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Abstract 
Precast prestressed hollow-core (PHC) concrete slabs are widely utilized in modern 

construction for their material efficiency, yet their thermomechanical response during the 

critical fire decay phase remains insufficiently quantified. This study aims to evaluate the 

structural resilience of PHC slabs under realistic fire scenarios by developing a high-

fidelity 3D nonlinear finite element (FE) framework in ABAQUS. The methodology 

explicitly accounts for the "cavity effect" - incorporating internal radiation and convection 

within longitudinal voids - and utilizes a sequentially coupled thermal-structural 

approach. Data was collected through the validation of the numerical model against 

established experimental benchmarks, achieving high predictive accuracy with thermal 

error margins below 2%. A parametric investigation was conducted to quantify the 

influence of axial restraint stiffness and varying fire exposure types, including ISO 834 

and Eurocode parametric curves. Findings demonstrate that Compressive Arching Action 

(CAA) in restrained slabs significantly mitigates deformation, reducing peak mid-span 

deflections by up to 78.7% compared to simply supported configurations. Critically, the 

study identifies a "thermal lag" where maximum structural demand occurs during the 

cooling phase rather than at peak gas temperatures. It is concluded that traditional fire 

design, which focuses solely on the heating phase, may underestimate the risk of shear 
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failure during decay. It is recommended that performance-based fire design frameworks 

incorporate axial restraint effects and cooling phase assessments to ensure the structural 

integrity of precast infrastructure. 

 

Keywords: Prestressed Hollow-core Slabs, Finite Element Analysis, Fire Decay, 

Thermal Lag, Compressive Arching Action, ABAQUS. 

 

 

Introduction 
Precast prestressed hollow-core (PHC) 

concrete slabs are fundamental components 

in modern sustainable construction, primarily 

due to their high span-to-depth ratio and 

material efficiency(Gajewski & Skiba, 2024; 

Zhang et al., 2023). The geometric 

configuration of these units, typically 

characterized by longitudinal voids and a 

cast-in-situ topping, offers significant weight 

reduction but introduces complex thermal 

gradients during fire exposure. As detailed in 

Table 1, the specific geometric and material 

specifications utilized in this research involve 

a total slab thickness of 250 mm and high-

strength concrete designed to withstand 

rigorous structural demands. 

 

 

Table 1: Geometric and material properties of the PHC slab assembly 

Parameter Symbol Value Unit 

Precast hollow-core depth H 200 Mm 

Topping concrete thickness hₜ 50 Mm 

Total slab thickness H 250 Mm 

Clear span L 6.0 M 

Slab width B 3.0 M 

Precast concrete compressive strength f′c,PC 58 MPa 

Topping concrete compressive strength f′c,t 61 MPa 

Prestressing strand diameter (bottom) — 12.7 / 9.7 mm 

Prestressing strand diameter (top) — 9.7 mm 

Nominal tensile strength of strands Fpu 1860 MPa 

Effective prestress level — 0.65 fpu — 

These complex thermal gradients can lead to 

premature failure modes, such as web shear 

cracking or concrete spalling, necessitating a 

deep understanding of their 

thermomechanical behavior (Heo et al., 

2021; Pozdieiev et al., 2023). The structural 

response of PHC slabs in fire is primarily 

governed by material degradation and the 

degree of axial or rotational restraint 

provided by the surrounding structure. 

Recent studies highlight that while thermal 

expansion is inevitable, the interaction 

between the heated member and its supports 

can significantly enhance fire resistance (Heo 

et al., 2024; Thienpont et al., 2023). 

However, standard fire tests often utilize 

simply supported conditions that do not 

accurately represent real-world building 
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configurations (Heo et al., 2021; Rackauskaite et al., 2021). 

Consequently, numerical modelling has emerged as a critical tool for bridging the gap between 

idealized testing and realistic performance (Ye & Hsu, 2022; Ye et al., 2022). Despite the 

structural efficiency of Precast Prestressed Hollow-Core (PHC) slabs, a critical safety 

vulnerability persists in contemporary fire design. Current regulatory frameworks remain 

dangerously reliant on standard heating curves, such as ISO 834, which focus exclusively on 

the heating phase and ignore the fire decay period. This omission is significant; the cooling 

phase introduces a 'thermal lag' where internal temperatures in the concrete core and 

prestressing strands continue to escalate even as ambient temperatures drop. For PHC units, 

this risk is compounded by the 'cavity effect' - internal radiation and convection within the 

longitudinal voids - which creates complex, non-uniform thermal gradients. Simplified 2D 

models are inherently incapable of capturing these three-dimensional heat transfer 

mechanisms, often leading to the underestimation of internal temperatures and the failure to 

predict brittle shear cracking during the recovery phase. Consequently, there is an urgent need 

for the high-fidelity 3D nonlinear FE framework utilized in this research to accurately quantify 

these hidden risks and support the shift toward performance-based structural resilience. 

This study addresses the current research gap by employing a robust 3D nonlinear finite 

element (FE) framework developed in ABAQUS. The overall strategy, including the 

discretization of the hollow-core unit and the application of service loads, is visually outlined 

in Figure 1. 

 

 

Figure 1: Three-dimensional finite element discretization and loading scheme of the PHC slab 

 

While previous research has investigated composite slabs (Eisa et al., 2024; Ghazy et al., 

2022), there remains a critical need for frameworks that account for the "cavity effect" within 

hollow cores and the influence of realistic fire decay scenarios (Del Prete et al., 2016; Fanton 

et al., 2024). This study evaluates the fire resistance of PHC slabs through a nonlinear 3D FE 

framework validated against full-scale experimental data. Subsequently, a parametric 

investigation is conducted to quantify the influence of varying support restraints and fire 

exposure types, specifically focusing on the "thermal lag" observed during the cooling phase, 

to support the shift toward performance-based fire design. 
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LITERATURE REVIEW 

Fire Performance of Prestressed Hollow-Core Slabs 

Precast prestressed hollow-core (PHC) concrete slabs are fundamental components in modern 

construction due to their high span-to-depth ratio and material efficiency (Gajewski & Skiba, 

2024; Zhang et al., 2023). However, their unique geometric configuration - characterized by 

longitudinal voids - presents significant challenges during fire exposure. The presence of these 

voids reduces the effective thermal mass, leading to faster heat penetration compared to solid 

slabs (Heo et al., 2021). Research indicates that the fire-induced behaviour of these members 

is predominantly controlled by steep through-depth temperature gradients and the progressive 

degradation of the prestressing force in the high-strength steel strands (Fanton et al., 2024). 

The vulnerability of PHC slabs is fundamentally exacerbated using High-Strength Concrete 

(HSC), which exhibits distinct brittle failure modes during the cooling phase that are not 

present in solid sections. Unlike solid slabs, where the higher thermal mass allows for a 

relatively uniform heat dissipation, the longitudinal voids in PHC units significantly reduce 

the effective heat sink area. Recent experimental findings highlight that while solid slabs begin 

to stabilize once ambient temperatures drop, PHC units enter a state of heightened risk due to 

the 'thermal lag' phenomenon. During this period, the internal core temperature and the strands 

continue to rise, potentially triggering explosive spalling or brittle web-shear cracking. This 

disparity between solid and hollow-core geometries underscores the necessity of analysing the 

cooling phase, as the internal thermal gradients during decay can exceed the capacity of the 

material's residual tensile strength, leading to delayed structural instability. 

 

The "Cavity Effect" and Thermal Gradients 

A critical factor in the high-fidelity modelling of PHC slabs is the "cavity effect," which refers 

to the heat transfer by radiation and convection within the longitudinal voids. Previous studies 

have demonstrated that neglecting these internal heat transfer mechanisms leads to significant 

underestimation of the temperatures in the upper flange and the topping layer (Del Prete et al., 

2016). Validated numerical models must explicitly treat these internal voids as convective-

radiative boundaries to capture the thermal gradients that drive structural deformation and 

potential web-shear failure (Pozdieiev et al., 2023). 

 

Influence of Structural Boundary Restraints 

In real-world building assemblies, PHC slabs are rarely simply supported; they experience 

varying degrees of axial and rotational restraint from the surrounding primary structure 

(Thienpont et al., 2023). These restraints significantly alter the fire response by inducing 

additional thermally generated forces. During the heating phase, the inhibited expansion of the 

slab against stiff supports generates Compressive Arching Action (CAA). Studies have shown 

that this mechanism can reduce peak mid-span deflections by over 70% compared to idealized 

simply supported conditions (Heo et al., 2021; Rackauskaite et al., 2021). 
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Realistic Fire Scenarios and Thermal Lag 

Standard fire curves, such as the ISO 834, are primarily used for regulatory benchmarking but 

fail to account for the cooling or "decay" phase of a real compartment fire. Recent 

investigations highlight a "thermal lag" phenomenon, where internal temperatures in the 

concrete core and prestressing strands continue to rise even after the ambient gas temperature 

begins to decrease (Heo et al., 2024). This lag suggests that the most critical structural 

demands—such as the transition from compressive to tensile axial forces—may occur during 

the cooling phase, posing a risk of delayed failure (Ye & Hsu, 2022). 

 

Synthesis of Research Gap 

While advancements in 3D finite element modelling have improved our understanding of PHC 

slabs, many studies evaluate fire severity or structural restraint in isolation. There is a lack of 

validated frameworks that concurrently quantify the combined influence of varying axial 

restraint stiffness and realistic fire decay phases. This research addresses this gap by 

developing a robust numerical framework to support performance-based fire design for precast 

infrastructure. 

 

METHODOLOGY 

The research utilizes a three-dimensional (3D) nonlinear numerical framework to evaluate the 

thermomechanical response of prestressed hollow-core (PHC) slabs. A sequentially coupled 

thermal-structural analysis was implemented in ABAQUS/Standard. In this approach, the 

transient heat transfer problem is solved independently to generate a temperature-time history, 

which subsequently serves as the thermal load input for the mechanical stress analysis (Heo 

et al., 2021). 

 

Modelling and Discretization 

The 3D geometry replicated a 200 mm deep PHC unit with a 50 mm in-situ topping, spanning 

6.0 m. The concrete domain was discretized using C3D8RT elements, which are 8-node 

thermally coupled linear bricks with reduced integration and hourglass control. Reduced 

integration was specifically chosen to prevent "shear locking" during high-curvature phases 

of thermal bowing, while hourglass control ensures numerical stability. The seven-wire 

prestressing strands were modelled using T3D2 2-node 3D truss elements, integrated into the 

concrete host via the embedded element technique to represent a perfect bond (Fanton et al., 

2024).  

To ensure the reproducibility and numerical stability of the 3D framework, a comprehensive 

mesh sensitivity analysis was conducted. The final discretized domain comprised a total 

element count of 167,600, consisting of 159,200 C3D8T hexahedral elements for the concrete 

domain and 8,400 T3D2T line elements for the prestressing strands. Localized mesh 

refinement was implemented around the internal voids to accurately capture the steep thermal 

gradients associated with the 'cavity effect'. The nonlinear equilibrium equations were solved 

using the Newton-Raphson method in ABAQUS/Standard. Strict convergence criteria were 
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enforced to ensure technical rigor, with a force residual tolerance set at 0.5% and a 

displacement increment tolerance of 1%, ensuring the model accurately captured the complex 

transition between Compressive Arching Action (CAA) and tensile phase shifts during the 

decay period. A complete summary of the modelling parameters is provided in Table 2. 

 

Table 2: Summary of Finite Element Types, Mesh Discretization, and ABAQUS Modelling 

Parameters 

Modelling Component ABAQUS Element Type Description 

Concrete (PHC unit + 

topping) 

C3D8T 8-node coupled temperature–displacement 

brick element for simultaneous heat transfer 

and structural analysis 

Prestressing strands T3D2 2-node 3D truss element representing axial 

behaviour of prestressing strands 

Strand–concrete 

interaction 

Embedded constraint Perfect bond assumption between strands and 

surrounding concrete 

Mechanical loading Surface pressure Uniformly distributed load applied to the top 

surface of the slab 

Fire exposure ISO 834-1 standard fire 

curve 

Temperature applied at the soffit of the slab 

Radiation boundary 

condition 

Surface radiation (ε = 0.7) Radiative heat transfer at exposed surfaces 

Convection (fire-

exposed surface) 

Film coefficient = 25 

W/m²K 

Convective heat transfer at slab soffit 

Convection 

(unexposed surface) 

Film coefficient = 4 

W/m²K 

Ambient convection at top and side surfaces 

Hollow-core heat 

transfer 

Thermal conductance 

option 

Heat transfer modelling within internal void 

region 

 

The adopted finite element mesh discretization, including element refinement around the 

hollow-core voids and prestressing strands, is presented in Figure 2. 

 

Figure 2: Finite element mesh discretization of the PHC slab using coupled temperature–

displacement elements (C3D8RT) and truss elements (T3D2). 
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Constitutive Models at Elevated Temperatures 

The degradation of material stiffness and strength was governed by the provisions of Eurocode 

2 Part 1-2 (European Committee for Standardization, 2004). The Concrete Damaged Plasticity 

(CDP) model was employed to represent the quasi-brittle behaviour of the slab. The model 

utilizes a non-associated potential flow rule, where the yield surface is defined by the evolution 

of compressive and tensile damage. Key plastic parameters included a dilation angle of 36° to 

accurately capture volume expansion and an eccentricity of 0.1 to ensure a smooth yield 

surface at the vertex. 

 

Thermal Transfer and Cavity Effects 

Heat transfer within the hollow cores involves both convection and radiation. The internal 

voids were treated as convective-radiative boundaries to capture the "cavity effect." This 

accounts for heat transfer across the air gaps, which significantly influences the temperature 

profile of the upper flange. The total heat flux (qₜₒₜ) across the internal voids is calculated as: 

qₜₒₜ = hc (Tₛ – T_g) + σₛᵦ εᵣₑₛ (Tₛ⁴ – Tₒₚₚ⁴) 

Where hc is the convection coefficient, σₛᵦ is the Stefan-Boltzmann constant, and εᵣₑₛ is the 

resultant emissivity 

 

Boundary Condition Sensitivity (Restraint Modelling) 

To quantify the "restraint effect," the supports were modelled using varying degrees of axial 

stiffness (Kₐ). The axial restraint force (Pᵣₑₛ) developed due to the thermal expansion is 

governed by: 

Pᵣₑₛ = Kₐ ΔLₜₕ 

Where Kₐ is the axial stiffness of the support (kN/mm) and ΔLₜₕ is the longitudinal thermal 

expansion. Three configurations were compared: Simply Supported (SS) with $K_a = 0$, 

Partially Restrained (PR) using spring elements, and Fully Restrained (FR) simulating 

maximum axial constraint. The resulting thermal gradients at peak exposure are shown in 

Figure 3. 

 

 

Figure 3: Cross-sectional temperature contours at 120 minutes showing the internal cavity 

effect. 
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RESULTS AND DISCUSSION 

The performance of the 3D finite element framework was evaluated through a rigorous 

validation against experimental benchmarks, followed by an in-depth analysis of structural 

interaction mechanisms under varying fire scenarios. 

 

Validation of the Numerical Framework 

The reliability of the sequentially coupled analysis was verified using the experimental data 

of a full-scale PHC slab subjected to a 120-minute ISO 834 fire. 

 

Thermal Accuracy and the Cavity Effect 

The thermal model accurately predicted the heat penetration across the cross-section. Table 3 

summarizes the comparative temperature data at critical locations, including the soffit, web, 

and prestressing strand levels. 

 

Table 3: Comparison of experimental and finite element model results at 120 minutes of fire 

exposure 

Response parameter Location 

Depth 

Experimental 

value 

FEM value Difference 

(%) 

Temperature (°C) T1 52.0 53.0 1.9 

Temperature (°C) T2 248.1 250.0 0.8 

Temperature (°C) T3 379.0 376.2 0.7 

Mid-span deflection 

(mm) 

Centre of span 97.2 94.0 3.3 

 

As illustrated in Figure 4, the FE model achieved a high degree of correlation with 

experimental sensors, maintaining a temperature discrepancy of less than 2%. This precision 

is attributed to the rigorous modeling of the internal voids. By accounting for the internal 

radiation and convection (the "cavity effect"), the model prevented the common error of 

underestimating the upper flange temperature, which is critical for assessing structural stability 

in later stages of fire exposure. 

 

Figure 4: Validation of the finite element model through comparison of temperature–time 

histories at thermocouple locations T1, T2, and T3 under ISO 834 standard fire exposure. 
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Structural Deformation and Deflection Gradients 

The structural validation focused on mid-span vertical deflection. Table 4 provides a 

quantitative comparison of the peak deflection metrics. 

 

Table 4: Summary of mid-span deflection validation and error margins 

Parameter Experimental 

Test 

FE Model 

(ABAQUS) 

Difference Error 

(%) 

Maximum mid-span deflection 

at 120 min (mm) 

90 94 4 4.4 

 

The predicted deflection-time history, shown in Figure 5, indicates that the discrepancy 

between the FE results and the experimental data remained below 5%. The model successfully 

captured the "thermal bowing" phase, and the subsequent accelerated deflection caused by the 

relaxation of the prestressing strands. 

 

 

Figure 5: Validation of the finite element model by comparison of predicted and experimental 

mid-span deflection–time responses of the prestressed hollow-core slab under ISO 834 

standard fire exposure. 

 

Novel Insights into Structural Restraint Mechanisms 

A primary contribution of this research is the quantification of how axial restraint alters the 

failure physics of PHC slabs. Table 5 details the structural response for the three restraint 

levels investigated. 

 

Table 5: Parametric Results – Influence of Axial Restraint on Peak Mid-Span Deflection 

Support 

Condition 

Axial Restraint 

Level  

Peak Mid-Span Deflection 

under ISO 834 (mm) 

Deflection Reduction 

Relative to SS (%) 

Simply 

Supported (SS) 

(No restraint) 94 0 

Partially 

Restrained (PR) 

Moderate restraint 60 36.2 

Fully Fixed (FF) High restraint 20 78.7 
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The comparative curves in Figure 6 reveal a non-linear relationship between support stiffness 

and vertical displacement. While the Simply Supported (SS) slab exceeded 150 mm of 

deflection, the Partially Restrained (PR) and Fully Restrained (FR) models showed reductions 

of 36% and 79%, respectively. 

 

Figure 6: Comparison of mid-span displacement–time responses for simply supported, 

partially restrained, and fully fixed slabs under ISO 834 fire exposure. 

 

This significant mitigation is explained by the development of the Compressive Arching 

Action. Unlike simply supported slabs that rely solely on flexural capacity, the restrained slabs 

generate a large internal axial force as they expand against the supports. This force induces a 

counter-moment that opposes the gravity-induced bending, effectively "lifting" the slab and 

extending its fire rating duration. 

 

Comparative Fire Dynamics: ISO 834 vs. Realistic Parametric Scenarios 

The structural response of PHC slabs is fundamentally dictated by the thermal boundary 

conditions. To move beyond the limitations of standard testing, this study compared the 

continuous heating profile of the ISO 834 standard fire against realistic Eurocode parametric 

curves (Table 6). 

 

Table 6: Comparative thermomechanical response metrics between standard ISO 834 and 

Eurocode parametric fire scenarios: Quantification of maximum structural deflection, peak 

gas temperatures, and the 12-minute thermal lag during the decay phase. 

Support 

Condition 

Fire Scenario 

Type 

Duration of 

Heating 

Phase (min) 

Peak Gas 

Temp 

(°C) 

Max. 

Deflection 

(mm) 

Time to Peak 

Deflection 

(tmax) 

Thermal 

Lag (Δt) 

Simply 

Supported 

(SS) 

ISO 834 Standard 120 1049 94  120  0 min 

 
Ventilation-

Controlled 

60 382  33  72 12 min  

 
Fuel-Controlled 30 382  13  42 12 min  
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Support 

Condition 

Fire Scenario 

Type 

Duration of 

Heating 

Phase (min) 

Peak Gas 

Temp 

(°C) 

Max. 

Deflection 

(mm) 

Time to Peak 

Deflection 

(tmax) 

Thermal 

Lag (Δt) 

Partially 

Restrained 

(PR) 

ISO 834 Standard 120 1049 60  120  0 min 

 
Ventilation-

Controlled 

60 382  21  72 12 min  

 
Fuel-Controlled 30 382  9  42 12 min  

Fully Fixed 

(FF) 

ISO 834 Standard 120 1049 20  120  0 min 

 
Ventilation-

Controlled 

60 382  8  72 12 min  

 
Fuel-Controlled 30 382  5  42 12 min  

 

Thermal Lag and the Decay Phase Risk 

The investigation of parametric fire scenarios revealed a critical “thermal lag” phenomenon, 

as illustrated in Figure 7. While the ISO 834 curve (Figure 7a) assumes an indefinite increase 

in temperature, the ventilation-controlled (Figure 7b) and fuel-controlled (Figure 7c) scenarios 

demonstrate that structural demand persists well into the cooling phase. 

 

 

Figure 7: Temperature-time profiles illustrating thermal lag across different fire scenarios: (a) 

ISO 834 Standard Fire; (b) Ventilation-Controlled Parametric Fire; (c) Fuel-Controlled 

Parametric Fire. 

 

As shown in Figures 7b and 7c, the compartment gas temperature begins a rapid decline during 

the decay phase; however, the internal core temperature of the concrete slab continues to 

escalate. This is attributed to the low thermal diffusivity of concrete, which causes a significant 
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delay in heat conduction through the 250 mm slab thickness. This 'thermal lag' is 

fundamentally driven by the low thermal diffusivity and high thermal inertia of the 250 mm 

thick concrete slab. During the decay phase, while the outer concrete surfaces begin to 

dissipate heat to the environment, the internal core continues to absorb heat from the 

previously heated regions through conduction. In PHC systems, this is significantly intensified 

by the 'cavity effect', as radiant energy trapped within the longitudinal voids continues to heat 

the internal webs and prestressing strands long after the ambient fire gas has cooled. This 

physical mechanism bridges the gap between the numerical data and practical engineering, 

explaining why peak mid-span deflections and maximum strand relaxation often manifest 12 

minutes into the 'safe' cooling period. Consequently, the peak temperatures at the prestressing 

strand levels and within the upper flange are reached only after the external fire environment 

has begun to cool. 

 

Delayed Structural Response and Failure Physics 

The most significant finding for performance-based design is that the maximum mid-span 

deflection was reached approximately 12 minutes after the onset of the cooling phase. This 

confirms that the most critical structural state—where material degradation is at its zenith - 

occurs during fire decay rather than at peak gas temperature. 

1. ISO 834 Limitations: The standard curve fails to capture this mechanism because it 

lacks a cooling phase, potentially leading to an overestimation of safety during real-

world fire suppression. 

2. Structural Risk: This delayed response proves that standard fire ratings (e.g., R60 or 

R120) are insufficient for performance-based engineering, as they do not account for 

the structural instability that can manifest during the "safe" cooling period of a 

compartment fire. 

By incorporating these parametric scenarios, this framework provides a more robust 

assessment of the thermomechanical response, highlighting that the recovery phase is a period 

of high structural vulnerability for prestressed hollow-core systems. 

 

CONCLUSION 

This study developed and validated a 3D nonlinear finite element (FE) framework to 

investigate the thermomechanical behaviour of precast prestressed hollow-core (PHC) slabs 

under various fire scenarios. Based on the numerical results and parametric analysis, the 

following conclusions are drawn: 

1. Model Reliability: The 3D FE model, which accounts for the "cavity effect" within 

the longitudinal voids, accurately predicts thermal penetration with a maximum 

deviation of less than 2% compared to experimental data. This confirms that internal 

radiation and convection are critical parameters for PHC fire modelling. 

2. Structural Resilience via Restraint: Axial restraint significantly enhances the fire 

performance of PHC slabs by facilitating Compressive Arching Action (CAA). This 
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mechanism reduced peak mid-span deflections by up to 78.7% in comparison to 

simply supported conditions. 

3. The Thermal Lag Phenomenon: A critical finding is the identification of a 

significant "thermal lag" during the fire decay phase. Maximum structural demand 

and peak internal temperatures in the prestressing strands often occur after the fire has 

begun to cool, posing a hidden risk of delayed shear failure. 

4. Failure Mode Transition: While CAA provides stability during the heating phase, 

the transition of axial forces from compression back to tension during the cooling 

phase can trigger brittle failure modes that are not captured in standard heating-only 

assessments. 

 

RECOMMENDATIONS AND FUTURE RESEARCH 

1. Performance-Based Design: It is recommended that structural engineers incorporate 

axial restraint effects and cooling phase assessments into the fire safety design of 

precast infrastructure. 

2. Code Revision: International standards, such as Eurocode 2, should consider 

providing explicit guidelines for the "cavity effect" in hollow-core units to prevent the 

underestimation of internal temperatures. 

3. Future Research: Further investigation is suggested into the impact of varying 

cooling rates and moisture-induced spalling on the residual capacity of PHC slabs 

after a fire event. 
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