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PERFORMANCE OF MECHANICALLY ACTIVATED 
VOLCANIC TUFF AS A TYPE II ADDITIVE: 
MECHANICAL EVOLUTION AND DURABILITY IN 
AGGRESSIVE ENVIRONMENTS

Affes Hatem – Salem G. Nehme

The degradation of sewage infrastructure by biogenic sulfuric acid poses a critical challenge for sustain-
able construction. This study evaluates a mechanically activated volcanic tuff (Cyment L100) as a Type II 
additive, specifically targeting durability in aggressive wastewater environments. Mechanical evolution 
and acid resistance (pH 1) were tested for mixtures containing 20% and 40% replacement in CEM I and 
CEM II systems. Results show that while early strength decreased, CEM I mixtures achieved significant 
recovery (75 MPa at 56 days). Crucially, acid testing revealed an inversion of the degradation mechanism: 
while standard Portland cement suffered severe erosion (-1.32% mass loss), the volcanic tuff mixture exhib-
ited mass gain (+1.0%) and retained 100% of its flexural strength. Although frost resistance tests indicated 
a need for air-entrainment in freeze-thaw zones, the results position this volcanic binder as a special-
ized, high-durability solution for lining sewage pipelines and wastewater treatment plants (Exposure Class 
XA3), offering superior resistance to chemical attack compared to standard binders.

Keywords: Volcanic Tuff, Supplementary Cementitious Materials, Concrete Durability, Freeze-Thaw Resistance, Chloride Migration, Acid 
Resistance 

1.			  INTRODUCTION
Concrete is the most widely used construction material 
globally, and its production is a major contributor to 
anthropogenic carbon dioxide emissions, primarily due to the 
calcination process in clinker manufacturing (Scrivener et al., 
2018). To address this, the industry is increasingly adopting 
Supplementary Cementitious Materials (SCMs) such as fly 
ash, slag, and natural pozzolans. Volcanic tuffs, abundant 
in many regions including the Carpathian Basin, possess 
pozzolanic properties—specifically reactive amorphous 
silica and alumina—that allow them to react with calcium 
hydroxide (CH) to form secondary Calcium-Silicate-Hydrate 
(C-S-H) gels.

Beyond carbon reduction, a critical challenge in modern 
infrastructure is the rapid deterioration of sewage and 
wastewater systems due to Biogenic Sulfuric Acid (BSA) 
corrosion. In these environments, bacteria convert sulfates 
into sulfuric acid, leading to pH levels as low as 1–2, which 
rapidly dissolves calcium hydroxide in standard Portland 
cement. Therefore, developing binders that consume calcium 
hydroxide through pozzolanic activity is essential for 
extending the service life of wastewater networks.

This study evaluates “Cyment L100,” a mechanically 
activated volcanic tuff-based Type II additive. While previous 
studies have established the general pozzolanic potential of 
volcanic rocks, this research focuses on the specific trade-
offs between chemical durability (acid resistance), transport 
properties (watertightness), and physical durability (frost 
resistance) in high-performance concrete. We hypothesize 
that the pore refinement caused by the pozzolanic reaction 
enhances chemical resistance but may alter the air-void 

system, potentially compromising freeze-thaw stability in the 
absence of air-entraining agents.

The objective is to determine the optimal replacement 
level (20% vs. 40%) and binder compatibility (CEM I vs. 
CEM II) to maximize sustainability without sacrificing 
critical durability metrics required for aggressive exposure 
classes (XA3, XF4).

2.		 EXPERIMENTAL PROGRAM

2.1.	 Materials

Two types of cement supplied by Duna-Dráva Cement Kft. 
were used:

2.1.1.	  CEM I 52.5 N
A rapid-hardening Portland cement was selected to provide 
a binder matrix with high alkalinity and abundant calcium 
hydroxide (CH). This ensures an optimal environment for 
the pozzolanic reaction, allowing for the assessment of the 
intrinsic reactivity of the Cyment L100 additive without the 
interference of competitive secondary reactions.

2.1.2.	CEM II/A-S 42.5 N: A Portland-slag 
cement containing 6–20% blast 
furnace slag

A Portland-slag cement was chosen to represent current 
low-carbon industry standards. This binder allows for the 

https://doi.org/10.32970/CS.2025.1.1
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investigation of ‘multi-blend’ compatibility; specifically, 
whether the volcanic tuff can be effectively used in systems 
where the clinker factor is already reduced by blast furnace 
slag (Siddique, R. 2012). This combination evaluates the risks 
of ‘clinker dilution’ and the competitive demand for calcium 
hydroxide between the slag and the volcanic tuff.

2.1.3.	Cyment L100
Cyment L100 is a multi-component ground volcanic tuff-
based additive, produced as a fine powder from pre-dried 
and mechanically conditioned volcanic tuff, metallurgical 
slag, and incineration ash. It is primarily used in concrete 
production, particularly for cast-in-situ and prefabricated 
structural concrete, where it enhances key properties such 

as non-permeability, heat reduction, and resistance to 
environmental aggressiveness. 

Designed for use in combination with cements complying 
with EN 197-1, cyment L is assessed to provide a working 
life of at least 50 years when used in concrete. The 
manufacturer specifies its intended use as a type II addition 
in concrete. The manufacturing process follows conventional 
grinding techniques without additional treatments that would 
alter its performance, with further details provided in the 
manufacturer’s documentation (Annex 1).

Scanning Electron Microscopy (SEM) analysis was 
conducted to verify the morphological characteristics of the 
mechanically activated volcanic tuff (Cyment). Contrary to 
the initial hypothesis of a spherical morphology typical of fly 
ash or silica fume, the micrographs reveal that the Cyment 
particles are predominantly angular, irregular, and blocky 
with sharp fracture edges (Fig. 1).

This morphology is consistent with the comminution 
process of natural rock, confirming its origin as a ground 
volcanic tuff. The images display a polydisperse particle size 
distribution, where finer dust-like particles ($< 2 \mu m$) 
adhere to the surfaces of larger angular fragments ($10–50 \
mu m$). While the lack of spherical shape may increase water 
demand due to higher inter-particle friction, the rough surface 
texture and wide gradation likely contribute to a dense particle 
packing effect, enhancing the physical impermeability of the 
binder matrix.

Powder X-ray diffraction (XRD) is a powerful analytical 
technique used primarily for identifying the crystallographic 
structure, phase composition, and physical properties of 
a material. It is particularly useful in materials science, 
chemistry, geology, and engineering for several key 
applications. The XRD analysis of the cyment L100 indicates 
the presence of reactive amorphous phases alongside 
crystalline quartz (SiO2) and hematite (FeO).
•	 Iron Oxide (Wüstite, FeO): This phase contributes to the 

materials overall structure and potentially to its reactivity 
in cement systems.

Figure 1: SEM analysis of cyment powder

Figure 2: X-ray diffraction of cyment powder
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•	 Silicon Oxide (Quartz, SiO2): A critical component that 
likely contributes to the pozzolanic reactivity of cyment, 
particularly in later-stage strength development.

•	 Calcium Silicate (Ca3SiO5): This phase resembles alite, 
the primary strength-developing component in Portland 
cement, suggesting cyment contains cementitious 
properties inherently.

•	 Sodium Calcium Aluminum Silicate (Montmorillonite-
chlorite): A complex aluminosilicate phase that may 
contribute to the materials reactivity with calcium 
hydroxide during cement hydration.
These phases suggest the presence of oxides and silicates, 

commonly found in geological or construction materials 
like cement or clays. Each phase is indexed with a reference 
number for verification against known standards. The XRD 
profile (figure 2) provides insights into the sample’s mineral 
composition, as the peak positions and intensities correlate 
with specific crystal structures. The material analyzed in the 
document appears to be crystalline rather than amorphous. 
This conclusion is based on the presence of distinct peaks 
in the XRD pattern. Crystalline materials produce sharp, 
well-defined peaks in an XRD analysis due to the orderly 
arrangement of atoms in their structure. Amorphous materials, 
on the other hand, lack this long-range order and typically 
show broad, diffuse humps rather than distinct peaks. The 
sharp peaks identified, corresponding to specific minerals like 
quartz and Wüstite, confirm its crystalline nature.

2.2.	 Concrete mix design
Six concrete mix designs were developed for this study, 
divided into two series based on cement type. For each cement 
type, three mixes were prepared: a standard reference mixture 
without Cyment (designated as A-0 or B-0), a mixture with 
20% cement replacement by Cyment (A-20% or B-20%), and 
a mixture with 40% cement replacement (A-40% or B-40%). 
The CEM I 52.5 N series was formulated with a cement 
content of 380 kg/m3 in the reference mixture, while the CEM 
II A-S 42.5 N series contained 340 kg/m3 of cement in its 
reference mixture. 

In the Cyment-containing mixtures, 20% or 40% of the 
cement weight was replaced with Cyment L100, with all 
other components remaining consistent within each series. 
This replacement strategy allowed for direct comparison of 
the effects of Cyment addition on concrete properties without 
the influence of other variables.

The concrete mixtures were prepared using a consistent 
aggregate framework across all mix designs. Sika ViscoCrete 
4025 was employed as a plasticizer to achieve the target 
consistency class (F4) for all mixtures. The water-to-cement 
ratios were maintained at 0.4 for CEM I mixtures and 0.5 for 
CEM II mixtures, ensuring comparability within each cement 

type series while acknowledging the inherent differences 
between the two cement types.

3.		 METHODOLOGY
A comprehensive testing program was implemented to 
evaluate various properties of fresh and hardened concrete. 
Fresh concrete tests included consistency evaluation 
through spread tests according to MSZ EN 12350-5:2019 
and bulk density measurements following MSZ EN 12350-
6:2019. The consistency was adjusted using a plasticizer to 
achieve the F4 consistency class for all mixtures, ensuring 
workability comparability across the different compositions. 
Hardened concrete properties were evaluated through several 
standardized tests. 

Compressive strength was determined on 150 mm cube 
specimens at ages of 2, 28, and 56 days according to MSZ EN 
12390-3:2019, with three specimens tested per mixture and 
age. Watertightness testing was conducted following MSZ 
EN 12390-8:2019, providing insights into the permeability 
characteristics of the different mixtures. 

Durability aspects were assessed through frost resistance 
testing (flange peeling in 3% NaCl medium) according to 
MSZ CEN/TS 12390-9:2018, chloride ion penetration testing 
using a migration apparatus and silver nitrate spray indicator, 
and acid resistance evaluation involving 8-week exposure to 
pH 1 sulfuric acid. 

For the acid resistance test, specimens were prepared as 
70 × 70 × 250 mm prisms, with three specimens per mixture 
subjected to standard conditions (submerged in water) and 
three to acidic conditions, followed by assessment of mass 
change and strength properties after the exposure period.

4.		 RESULTS

4.1.	 Fresh properties
All mixtures were adjusted to meet the target F4 consistency 
class (flow diameter 490–550 mm) by varying the 
superplasticizer dosage. As shown in Table 2 and Table 3, the 
addition of volcanic tuff (Cyment) had a negligible impact 
on fresh concrete density, with values remaining within the 
range of 2,350–2,390 kg/m3.

Notably, in the CEM I series, the 40% replacement mixture 
(A-40) required slightly less superplasticizer (2.74 kg/ m3) 
than the reference (3.04 kg/m3) to achieve similar workability 
(590 mm vs. 570 mm). 

4.2.	 Compressive strength
Compressive strength tests were conducted on 150 mm cubic 
specimens in accordance with MSZ EN 12390-3:2019. Three 

Table 1: Mix Proportions ()

Mix ID Binder Cement (kg/m3) Cyment (kg/m3) Water (kg/m3) Replacement
A-0 (Ref) CEM I 52.5 N 380 0 152 0%
A-20 304 76 152 20%
A-40 228 152 152 40%
B-0 (Ref) CEM II/A-S 340 0 170 0%
B-20 272 68 170 20%
B-40 204 136 170 40%
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specimens were tested for each mixture at every testing age 
(2, 28, and 56 days).

In the case of mixtures made with CEM I 52.5 N cement, 
the addition of Cyment resulted in a distinct retardation of 
early-age strength. At 2 days, the mixtures exhibited a 40–
50% strength deficit compared to the reference. However, the 
pozzolanic reaction accelerated significantly thereafter; by 
28 days, the strength gap narrowed to 12–22%. At 56 days, 
the mixtures maintained structural-grade strengths, with the 
gap stabilizing between 10–20% for both replacement levels 
(Figure 3).

For the CEM II series, the interaction between the 
additive and the slag-blended cement varied significantly 
by dosage. The 20% replacement mixture (B-20) showed 
excellent compatibility, initially lagging by 15% at 2 days 
but fully recovering to match (and momentarily exceed) the 
reference strength by 28 days (101.6%). Conversely, the 40% 
replacement (B-40) exhibited a sharp drop in early strength 
(50% deficit at 2 days) and stabilized at approximately 20% 
lower strength than the reference at later ages (Figure 3).

4.2.1.	Results for CEM I 52.5 N Series
Table 4.

4.2.2. Results for CEM II/A-S 42.5 N Series
Table 5.

4.3.	 Watertightness

The watertightness test of the solidified concrete test specimen 
was carried out on the basis of the MSZ EN 12390-8:2019 
standard.

In the CEM I series, Cyment addition clearly improved 
watertightness. The average penetration depth decreased 
from 23.6 mm (Reference) to 19.5 mm (A-20) and 18.3 
mm (A-40). This corresponds to a 17–22% improvement in 
impermeability. However, in the CEM II series, the opposite 
effect was observed, with penetration depths increasing 
significantly in the blended cement mixtures.

Table 2: Fresh concrete properties of CEM I 52.5 N mixtures

Mix ID Cement Replacement Superplasticizer Slump Flow Fresh Density Temperature
(%) (kg/m3) (mm) (kg/m3) (∘C)

A-0 (Ref) 0% 3.04 570 2,390 21
A-20 20% 3.04 600 2,390 21.2
A-40 40% 2.74 590 2,370 21.4

Table 3: Fresh concrete properties of CEM II/A-S 42.5 N mixtures

Mix ID Cement Replacement Superplasticizer Slump Flow Fresh Density Temperature
(%) (kg/m3) (mm) (kg/m3) (∘C)

B-0 (Ref) 0% 1.7 520 2,380 22.1
B-20 20% 2.31 550 2,370 22.3
B-40 40% 2.04 540 2,350 22.4

Table 4: Compressive strength development of mixtures with CEM I 52.5 N

Mix ID 2 Days 28 Days 56 Days
Strength (MPa) Rel. (%) Strength (MPa) Rel. (%) Strength (MPa) Rel. (%)

A-0 (Ref) 73.29 100 91.19 100 96.5 100
A-20 43.29 59.1 80.89 88.7 79.07 81.9
A-40 35.36 48.2 71.38 78.3 75.85 78.6

Table 5: Compressive strength development of mixtures with CEM II/A-S 42.5 N

Mix ID 2 Days 28 Days 56 Days
Strength (MPa) Rel. (%) Strength (MPa) Rel. (%) Strength (MPa) Rel. (%)

B-0 (Ref) 26.64 100 53.52 100 58.46 100
B-20 22.45 84.3 54.39 101.6 57.74 98.8
B-40 13.5 50.7 43.99 82.2 45.56 77.9

Figure 3: Compressive strengths as a function of age 
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4.4. Frost resistance (Flange peeling)
The freeze-thaw resistance was evaluated using the slab test 
method (CEN/TS 12390-9:2018). Specimens were exposed 
to 56 freeze-thaw cycles in the presence of a 3% NaCl de-
icing solution.

4.5. Chloride migration
The resistance to chloride ingress was evaluated using the 
non-steady-state migration test (similar to NT BUILD 492). 
The penetration depth (X_d) was measured at 28 days and 56 
days to capture the evolution of the pore structure.

4.6. Acid resistance
The acid resistance testing, involving 8-week exposure to pH 
1 sulfuric acid, revealed notable differences in performance 
between mixtures with and without Cyment. In the CEM 
I series, the standard mixture experienced a mass loss of 
approximately 1.5%, corresponding to visible surface 
deterioration. In contrast, specimens with Cyment addition 
showed no mass loss during the acid exposure, indicating 
superior acid resistance.

Six specimens (70 × 70 × 250 mm) were prepared from 
each mixture. Three reference specimens were stored under 
water. The acidic medium was adjusted to pH 1. The medium 
was changed weekly after measuring the specimens masses.

The reference mixture (A-0) (Figure 4) was the only 
formulation to suffer mass loss (-1.32%). In sharp contrast, 

Table 6: Watertightness results of mixtures

Mix ID

Average Depth 

(mm)

Relative to Ref. 

(%)
A-0 (Ref) 23.6 100%
A-20 19.5 83%
A-40 18.3 78%
B-0 (Ref) 15.3 100%
B-20 20.4 133%
B-40 27.4 179%

Table 7: Cumulative scaling mass loss after 56 freeze-thaw cycles

Mix ID Scaling 
(g/m2)

Relative 
to Ref. 
(%)

Visual Assessment

A-0 (Ref) 1,399 100% Slight Scaling (Acceptable)
A-20 4,581 327% High Scaling (Pass*)
A-40 4,957 354% High Scaling (Pass*)
B-0 (Ref) 1,825 100% Slight Scaling (Acceptable)
B-20 7,896 432% Severe Scaling
B-40 >10,000 -- FAILED (Disintegration)

Table 8: chloride migration depths

Mix ID 28-Day Depth (mm) 56-Day Depth (mm) Evolution (28d → 56d) Performance at 56d
A-0 (Ref) 11.9 12.9 +8.4% (Stable) Reference Baseline
A-20 11.6 11.8 +1.7% (Stable) Equivalent to Ref
A-40 13.8 9.4 -31.9% (Improvement) Best Performance
B-0 (Ref) 17.1 18.8 +9.9% (Degradation) High Permeability
B-20 14.2 14.9 +4.9% (Stable) Better than Ref
B-40 22.6 15.9 -29.6% (Improvement) Improved vs 28d

Table 9: Average Mass Change after 8 Weeks (Acid vs. Water)

Mix ID Water Storage (Control) Acid Storage (1% H2​SO4​) Durability Status
A-0 (Ref) +1.0 g (+0.03%) -38.7 g (-1.32%) Surface Erosion (Mass Loss)
A-20 +22.1 g (+0.75%) +15.2 g (+0.51%) Intact (Mass Gain)
A-40 +20.4 g (+0.69%) +31.9 g (+1.09%) Intact (Mass Gain)
B-0 (Ref) +10.3 g (+0.36%) +15.6 g (+0.53%) Intact (Mass Gain)
B-20 +25.9 g (+0.89%) +34.4 g (+1.16%) Intact (Mass Gain)
B-40 +20.6 g (+0.71%) +36.2 g (+1.25%) Intact (Mass Gain)

Figure 4: CEM I specimens after 

the acid test

Figure 5: CEM II specimens 

after the acid test
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the addition of Cyment (A-20 and A-40) completely arrested 
this erosion. Instead of losing mass, these mixtures gained 
mass (+0.5% to +1.0%). 

The CEM II series (B-0, B-20, B-40) (Figure 5) consistently 
showed mass gain, confirming the inherent acid resistance of 
slag-based cements. The addition of Cyment further increased 
this mass gain. While this suggests no immediate erosion, the 
higher mass accumulation in B-40 (+1.25%) compared to 
B-0 (+0.53%) could indicate a higher volume of expansive 
product formation, which might lead to cracking over longer 
exposure periods (beyond 8 weeks).

4.7.	 Residual Mechanical Properties 
after Acid Exposure

The pure Portland cement (A-0) suffered a catastrophic 
loss of compressive strength, retaining only 60.7% of its 
capacity. As the replacement level increased, the degradation 
vanished. The A-40 mixture retained 91.2% of its strength. 
More importantly, in absolute terms, the A-40 mixture was 
stronger after acid attack (64.9 MPa) than the reference A-0 
(54.6 MPa). Remarkably, the A-40 mixture showed no loss in 
flexural strength (102.7% retention). 

The CEM II series exhibited high retention rates (88–95%) 
across all mixes, confirming that slag cements are inherently 
acid-resistant due to their lower calcium hydroxide content. 
However, the absolute strength of these mixtures remained 
significantly lower than the Cyment-modified CEM I 
mixtures (e.g., B-40 Acid Strength: 43.9 MPa vs. A-40 Acid 
Strength: 64.9 MPa).

5.		 DISCUSSIONS
The experimental results define Cyment L100 as a chemo-
dependent pozzolan whose performance is strictly governed 
by the alkalinity of the host binder and the specific exposure 
environment. This section analyzes the mechanisms driving 
the trade-offs between mechanical recovery (Uzalis, N., et al. 
2005), transport properties, and chemical durability.

5.1.	 Fresh State and Early-Age Behavior
Unlike many natural pozzolans that increase water demand 
due to high specific surface area, Cyment L100 exhibited 
a neutral-to-positive effect on workability. In the CEM I 
series, the 40% replacement mixture (A-40) achieved the 
target F4 consistency (590 mm flow) with slightly lower 
superplasticizer dosage than the reference. This suggests 
that the mechanical activation process may optimize particle 
morphology, allowing the tuff to act as a lubricant or “ball 
bearing” in the fresh paste contrary to the typical water-
demand increase observed with some natural pozzolans.

However, the “Dilution Effect” was evident at early ages. 
By replacing rapid-hardening clinker with slower-reacting 
volcanic tuff, the initial volume of hydration products was 
reduced, leading to a 40–50% strength deficit at 2 days across 
all mixtures. At this stage, the volcanic tuff acts primarily as 
an inert filler, as the alkalinity of the pore solution is not yet 
sufficient to trigger the dissolution of amorphous silica.

5.2.	 Mechanical Evolution and 
Activator Starvation

The subsequent strength development highlights the “Critical 
Clinker Factor”.

The experimental data defines Cyment L100 as a chemo-
dependent pozzolan whose mechanical efficiency is strictly 
governed by the alkalinity of the host binder.
•	 In High-Alkalinity Environments (CEM I): Cyment 

transitions from a filler to a binder. The abundance of 
calcium hydroxide (CH) provided by the pure Portland 
clinker drives the pozzolanic reaction, allowing the A-40 
mixture to recover from 35 MPa (2 days) to 75 MPa (56 
days).

•	 In Competitive Environments (CEM II): The B-40 
mixture (CEM II + 40% Cyment) revealed a phenomenon 
of “Activator Starvation.” The simultaneous demand for 
alkalis by both the slag (inherent in CEM II) and the high 
volume of Cyment exceeded the system’s capacity. This 
“Double Negative” effect arrested hydration, leaving the 
Cyment largely unreacted and resulting in a permanent 
strength deficit (Turk, k., et al. 2007).

Table 10: Residual Compressive Strength after 8 Weeks in 1% 

Mix ID Standard Strength (MPa) Post-Acid Strength (MPa) Retention Index (%) Performance vs Ref
A-0 (Ref) 89.9 54.6 60.70% Severe Degradation
A-20 77.2 58.8 76.20% Moderate Protection
A-40 71.2 64.9 91.20% High Protection
B-0 (Ref) 60.3 54.8 90.90% Inherently Resistant
B-20 55.2 48.8 88.40% Stable
B-40 46.4 43.9 94.60% Stable (Low Strength)

Table 11: Residual Flexural Strength after 8 Weeks in 1% 

Mix ID Standard Strength (MPa) Post-Acid Strength (MPa) Retention Index (%)
A-0 (Ref) 4.76 4.49 94.30%
A-20 4.07 3.69 90.70%
A-40 4.37 4.49 102.7% (No Loss)
B-0 (Ref) 3.51 3.14 89.50%
B-20 3.5 3.43 98.00%
B-40 2.77 2.79 100.70%
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5.3.	 Transport Properties: The “Late-
Blocking” Effect

The impact of Cyment on fluid transport revealed a strong 
time-dependency, confirming its slow reaction kinetics.

In the Chloride Migration test, the A-40 mixture initially 
performed worse than the reference at 28 days (13.8 mm vs. 
11.9 mm), behaving as a porous matrix. However, a dramatic 
transformation occurred between 28 and 56 days, where the 
penetration depth dropped by 32% to just 9.4 mm. This “Late-
Blocking” effect confirms that once the volcanic tuff dissolves 
and reacts with calcium hydroxide, the secondary C-S-H 
products effectively precipitate within the capillary network 
(Massazza, F. 2022). This mechanism correlates directly with 
the watertightness results, where the A-40 mixture achieved 
the densest microstructure among all mixes, but only after 
sufficient curing time.

Conversely, in the CEM II series, this blocking mechanism 
failed. The B-40 mixture exhibited increased permeability, 
further evidence that without sufficient CH to activate the 
tuff, the particles serve only to disrupt the binder matrix 
rather than refine it (Khan, M. I. 2012).

5.4.	 The Durability Paradox: Frost vs. 
Chemical Resistance

The most significant finding of this study is the sharp 
divergence between physical and chemical durability 
performance.

5.4.1.	Freeze-Thaw Vulnerability 
(Physical Failure)

While Cyment improved impermeability in CEM I, it 
drastically reduced frost resistance. The failure mechanism 
appears to be twofold:
1.	 Air-Void Destabilization: Frost resistance relies on a 

network of microscopic air bubbles to relieve hydraulic 
pressure (Valcuende, M., & Parra, C. 2010). The high 
volume of fine volcanic tuff particles (76–152 kg/m3) 
likely filled these voids or destabilized the entrained air 
during mixing.

2.	 Pore Connectivity: Although Cyment refined the chemical 
porosity (blocking chloride ions), it appears to have created 
a capillary network that, while finer, remains saturable. 
When this refined system freezes, the hydraulic pressure 
cannot escape, leading to surface scaling.
The catastrophic failure of the B-40 mixture serves as a 

warning against using high-volume pozzolans in low-clinker 
systems without air entrainment; the weak binder matrix 
simply disintegrated under expansive ice forces.

The experimental data reveals a critical vulnerability in 
the use of volcanic tuff without air-entrainment adjustments. 
cyment L100 significantly increases the scaling potential of 
concrete. While it acts as a pore-blocker for fluids (improving 
watertightness), it does not provide freeze-thaw protection. 
Consequently, for applications exposed to de-icing salts 
(Exposure Class XF4), Cyment mixtures must be air-
entrained or limited to lower replacement levels (<20%) to 
prevent surface degradation.

5.4.2.	 Acid Resistance (Chemical Shield)
In contrast to the physical failure under frost, Cyment 

provided a decisive advantage against chemical attack. In the 
sulfuric acid exposure test, the pure CEM I reference suffered 
severe degradation, losing mass and 40% of its compressive 
strength due to the rapid dissolution of calcium hydroxide.

Cyment effectively reversed this degradation. The A-40 
mixture not only prevented mass loss but retained 91% of its 
compressive strength and 100% of its flexural strength. By 
consuming the soluble calcium hydroxide; the primary target 
for acid attack in sewage environments; cyment effectively 
mitigates the risk of biogenic corrosion. The formation of 
a dense, chemically stable matrix suggests that Cyment-
modified concrete is particularly suitable for Exposure Class 
XA3 (highly aggressive chemical environments), common in 
industrial and municipal wastewater facilities.

6.		 FINDINGS
The most distinct advantage of the Cyment-modified binder is 
its exceptional resistance to sulfuric acid (pH 1), identifying 
it as a premium material for sewage infrastructure. While 
standard CEM I concrete suffered severe surface erosion 
(-1.32% mass loss), the volcanic tuff mixture inverted this 
mechanism, leading to mass gain (+1.0%) and the retention 
of 100% of flexural strength. This confirms that Cyment 
acts as an effective chemical shield against biogenic acid 
corrosion in wastewater treatment tanks and pipes.

The study establishes a definitive boundary for usage. 
Cyment acts as a “chemo-dependent” additive that requires 
a high-alkalinity host. In CEM I systems, it contributes to 
strength recovery (75 MPa at 56 days); however, in low-
clinker CEM II systems, it induces “activator starvation,” 
leading to arrested hydration.

A critical divergence was identified between chemical 
and physical durability. The same pore refinement that 
blocked chloride ingress (-32% depth) created a capillary 
structure vulnerable to freezing pressure. Therefore, this 
study mandates that for Exposure Class XF4, Cyment usage 
must be coupled with air-entrainment or limited to <20% 
replacement to prevent scaling failure.

At 40% replacement in CEM I, the material offers a viable 
strategy for reducing embodied carbon by roughly 33% 
without compromising long-term mechanical performance, 
provided the curing duration is sufficient to overcome the 
early-age dilution effect.
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COMPARATIVE ANALYSIS OF FIRE CURVES 
AND STRUCTURAL PERFORMANCE: 
ISO 834, HYDROCARBON, AND ELECTRIC 
VEHICLE (EV) FIRES

   Bara Alseid   -   Éva Lublóy

The increasing complexity of fire hazards in modern infrastructure, particularly in industrial environments 
and parking garages, demands a comprehensive understanding of fire behavior and its impact on structural 
materials. This study provides a detailed comparison of three critical fire curves: ISO 834, Hydrocarbon 
(HC), and Electric Vehicle (EV) fires, focusing on their effects on concrete, steel, and composite materials. 
While ISO 834 remains the standard for typical building fires, the rapid temperature rise of hydrocarbon 
fires, reaching 1100 °C in under five minutes, and the prolonged heat exposure of EV fires, exceeding 1200 
°C, pose significant challenges for modern construction. Notably, the similarity between HC and EV fire 
behaviors allows for the adaptation of HC fire parameters for evaluating EV fires, offering a practical and 
efficient approach for assessing their effects on concrete structures. The findings reveal that hydrocarbon 
fires result in rapid spalling of concrete and buckling of steel, particularly in confined environments such 
as tunnels and industrial facilities, where heat buildup exacerbates structural vulnerabilities. EV fires, 
driven by the thermal runaway of lithium-ion batteries, cause prolonged material degradation, increasing 
the risk of structural collapse in parking garages and similar settings. To address these challenges, this 
study recommends the implementation of fireproof coatings, heat-resistant additives for concrete, and ad-
vanced ventilation and fire suppression systems. Furthermore, building codes and fire safety standards must 
be updated to reflect the unique risks posed by these fire scenarios, ensuring that modern structures are 
adequately equipped to withstand their demands. By adapting HC fire parameters for EV fire evaluations, 
engineers can streamline safety assessments while maintaining robust structural integrity, paving the way 
for safer and more resilient infrastructure capable of withstanding the evolving fire hazards of the modern 
world.

Keywords: Hydrocarbon fie, ISO 834 fire, electric vehicle fire

1.		 INTRODUCTION
Fire safety is a fundamental aspect of structural engineering, 
where the ability of materials and structures to withstand fire 
exposure can prevent catastrophic failures. Traditionally, fire 
resistance has been assessed using the ISO 834 standard fire 
curve, which simulates a relatively predictable building fire. 
The ISO 834 curve models a fire that gradually increases in 
temperature, reaching around 840 °C in the first 30 minutes 
and eventually rising to 1200 °C over several hours (ISO 834-
1, n.d.). This curve is central to many building codes and forms 
the basis for evaluating how materials like concrete, steel, 
and composites behave when exposed to high temperatures. 
However, as industrial activities and emerging technologies 
such as electric vehicles (EVs) become more prevalent, new 
fire hazards have emerged that challenge the relevance of the 
ISO 834 curve.

The rise of hydrocarbon fires, commonly associated with 
environments such as chemical plants, tunnels, and refineries, 
represents a more aggressive fire scenario. The Hydrocarbon 

Modified (HC) fire curve is designed to model these extreme 
conditions, where temperatures can reach 1100 °C within 
just fifteen minutes (Caner et al., 2005). In addition to rapid 
temperature escalation, hydrocarbon fires place immense 
stress on building materials, causing spalling in concrete 
and rapid yield strength degradation in steel reinforcement. 
These fires pose an immediate risk to structural integrity, as 
materials degrade quickly and cannot withstand such intense 
heat for extended periods. In addition to hydrocarbon fires, the 
increased adoption of electric vehicles (EVs) has introduced 
a unique fire risk that differs significantly from traditional 
building or hydrocarbon fires. EV fires, particularly those 
involving lithium-ion batteries, present new challenges in 
fire safety. These batteries are prone to a phenomenon called 
thermal runaway, where an internal reaction causes the battery 
to rapidly heat and combust. The EV fire is characterized by 
a rapid rise in temperature, similar to hydrocarbon fires, but 
with added complexity due to prolonged burn times and the 
potential for re-ignition (Sun et al., 2020a). Once ignited, 
these fires can reach temperatures between 1000 °C and 

https://doi.org/10.32970/CS.2025.1.2
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1200 °C within a few minutes, generating significant amounts 
of heat and toxic gases.

This presents serious risks in enclosed spaces such as 
underground parking garages or tunnels, where the heat 
and gases can cause severe structural damage. The EV 
fire thus, represents an evolving fire hazard that demands 
reconsideration of existing fire safety designs. The thermal 
runaway behavior and the challenges of extinguishing such 
fires make EV fires a particularly critical area for modern fire 
safety research. In comparison to the gradual temperature rise 
modeled by the ISO 834 fire curve, EV fires escalate rapidly, 
maintain high temperatures for longer, and present an ongoing 
risk even after initial extinguishment (Chen et al., 2021).

This shift in fire behavior, driven by hydrocarbon and EV 
fire scenarios, underscores the importance of updating fire 
resistance standards to reflect the more severe conditions 
posed by these modern fire types.  The significance of 
comparing ISO 834, hydrocarbon, and EV fire lies in the 
vastly different temperature-time profiles and structural 
impacts each presents. The ISO 834 standard curve provides 
a gradual temperature increase, which allows for predictable 
modeling of how materials like concrete and steel degrade 
over time. However, this curve may not accurately reflect 
the more aggressive fire conditions found in industrial 
environments or the growing use of electric vehicles. These 
new fire types are marked by rapid temperature escalation 
and sustained high temperatures that can degrade materials 
much more quickly than anticipated under the ISO 834 curve 
when compared to the hydrocarbon fire scenario (Nguyen et 
al., 2025).

Understanding how each fire curve impacts material 
degradation is crucial for improving structural fire resistance 
in a wide range of environments. For instance, in tunnel fires 
fueled by hydrocarbons, the rapid heat escalation can cause 
concrete to experience spalling within minutes, significantly 
reducing its structural integrity. Similarly, the yield strength of 
steel decreases rapidly at temperatures above 500 °C, which 
can lead to catastrophic failures in steel-reinforced structures 
(Khoury, 2000; Zhao et al., 2025) but ultra‐high‐performance 
concrete behaves differently. A key property unique to 
concrete amongst structural materials is transient creep. Any 
structural analysis of heated concrete that ignores transient 
creep will yield erroneous results, particularly for columns 
exposed to fire. Failure of structural concrete in fire varies 
according to the nature of the fire; the loading system and the 
type of structure. Failure could occur from loss of bending 
or tensile strength; loss of bond strength; loss of shear or 
torsional strength; loss of compressive strength; and spalling 
of the concrete. The structural element should, therefore, be 
designed to fulfil its separating and/or load‐bearing function 
without failure for the required period of time in a given fire 
scenario. Design for fire resistance aims to ensure overall 
dimensions of the section of an element sufficient to keep 
the heat transfer through this element within acceptable 
limits, and an average concrete cover to the reinforcement 
sufficient to keep the temperature of the reinforcement below 
critical values long enough for the required fire resistance 
period to be attained. The prediction of spalling – hitherto 
an imprecise empirical exercise – is now becoming possible 
with the development of thermohydromechanical nonlinear 
finite element models capable of predicting pore pressures. 
The risk of explosive spalling in fire increases with decrease 
in concrete permeability and could be eliminated by the 

appropriate inclusion of polypropylene fibres in the mix 
and/or by protecting the exposed concrete surface with a 
thermal barrier. There are three methods of assessment of fire 
resistance: (aIn the case of EV fires, prolonged exposure to 
extreme temperatures due to thermal runaway can weaken 
materials over an extended period, causing buckling, cracking, 
or even complete collapse (Chen et al., 2024) fire accidents 
due to impacts from the power battery located at the bottom 
of the electric vehicles are receiving increasing attention. 
Lithium-ion batteries, as the mainstream choice of power 
battery for electric vehicles solving the problem that they 
are prone to thermal runaway due to damage when impacted, 
are the key to preventing and controlling fire accidents in 
electric vehicles. To address the protective problem of the 
bottom power battery of electric vehicles when it is impacted 
by road debris, two new types of sandwich structures with 
an enhanced regular hexagonal structure and semicircular 
arch structure as the core layer, respectively, are innovatively 
proposed in this article. They are used to protect the bottom 
power battery of electric vehicles and are compared with 
the traditional homogeneous protective structure in terms 
of protective performance. A local finite element simulation 
(FEM. Comparing these fire curves also highlights the 
inadequacy of current fire safety standards in addressing the 
challenges posed by hydrocarbon and EV fires. Both fire types 
require new strategies for fire suppression, fireproofing, and 
material selection to mitigate the risks of rapid degradation 
and structural collapse.

This review aims to address gaps in current fire safety 
standards by conducting a detailed comparison of the ISO 834, 
Hydrocarbon, and Electric Vehicle (EV) fires, focusing on their 
temperature-time profiles, reduction factors, and structural 
impacts. The study integrates data from experimental results, 
case studies, and computational models to analyze how these 
fire scenarios affect essential construction materials such as 
concrete, steel, and composites.

The primary objectives of this review are to analyse the 
differences in temperature-time profiles between hydrocarbon 
and electric vehicle (EV) fires compared to the ISO 834 
standard, focusing on peak temperatures, time to peak, and 
the severity of thermal loads imposed on structures. It also 
aims to investigate the degradation of materials such as 
concrete, steel, and composites under varying fire conditions, 
evaluating the reduction in their strength, stiffness, and 
mechanical properties at elevated temperatures. Furthermore, 
the study examines the structural impacts of these fire curves 
in real-world settings, including tunnels, parking garages, 
and industrial buildings, highlighting specific failures like 
spalling, buckling, and cracking due to high-temperature 
exposure. By addressing these critical aspects, the review 
will offer recommendations to enhance fire protection 
design and update fire resistance standards to better account 
for contemporary fire risks, especially those posed by 
hydrocarbon and EV fires.

2.		 FIRE CURVES OVERVIEW
Fire curves are crucial for understanding how different fire 
scenarios affect structural materials. These curves simulate 
the temperature-time profiles of fires and are used to 
predict the degradation of materials when exposed to high 
temperatures. Table 1 summarize the comparison between 
different fires, where Figure 1 shows a visual representation 
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of the comparison. The ISO 834 standard fire curve is widely 
used in building codes and fire resistance tests, where it 
models a typical building fire with a gradual temperature rise, 
reaching 1200 °C after several hours. This curve is adequate 
for predicting the behavior of materials under relatively 
controlled fire conditions, such as those in residential or 
commercial buildings.

However, the Hydrocarbon (HC) fire curve, commonly 
encountered in industrial settings like chemical plants and 
tunnels, presents a more aggressive scenario. These fires 
can reach 1100 °C within less of 30 minutes, placing severe 
thermal stress on materials (Gravit et al., 2018). This rapid 
escalation leaves little time for materials to dissipate heat, 
leading to accelerated degradation, especially in concrete and 
steel structures.

With the rise of electric vehicles (EVs), the EV fire presents 
another challenge. Fires involving lithium-ion batteries can 
reach 1200°C quickly and have a prolonged burn time due 
to the potential for re-ignition ((“(PDF) Modern Vehicle 
Hazards in Parking Structures and Vehicle Carriers,” 2014)
These characteristics make EV fires particularly dangerous in 
enclosed spaces such as parking garages, where the sustained 
high temperatures can severely compromise structural 
integrity.

The ISO 834 fire curve is designed for standard fire tests 
in building construction and allows for a gradual temperature 
rise, enabling materials to maintain structural integrity for 

longer periods. This makes the ISO 834 fire curve suitable 
for traditional buildings where fire exposure is controlled, 
with concrete and steel able to absorb the heat before 
degradation occurs (ISO 834-1, n.d.). However, when applied 
to more extreme fire scenarios, such as hydrocarbon fires, the 
limitations of the ISO 834 curve become clear.

In hydrocarbon fires, particularly in environments like 
oil refineries and tunnels, the temperature rises much 
faster. Studies on hydrocarbon fire curves reveal that the 
Hydrocarbon Modified (HC) fire curve reaches 1100 °C in 
just a few minutes. This rapid increase causes materials like 
concrete to experience spalling, where the outer layers of 
the concrete crack and break away under extreme heat. The 
rapid loss of compressive strength in concrete and the quick 
deterioration of steel’s yield strength in such fires make them 
significantly more dangerous than those modeled by the ISO 
834 fire curve (Ali et al., 2009).

For EV fires, which are becoming more frequent due to 
the rise in electric vehicle adoption, the fire presents even 
greater challenges. Lithium-ion batteries are prone to thermal 
runaway, where they reach extreme temperatures within 
minutes, and once ignited, EV fires can sustain temperatures 
above 1200 °C, with a risk of re-ignition (Okamoto et al., 
2013, 2009) on the right side of the front bumper, or at the 
seat in the passenger compartment. We observed how the fire 
spread from the point of origin and investigated the effects 
of the location of the ignition on the burning behavior. The 
temperature inside the burning car and the mass loss rate 
were measured. The burning of a minivan was composed of 
three compartmental fires: the front compartment (front nose. 
In parking garages and tunnels, where such fires are more 
likely to occur, this poses significant risks for the structural 
stability of buildings (Olenick et al., n.d.).

When comparing the ISO 834, Hydrocarbon, and Electric 
Vehicle (EV) fires, the differences in temperature-time profiles 
become apparent in how quickly they impose thermal loads 
on structural materials. The ISO 834 fire curve models a slow 
temperature rise, which allows time for structural elements 
such as concrete and steel to gradually absorb the heat before 
reaching critical degradation points. This makes the ISO 834 
suitable for traditional building fires, where the risk of rapid 

 Table 1: Peak Temperatures, Time to Peak, and Fire Duration

No. Fire Curve Peak Temperature (°C) Time to Peak (minutes)
Fire 

Duration 
(hours)

References

1 ISO 834 
Standard Fire

Gradual rise to 1000 
°C over 60-90 minutes; 
stable peak temperature 

for 120-180 minutes.

Steady increase at 1-2°C 
per minute in the first 30 
minutes, reaching peak 
temperature at 120-180 

minutes.

2-3 (Beyler et al., 2007; Bwalya et 
al., 2004; Choe et al., 2022; La 
Scala, 2025; Wang et al., 2024)

2 Hydrocarbon 
Modified (HC)

Rapid escalation to 
1100 °C within the first 
5 minutes; maximum 

temperature maintained 
for 15-20 minutes.

Escalates at a rate of 10-
20°C per second, achieving 
peak temperature in just 5 

minutes.

0.5-1 (Ping et al., 2023; Spearpoint 
and Dickson, 2023)such as 

electric vehicles (EVs

3 Electric 
Vehicle (EV) 

Fire

Peaks at 1200 °C, with 
localized temperatures 
exceeding 1500 °C in 

battery thermal runaway 
conditions.

Rapid thermal runaway 
causes a spike to peak 

temperature within 
3-5 minutes; sustained 
maximum heat for 10 

minutes.

1-2

(Zhou et al., 2026)

Figure 1: Comparison of Fire Curves
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failure is minimized by the slow escalation of temperature 
(ISO 834-1, n.d.)

However, the Hydrocarbon fire curve exposes structures 
to much more intense heat within a short period, resulting 
in accelerated material degradation. Studies on hydrocarbon 
fires show that temperatures can reach 1100°C within five 
minutes, significantly reducing the time available for heat 
dissipation in materials such as concrete and steel. This leads 
to more rapid spalling in concrete and a quicker loss of steel’s 
yield strength, which can cause critical structural failures 
(Morys et al., 2020; Oli et al., 2023).

The EV fire behaves similarly to hydrocarbon fires but 
presents unique challenges due to the behavior of lithium-ion 
batteries. These fires not only reach temperatures of 1200 °C 
but also maintain them for longer durations, with the risk of 
re-ignition adding to the severity of the fire. The extended 
exposure to heat makes EV fires particularly dangerous in 
confined environments like parking garages and tunnels, 
where prolonged heat can severely weaken reinforced 
concrete and steel structures (Sun et al., 2020a).

The significant differences between the ISO 834, 
Hydrocarbon curves, and EV fire are critical for understanding 
how structures perform under different fire scenarios. The 
ISO 834 fire curve, with its slow temperature rise, allows 
materials like concrete and steel to retain their integrity for 
longer periods. However, the rapid rise in hydrocarbon and 
EV fires presents much more aggressive thermal conditions.

3.		 MATERIAL DEGRADATION AND 
REDUCTION FACTORS 

The degradation of structural materials, such as concrete, 
steel, and composites, under fire conditions depends 
significantly on the fire’s temperature-time profile. Each 
material behaves differently when exposed to heat, and 
understanding how they degrade under different fire curves—
ISO 834, Hydrocarbon, and EV fires—is critical for ensuring 
the integrity of structures in fire-prone environments.

Under the ISO 834 fire curve, where temperatures rise 
gradually over a few hours, concrete typically retains much 
of its structural integrity for longer periods. At temperatures 
below 300 °C, concrete’s compressive strength remains 
relatively stable. However, as temperatures approach 600 
°C, compressive strength begins to decline significantly, 
eventually leading to spalling at around 800 °C (“Eurocode 
2,” n.d.).

In contrast, hydrocarbon fires, with their rapid temperature 
rise to 1100 °C, induce much faster degradation. Concrete 

exposed to these high temperatures often suffers from 
immediate spalling, where the outer layers break away due 
to rapid thermal expansion. Steel in these conditions loses its 
yield strength rapidly, particularly when temperatures exceed 
500 °C, and composite materials may start to delaminate due 
to the rapid heat exposure (M. Hedayati et al., 2015).

The EV fire presents a unique challenge, as it combines 
rapid temperature rise with prolonged exposure to extreme 
heat. The sustained high temperatures, exceeding 1200°C, 
lead to a prolonged degradation period, particularly in 
materials like reinforced concrete, where prolonged heat 
exposure can weaken the bond between steel reinforcement 
and concrete, leading to structural instability (“(PDF) Modern 
Vehicle Hazards in Parking Structures and Vehicle Carriers,” 
2014)

When exposed to fire, materials such as concrete, 
steel, and composites undergo significant reductions in 
strength, stiffness, and overall integrity. The rate and extent 
of degradation vary depending on the fire curve, with 
hydrocarbon and EV fires causing more rapid and severe 
damage than the ISO 834 fire curve. For concrete under 
hydrocarbon fire events, studies have shown that it begins to 
lose compressive strength at temperatures above 300 °C, with 
significant reductions occurring around 600°C and higher. At 
temperatures above 600 °C, concrete lose their load-bearing 
capacity, and under extreme conditions like those found in 
hydrocarbon fires, the rapid heating can cause spalling, 
where the outer layers of the material crack and break away 
as presented in Table 2. Steel, on the other hand, begins to 
lose yield strength at around 400 °C, with a 50% reduction at  
500  °C (Khoury, 2000).

In electric vehicle (EV) fires, the sustained high 
temperatures of over 1000 °C can weaken steel to the point 
where it can no longer support structural loads, leading to 
buckling and potential collapse. Steel loses around 50% of 
its strength at temperatures above 600 °C, and prolonged 
exposure to the extreme heat typical of EV fires accelerates 
this weakening. One study on EV fires found that jet flames 
from lithium-ion batteries, combined with combustible 
materials in the passenger cabin, significantly increased the 
fire’s heat release rate (up to 7.25 MW), threatening adjacent 
structures in parking garages, including steel and concrete 
components. These high heat levels promote fire spread and 
structural risks, especially in enclosed spaces such as parking 
structures (Kang et al., 2023).

Concrete, while generally resistant to fire, is not immune 
to damage in EV fire scenarios. The intense heat can cause 
spalling, where surface layers of the concrete explosively 
break away due to rapid temperature increases, reducing its 

Table 2: Reduction in strength for concrete and steel at various temperatures

No. Material Fire Curve Temperature 
(°C)

Strength 
Reduction 

(%)
References

1 Concrete ISO 834 300 °C 10% (Chen et al., 2024; Kodur, 1999)
2 Concrete Hydrocarbon Fire 600 °C 50% (Buchanan and Abu, 2016; Poon et al., 2001)
3 Concrete EV Fire 800 °C 30% (Sun et al., 2020b)
4 Concrete EV Fire 1200 °C 70% (Sun et al., 2020b)
5 Steel ISO 834 400 °C 20% (Ali et al., 2009; Wong et al., 1998)
6 Steel EV Fire 1000 °C 70% (Sun et al., 2020b)
7 Steel Hydrocarbon Fire 700 °C 40% (Ali et al., 2009; Outinen and Mäkeläinen, 2004)
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load-bearing capacity and exposing the steel reinforcements 
to further weakening. Additionally, composites used in 
modern construction and EV enclosures degrade more 
rapidly than traditional materials under fire conditions as 
shown in Figure 2. Delamination is a common failure mode 
for composites in EV fires, where layers of material separate 
under sustained heat exposure, compromising their structural 
bonds and accelerating failure (Guerrieri and Fragomeni, 
2016). This degradation underscores the need for effective 
fire suppression systems and heat-resistant materials in 
parking structures designed for EV use.

As the temperature increases in fire scenarios, the 
degradation of structural materials becomes more 
pronounced. In hydrocarbon fires, for example, the rapid rise 
to 1100 °C not only affects concrete through spalling but also 
drastically reduces the structural performance of steel and 
composites. In these scenarios, steel can lose up to 70% of 
its yield strength within a few minutes, leading to structural 
failure if the fire persists. This is particularly dangerous in 
structures like tunnels or industrial facilities, where the high 
heat from hydrocarbon fires can quickly compromise load-
bearing elements (Guerrieri and Fragomeni, 2016).

Under ISO 834 fire conditions, structural materials 
degrade gradually, allowing more time for elements to 
absorb and redistribute heat. However, limitations in the ISO 
834 fire curve become clear when predicting performance 
in more severe fire scenarios, such as hydrocarbon and 
electric vehicle (EV) fires. Studies indicate that while ISO 
834 serves as a baseline for fire resistance, hydrocarbon fire 
conditions reach significantly higher temperatures and cause 
faster degradation. For example, research shows that the fire 
resistance rating of Ultra-High Performance Fiber Reinforced 
Concrete (UHPFRC) beams decreased by 30 minutes under 
hydrocarbon fires compared to ISO 834, highlighting 
the inadequacy of ISO 834 in such aggressive conditions 
(Simwanda et al., 2022). Furthermore, recent analyses 
recommend adopting custom fire curves beyond ISO 834 for 
high-risk infrastructure assessments, especially for localized, 
high-temperature fires from EV or fuel tanker incidents as 
shown in Table 3. This approach supports performance-
based fire design, enabling more accurate hazard responses in 
critical infrastructure (Hu, 2020).

When comparing the degradation of materials under the 
ISO 834, Hydrocarbon, and Electric Vehicle (EV) fires, the 
structural impact on concrete, steel, and composite materials 
becomes more evident. In ISO 834 fire conditions, materials 
experience slower degradation, with concrete retaining 
a substantial amount of its compressive strength up to 

300 °C. At this temperature, concrete’s strength reduction 
is relatively minor, and steel loses around 20% of its yield 
strength (“Eurocode 2,” n.d.). This gradual degradation 
allows more time for structural fire resistance measures to 
mitigate damage, making the ISO 834 fire curve suitable for 
traditional building fires

However, under hydrocarbon fires, the rapid rise to 
1100 °C within just a few minutes causes much more 
aggressive degradation. Concrete spalling occurs almost 
immediately, and steel experiences rapid loss of yield 
strength, reducing by as much as 50% at temperatures above 
600 °C. This sudden degradation poses a significant risk to 
structures like tunnels, industrial facilities, and oil refineries, 
where fire hazards are more extreme. Without adequate 
fireproofing, such structures can suffer catastrophic failure in 
the early stages of a fire(Kumar et al., 2021; Wan et al., 2014).

For EV fires, the sustained exposure to 1200 °C or higher 
temperatures leads to prolonged degradation of both concrete 
and steel, as well as composite materials. In enclosed spaces 
such as parking garages, the continuous heat load can 
weaken steel reinforcement in concrete, causing spalling 
and delamination in composite materials. This sustained 
exposure increases the risk of structural collapse, particularly 
in locations where fire suppression is delayed, or re-ignition 
occurs due to the nature of lithium-ion battery fires (Hertz, 
2003; ISO 834-1, n.d.; Kodur, 1999).

4.		 COMPARATIVE ANALYSIS OF 
FIRE SCENARIOS 

In this section, we will focus on comparing the different fire 
scenarios (ISO 834, Hydrocarbon, and EV fires) in terms of 
their effects on structural materials, such as concrete, steel, 
and composites (Table 4). The comparison will include factors 
like, Temperature-Time Profiles to observe how quickly each 
fire type reaches peak temperature and sustains it, heat release 
rates (HRR), in which the rate at which energy is released in 
the form of heat, crucial for assessing the severity of the fire 
and reduction Factors, where the extent to which key material 
properties, like yield strength and compressive strength, are 
reduced.

When comparing ISO 834, Hydrocarbon, and EV fires 
as shown in Table 4 and Figure 3, it becomes evident that 
the more severe fire conditions of hydrocarbon and EV fires 
result in faster material degradation and greater structural 
challenges. The Heat Release Rate (HRR) is a key factor that 
distinguishes these fire scenarios. While ISO 834 fires exhibit 
a slow and gradual rise in HRR, both hydrocarbon and EV 
fires demonstrate a much more aggressive heat release, which 
in turn accelerates the degradation of structural materials 
(Alvares et al., 2016; La Scala et al., 2023).

In hydrocarbon fires, the HRR can reach values as high as 
350 kW/m² within 5 minutes, exposing structural materials 
like steel and concrete to extreme heat and pressure. This 
rapid escalation results in spalling in concrete and buckling 
in steel, particularly in tunnels and confined environments. 
In contrast, ISO 834 fires produce significantly lower HRR, 
which allows structures more time to resist failure. The 
prolonged heat exposure seen in EV fires not only increases the 
HRR but also sustains it at high levels for longer periods. This 
sustained exposure leads to composite material delamination 
and prolonged degradation of reinforced concrete, increasing 

Figure 2: Comparison of Strength Reduction in Concrete and Steel at 
Various Temperatures
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the likelihood of structural failure in parking garages and 
tunnels where lithium-ion battery fires are a growing concern 
(Liu et al., n.d.)

In the comparative analysis of fire scenarios, understanding 
the temperature-time profiles is critical for assessing how 
quickly materials reach their failure points. Hydrocarbon 
fires reach peak temperatures much faster than ISO 834 
fires, and EV fires demonstrate an even more sustained high-
temperature profile due to the nature of lithium-ion batteries. 
This creates unique structural challenges, as steel and concrete 
are exposed to prolonged extreme heat. Under ISO 834 fire 
conditions, materials like concrete and steel undergo gradual 
degradation. Concrete typically experiences spalling after a 
few hours of exposure, and steel retains up to 50% of its yield 
strength at 600 °C. However, hydrocarbon fires reduce this 
timeframe dramatically, with temperatures reaching 1100 °C 
in less than 5 minutes. The rapid rise in temperature causes 
steel to buckle and concrete to spall almost immediately, 
posing a significant risk in industrial facilities and tunnels 
(Oli et al., 2023).

In EV fires, the prolonged exposure to 1200 °C creates 
even more severe conditions. The thermal runaway effect 
not only results in rapid temperature rise but also sustained 
heat exposure. This leads to more significant structural 
challenges in parking garages and tunnels, where prolonged 
exposure to high heat weakens reinforced concrete and causes 

Table 3: Material Integrity and Time to Failure under Different Fire Scenarios

No. Fire Curve Material Impact on Material Integrity Time to Failure References
1 ISO 834 Standard 

Fire
Concrete Gradual strength reduction; spalling 

at temperatures >600°C
2-3 hours (Kodur, 1999; M. 

Hedayati et al., 
2015; Wang et al., 

2024)
2 Hydrocarbon Modi-

fied (HC)
Steel Rapid yield strength loss; structural 

buckling at >700°C
30-60 minutes (Ali et al., 2009)

3 Electric Vehicle (EV) 
Fire

Composites Delamination; loss of structural 
bonds under intense heat

1-2 hours (Kang et al., 2023)

delamination in composite materials (Chen et al., 2021)
The next graph will visually compare the temperature-time 

profiles for ISO 834, Hydrocarbon, and EV fires, showing 
the steep rise in temperature for hydrocarbon and EV fires 
compared to the gradual rise in ISO 834.

The final part of the Comparative Analysis focuses on the 
structural responses to these varying fire scenarios. Each fire 
type - ISO 834, Hydrocarbon, and EV fires - affects structural 
materials differently based on how quickly the fire escalates 
and how long it sustains extreme temperatures. These factors 
play a crucial role in determining how structures such as 
parking garages, tunnels, and industrial buildings withstand 
fires and what measures are required to prevent catastrophic 
failure.

In ISO 834 fires, which simulate typical building fires, 
reinforced concrete and steel perform better due to the slow 
temperature rise. The gradual heating allows the structure to 
resist collapse for longer, often giving enough time for fire 
suppression or evacuation (ISO 834-2, 2019). However, 
hydrocarbon fires and EV fires expose materials to far greater 
thermal stresses in much shorter periods. Concrete undergoes 
rapid spalling in both fire types, which compromises its 
compressive strength. Steel suffers from buckling and yield 
strength loss under hydrocarbon and EV fire conditions, 
particularly in confined spaces like tunnels and parking 
garages (Ariyanayagam and Mahendran, n.d.).

In EV fires, the sustained exposure to high temperatures 
poses a unique threat, as the thermal runaway from lithium-
ion batteries can cause multiple reignition events, further 
weakening the structural integrity of both concrete and 
steel. Composite materials used in modern construction also 
degrade faster under these conditions, with delamination 
occurring as the adhesive bonds fail at high temperatures 
(Mellert et al., 2018).

5.		 CONCLUSION 
This study provides a comprehensive comparison of the 
ISO 834, Hydrocarbon (HC), and Electric Vehicle (EV) fire 

Table 4: Comparative analysis of fire curve

No. Fire Curve Peak Tempera-
ture (°C)

Time to Peak 
Temperature 

(minutes)

Heat Re-
lease Rate 
(kW/m²)

Structural 
Degradation 

Speed
References

1 ISO 834 Standard 
Fire

1000 120-180 100-150 Slow (Held et al., 2022)

2 Hydrocarbon Fire 1100 5 200-350 Rapid (Held et al., 2022)

3 Electric Vehicle (EV) 
Fire

1200 10 250-400 Prolonged (La Scala, 2025)

Figure 3: Comparative Analysis of Fire Curves
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curves, emphasizing their impacts on structural materials such 
as concrete, steel, and composites. The findings demonstrate 
that while the ISO 834 fire curve remains effective for 
moderate-risk scenarios, such as those in residential and 
commercial buildings, it fails to account for the aggressive 
nature of HC and EV fires. These fires are characterized by 
rapid temperature escalation and prolonged high-temperature 
exposure, which impose severe thermal loads on structures. 
Moreover, due to the notable similarities between HC and 
EV fire behaviors, the HC fire curve can serve as a basis 
for evaluating EV fires, enabling a practical approach for 
assessing their effects on concrete structures.

The traditional ISO 834 fire curve is suitable for typical 
building fire scenarios where the gradual temperature 
increase allows materials like steel and concrete to maintain 
their integrity for longer periods. However, in environments 
exposed to extreme fire scenarios, such as tunnels, industrial 
facilities, and parking garages, the limitations of this curve 
become apparent. Hydrocarbon fires, with temperatures 
reaching 1100 °C in under five minutes, cause rapid structural 
degradation, including concrete spalling and significant 
reductions in steel strength, increasing the likelihood of 
structural collapse. EV fires, on the other hand, pose unique 
challenges due to thermal runaway in lithium-ion batteries, 
which leads to sustained temperatures exceeding 1200 °C. 
This prolonged exposure weakens reinforced concrete and 
delaminates composite materials, significantly heightening 
the risk of failure, particularly in confined spaces such as 
parking garages.

Adapting the HC fire curve for EV fire evaluation 
provides a valuable framework for addressing these risks. By 
leveraging the thermal similarity between HC and EV fires, 
it becomes feasible to streamline safety assessments and 
design measures for structures exposed to these fire types. 
Enhanced fireproofing strategies, including fire-resistant 
coatings for steel and heat-resistant additives for concrete, 
are essential to mitigate the rapid degradation caused by HC 
and EV fires. Additionally, advanced ventilation systems 
and fire suppression technologies must be incorporated into 
structural designs to manage the unique risks posed by these 
fire scenarios.

The need for updated fire safety standards and building 
codes is clear. Existing standards, primarily designed 
around ISO 834 fire scenarios, must evolve to incorporate 
the thermal and structural demands of HC and EV fires. 
Revising these codes to mandate the use of fire-resistant 
materials and the implementation of thermal modeling 
for high-risk environments will ensure greater safety and 
resilience. Recognizing the parallels between HC and EV 
fires and adapting HC fire evaluations for EV-specific 
scenarios offer a cost-effective approach to improving fire 
safety while maintaining robust structural performance. This 
study underscores the importance of addressing modern 
fire hazards through enhanced materials, updated codes, 
and innovative design adaptations, ensuring safer and more 
resilient structures capable of withstanding the challenges of 
contemporary fire risks.
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ENHANCING CONCRETE STRENGTH 
MONITORING VIA DEEP LEARNING FUSION 
OF NON-DESTRUCTIVE TESTING DATA

Hatem Affes - Salem G. Nehme - Béla Paláncz †

Accurate monitoring of concrete strength evolution is critical for construction safety and timeline optimi-
zation. Traditional Non-Destructive Testing (NDT) methods, such as Ultrasonic Pulse Velocity (UPV) or 
Rebound Hammer, often suffer from low accuracy when used in isolation due to the influence of aggregate 
types and moisture content. This study employs a Self-Normalizing Neural Network (SNN) to fuse multi-
sensor NDT data for predicting compressive strength. The model utilizes a dataset of 4,420 monitoring 
points from concrete mixtures containing various aggregate types (including recycled and volcanic) and 
additives. The input variables include Curing Age, Ultrasonic Pulse Velocity (UPV), and Electrical Resis-
tivity, while the output is Compressive Strength. Results indicate that the Deep Learning fusion model sig-
nificantly outperforms traditional regression curves, achieving high accuracy (> 0.90) by effectively cap-
turing the non-linear relationships between NDT metrics and strength development. This approach offers 
a non-invasive, sustainable method for verifying structural integrity in aggressive environments . Crucially 
the analysis identifies a specific “High Risk Zone” where concrete exhibits adequate structural strength 
(>30 MPa) but critically low electrical resistivity. This discrepancy highlights a matrix that is mechanically 
sound yet highly permeable to ionic ingress, identifying vulnerabilities to acid attack that standard strength 
testing would miss. These findings validate the SNN framework as a dual-objective monitoring tool for en-
suring the resilience of wastewater infrastructure.

Keywords: Concrete compressive strength; Machine Learning; Deep Learning; Self-Normalizing Networks; Quality Control

1.		 INTRODUCTION
The compressive strength of concrete is fundamentally 
governed by its internal matrix, specifically the quality of the 
cement paste, aggregate interlock, and the water-to-cement 
ratio. While optimizing these mix parameters is essential for 
achieving theoretical load-bearing capacity, infrastructure 
operating in aggressive environments; particularly 
wastewater facilities; faces simultaneous mechanical and 
chemical threats that cannot be predicted by mix design 
alone. External stressors such as sulfate attack, chloride 
ingress, and freeze-thaw cycles degrade the matrix over time, 
causing microstructural damage that compromises structural 
integrity. Consequently, relying solely on initial design 
assumptions or destructive coring is impractical for long-
term safety. Continuous, non-invasive monitoring is therefore 
critical to track the evolution of strength and verify resilience 
against chemical degradation.

The compressive strength largely depends on the 
concrete matrix. Several parameters (Figure 1) influence 
the compressive strength, including the water-to-cement 
ratio, the type and quality of cement and aggregates, and the 
presence of admixtures. A lower w/c ratio results in a denser 
and less porous matrix (Figure 2), leading to higher strength. 
Conversely, a higher w/c ratio increases porosity and reduces 

strength. (Neville, 2011) highlights that an optimal w/c 
ratio is essential for achieving the desired strength without 
compromising workability. 

The type of cement used can influence the rate of hydration 
and the development of strength. High-strength cement, such 
as Portland cement, tends to provide better early-age and 
long-term strength. The quality of the cement, including 
its fineness and chemical composition, also plays a role (P. 
Kumar Mehta & Paulo J. M. Monteiro., 2014).

https://doi.org/10.32970/CS.2025.1.3

Figure 1: Concrete composition (Yuan Chen et al).
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The size, shape, and grading of aggregates affect the 
concrete’s strength. Well-graded aggregates with a variety of 
sizes fill the voids more effectively, enhancing the matrix’s 
density and strength. Additionally, the bond between the 
cement paste and the aggregates is crucial; rough-textured 
aggregates typically form stronger bonds compared to 
smooth-textured ones (S. Mindess et al., 2003). Admixtures 
can enhance the strength by improving the matrix’s 
microstructure. Superplasticizers, fly ash, and silica fume 
can significantly enhance compressive strength by improving 
workability and modifying the microstructure of the cement 
paste. These additives help reduce the w/c ratio without 
compromising workability and contribute to the formation 
of a denser, more durable matrix (ACI, 2008). Proper curing 
is vital for the hydration of cement and the development of 
strength. Maintaining adequate moisture and temperature 
conditions ensures that the chemical reactions proceed to 
completion, leading to a more robust matrix. Improper curing 
can lead to incomplete hydration and reduced strength.

Environmental factors such as exposure to aggressive 
chemicals, freeze-thaw cycles, and high temperatures can 
cause degradation. Concrete is susceptible to chemical 
degradation (Figure 3) from exposure to aggressive 
substances such as sulfates and chlorides. Sulfate attack can 
lead to the formation of expansive products like ettringite, 
causing cracking and spalling. Chlorides, often from deicing 
salts or seawater, can penetrate the concrete and cause 

corrosion of embedded steel reinforcement, leading to 
structural weakening (Neville, 2011).

Physical stresses like freeze-thaw cycles can cause 
cracking and spalling, reducing overall compressive strength. 
In regions with fluctuating temperatures, concrete can be 
subjected to freeze-thaw cycles. Water trapped in concrete 
pores expands upon freezing, leading to internal stresses, 
cracking, and eventual spalling. Using air-entraining agents 
can mitigate this damage by creating small air bubbles that 
provide space for the expanding water (S. Mindess et al., 
2003). Elevated temperatures can accelerate the hydration 
process initially but may lead to reduced long-term strength 
due to forming a less dense microstructure. Prolonged 
exposure to high temperatures can also cause thermal 
cracking and degradation of the cement paste. (P. Kumar 
Mehta & Paulo J. M. Monteiro., 2014). Concrete can be 
attacked by acidic environments, which dissolve the calcium 
hydroxide in the cement paste and lead to the formation of 
soluble products. This attack can severely compromise the 
strength and integrity of the concrete, especially in industrial 
environments where acids are prevalent (Figure 4).

Understanding the factors that influence the compressive 
strength of concrete and the mechanisms that can lead 
to its degradation is essential for designing durable and 
resilient structures. While various strategies can enhance 
the strength, such as optimizing the water-to-cement ratio, 
using high-quality materials, and incorporating admixtures, 
it is equally important to consider environmental exposure 

Figure 2: Strength to water-cement ratio relationship of conventional 
concrete (ACI).

Figure 3: Chemical Attack on Concrete: Image depicting the effects 
of a 5% sulphuric acid attack, with brushing, on concrete specimens. 
CEMI 0.5% w/c 330kg after 4 weeks.

Figure 4: Typical failure characteristics of concrete specimens under different freeze-thaw cycles (Zhang et al., 2021)
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and implement measures to protect the concrete from 
chemical attacks, freeze-thaw cycles, and high temperatures. 
Traditionally, this prediction has relied on empirical methods 
and experience-based heuristics. However, these methods 
can be time-consuming and may not always capture the 
complex relationships between the various components of 
concrete. As such, there is growing interest in using artificial 
intelligence (AI) to enhance the accuracy and efficiency of 
these predictions.

The process of utilizing AI for predicting concrete 
compressive strength involves several steps: data collection 
and preprocessing, model development, and model validation 
and testing. The dataset typically includes features like 
cement content, blast furnace slag, fly ash, water content, 
superplasticizer, coarse aggregate, fine aggregate, and the 
age of the concrete, with the output being the compressive 
strength. During model development, the data is split into 
training and test sets, scaled and normalized, appropriate 
AI algorithms are selected and tuned, and the models are 
trained and evaluated using metrics such as mean squared 
error (MSE) or root mean squared error (RMSE). Finally, 
the models are validated on a separate test set to ensure 
they generalize well, avoiding overfitting, where the model 
performs well on training data but poorly on new data.

AI techniques, including machine learning (ML) and 
deep learning (DL), have shown promise in predicting the 
compressive strength of concrete. AI applications in this 
domain focus on developing models that can predict concrete 
compressive strength based on various input parameters. 
Future research could integrate AI with advanced technologies 
like the Internet of Things (IoT) and Building Information 
Modeling (BIM) to create comprehensive predictive models. 

AI models can significantly reduce the time and cost 
associated with traditional testing methods. Moreover, they 
can provide real-time predictions, aiding in faster decision-
making during the construction process.

Artificial Neural Networks (ANNs) (Figure 5) are inspired 
by the human brain and consist of interconnected layers of 
nodes, or neurons. These networks are particularly adept at 
handling nonlinear problems, making them ideal for predicting 
concrete compressive strength where input variables exhibit 
complex relationships. ANNs learn from data by adjusting the 
weights of connections between neurons through a process 
called training. This allows them to model sophisticated 
patterns and interactions in the data. A study by Siddique et 
al. (2021) demonstrated that ANNs could accurately predict 
concrete compressive strength using input parameters such as 
cement, sand, coarse aggregate, fly ash as partial replacement 
of cement, bottom ash as partial replacement of sand, water 
and water/powder ratio, superplasticizer dosage.

Despite the need for continuous monitoring, traditional 
Non-Destructive Testing (NDT) methods, such as Ultrasonic 
Pulse Velocity (UPV) or Rebound Hammer, often suffer from 
low accuracy when used in isolation due to the confounding 
influence of aggregate types and moisture content. 
Furthermore, conventional empirical regression models fail to 
capture the complex, non-linear relationships between these 
NDT metrics and the concrete’s internal hardening process. 

To address this gap, recent advancements in Artificial 
Intelligence (AI) offer a robust pathway for fusing multi-
sensor data. While standard machine learning models like 
Random Forests and Support Vector Machines have shown 
promise, Deep Learning architectures provide superior 
capabilities for modeling high-level abstractions in large, 

Figure 5: Optimized ANNs for predicting compressive strength of high-performance concrete (Moayedi et al., 2022).
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multivariate datasets. This study employs a Self-Normalizing 
Neural Network (SNN) to fuse NDT data for predicting 
compressive strength. By integrating Ultrasonic Pulse 
Velocity (UPV) with Electrical Resistivity (Er); a parameter 
inversely proportional to ion diffusivity; the proposed model 
aims to create a unified monitoring framework. This approach 
not only predicts mechanical load capacity with high accuracy 
(>0.90) but also simultaneously tracks the concrete’s 
resistance to chemical ingress, offering a sustainable solution 
for quality control in aggressive wastewater environments.

2.		 MATERIALS AND METHODS

2.1.	 Dataset Description
The study utilizes the ‘ConcreteXAI’ dataset, a comprehensive 
multivariate repository for concrete monitoring. The dataset 
comprises 4,420 data points derived from 12 distinct 
concrete mixtures. These mixtures incorporate four types of 
cement (e.g., CPO 30R, CPC 40R), four types of aggregates 
(Crushed, Rounded, Recycled, and Volcanic), and various 
additives including blast furnace slag and Opuntia ficus 
indica mucilage. As a brief context, in Mexico and parts 
of South America, this mucilage was added to lime mortar 
and stucco. It acts as a binding agent and makes the plaster 
more water-resistant and durable. Some restoration projects 
still use “cactus slime” to repair historical adobe buildings. 
The data captures the temporal evolution of mechanical 
properties, with measurements taken at 3, 7, 14, 28, 40, 60, 
90, and 120 days. 

While direct chemical degradation data was not 
available, a Chemical Resistance Potential (CRP) index was 
computationally derived from the water-to-binder ratio and 
binder density, following the durability principles of EN 206, 
to assess the theoretical longevity of the mixtures.

Unlike traditional mix-design prediction models, this 
study focuses on non-destructive monitoring. The input 
vector (X) for the Machine Learning model consists of five 
key variables:
1.	 Curing Age (days): Temporal factor representing hydration 

progress.
2.	 Ultrasonic Pulse Velocity (m/s): An NDT metric correlating 

with concrete density and elastic modulus.
3.	 Electrical Resistivity (Ω/cm): An NDT metric correlating 

with pore structure and permeability.
4.	 Cement Type: Categorical variable encoding the binder 

class.
5.	 Aggregate Type: Categorical variable accounting for 

the varying density and stiffness of recycled vs. natural 
aggregates.
The primary output variable (Y) is the Compressive 

Strength (MPa).

2.2.	 Computational Framework
Data preprocessing and model training were performed using 
Wolfram Mathematica. The raw data was normalized to 
the range [-1, 1] to prevent features with larger magnitudes 
(such as UPV in m/s) from dominating the learning gradients 
compared to smaller features (such as Curing Age). The 
dataset was randomly partitioned into a training set (90%) 
and a validation set (10%). Due to the large volume of data 
(N=4,420), the 10% validation set comprises 442 samples; 
a quantity that exceeds the total dataset size of many 
comparable studies in this domain. This ensures statistical 
rigor while allowing the SNN to leverage nearly 4,000 
samples to map the complex, non-linear dependencies of the 
diverse aggregate mixtures

While the primary objective is monitoring compressive 
strength, the study integrates durability assessment through 
the analysis of Electrical Resistivity (Er). In the context of 
wastewater infrastructure, concrete durability is governed by 
permeability and the resistance to ionic ingress (e.g., sulfates 
and chlorides).Instead of relying on theoretical indices based 
on mix design assumptions, this study utilizes the measured 
Electrical Resistivity as a direct physical proxy for durability. 
According to the Nernst-Einstein relationship, resistivity is 
inversely proportional to the diffusivity of ions within the 
pore network. Therefore, by including in the input vector, 
the machine learning model implicitly learns the relationship 
between the microstructural refinement (durability) and the 
mechanical load capacity (strength), allowing for a holistic 
assessment of the concrete’s condition.

2.3.	 Machine Learning Models
We evaluated four distinct algorithms to determine the 
optimal approach for fusing the NDT sensor data:
•	 k-Nearest Neighbors (k-NN): Utilized as a non-parametric 

baseline, this method predicts compressive strength based 
on the local similarity of NDT vectors in the feature space. 
It assumes that concrete samples with similar UPV and 
Resistivity values will exhibit similar strength, serving as 
a control to test if the problem requires complex non-linear 
modeling.

•	 Random Forest (RF): An ensemble learning method that 
constructs multiple decision trees during training. RF was 
selected for its robustness in handling categorical variables 
(e.g., Aggregate Types) and its resistance to overfitting 
compared to single decision trees. It serves as the primary 
“shallow” learning benchmark.

•	 Artificial Neural Networks (ANN): A standard feed-
forward Multi-Layer Perceptron (MLP) used to benchmark 
Deep Learning performance.

•	 Self-Normalizing Neural Networks (SNN): The proposed 
deep learning architecture. Unlike standard ANNs which 
often suffer from vanishing gradients as depth increases, 
SNNs employ Scaled Exponential Linear Units (SELU) 
to induce self-normalizing properties. This allows for the 
stable training of deeper networks, enabling the model to 

Table 1: Comparison of Model Performance

Model              RMSE (MPa) R²     
Nearest Neighbors  3.21       0.94   
Random Forest      4.05       0.89   
SNN Deep Learning  2.98       0.96   
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capture high-order, non-linear interactions between the 
physical NDT metrics (UPV, resistivity) and the chemical 
properties of the diverse aggregate mixtures.

3.		 RESULTS ANALYSIS 

3.1.	Model Performance
The predictive accuracy of the models was evaluated using 
Root Mean Square Error (RMSE) and the Coefficient of 
Determination (R2). As shown in Table 1, the Deep Learning 
(SNN) model outperformed traditional ML methods.

3.2.	 Error Analysis
Figure 6 illustrates the distribution of prediction errors. The 
SNN model shows tight clustering around zero, with 92% 
of predictions falling within the ±5 MPa tolerance required 
for industrial quality control. The model performed most 
accurately in the 30–50 MPa range. This interval corresponds 
to standard structural concrete classes (e.g., C30/37) widely 
used in European construction, including Hungary. This high 
precision in the “structural zone” validates the proposed NDT 
fusion method as a reliable alternative to destructive coring 
for supporting compliance with Eurocode 2 standards.

3.3.	 Prediction of Chemical 
Degradation Resistance

The study extended the machine learning analysis to evaluate 
the relationship between compressive strength and resistance 
to chemical degradation. Although high compressive strength 
is often correlated with low permeability, optimizing solely 
for strength does not guarantee durability in aggressive 
environments (e.g., acidic or sulfate-rich sewage typical of 
industrial zones).

Figure 7 illustrates the correlation between the predicted 
compressive strength and the measured Electrical Resistivity 

(Er). The analysis reveals a positive correlation (R ≈ 0.68), 
confirming that the SNN model effectively identifies concrete 
states that possess a dense microstructure capable of resisting 
chemical ingress.

However, the model identified specific “high-risk” 
clusters where adequate compressive strength (>30 MPa) 
was achieved, but Electrical Resistivity remained low 
(<5 kΩ/cm). This discrepancy indicates a matrix that is 
mechanically sound but potentially porous, increasing 
susceptibility to acid attack and chloride infiltration1.

By integrating the Electrical Resistivity input, the proposed 
SNN model functions as a dual-objective monitoring tool. It 
verifies that the concrete satisfies mechanical requirements 
(according to MSZ 4798-1) while simultaneously ensuring 
the resistivity threshold required for long service life in 
aggressive wastewater environments is met.

4.		 LIMITATIONS OF THE STUDY
While the proposed Self-Normalizing Neural Network (SNN) 
demonstrates high predictive accuracy (R^2 > 0.90) within the 
validation set, three key limitations must be acknowledged 
for practical implementation in wastewater infrastructure:
•	 Sensitivity to Moisture Content: The model relies 

heavily on Electrical Resistivity as a predictor. However, 
resistivity measurements are highly sensitive to the 
concrete’s saturation degree. Since the training data 
reflects controlled laboratory curing conditions (likely 
saturated or sealed), the model’s reliability may fluctuate 
in real-world sewage pipes where moisture levels vary 
due to fluctuating effluent levels. Future iterations must 
incorporate a “moisture correction factor” to standardize 
field readings.

•	 Regional Aggregate Calibration: The SNN was trained on 
the ConcreteXAI dataset, which utilizes specific aggregate 
types (Recycled, Volcanic, Crushed) sourced from North 
America (Mexico). While the model generalizes well 
across these categories, applying it to Central European 

Figure 6: Relative error of the output
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Figure 7: Correlation between measured Electrical Resistivity (Er )and Compressive Strength (f’c). 

infrastructure (e.g., concrete made with Danube river 
aggregates) would require a transfer-learning step to 
recalibrate the baseline UPV and Resistivity values for 
local mineralogies.

•	 Surface vs. Core Decoupling in Aggressive Environments: 
The proposed NDT methods (UPV and Surface Resistivity) 
primarily assess the outer concrete layer. In aggressive acidic 
environments (pH < 4), the concrete surface may undergo 
softening or gypsum formation while the core remains intact. 
This “skin effect” could lead to a divergence between the 
NDT-predicted strength and the actual load-bearing capacity 
of the structural core over long exposure periods.

5.		 CONCLUSIONS AND FUTURE 
OUTLOOK

This study presented a comparative analysis of machine 
learning (ML) and deep learning (DL) methodologies 
for predicting the compressive strength of concrete. By 
processing a dataset of 4,420 NDT monitoring points through 
a computational framework in Wolfram Mathematica, 
we established that Artificial Intelligence offers a viable 
alternative to traditional single-variable regressions for 
quality control.
•	 Unified Durability-Strength Monitoring: The most 

significant finding is the validation of Electrical Resistivity 
as a dual-purpose indicator. In wastewater infrastructure, 
where durability against chemical attack is as critical 
as load-bearing capacity, this SNN model proves that 
resistivity readings can reliably predict compressive 
strength (R2 > 0.90). This allows engineers to monitor both 
permeability (durability) and strength (structure) using a 
single non-destructive sensor.

•	 Resilience to Aggressive Aggregates: The model 
successfully generalized across concrete mixtures 
containing recycled and volcanic aggregates. This is 
vital for modern sustainable sewage systems, which 
increasingly utilize alternative binders and aggregates that 
often disrupt standard NDT calibration curves.

•	 Early Warning for Crack Formation: Since the model 
correlates Ultrasonic Pulse Velocity (UPV) with strength 
evolution, it effectively establishes a baseline for healthy 
concrete. Deviations from this AI-predicted baseline in 
the field can serve as an early warning system for micro-
cracking or chemical degradation typical in industrial 
effluent environments.

•	 Future Outlook: Future work will integrate this algorithm 
into a Digital Twin framework for real-time monitoring 
of sewage pipes, specifically to quantify the impact of 
industrial effluent acidity on the long-term drift of NDT 
sensor readings.

6.		 NOTATIONS
•	 Atype : Aggregate type (categorical input)
•	 Ctype: Cement type (categorical input)
•	 Er: Electrical Resistivity (Ω/cm)
•	 f ’c : Compressive Strength (MPa)
•	 R2

  : Coefficient of Determination
•	 RMSE: Root Mean Squared Error
•	 SELU: Scaled Exponential Linear Unit (activation 

function)
•	 SNN: Self-Normalizing Neural Network
•	 Curing Age (days)
•	 Ultrasonic Pulse Velocity (m/s)
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“Development of concrete products with improved resistance to chemical corrosion, fire 
or freeze-thaw”.” 

Procurement of laboratory equipment within the framework of the tender entitled 

Project supervisor: Prof. György L. Balázs  
Project sub-theme responsibles: Dr. Éva Lublóy, Dr. Salem G. Nehme, Dr. Katalin Kopecskó 

MATERIAL SCIENTIFIC STUDIES FROM NANO-LEVEL TO MACRO-LEVEL 
1. PHENOM XL Scanning Electron Microscope (SEM) with elemental analysis of EDS 

(energy dispersive X-ray spectroscopy) for small and large (max. 100 mm x 100 mm) samples 

                                                                                                               fly-ash  

2. TAM Air 3+3 channel microcalorimeter, with 125 ml ampoulles, application range: 
from cement paste to concrete 

 
 
 
 

 
 
 

3. Zetasizer Nano ZS – Measurement of Zeta potential with titrator (variable pH range) 
3,8 nm – 100 µm, particle size distribution in range 0,3 nm – 10 µm 
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