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Abstract 

This study investigated the structural behavior of reinforced concrete (RC) frames infilled with masonry walls and 

polyurethane (PU) sandwich wall panels at elevated temperatures. This study aims to assess the influence of temperature 

on the stiffness and load-carrying capacity of infilled frames, optimize the thickness of the sandwich wall panel, and 

compare the performance of masonry and sandwich infill systems. Analytical investigations were conducted using finite 

element analysis software (ABAQUS) to simulate the behavior of the frames at elevated temperatures and consider various 

configurations of skin thickness for PU sandwich panels. Experimental tests were performed to validate the analytical 

results. The frames were subjected to transient temperature conditions and uniform unit loads to evaluate their response. 

Experimental tests were conducted on RC frames infilled with masonry and sandwich-wall panels at elevated temperatures. 

The frames were subjected to static loading, and their deformations and failure modes were observed. The analytical study 

revealed that an increase in the skin thickness of the sandwich panel improved its temperature resistance, stress-

withstanding ability, and displacement. A skin thickness of 0.45 mm was determined to be the optimal choice considering 

stress levels and economic factors. The infilled frame with the sandwich wall panel exhibited a 19.22% higher initial 

stiffness than the masonry wall panel in the experimental tests. The ultimate load-carrying capacity decreased by 17.86% 

in the infilled sandwich wall panel frame compared to the masonry infill system. The study provides valuable insights into 

the behavior of RC frames infilled with masonry walls and sandwich wall panels under elevated temperatures. The 

optimized thickness of the PU sandwich panel was determined by balancing the thermal resistance and the structural 

performance. The infilled frames with sandwich wall panels exhibited enhanced stiffness but slightly reduced ultimate 

load-carrying capacity compared with the masonry infill. These findings contribute to the understanding of thermal effects 

on building structures and can aid in the design and construction of more resilient and efficient buildings in the future. 
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1. Introduction 

Sandwich panels are innovative construction materials that are widely used in modern building designs owing to 

their excellent structural properties, thermal insulation, and versatility. These panels consist of a lightweight core 

material sandwiched between two rigid outer layers that are often made of metals, plastics, or composite materials. The 

core material is typically selected for its insulating properties, whereas the outer layers provide strength and protection. 

One of the critical factors influencing the performance of sandwich panels is their behavior under varying temperature 

conditions. Temperature fluctuations, particularly extreme heat or cold, can significantly affect the structural integrity 

and thermal efficiency of these panels. Understanding how sandwich panels respond to different temperature levels is 

essential for designing energy-efficient buildings, ensuring occupant comfort, and maintaining the structural stability of 
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construction in various climates. In this context, this introduction explores the thermal behavior of sandwich panels 

under temperature variations, highlighting the key factors that influence their performance. It delves into the materials 

used in sandwich panels, the challenges posed by temperature changes, and measures taken to optimize their thermal 

resistance. 

In addition, the introduction emphasizes the importance of studying sandwich panels under elevated temperatures to 

ensure their reliability and safety in real-world applications. The discussion touches upon various aspects, such as the 

types of core materials used, the effects of temperature on structural integrity, and strategies employed to enhance their 

resistance to thermal stress. By understanding the behavior of sandwich panels under temperature conditions, engineers 

and architects can make informed decisions, leading to the creation of sustainable and resilient buildings under diverse 

environmental conditions. These frames are made of concrete and steel reinforcements and are used in conjunction with 

other building components, such as columns, beams, and slabs. A sandwich panel is typically made up of one internal 

core with a low-density material that is covered by two exterior layers of high-potency material called 'wythes' or 'skin.’ 

The combination of sandwich-wall panels and RC frames can result in a high-performance building system that offers 

excellent structural stability and energy efficiency. The heat capacity and designed temperature determine the size and 

type of the core [1]. In previous investigations, Expanded Polystyrene (EPS) was employed as a composite with a 

suitable thickness and smooth surface [2–5], wavy [6–8], or rectangular shape [9, 10]. The EPS was employed in 

individual sections [7, 11] or in small servings between both affect progress and shear connections [12–14]. Corrugated 

EPS cores have been found [14, 15] to improve the behavior of RCSP when compared with a smooth surface core [6]. 

Wythes are employed to provide load resistors, reinforced covers, anchoring to interconnections, and surface 

integrity [14, 15]. Its thickness is often below the core level. The majority of studies [6, 7] employed reinforced concrete 

to build wythes, while one study [2, 8] utilized foamed cementitious materials to build wythes. Wythes reinforcing is 

given by wire mesh with varying diameters and square separation [9, 10]. In several investigations, reinforcing bars 

were added to the bottom walls in addition to wires [3, 5]. Shear connections join wythes on multiple sides. Shear 

connectors maintain the wythes and cores in position while also transferring the in-plane stress between both wythes 

[1]. Carbonari et al. [6], Gara et al. [7], and Bajracharya et al. [8] employed continuous one-way and two different truss-

style shear connectors, while Benayoune et al. [3, 13] and Mohamad et al. [2] utilized diagonal-type stress connectors. 

Daniel Ronald Joseph et al. [4, 5, 11] employed fracture ribs and one-way structure fracture connectors. GFRP shear 

connections in the shape of ribs have also been employed [10, 16]. 

In previous studies, several procedures were utilized to build the samples. The wythes in the majority of research 

were built by casting concrete [9, 10]. In a few experiments, the top wythe was built by pouring concrete, whereas the 

lower wythe was built by spraying concrete [7, 8]. Several researchers have employed RC [6, 8] or concrete strength 

beams [5] at the support ends of specimens. It is the best replacement for concrete, brick, and hollow block walls because 

of its low self-weight [17]. It should be emphasized that in civil and structural engineering, sandwich structure panels 

and slabs are rarely exposed to compressive forces, and in some situations, perimeter RC columns at floor/roof levels 

are used to combine the walls and floors. 

Significant shear was mainly transmitted in the EPS core sandwich structures owing to the adhesion and resistance 

between the concrete and EPS surfaces. In the case of EPS cores with flat surfaces, the adhesive and resistance between 

both the inner and the general are liable for the transmission of approximately 60% of the maximum stress [16, 18]. 

Sand blasting, inundations, and deformation on EPS surfaces [19] can improve shear force data transmission. Kazem et 

al. [20] investigated the durability or long-term influence of the bond of masonry and EPS surfaces. The ultimate stress 

of the test panels was unaffected by the freeze-thaw processes. External exposure for a short length of time (a research 

period of six months) had no discernible impact on the final shear strength of EPS sandwich structures [20]. To prevent 

unnecessary deteriorating effects on the EPS, it is advised that the corners of the EPS are thoroughly shielded from the 

atmosphere [20]. 

De Luca et al. [21] investigated the strengthening of masonry-Infilled RC frames using sandwich composite panels 

improved the lateral behavior and stiffness of the confined masonry wall. Benayoune et al. [13] investigated the 

structural behavior of precast sandwich panels under flexure experimentally and numerically. Finite element modeling 

of the test specimens was used in the theoretical investigation. Structural capacity of sandwich panels composed of 

polyurethane foam interiors and fiberglass fiber-reinforced polyester (GFRP) skins. Panels with and without GFRP ribs 

joining the skin were examined. The goal of this study was to create new insulating covering panels for structures [22]. 

In this study, CoDyre et al. (2018) present an analytical and case study of structural components with sandwich panels. 

According to the findings, adding a stiffener enhanced the composite rigidity by nearly five times analytically and 1.9 

times in terms [23]. The thermal behavior of polyurethane foam is influenced by several factors, including its density, 

thickness, and the temperature difference between the two sides of the foam. Under steady-state conditions, polyurethane 

foam has low thermal conductivity, which means that it can effectively resist heat transfer through the material [24]. 

The PU rigid foam changes its mechanical properties in this temperature range [25]. However, under transient 

temperature conditions, the thermal behavior of polyurethane foam can be more complex and requires careful 

investigation. The thermal behavior and structural performance of sandwich wall panels with steel frames under transient 
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temperature conditions can be used to optimize their design for improved fire safety and reliability. Sandwich wall 

panels with steel wythes can maintain their structural integrity for longer periods of time under fire conditions, and the 

temperature distribution and thermal stresses induced in the panels under fire conditions are crucial for ensuring their 

safe and reliable use in buildings [26]. 

The thermal behavior of sandwich wall panels with RC frames is a critical factor for ensuring indoor comfort and 

energy efficiency. Understanding the thermal behavior of sandwich wall panels with RC frames under transient 

temperature conditions is essential for the design of energy-efficient buildings. The thermal behavior of sandwich wall 

panels with RC frames is influenced by various parameters, such as the thickness of the insulation layer, the thermal 

conductivity of the insulation material, and boundary conditions. The temperature distribution and heat flux through the 

panel are significantly affected by the transient temperature profile. It also shows that increasing the thickness of the 

insulation layer and reducing the thermal conductivity of the insulation material can significantly reduce heat transfer 

through the panel [27]. A higher load-carrying capacity with a low weight makes the sandwich suitable for infill in RC 

frames. The use of high-strength materials and thicker panel designs can improve the structural performance of 

sandwich-wall panels under blast loading [28]. In the study presented in this article, from the perspective of structural 

behavior, it is indispensable to consider thermal stresses. 

Previous studies have been conducted on RC frames infilled with masonry, both with and without consideration of 

elevated temperatures. However, investigations regarding RC frames infilled with sandwich panels under elevated 

temperatures have not been conducted thus far. Also, the investigation of different skin thicknesses with the effect of 

elevated temperatures was carried out in this study with an optimization technique. A comparative study was performed 

using non-linear analysis on an RC frame infilled with both masonry and sandwich wall panels. 

In this study, an investigation is attempted using the interaction between 1/4th scaled single-bay single-story RC 

frames [29] infilled with masonry walls and polyurethane (PU) sandwich wall panels. To evaluate the interactions, 

sandwich wall panels of various thicknesses were considered for the study. A heat flux was applied to understand the 

thermal behavior of the wall panel. Furthermore, it involves applying a unit load analytically to both RC frames infilled 

with masonry and sandwich wall panels. The goal of this step was to observe the stiffness of both types of frames and 

compare the results. Based on these results, researchers further optimized the thickness of the sandwich wall panel. The 

optimized panel thickness was then experimentally applied to RC frames and compared with conventional RC masonry 

frames. 

2. Material and Methods 

Figure 1 shows the flowchart of the research methodology through which the objectives of this study were achieved. 

 

Figure 1. Flowchart for analytical and experimental work 

2.1. Analytical Investigation 

The analytical investigation was conducted using the FEA software (ABAQUS). The assembly and geometry of the 

masonry and PU sandwich panels filled with RC frames are shown in Figure 2. Input values were provided for the 

material properties of concrete of grade M25 and steel of grade Fe415. Rectangular meshes were selected according to 
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the linear shape of the column and beam, which were modeled using the quad 3D element type. In the finite element 

model, the concrete and reinforcement were connected using the embedded connection technique, whereas the concrete 

was connected to the mesh using tie connections. A Mesh Convergence Study was conducted to identify the element 

size for the analysis. Mesh sizes ranging from 20 to 140 mm2 at an incremental rate of 20 mm2 were subjected to test 

verification. The displacement was calculated for meshes of different sizes. The displacement values with respect to 

mesh size are shown in Figure 3. From the experiment, it was observed that beyond 50 mm2, there was no significant 

deviation in displacement. Hence, an average mesh size of 70 mm2 was selected for further analyses. To perform the 

analysis, a uniformly distributed load of 1 kN was applied under fixed support conditions at the bottom of the frame. 

The material properties were determined through experimental investigations, wherein the Young's modulus and 

Poisson’s ratio of the cylinder were derived from a compressometer test as 25 N/mm2 and 0.2, respectively. This analysis 

was divided into two stages: steady-state and transient-state analyses. During the steady-state analysis, a heat flux was 

applied and the corresponding temperature was observed. This stage helps identify the critical temperature at which the 

material fails. Based on the maximum temperature, a transient state analysis was performed with respect to time. 

 

Figure 2. Reinforced concrete frame infilled with Sandwich panel 

 

Figure 3. Mesh Convergence study 

2.2. Experimental Arrangements 

2.2.1. Frame and Panel Description 

In this study, a square RC frame was used to determine the stiffness of the RC frame filled with masonry and 

sandwich wall panels, as shown in Figure 4. An RC column with dimensions of 50 × 50 mm with four longitudinal bars 

of 6 mm was used, and stirrups were placed at a spacing of 40 mm c/c with 6 mm diameter bars. RC beams were 

constructed with dimensions of 50 × 50 mm with four longitudinal bars of 6 mm, and shear reinforcement was placed 

at a spacing of 40 mm c/c with 6 mm diameter bars. The infill panel size for both the masonry and sandwich panels was 

500 × 500 mm, and the thickness of the masonry and sandwich panels was 50 mm. Here, the sandwich panel core (PU) 

thickness was 48.5 mm and the skin thickness was 0.75 mm. The frame was subjected to an in-plane compressive unit 

load, and the stiffness of the frame was analyzed. The frames and panels were subjected to an elevated temperature. The 

influence of temperature was analyzed and compared with that of masonry-infilled RC frames. 
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(a) (b) 

  

(c) (d) 

Figure 4. Reinforcement Details and masonry work 

2.2.2. Preload Arrangements 

In the analytical investigations using the transient state, the temperature and loadings were simultaneously attained 

at a rate of 55 min. Owing to practical constraints in the experimental investigations, this concept of loading was 

simulated using the arrangement shown in Figure 5. It consists of two 10 mm plates with four rods of 20 mm diameter 

fixed using bolt connections. A load cell was placed over the specimen to simultaneously evaluate the intensity of 

loading upon the rotation of the bolts. A load of 3.73 tons was applied through the 180° rotation of the bolt. This was 

applied for p-reloading in the frame during the experiment. 

The specimen with the aforementioned setup was placed in an oven at 225 °C for approximately 2 hours. The 

temperature measurements were carried out using a thermocouple fixed at five locations: two in the beams, two in the 

columns, and one in the panel. Upon the application of temperature, the specimen shifted to the loading frame, as shown 

in Figure 6. Displacement and strain were evaluated for their respective loadings. 

  

(a) (b) 

Figure 5. Preload arrangements and temperature setup of Infilled frame 
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(a) (b) 

Figure 6. Testing setup for RC frame Infilled with masonry wall panel and sandwich wall panel 

2.2.3. Brick Masonry Testing 

Building stacks of five bricks bonded together with a 5 mm-thick layer of rich mortar with a height-to-thickness ratio 

of 3.45 were used to test the strength of the brick masonry. The bricks were rewetted and wrapped in wet burlap for 28 

days for curing. The use of rich mortar with a 1:4 ratio improved the compressive strength of the masonry prism, 

resulting in an increase in its compressive strength. The testing revealed a compressive strength of 6.79 N/mm2, 

indicating an overall increase in the strength of the masonry prism. This process is illustrated in Figure 7. 

   

(a) (b) (c) 

Figure 7. Brick masonry testing setup and specimens 

The compressive strength of the masonry was tested using prism stacks composed of five bonded bricks with a 

length-to-thickness ratio of 3.45. Specimens were tested in various loading setups with a simply supported configuration 

to determine the flexural bond strength of the brick masonry. Brick's flexural strength has been determined to be 0.69 

N/mm2 (Figure 7-b). 

To assess the shear bond strength of the mortar joints between the bricks, a triple brick specimen was used, as shown 

in Figure 7-c. The test setup revealed that the horizontal mobility of the top and bottom bricks was restricted, whereas 

the movement of the center brick was unrestricted. The force was increasingly applied via the compressive testing 

machine piston rod until the bond between both the brick and mortar joints partially collapsed, after which point the 

shear bond strength was estimated. As a result of the increased flexural bond strength, there was a significant increase 

in the shear strength, which was found to be 0.95 N/mm2, as shown in Table 1.  

Table 1. Strength of brick masonry 

Type 
Compressive Strength 

(N/mm2) (Prism) 

Flexural Bond Strength  

(N/mm2) 

Shear Bond Strength 

 (N/mm2) 

Brick masonry 6.79 0.69 0.95 

2.2.4. Polyurethane Foam Material 

Polyurethane foam is a typical material used as a component of sandwich panels. This term encompasses an array 

of foams composed of polymers of cellulose molecules linked together through urethane linkages. It might be either 

elastic or rigid; however, it generally has a low density. Expanded polystyrene foam is commonly used in mattresses 
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and fabrics, whereas rigid polyurethane foam is used as an insulation material and in vehicle panels. The small cell 

dimensions of open-cell foams and the small size distribution of particles make them perfect thermal insulators for 

applications ranging from paper cups to wall panels. They exhibit excellent energy absorption owing to their low 

compressive rigidity and substantial deformation ability. The material properties of polyurethane and steel are listed in 

Table 2. 

Table 2. Material properties of steel and Polyurethane [27] 

Properties Unit Polyurethane Steel 

Conductivity W/mK 0.5 50 

Density Ton /mm3 1.7x10-9 7.8×10-9 

Specific heat J/g oC 1.57 0.466 

3. Results and Discussion 

The results and a discussion of the analytical investigation are presented below. 

3.1. Analytical Investigation on Influence of Elevated Temperature on Masonry Infill RC Frame 

Variations in temperature considerably affect the structural performance of the masonry and surrounding elements, 

such as the roof, beam, and column. The transient temperature induces thermal stress and damages the structure. In this 

investigation, masonry and sandwich wall panel-filled RC frames were analyzed. A unit load is applied and subjected 

to a transient temperature. A transient temperature was applied to the masonry-infilled RC component. The temperature 

was maintained at 23°C, which is considered the ambient temperature. Every five minutes, the stress variation with 

respect to the temperature was analyzed. Masonry Infilled RC frames are subjected to temperature exposure until the 

masonry components fail due to heat. Structural failure was observed at 380°C for both the masonry and sandwich wall 

panels, and it was considered to be the critical temperature, as depicted in Figure 8. The maximum principal stress 

observed at the critical temperature is shown in Figure 9. A unit load was applied, and the displacement of the component 

was determined, as shown in Figure 10. 

 

Figure 8. Maximum temperature in RC frame 

   

Figure 9. The maximum principal stress of the individual element at critical temperature 
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Figure 10. Displacement of the individual element at critical temperature 

The maximum principal stress and displacement were 0.069 MPa and 0.022 mm, respectively, at the critical 

temperature for the unit load in the masonry-infilled RC frame. Similarly, the maximum principal stress and 

displacement were found to be 0.063 MPa and 0.019 mm, respectively, at the critical temperature for the unit load in 

the sandwich-filled RC frame. The stress and displacement in each element were calculated using the developed model 

to assess the influence of the temperature (see Figures 11 to 13 and Table 3). 

Table 3. Stiffness comparison for RC frame infilled with masonry and sandwich wall panel 

Description 
Load 

(kN) 
Displacement 

Stiffness 

(kN/mm) 

Infilled Masonry Frame 1 0.022 45.55 

Sandwich wall panel frame 1 0.019 52.63 

 

Figure 11. Temperature influence on the component 

   

Figure 12. Maximum principal stress induced in each element 
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Figure 13. Displacement induced in each element 

3.2. Analytical Investigation for Optimization of Sandwich Wall Panel 

The analytical investigation was conducted using the FEA software (ABAQUS). The assembly and geometry of the 

PU sandwich panel are illustrated in Figure 14. This analysis was carried out for different configurations of varying skin 

thicknesses in 50-mm core composite elements. The skin thickness of 0.15 mm, 0.30 mm, 0.45 mm, 0.60 mm, and 0.75 

mm has been used to find the optimal skin thickness for the panel. This analysis was divided into two stages: steady-

state and transient-state analyses. 

 

Figure 14. Geometry and assembly of the PU sandwich panel 

For the analysis, a uniformly distributed load of 1 kN with fixed support conditions was applied to the infilled 

sandwich panels. During the steady-state analysis, a heat flux was applied, and the corresponding temperature was 

observed, as shown in Figure 15. This stage helps to identify the maximum temperature at which a material with a 

particular thickness is completely burned. Based on the maximum temperature, a transient state analysis was performed 

with respect to time. Various parameters, such as temperature distribution along the cross section, resistance time of the 

specimens, and maximum temperature resistance capacity, were monitored over time. A maximum duration of 55 

minutes was used to attain the defined temperature for all the panels with varying thicknesses. 

 

Figure 15. Heat flux and boundary conditions of typical sandwich panel 
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3.2.1. Influence of Elevated Temperature on Sandwich Panel with Various Skin Thickness 

The analysis was conducted using a sandwich panel with different skin thicknesses. The heat flux was applied to one 

face of the panel, and the results were obtained on the core and the skin on the other face. The observations are evaluated 

in terms of temperature distribution, stress, and deflections at transient temperatures. Stress computations were 

performed using the developed model to assess the impact of temperature. The intensity of variation of temperature, 

stress, and displacement across the thickness and height of the panel is shown in Figures 16 to 20 for varying skin 

thicknesses of 0.15 to 0.75 mm, respectively. From Figure 16-a, it can be observed that the temperature on the outer 

face of the skin is lower than the core of the panel and is uniform across the size of the panel. Figure 16-b represents the 

intensity of stress variation on the panel for the applied heat flux. The outer face of the skin exhibits higher stress in the 

top region. Since the temperature is uniform across the skin, the reason for the higher stress is due to the load application, 

which is gradually decreasing towards the bottom of the panel. Figure 16-c represents the displacement on the panel for 

the heat flux applied at elevated temperatures. The displacement is more in the core area of the panel under the loading, 

and it is uniform in the skin area. The analytical results are found to be in similar form, with variation in the intensities 

for the panel with varying skin thicknesses of 0.30, 0.45, 0.60, and 0.75 mm, as shown in Figures 16 to 20, respectively. 

The results of the critical temperature, principal stress, and displacement for various skin thicknesses are listed in Table 

4. 

  

(a) (b) 

 

(c) 

Figure 16. (a) Critical temperature of sandwich panel with 0.15 mm skin (b) Maximum Principal stress (c) Displacement 
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(a) (b) 

 

(c) 

Figure 17. (a) Critical temperature of sandwich panel with 0.3 mm skin (b) Maximum Principal stress (c) Displacement 

  

(a) (b) 
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(c) 

Figure 18. (a) Critical temperature of sandwich panel with 0.45 mm skin (b) Maximum Principal stress (c) Displacement 

  

(a) (b) 

 

(c) 

Figure 19. (a) Critical temperature of sandwich panel with 0.6 mm skin (b) Maximum Principal stress (c) Displacement 
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(a) (b) 

 

(c) 

Figure 20. (a) Critical temperature of sandwich panel with 0.75 mm skin (b) Maximum Principal stress (c) Displacement 

Table 4. Critical temperature, maximum principal stress and displacement for various skin thickness 

Size of Skin 

Thickness (mm) 

Critical 

Temperature (°C) 

Max Principal 

Stress (MPa) 

Displacement 

(mm) 

0.15 343.1 36.25 6.62 

0.30 358.2 20.87 6.52 

0.45 372.6 15.25 6.47 

0.60 386.9 12.14 6.44 

0.75 400 10.16 6.42 

Based on numerical modeling, the influence of temperature was assessed for different skin thicknesses of the PU 

sandwich panel. Figures 21 to 23 show the variations in temperature, stress, and displacement, respectively, with respect 

to time. An increasing trend is observed in the temperature, stress, and displacement of the sandwich panel with respect 

to time. It was observed that an increase in the plate thickness of the skin tends to increase the temperature resistance, 

stress-withstanding ability, and displacement of the sandwich panel. 
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Figure 21. Time Vs Temperature variations with respect to skin thickness 

 

Figure 22. Time Vs Stress variations with respect to skin thickness 

 

Figure 23. Time Vs Displacement variations with respect to skin thickness 
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The rate of heat flux was applied to the sandwich wall panel for up to 55 minutes until the maximum temperature 

was attained. The rate of increase in temperature with stress and deformation was recorded every 5 minutes for various 

skin thicknesses. As shown in Figure 21, the variation in temperature clearly shows that an increase in the skin thickness 

of the panel attains a higher temperature than the lower-thickness panels. However, the deformation during this increase 

in temperature was almost uniform throughout the duration, as shown in Figure 23. The variation in the stress in the 

panel provides a clear idea for optimizing the thickness of the sandwich wall panel. The increase in stress upon heating 

is greater for the lower thicknesses of 0.15 and 0.30 mm, whereas it is lower for the higher thicknesses of 0.45 to 0.75 

mm. Therefore, to optimize the thickness of the panel member, the influence of stress levels was used, and a thickness 

of 0.45 mm was chosen owing to the smaller variation in stress level compared to the lower thicknesses depicted in 

Figure 22, and it is economically preferred over the higher thicknesses. 

3.3. Experimental Investigation 

The frame was arranged in a vertical position by erecting the loading frame and was adjusted such that the applied 

load passed axially. The LVDT were placed at the top, bottom, left, and right corner positions, where deformation needs 

to be evaluated. Loads were applied gradually at a rate of 1 kN, and the corresponding deformations at different points 

were recorded for every loading increment. As the impact gradually increased, careful inspection was performed to 

locate the fractures. The condition in which the frame continues to deflect beyond the ultimate loading point with no 

increase in load is defined as the failure stage. The loads corresponding to the initial crack, failure mode, and ultimate 

load were observed (Figures 24). An overview of the findings using the square frame model is presented as follows: (a) 

preliminary cracking load, (b) ultimate load, and (c) load vs. deflection charts and stiffness. 

 

                                      (a)                                                                        (b) 

Figure 24. Mode of failure for RC frame infilled with masonry and sandwich wall panel 

3.3.1. Preliminary Cracking Load 

During the load application, the initial crack on the surface of the frame was visually observed, and the corresponding 

displacement with the load was observed. Furthermore, the improvement of the cracks and the formation of new cracks 

were monitored until the experiment was completed. The initial cracking load and its displacement in the sandwich 

panel and infilled masonry frame are 9.03 kN, 2.60 mm, and 13.28 kN, 3.08 mm, respectively (Table 5). 

Table 5. Comparison of experimental results 

Sample 

Before Cracking Initial Cracking Ultimate Load Ultimate Load 

Load  

(KN) 

Displacement  

(mm) 

Load  

(KN) 

Displacement  

(mm) 

Load  

(KN) 

Displacement  

(mm) 

Load  

(KN) 

Displacement  

(mm) 

IFSWPRCF* 0.90 0.016 9.03 2.6 26.39 8.55 - - 

IFMRCF** 0.95 0.020 13.28 3.08 32.13 7.09 34.16# 7.82# 

* Infilled sandwich wall panel with reinforced concrete frame. 

** Infilled masonry with reinforced concrete frame. 

# Muthukumar et al. (2016) [29]. 
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3.3.2. Ultimate Load Carrying Capacity 

The ultimate load and its displacement in the sandwich panel and infilled masonry frame are 26.39 kN, 8.55 mm, 

and 32.13 kN, 7.09 mm, respectively. The ultimate load was determined from the load vs. deflection curves as the 

maximum capacity that the specimen could withstand before displacement increased without any increase in the load 

value. The variation in the load against the displacement is plotted for both the sandwich panel and masonry-infilled 

frame, as shown in Figure 25. Because the crack patterns observed in both the experimental and analytical studies are 

comparable, the experimental examination revealed that the frame failed owing to a diagonal crack induced by tensile 

forces, as depicted in Figure 26. 

 

Figure 25. Load vs. Displacement for Sandwich and Masonry wall panel 

   

Figure 26. Mode of failure for RC frame infilled with masonry in analytical and experimental 

Two parallel cracks were formed along the diagonal axis. The area between these cracks was identified as the strut 

width of the infill panel. The measured strut width was 362 mm. The corresponding frame was subjected to an analytical 

investigation, resulting in a similar failure mode. The highest recorded stress was 6.483 MPa within the diagonal zone, 

and the strut width was 331 mm. Both analytical and experimental investigations noted a minor 8.56% disparity in the 

strut width. This information allows the calculation of the relative stiffness of the frame based on the determined strut 

width (Table 6). As per Smith (1968), the relative stiffness is evaluated using the relation given in Equation 1, and it is 

found to be 4.522 kN/mm for the masonry frame. 

λh = ℎ √
𝐸𝑖𝑡 sin 2𝜃

4𝐸𝑐𝐼𝐶ℎ′

4
  (1) 

where 𝜆ℎ is relative stiffness factor, λ is characteristic of infilled frame, Ei is modulus of elasticity of infill, Ec is modulus 

of elasticity of frame (material of column), ℎ is height of storey, c/c of beams, ℎ′ is height of infill, 𝑡 is thickness of 

infill, Ic is Second moment of area of column section, 𝜃 is slope of infill diagonal to horizontal angle of inclination of 

strut in radians. 
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Table 6. Stiffness for RC frame infilled with sandwich wall panel and masonry wall 

Name of the specimen 
 Stiffness before Cracking 

Ratio of Experimental / 

Analytical Values  
Analytical (kN/mm) Experimental (kN/mm) 

IFSWPRCF* 52.63 56.25 1.07 

IFMRCF** 45.55 47.18 1.04 

* Infilled sandwich wall panel with reinforced concrete frame. 

** Infilled masonry with reinforced concrete frame 

4. Conclusions 

The effect of high temperature on an RC frame infilled with a sandwich-wall panel was studied under static loading, 

and the major findings are summarized as follows: 

 When a reinforced concrete frame infilled with a sandwich wall panel was compared to an infilled brick masonry 

frame, the displacement in the infilled sandwich wall panel frame was marginally reduced. Hence, the initial 

stiffness of the infilled sandwich wall panel increased by 15.5% compared to that of the masonry wall panel during 

the analytical simulation. 

 The stress variation in the panel with a lower thickness was found to be higher but lower for the panel with a higher 

thickness of 0.45 mm. Hence, a thickness of 0.45 mm was chosen as the optimal thickness for the sandwich panel 

based on its influence on stress levels and economic considerations. 

 The experimental investigation shows that the infilled frame with the sandwich wall panel at the elevated 

temperature has a 19.22% higher initial stiffness than that of the infilled frame with the masonry wall pane. 

 The ultimate loads in reinforced concrete frames infilled with masonry wall panels and reinforced concrete frames 

infilled with sandwich wall panels were found to be 32.13 kN and 26.39 kN, respectively. This shows that the 

ultimate load decreased by 17.86% in the infilled sandwich wall panel frame compared to the infilled sandwich 

wall panel. 

 During the experimental investigation, the sandwich panel frame failed in a ductile manner, in which the skin of 

the sandwich panel delamination was observed, followed by crushing failure at the corners of the frame, but in the 

masonry-infilled frame, brittle failure was observed. 

4.1. Limitations 

This study is limited to the connection between the RC frame and the sandwich panel, which relies solely on the 

bonding achieved through the use of a plaster of Paris without the utilization of any mechanical connections. 

4.2. Future Scope 

Future research can be improved by overcoming the study limitations of the interaction behavior of RC frames 

infilled with sandwich wall panels using mechanical connectors. 
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