low-strength concrete (f'c # 12.5 MPa) across
the range 200-500°C; and (ii) contextualizing the findings using a documented fire incident at SD
Negeri 022 Penajam, East Kalimantan, Indonesia. The results are intended to provide locally
relevant empirical reference data supporting post-fire structural assessment decisions for public
buildings constructed with lower-grade concrete in Indonesia.

2.5 Materials and Sample Preparation

Since it was not feasible to retrieve concrete samples directly from the fire-damaged building, new
specimens were produced in the laboratory using a mix design estimated to match the original
structure’s concrete. The mix was selected based on the construction era and visual inspection of
non-fire-damaged sections, which suggested the structure was built to Class I concrete
specifications targeting a characteristic compressive strength of approximately 10-15 MPa with a
water-to-cement ratio (w/c) of 0.6. Mix proportions by mass used Portland Composite Cement
(PCC type), fine aggregate (local river sand from Kalimantan, fineness modulus = 2.8, unit weight
2.54 g/cm?), coarse aggregate (crushed basaltic gravel from Palu, Central Sulawesi, maximum size
20 mm, unit weight 2.55 g/cm?, abrasion resistance 23%), and water. Palu aggregates are of
basaltic origin and are widely used for concrete in Indonesia; they offer higher resistance to alkali-
silica reaction compared to aggregates from some areas in East Kalimantan and have been
characterized in previous studies conducted at Mulawarman University [31].

Freshly mixed concrete was cast into cylindrical moulds measuring 15 cm in diameter and 30 cm
in height (standard SNI 1974:2011 dimensions) [14]. Each cylinder was left in the mold for 24
hours for initial setting, then demolded and moist-cured at room temperature (approximately
27°C) until reaching the testing age of 28 days. A total of 15 cylindrical specimens were prepared
and divided into five treatment groups (n = 3 per group): a control group at room temperature
(~27°C) and four heated groups exposed to 200°C, 300°C, 400°C, and 500°C, respectively.
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Table 1. Concrete mix design (job mix formula) used for laboratory specimens

. Quantity
No. Material Specification Quar;tlty per batch* Role in Mix
perm? (kg) P>
(kg)
Portland
1 Composite SNI 7064:2014; Type PCC 276 4.14 Binder
Cement (PCC)
Fine Aceresate FM = 2.8; SSD; unit wt 2.54
2 ° ABEIeE g/cm?; local Kalimantan 799 11.99 Fine filler
(river sand) .
River sand
Max. size 20 mm; SSD; unit
Coarse wt 2.55 g/cm?; abrasion
3 Aggregate 22 B/ Cm 1,093 16.40 Coarse filler
(crushed gravel) 23%; basaltic, from Palu,
5 Central Sulawesi [31]
4 Water Clean tap water; potable 166 2.49 Hydr:fltlon
medium
Water-to- -
Cement Ratio Target < 0.60 0.60 0.60 Worlkability /
strength control
(w/c)
Cement: Sand: By mass 1:2.9:3.96 : Mix
Gravel ratio proportioning
Target f'c (28- Class I concrete (SNI) =~ 12.5 MPa : Structural grade
day) baseline

* Batch volume = 15 liters (sufficient for three @15x30 cm cylinders). FM = fineness modulus; SSD = saturated
surface-dry condition. Quantities rounded to nearest 0.01 kg. Mix proportioning follows SNI 03-2834-2000
method for normal concrete

2.6 High-Temperature Treatment (Fire Simulation)

After reaching 28 days of age, specimens assigned to the high-temperature groups were heated
using a modified steel-drum furnace fabricated specifically for this study (Figure 2a), rather than a
standard laboratory muffle furnace. The apparatus consisted of a cylindrical steel drum lined
internally with refractory insulation and fitted with electric heating elements, enabling controlled
and reasonably uniform heating of the enclosed specimens. A calibrated thermocouple was
inserted at specimen mid-height and connected to a digital temperature controller to monitor and
regulate internal chamber temperature throughout the heating phase; specimen surface
temperature was independently cross-checked using a non-contact infrared thermometer (Figure
2c). Heating was carried out at a controlled rate of approximately 5°C per minute to prevent
thermal shock, consistent with recommendations in the literature [2,3]. Once the target
temperature was achieved, it was maintained (soak period) for approximately 2 hours to promote
thermal equilibrium throughout the specimen volume before the heating elements were switched
off.

Following the soak period, specimens were allowed to cool naturally inside the closed furnace
chamber to approximately 100°C before removal, and were then cooled further in ambient
laboratory air (approximately 27°C) to room temperature; no water quenching was applied at any
stage. Visual changes were documented using a standardized rubric: (i) color change — coded as
normal grey, reddish, or whitish; (ii) crack type — coded as none, hairline, micro, or macro/wide;
and (iii) overall condition — coded as intact, friable, or spalled. All visual assessments were
conducted independently by two researchers, with discrepancies resolved by consensus.

2.7 Compressive Strength Testing

Compressive strength testing was performed on each cooled cylinder using a hydraulic
compression machine (capacity approximately 2,000 kN), following SNI 1974:2011 [14]. Each
cylindrical specimen was positioned vertically between the loading plates, and a steadily increasing
load at approximately 0.25 MPa per second was applied until failure. The maximum load at failure
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was recorded, and compressive strength (f'c) was calculated by dividing the load by the cross-
sectional area.

(a) Fire heating — active phase (b) Research team supervision (c) Infrared temperature measurement

Cylindrical specimens placed inside Authors and team monitoring Non-contact infrared thermometer
modified steel-drum furnace; heating process at Mulawarman used to verify specimen surface
open flame visible at 300°C target University campus facility temperature during exposure

Photos: field documentation by authors (April 2026) - Location: Mulawarman University, Samarinda, Indonesia

Fig. 2. Fire simulation setup and temperature monitoring: (a) cylindrical specimens inside
modified steel-drum furnace during active heating phase at 300°C target; (b) research team
supervising the heating process at Mulawarman University campus; (c) non-contact infrared
thermometer used to verify specimen surface temperature during exposure. Photos: field
documentation by authors (April 2026)

2.8 Data Analysis and Structural Feasibility Criteria

The primary endpoint was mean residual compressive strength (MPa) at each temperature level.
Strength Loss (%) = [(12.5 — Residual) / 12.5] x 100. Descriptive statistics (mean and range) are
reported for each group. A one-way ANOVA was used to test the overall effect of temperature on
residual compressive strength (a = 0.05). Where significant, Tukey’s HSD post-hoc test was applied.
All analyses were performed using IBM SPSS Statistics v26. Given the small within-group sample
size (n = 3), the normality assumption could not be rigorously verified using formal tests such as
Shapiro-Wilk, which have very limited power at this sample size; no evidence of outliers or skew
was observed in the raw data (Table 3). The homogeneity-of-variance assumption was formally
tested using Levene’s test and was not violated (F = 0.08, p = 0.988; see Section 3.1). Individual
specimen-level compressive strength data underlying Table 2 are provided in Table 3.

Residual strength values were evaluated against indicative structural feasibility thresholds
[2,4,15,26]: if post-fire concrete retains strength with no greater than 20-25% reduction, the
structure may be considered serviceable with minor repair; if the strength loss exceeds 50% or the
remaining strength falls below the load-bearing threshold, the structure is deemed unsafe. These
percentages are used only as indicative material-level screening criteria and should not be
interpreted as universal structural acceptance or rejection limits. Final safety decisions must also
incorporate reinforcement condition, load redistribution capacity, member-level structural
analysis, and professional engineering judgment.

2.9 Ultrasonic Pulse Velocity (UPV) Testing

To complement the destructive compressive strength testing with a non-destructive assessment,
ultrasonic pulse velocity (UPV) measurements were additionally performed following the direct
(cross-probing) transmission procedure of ASTM C597-16 [40]. Transducers were placed on the
two opposite circular faces of the 150 x 300 mm cylindrical specimens (path length L = 0.3 m), and
pulse transit time was recorded for the unheated control and each heated group (200°C, 300°C,
400°C, and 500°C), matching the compressive strength testing matrix in Table 2. Three repeat
transit-time readings were taken for each group and averaged to obtain a representative pulse
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velocity, V = L/T. Unlike the compressive strength testing, which used three independent
specimens per group (Table 2), the UPV dataset reported here consists of repeated readings rather
than independent specimen replication, and should therefore be interpreted as indicative of the
group-level trend rather than as a statistically independent sample.

Concrete quality was graded from the measured pulse velocity using the classification of
Whitehurst [41], widely adopted in NDT practice (V > 4.5 km/s: excellent; 3.5-4.5 km/s: good; 3.0-
3.5 km/s: medium; 2.0-3.0 km/s: doubtful; < 2.0 km/s: poor). Consistent with IS 13311 (Part
1):1992 guidance, UPV-based quality grading is treated as an indicator of relative uniformity and
internal damage rather than as a direct, calibrated estimate of compressive strength, since the
velocity-strength relationship is sensitive to aggregate type, moisture condition, and mix
proportions and was not independently calibrated for this specific mix.

3. Results
3.1 Residual Compressive Strength

Mean residual compressive strength decreased monotonically with increasing temperature across
all groups, as summarized in Table 2. Starting from a control mean of 12.5 MPa, strength declined
to 11.9 MPa at 200°C (4.8% loss), 10.8 MPa at 300°C (13.6% loss), 9.0 MPa at 400°C (28.0% loss),
and 7.2 MPa at 500°C (42.4% loss). Within-group variability was very low throughout (SD 0.10-
0.17 MPa; maximum range 0.3 MPa), reflecting the tightly controlled thermal conditioning of the
specimens; individual specimen values are provided in Table 3. The rate of strength decline
accelerated notably above 300°C, likely due to the onset of thermally induced physicochemical
changes such as Ca (OH), decomposition and progressive microcracking [2,3]. The effect size was
very large (partial n? = 0.998), indicating that temperature treatment accounted for essentially all
of the variance in residual compressive strength observed among specimens.

Table 2. Mean residual compressive strength of low-strength concrete (fc = 12.5 Mpa, n = 3 per
group) after high-temperature exposure

Temperature Reference Control Residual Strength, Strength Notes
(°Q) Strength (MPa) Mean + Range (MPa)  Loss (%)
Unheated baseline;
25 (Control) 12.5 12.5+0.2 — ambient ~27°C
200 125 119402 48 Minor free-water loss;

no visible cracking

Onset of Ca (OH),
300 12.5 10.8+0.2 13.6 dehydration; early
hairline cracks

Accelerated Ca (OH),

400 12.5 9.0+0.3 28.0 decomposition; micro-
cracking
500 125 79402 424 Severe microstructural

damage; wide cracks

Note: All values represent the mean of n = 3 specimens per temperature group; individual specimen data are provided in
Table 3. The range (maximum-minimum) within each group was < 0.3 MPa, and the standard deviation ranged from 0.10
to 0.17 MPa. One-way ANOVA demonstrated a highly significant effect of temperature on residual compressive strength
(F(4,10) =1015.07,p < 0.001; p = 5.4 x 10™*3; partial n? = 0.998). Levene's test confirmed that the assumption of homogeneity
of variance was satisfied (F = 0.08, p = 0.988). Tukey's HSD post-hoc analysis indicated that all pairwise comparisons,
including the control-versus-200°C comparison (p < 0.001), were statistically significant, reflecting the very low within-
group variability achieved under the controlled experimental conditions. Nevertheless, given the relatively small sample size
per group (n = 3), these findings should be interpreted with appropriate caution and regarded as evidence of a consistent
temperature-dependent trend. Confirmation using larger sample sizes is recommended in future studies.

One-way ANOVA confirmed a statistically significant overall effect of temperature on residual
compressive strength (F (4,10) = 1015.07, p < 0.001; p = 5.4 x 107*3). Levene’s test indicated that



Tamrin et al. / Research on Engineering Structures & Materials x(X) (xxxx) xx-xx

the homogeneity-of-variance assumption was not violated (F = 0.08, p = 0.988). Tukey’s HSD post-
hoc tests identified statistically significant pairwise differences between every pair of groups,
including between the control and the 200°C group (p < 0.001) as well as between the control and
both the 400°C group (p < 0.001) and the 500°C group (p < 0.001). The very low within-group
variability of the tightly controlled specimens (SD 0.10-0.17 MPa; Table 3) means that even the
comparatively modest 4.8% reduction at 200°C was statistically distinguishable from the control
condition, although its practical engineering significance remains limited compared with the much
larger losses recorded at 400°C and above. Given the limited sample size (n = 3 per group), these
results should still be interpreted as indicative of a strong, consistent temperature-dependent
trend; larger-scale studies would be warranted to further substantiate the findings.

Table 3. Individual specimen residual compressive strength values underlying Table 2

Tem;()fg)ature Spe(lf/l[r;l;)n 1 Sp(af/l[rfr)l:)n 2 Sp(acvl[r;:)n 3 Mean (MPa) SD (MPa)

25 (Control) 12.6 12.4 12.5 12.5 0.10
200 11.8 12.0 11.9 119 0.10
300 10.7 10.8 10.9 10.8 0.10
400 8.8 9.1 9.1 9.0 0.17
500 7.1 7.2 7.3 7.2 0.10

Note: Individual specimen values are provided in response to reviewer requests for raw underlying data. SD = standard
deviation. These values were used to compute the ANOVA, Tukey HSD, and Levene’s test results reported above.

Residual Compressive Strength vs. Temperature
Low-Strength Concrete (f'c = 12.5 MPa, n = 3 per group)

100 A

90

80

70 1

60 1 57.6%

Residual Strength (MPa)

50 1

Residual Compressive Strength (%)

% 150 200 30 400 500
Temperature (°C)

Fig. 3. Mean residual compressive strength (%) and absolute strength (MPa) of low-strength
concrete (f'c = 12.5 MPa) at each temperature exposure level. Each data point is the mean of n =
3 specimens. Error bars are not shown separately; within-group ranges did not exceed 0.3 MPa.

The 100% baseline corresponds to the unheated control mean of 12.5 MPa

3.2 Visual Surface Changes

Visual observations were recorded at each temperature level using the standardized rubric (Figure
4). At 25°C (control), specimens appeared uniformly grey with a smooth, intact surface and no
visible cracking or discoloration. At 200°C, minor color lightening was observed across the surface,
with no visible cracking detected. At 300°C, specimens displayed early hairline cracking and slight
reddish-grey discoloration, consistent with the onset of cement paste dehydration. At 400°C, micro-
cracks became clearly visible and more widely distributed across the surface, while discoloration
intensified to reddish-buff tones, attributable to the decomposition of calcium silicate hydrate and
the oxidation of iron compounds within the aggregate [2,22]. At 500°C, specimens showed wide
surface cracks, whitish-grey discoloration, and a friable texture, indicative of extensive
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microstructural disruption resulting from the decomposition of portlandite and significant
reduction in paste integrity.

(A) 200°C

No visible
surface cracking

ropagation

(C) 400°C
h.-d} v

@:nm@mrm.e ﬁm

Residual strength: 95.2% (11.9 MPa)
Surface colour:  Normal grey

Surface condition: No visible
surface cracking

Residual strength: 86.4% (10.8 MPa)
Surface colour:  Pale grey

Surface condition: Initial surface
cracking

Residual strength: 72.0% (9.0 MPa)

Surface colour:  Reddish-buff
Surface condition: Propagation of
micro-cracks

Residual strength: 57.6% (7.2 MPa)

Whitish-grey

Surface condition: Extensive cracking
and surface disintegration

Surface colour:

Photos: field documentation by authors (May 2026). Specimens: @15 x 30 cm cylinders, 28-day curing: furnace-heated at 5 °C/min,
held 2 h at target temperature; cooled in the closed furnace to ~100 °C, then in ambient air to room temperature.

Fig. 4. Post-failure surface condition of low-strength concrete specimens (@15 x 30 cm
cylinders) after exposure to elevated temperatures: (A) 200°C — normal grey, no visible cracks,
95.2% residual strength (11.9 MPa); (B) 300°C — pale grey, early hairline cracks, 86.4%
residual strength (10.8 MPa); (C) 400°C — reddish-buff, visible micro-cracks, 72.0% residual
strength (9.0 MPa); (D) 500°C — whitish-grey, wide cracks, friable texture, 57.6% residual
strength (7.2 MPa). Photos: field documentation by authors (May 2026)

3.3 Non-Destructive Evaluation: Ultrasonic Pulse Velocity

Ultrasonic pulse velocity decreased progressively with increasing exposure temperature,
mirroring the trend observed in residual compressive strength (Table 4). The unheated control
recorded a pulse velocity of 3.27 km/s, graded as “medium” quality. Pulse velocity declined to 2.62
km/s at 200°C, 2.39 km/s at 300°C, and 2.22 km/s at 400°C — all falling within the “doubtful”
quality band — before dropping further to 1.79 km/s at 500°C, graded as “poor” quality. This
monotonic decline is consistent with the progressive microcracking and loss of matrix continuity
discussed in Sections 4.1 and 4.2, since increased porosity and internal cracking reduce the
stiffness-dependent propagation speed of ultrasonic waves through the concrete.

Table 4. Ultrasonic pulse velocity and quality grading of low-strength concrete after high-

temperature exposure

Temperature M’T‘?:rll g‘l(“irsl)sit PulsEarr\ll/e;;)city Puls&i r\r/ljlscscity Quality®

25°C (Control) 91.7 3272.7 3.27 Medium
200°C 114.7 2616.3 2.62 Doubtful
300°C 125.7 2387.3 2.39 Doubtful
400°C 135.3 2216.7 2.22 Doubtful
500°C 167.7 1789.3 1.79 Poor

! Quality grading follows Whitehurst [41].
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The UPV trend corroborates the compressive strength results across the 200-500°C range tested,
providing independent, non-destructive support for the strength degradation pattern reported in
Section 3.1. Accordingly, the present findings support the integration of residual compressive
strength testing with non-destructive evaluation, as previously recommended in the literature, to
improve the reliability of post-fire structural assessment (Section 4.3). Nonetheless, because UPV
quality grading was not independently calibrated against compressive strength for this specific
mix, these results should be interpreted qualitatively, as a corroborating indicator of relative
internal damage, rather than as a quantitative predictor of residual strength. The declining trend
observed here is consistent with UPV-temperature relationships reported for other concrete
grades: Kim et al. [42], testing normal- and lightweight-aggregate concretes (30-60 MPa) at 100-
700°C, reported residual pulse velocities (relative to the unheated condition) of approximately
0.50-0.59 at 500°C, closely matching the residual pulse velocity of 0.547 (54.7%) obtained for the
present low-strength concrete at the same temperature. Yang et al. [43] similarly demonstrated
that UPV can track residual compressive strength degradation in heated concrete and proposed
regression relationships between the two properties. This numerical agreement, obtained despite
substantial differences in concrete grade and aggregate type, lends further support to the reliability
of the UPV trend reported here, although mix-specific calibration would still be required for any
quantitative strength prediction.

4. Discussions
4.1 Interpretation of Strength Degradation

The mechanistic interpretations offered in this section — including references to portlandite
decomposition and calcium silicate hydrate (C-S-H) degradation — are inferential, drawn from
thermochemical behavior established in the literature [2,3,20,22-24] and correlated with the
residual strength loss and visual damage patterns observed here. No direct microstructural
characterization (e.g., SEM, XRD, or TGA) was performed on the specimens in this study; these
explanations should therefore be read as literature-informed hypotheses for the observed
macroscopic behavior rather than as directly evidenced findings.

The experimental results clearly demonstrate a progressive reduction in residual compressive
strength with increasing exposure temperature, confirming that elevated temperature significantly
affects the physical and mechanical integrity of low-strength concrete, particularly beyond 300°C.
Similar behavior has been widely reported in previous studies investigating fire-damaged concrete
structures [2,3,22-25].

At 200°C, the 4.8% strength reduction indicates that the concrete matrix remained largely intact.
The reduction is primarily associated with the evaporation of free and adsorbed water from
capillary pores without significant decomposition of hydration products [2,3]. This finding is
consistent with Khoury [22], who reported minimal strength loss below 250°C in ordinary Portland
cement concrete. The absence of visible cracking supports this interpretation. Although Tukey’s
HSD post-hoc test indicated that this 4.8% reduction was statistically distinguishable from the
control condition (p < 0.001, Section 3.1), owing to the very low within-group variability of the
specimens, its practical engineering significance remains modest relative to the substantially larger
losses recorded above 300°C.

More pronounced degradation at 300°C (13.6% reduction) reflects dehydration of calcium
hydroxide and the initiation of microcracking within the interfacial transition zone [2,3]. At
approximately 400-450°C, calcium hydroxide (Ca (OH),) decomposes into calcium oxide (CaO) and
water vapor according to the reaction Ca (OH), — CaO + H,0. This reaction increases internal
porosity, weakens the cement paste, and promotes crack propagation. Differential thermal
expansion between cement pastes and aggregates contributes to internal stress development,
resulting in early crack propagation [20]. This threshold is broadly consistent with the findings of
Phan and Carino [24] for normal-strength concrete, suggesting that the onset of chemically driven
degradation occurs at similar temperatures across concrete grades. The present results also follow
the probabilistic degradation trend reported by Shahraki et al. [2], who demonstrated that residual
compressive strength decreases gradually below 300°C and accelerates significantly beyond
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approximately 400°C due to progressive decomposition of hydration products and thermal
microcracking.

The most significant deterioration began at temperatures above 400°C, where residual
compressive strength fell to 9.0 MPa (28.0% loss). This is likely attributable — based on
thermochemical mechanisms established in the literature rather than direct microstructural
evidence obtained in this study — to progressive decomposition of portlandite into calcium oxide
and water vapor, which increases porosity and weakens paste cohesion [2,3]. Above approximately
500°C, calcium silicate hydrate (C-S-H), the principal binding phase responsible for concrete
strength, progressively depolymerizes, resulting in severe loss of cohesion between aggregate
particles. Similar reductions have been reported for CFRP-confined concrete systems [18] and
concrete containing supplementary cementitious materials [19,33], confirming that Ca (OH),
decomposition is a dominant degradation driver across different concrete types. Wang et al. [11]
also reported continuous strength degradation with increasing temperature in concrete with
polypropylene fibres, although the fibres delayed crack propagation by improving pore pressure
dissipation — consistent with Peng et al. [37], who showed that fibre toughening mitigates
explosive spalling and helps preserve residual mechanical properties in high-performance
concrete exposed to high temperatures. Similarly, the deterioration mechanisms observed herein
are consistent with findings for concrete incorporating supplementary cementitious materials
[19,33], indicating that temperature remains the dominant factor controlling residual strength
regardless of binder modification. Although explosive spalling was not observed in the present low-
strength concrete, the progressive crack development agrees with Hernandez-Figueirido et al. [10]
and Mindeguia et al. [38], who demonstrated that thermal damage is governed by moisture
migration and pore-pressure development. Abdulrazzaq et al. [32], publishing in Research on
Engineering Structures and Materials, similarly reported compressive strength loss of 22.4% at
400°C and a more severe cumulative reduction of 79.3% at 800°C for normal-strength concrete (35
MPa), accompanied by visual observations of cracking and color change consistent with those
documented in the present study. Kumar and Rajasekhar [34], also in Research on Engineering
Structures and Materials, reported comparable residual strength trends for M20 grade concrete
(approximately 20 MPa) exposed to 100-500°C, with no marked color change below 200°C but
progressive discoloration and strength loss beyond 300°C, confirming that the degradation pattern
observed in the present low-strength concrete (f'c * 12.5 MPa) is consistent with the behavior of
similarly graded concrete in the international literature.

At 500°C, the 42.4% strength loss is associated with extensive decomposition of hydration
products, intensified C-S-H depolymerization, and significant thermal incompatibility between
concrete constituents [2,3,22]. The whitish-grey appearance and wide surface cracking observed
at 500°C are consistent with severe dehydration, loss of cement-paste integrity, and extensive
thermally induced cracking. The observed color transition from grey to reddish-grey and finally
whitish-grey corresponds closely with the measured strength reduction. This suggests that visual
inspection may provide a preliminary indication of residual structural condition before destructive
testing is undertaken. These findings align with Kodur [23], Poon et al. [25], and Lau and Anson
[29], who reported similar strength trajectories for heated concrete specimens.

Importantly, the rate of degradation observed in this study for low-strength concrete (fc = 12.5
MPa) is broadly consistent with the general trends reported in the international literature for
higher-grade concrete. This suggests that the fundamental physicochemical mechanisms governing
thermal degradation are not strongly grade-dependent within the temperature range studied,
although the absolute strength values and thus structural safety thresholds differ significantly
between grades. Balaji et al. [33] confirmed a similar pattern for high-strength concrete (M50) with
supplementary cementitious materials published in Research on Engineering Structures and
Materials, reporting percentage reductions of 1.5% at 200°C, 4.8% at 400°C, and 20.8% at 600°C
— indicating that while higher-grade concrete retains a greater margin of absolute strength, the
relative degradation trajectory follows a comparable temperature-dependent pattern to that
observed in the present low-strength concrete.
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Table 5. Comparison of residual compressive strength at 500°C with selected international
studies

Study Concrete Grade Temperature Residual Strength
Khoury [22] (2000) ~30 MPa 500°C ~60%
Kodur [23] (2014) 35 MPa 500°C ~58%
Shahraki et al. [2] (2023) Review 500°C 55-65%
Present Study 12.5 MPa 500°C 57.6%

Similarly, visual changes to concrete color and cracking pattern systematically indicate the degree
of thermal damage sustained. Table 6 summarizes the observed visual changes alongside residual
strength values, providing a practical reference for field assessment.

Table 6. Visual observations and residual strength at each temperature level

Temperature Color Cracking Condition Residual Strength
25°C (Control) Grey None Intact 100% (12.5 MPa)
200°C Light grey None Intact 95.2% (11.9 MPa)
300°C Reddish-grey Hairline Minor damage 86.4% (10.8 MPa)
400°C Reddish-buff Micro-crack Moderate damage 72.0% (9.0 MPa)
500°C Whitish-grey Wide crack Severe / friable 57.6% (7.2 MPa)

4.2 Literature-Based Interpretation of Residual Strength Reduction and
Mineralogical Changes

Although X-ray diffraction (XRD) analysis was not performed in the present investigation, the
experimentally observed deterioration trend is consistent with mineralogical transformations
widely reported in previous studies. XRD has been extensively employed to characterize phase
changes occurring in cementitious materials subjected to elevated temperatures, providing
valuable insight into the mechanisms responsible for the degradation of concrete mechanical
properties [2,3,20,22,23,35,36]. At ambient temperature, hydrated cement paste is primarily
composed of calcium silicate hydrate (C-S-H), portlandite (Ca (OH);), ettringite, and minor
quantities of calcite and quartz originating from the aggregates [20,22]. Among these phases, C-S-
H is the principal contributor to concrete strength, whereas portlandite contributes to the alkalinity
and stability of the cement matrix.

Exposure to temperatures below approximately 200°C generally produces only minor changes in
XRD diffraction patterns. Previous studies have shown that the principal crystalline phases remain
largely unchanged, while moisture evaporation and dehydration of physically bound water
constitute the dominant deterioration mechanisms [3,20,36]. Consistent with this, the present
study observed only a modest compressive strength reduction of approximately 4.8% at 200°C,
indicating that the cementitious matrix remained relatively intact.

As the exposure temperature increased to 300-400°C, progressive dehydration of C-S-H gel and
decomposition of portlandite became increasingly significant. XRD analyses reported by previous
researchers consistently demonstrate a gradual reduction in the intensity of portlandite diffraction
peaks within this temperature range, indicating decomposition of calcium hydroxide into calcium
oxide and water vapor [2,3,22,23,36]. Simultaneously, partial degradation of the C-S-H structure
reduces cohesion within the cement paste and weakens the interfacial transition zone (ITZ)
between the aggregate and the surrounding matrix [2,20]. These mineralogical transformations
correspond well with the approximately 28.0% reduction in residual compressive strength
observed at 400°C in the present experimental program.

At 500°C, the deterioration process becomes substantially more severe. Numerous XRD
investigations have reported that portlandite peaks almost disappear, reflecting extensive
decomposition of calcium hydroxide [22,23,30,35]. Furthermore, dehydration of C-S-H becomes
more pronounced, resulting in increased porosity, loss of matrix continuity, and progressive
formation of interconnected microcracks [2,3]. These physicochemical changes are broadly
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consistent with the severe surface cracking and approximately 42.4% reduction in residual
compressive strength measured in this study.

Table 7 summarizes the typical mineralogical evolution of concrete subjected to elevated
temperatures, synthesized from previously published XRD studies, to support interpretation of the
experimental compressive strength results obtained in the present investigation.

Table 7. Typical mineralogical evolution of concrete subjected to elevated temperatures based on
previous XRD studies

Temperature Typical XRD Observations Mechanical Implication

Ambient Strong peaks of portlandite, C-S-H, quartz Normal mechanical properties

No significant phase transformation;

100-200°C evaporation of free water Slight strength reduction
300-400°C Progressive decrease of portlandite peaks; Moderate strength loss and
partial dehydration of C-S-H initiation of microcracking
o Extensive decomposition of portlandite; Significant strength reduction,
500°C : . . :
severe C-S-H degradation extensive cracking and spalling
~600°C Formation of high-temperature reaction Severe structural degradation

products; substantial matrix deterioration

Note: The mineralogical changes summarized in this table are synthesized from previously published XRD
studies [2,3,20,22,23,30,35,36] and are presented to support interpretation of the experimental compressive
strength results obtained in the present investigation; no XRD measurements were performed in this study.

Although the present investigation did not directly verify these mineralogical transformations
through XRD measurements, the close agreement between the experimentally observed
mechanical deterioration and the mineralogical evolution reported in previous studies suggests
that similar degradation mechanisms plausibly governed the behavior of the tested low-strength
concrete. This interpretation remains a literature-informed hypothesis rather than a directly
evidenced finding; direct microstructural verification (XRD, SEM, mercury intrusion porosimeter)
is identified as a priority for future work in Section 4.5.

4.3 Structural Implications and Post-Fire Assessment

From a structural engineering perspective, the 28% strength loss recorded at 400°C exceeds the
indicative 20-25% serviceability threshold adopted in this study [2,4,15,26], indicating that
concrete exposed to this temperature cannot be considered fully serviceable without detailed
evaluation and possible strengthening measures. Studies on fire-damaged reinforced concrete
columns have similarly suggested that structural repair and strengthening become necessary once
significant thermal degradation has occurred [17]; fundamental principles governing the
interaction between reinforcement and heat-damaged concrete, including the reduction of bond
and confinement effectiveness at elevated temperature, are described in detail by Guo [39].

It should be emphasized that these observations concern material-level degradation of plain,
unreinforced concrete cylinders (150 x 300 mm) tested under controlled laboratory conditions.
Actual post-fire structural capacity also depends on reinforcement condition, member scale,
restraint, and connectivity, none of which were evaluated in this study. Accordingly, the strength-
loss thresholds discussed here should inform, rather than substitute for, member-level structural
assessment; they do not, by themselves, justify a demolition decision for any specific structure.

The degradation mechanisms identified also have important implications for structural behavior
during actual fire scenarios. Previous investigations on localized fire exposure in reinforced
concrete buildings reported that thermal expansion may induce substantial slab displacement and
redistribution of internal forces [16]. Such thermally induced deformation may further increase the
vulnerability of fire-damaged structures, especially in older buildings constructed using low-
strength concrete.
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The findings are particularly relevant for post-fire assessment of school buildings and public
facilities in Indonesia, where low-strength concrete is commonly encountered. Structures exposed
to temperatures approaching 500°C may experience severe reductions in load-bearing capacity
even when external damage appears visually moderate. Therefore, residual compressive strength
testing should be combined with visual inspection and non-destructive evaluation methods — such
as ultrasonic pulse velocity and rebound hammer testing — to improve reliability of post-fire safety
assessment [5,6]. The UPV results obtained in the present study (Section 3.3) illustrate this
complementary role directly: pulse velocity declined progressively from 3.27 km/s (control,
“medium” quality) to 1.79 km/s at 500°C (“poor” quality), corroborating the compressive strength
trend using an independent, non-destructive method.

4.4 Relation to the SDN 022 Penajam Fire Incident

The laboratory findings provide an empirically grounded interpretation of the fire damage
observed at SD Negeri 022 Penajam. The severe structural deterioration documented — including
extensive surface cracking, spalling, and visible discoloration of structural elements — plausibly
corresponds to in-situ temperature exposure exceeding 400°C, at which the present experimental
program recorded substantial compressive strength degradation of 28.0% or greater. At 500°C,
specimens exhibited a cumulative strength loss of 42.4%, accompanied by wide surface cracking
and whitish-grey discoloration characteristic of advanced microstructural breakdown. These
observations are broadly consistent with the physical condition of the fire-affected structural
members reported at the site.

Although the laboratory simulation cannot fully replicate the complex thermal conditions of a real
building fire — which may involve non-uniform heat distribution, variable fire duration, localized
hot spots, differential cooling rates, and the influence of applied loading — the experimental results
remain contextually relevant. Consequently, the temperature exposures applied should be
understood as representative thermal benchmarks rather than precise replications of the fire
event.

The laboratory results are qualitatively consistent with the severity of damage observed at SDN
022 Penajam. However, they should not be interpreted as direct verification of the in-situ
temperature exposure, residual structural capacity, or demolition decision. A definitive post-fire
assessment would require member-level capacity analysis, core extraction and testing, and a
comprehensive evaluation of reinforcement condition.

4.5 Limitations and Future Research

Several limitations should be acknowledged. First, newly cast laboratory specimens were used
instead of concrete cores extracted from the fire-damaged building, introducing uncertainty
regarding exact correspondence with in-situ properties. Second, the sample size of three specimens
per temperature group restricts statistical robustness; future studies should use n = 5 per group to
achieve adequate statistical power. Third, the study focused on residual compressive strength and
visual observations without conducting detailed microstructural analyses such as scanning
electron microscopy (SEM), X-ray diffraction (XRD), or mercury intrusion porosimeter (MIP).
Fourth, the furnace-based heating protocol does not fully replicate the heating and cooling
dynamics of a real compartment fire.

Future studies should therefore investigate broader concrete strength ranges (f'c 15-25 MPa) as a
transition class, incorporate supplementary cementitious materials commonly used in Indonesia
(fly ash, rice husk ash), and perform advanced microstructural characterization to better explain
thermal degradation mechanisms. The present study incorporated ultrasonic pulse velocity (UPV)
as a first non-destructive corroboration (Section 3.3); however, UPV alone could not be
independently calibrated against compressive strength for this specific mix. Future work should
therefore pair UPV with rebound hammer (Schmidt hammer) testing in a combined SonReb
approach, and expand UPV measurement to a larger specimen set, to develop a mix-specific,
calibrated non-destructive prediction model for low-strength concrete post-fire assessment.
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5. Conclusion

Residual compressive strength declined monotonically with increasing temperature, from a
control mean of 12.5 MPa at 25°C to 7.2 MPa at 500°C, representing a cumulative loss of
42.4%. Intermediate reductions of 4.8%, 13.6%, and 28.0% were recorded at 200°C, 300°C,
and 400°C, respectively. One-way ANOVA confirmed a statistically significant overall
temperature effect (F(4,10) = 1015.07, p < 0.001), and Tukey’s HSD post-hoc tests showed
that every pairwise comparison, including control versus 200°C, was statistically significant,
reflecting the very low within-group variability of the tested specimens. Given the small
sample size (n = 3 per group), these findings should be regarded as indicative and confirmed
through larger experimental program.

The rate of strength decline accelerated markedly above 300°C, consistent with the
progressive onset of thermally induced physicochemical deterioration: Ca (OH),
decomposition at approximately 300-400°C, C-S-H breakdown, and intensified
microcracking from thermal-expansion mismatch between cement paste and aggregates.
Visual observations confirmed a systematic progression in surface damage: no cracking at
200°C, early hairline cracks and slight discoloration at 300°C, visible micro-cracks and
reddish-buff discoloration at 400°C, and wide cracks with whitish-grey friable surface at
500°C.

At the material level, low-strength concrete exposed to temperatures of = 400°C exhibited
substantial residual strength loss (= 28%) that exceeds commonly adopted serviceability
thresholds. Because the specimens tested were plain, unreinforced cylinders, these findings
characterize material-level degradation rather than in-situ structural capacity;
reinforcement condition, member scale, restraint, and connectivity also govern actual
structural safety and were outside the scope of this study. Post-fire assessment of concrete
elements exposed to such temperatures should therefore encompass residual compressive
strength testing of extracted cores, visual and non-destructive inspection, and member-level
structural capacity analysis performed by a qualified structural engineer before any decision
on repair, strengthening, or demolition is made.

The laboratory findings provide contextual, material-level evidence consistent with the
severity of damage observed at SDN 022 Penajam. However, this study does not constitute a
formal structural safety assessment of the building and cannot independently validate the
demolition decision.

Ultrasonic pulse velocity (UPV), used as an independent non-destructive check, declined
progressively from 3.27 km/s (control, “medium” quality) to 1.79 km/s at 500°C (“poor”
quality), corroborating the compressive strength degradation trend and aligning closely with
UPV-temperature relationships reported for other concrete grades in the literature. This
agreement supports the combined use of destructive and non-destructive methods for post-
fire assessment of low-strength concrete.

These findings provide a locally grounded empirical reference for post-fire structural
assessment of low-grade concrete in the Indonesian context, where such data remain scarce.
The findings should be treated as indicative pending confirmation through larger-scale
experimental program.
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