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A B S T R A C T   

This paper proposes a simplified methodology based on a concentrated plasticity model to 
develop numerical analysis of concrete sandwich slab panels for structural systems. Also, a pro
posal for the determination of experimental damage and its evolution within concrete sandwich 
panels is formulated. To validate the proposed methodology, an experimental study was carried 
out on full-scale slab panels to analyze the flexural behavior. Eight specimens were subjected to 
three- and four-point bending tests. A cycle loading protocol with unloading up to zero load was 
performed. These specimens, constructed with either one or two joined panels, were used to 
assess the group action. Mechanical properties for structural analysis—such as strength, stiffness, 
degree of composite action, and effective moment of inertia—were determined. The tested 
specimens exhibit significant stiffness degradation, indicating a notable evolution of damage even 
at small plastic displacements. The proposed methodology proves to be effective and reliable for 
predicting the behavior of concrete sandwich panels under bending moments. The numerical 
simulations performed show an adequate description of slab panel behavior until the ultimate 
load, regardless of its simplicity.   

1. Introduction 

The usage of concrete sandwich panel structural systems has increased in recent years owing to their properties, including acoustic 
and thermal insulation, low self-weight, speed of installation, minimized formwork usage, durability, high energy efficiency, high level 
of quality control and allows a wide range of architectural finishing [1,2]. Today concrete sandwich panels are widely used globally in 
projects ranging from commercial facilities to multi-story apartment blocks [1]. The panels conforming these structural systems are 
mainly divided into slab and wall panels, and they consist of a core of expanded polystyrene (EPS) insulator sandwiched by two 
concrete wythes. The thickness of each concrete wythe depends on its structural function, concrete cover, anchorage of connectors, 
stripping, and finishing. The concrete wythes can be divided into structural and non-structural wythes. The structural wythe con
tributes significantly to the load resistance of the panel. The reinforcement of structural wythes depends on the dimensions, structural 
requirements, and serviceability of the panel [2]. The contribution of non-structural wythe, also called cladding or floating wythe, to 
the structural strength of the panel is insignificant. It is used primarily for aesthetics, weathering and to encase the insulation material. 
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The thickness of the non-structural wythe needs to be minimized to reduce the difference in temperature across its thickness, as well as 
the panel weight [2]. 

Several techniques have been proposed to connect wythes and keep integrated the insulation material. Such techniques include the 
use of welded diagonal truss wires [3–5], orthogonal steel wires [6,7], glass fiber-reinforced polymer (GFRP) shear grid or connectors 
[8–12], and fiber-reinforced polymer (FRP) [13–15]. The arrangement and spacing of shear connectors depend on several factors, such 
as desired composite action, applied load, span of the panel, and type of shear connectors used. Connectors can be divided into two 
major categories: shear and non-shear connectors. Shear connectors are those that can transfer longitudinal shear force, which results 
from the flexure in the panel, from one wythe to another. These connectors may resist shear in one or two perpendicular directions. On 
the other hand, non-shear connectors can transfer only a negligible fraction of longitudinal shear from one wythe to another [2]. 

The structural behavior of panels depends on the strength and stiffness of the connectors. The panels can be categorized into fully 
composite, partially composite, and non-composite panels, according to the degree of composite action achieved in the system [2,3]. 
Fully composite panels are those panels whose wythes are connected in such a way that both wythes resist the applied flexural loads 
and performs as an integral section, which is achieved by providing enough shear connectors between the two wythes. The failure 
mode of a fully composite panel is controlled either by concrete crushing or steel reinforcement yielding without failure of the con
nectors. In partially composite panels, the shear connectors transfer only a fraction of the longitudinal shear required for fully com
posite panels. In this case, the failure of the connectors is observed before concrete crushing or yielding of the reinforcement. In 
non-composite panels, the two concrete wythes are joined by connectors that cannot transfer the longitudinal shear force. If the 
two concrete wythes have the same stiffness and reinforcement, each of them would resist 50% of the total load. However, in most 
non-composite panel systems, the applied loads are resisted by only one of the two wythes [2,3]. 

Different experimental programs have been developed to identify the mechanical properties of panels such as failure modes and 
behavior of different types of concrete sandwich slab panels. The most widely used method of determining the flexural moment ca
pacity is the four-point bending test (4PBT) [1,3,4,6,8–10,12–14,16]. However, other studies have performed the three-point bending 
test (3PBT) to assess the shear force capacity of the panel [5,15]. Both methods have been used to evaluate the strength of shear 
connectors between the external concrete elements of the panels [3,4,12,13,15]. Acharya et al. [17] conducted experimental testing of 
full-scale slab panels with three different span lengths (short, medium, and long) using 4PBT to investigate flexural behavior, strength, 
ductility, and failure mechanisms. Testing showed good performance of panels under gravity loads; however, the total moment ca
pacities for the unmodified medium- and long-span specimens were significantly reduced when compared with the capacity of the 
short-span specimens. The short-span specimens satisfied some of the building code criteria for residential concrete floor and roof slabs 
without additional flexural reinforcement. 

The determination of the Degree of Composite Action (DCA) in structural panels is crucial and is commonly assessed through 
flexural tests, considering both stiffness and strength parameters. Pessiki and Mlynarczyk [18] introduced a methodology to quantify 
composite action by analyzing deflection measurements during the panel’s linear elastic behavior. This involves deriving the exper
imental moment of inertia (Iexp) and contrasting it with the theoretical fully composite (Ic) and non-composite (Inc) moments of inertia. 
Zheng et al. [19] have highlighted certain considerations affecting DCA determination based on stiffness, such as loading symmetry 
and concrete strength, restricting its applicability to the elastic phase of Precast Concrete Sandwich Panels (PCSP). Alternatively, the 
strength-based calculation of DCA, pioneered by Benayoune et al. [3], postulates the strength capacity of a non-composite section as 
the sum of the resistance capacities of individual concrete wythes. In cases of fully composite action, both concrete wythes are treated 
as a singular entity, similar to a solid slab featuring dual layers of reinforcement. This approach allows for determining DCA across both 
elastic and ultimate phases of the panel’s behavior. Choi et al. [8] and Tomlinson with Fam [20] have observed significant disparities 
when comparing the DCA obtained from strength-based methods versus the stiffness-based approach advocated by Pessiki and Mly
narczyk [18] for identical panels. Additionally, Zheng et al. [19] stress that the stiffness-based method is more suitable for calculating 
PCSP with lower DCAs, while the strength-based method is better suited for PCSP with higher degrees of composite action. 

The literature on numerical simulations of concrete sandwich panels shows a wide implementation of continuum FE model. 
Concrete sandwich panels have been modeled for different purposes including non-linear 3D FE models with 3D deformable solids [3, 
10,12,13,21]. It has been also implemented in 3D FE models with shell elements to simulate concrete wythe behavior [5,9,22–24]. 
More simplified models that include the use of beam in the model have been also implemented to understand the mechanical behavior 
of this type of structural element [6,20,25,26]. Bai and Davidson [28] proposed a rigorous discrete analysis model for composite 
structures. The continuum FE model is the most sophisticated and provides the most detailed global and local response but requires 
more time and memory than other ones. The lumped plasticity model assumes that inelastic effects can be concentrated in special 
locations called plastic hinge; this model provides the simplest and computationally efficient approach for the nonlinear analysis of 
structures. Nevertheless, this approach needs calibration with experimental data. 

Cipollina and Flórez-López. [27], initially oriented to the development of behavior models of reinforced concrete structures, 
proposed a simple experimental procedure. This procedure aims to identify yield and damage functions required for the formulation of 
simplified models based on lumped damage mechanics. This study adapted the variation of the modulus of elasticity method from 
continuum damage mechanics theory to lumped damage mechanics for assessing flexural damage, where the experimental mea
surement of a member stiffness is defined as the slope of unloading line in the load-displacement curve. 

The lack of information such as strength capacity, stiffness and other properties required to analyze constructed buildings with this 
type of structural system has created challenges. Factors such as the high cost associated with full-scale testing, the difficulties of 
creating small-scale models, and the reluctance of many producers to share product information contribute to this knowledge gap [2, 
3]. This gap has been highlighted by some authors [4,6] who emphasize the importance of conducting both experimental and nu
merical studies. These efforts are aimed at developing reliable design guidelines for practical applications of insulated concrete 
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sandwich panels. 
Due to the necessity of implementing simplified and computationally efficient numerical models to analyze and evaluate the 

structural behavior of buildings constructed with slab concrete sandwich panels, this study proposes a simplified methodology based 
on concentrated plasticity to develop numerical analysis of this structural system. In order to validate the proposed methodology, an 
experimental study was carried out on full-scale slab panels to analyze the flexural behavior. Eight specimens subjected to transversal 
loading were tested according to established standard procedures. These specimens were constructed with either one or two joined 
panels and are used to assess group action. Essential properties for structural analysis—such as strength, stiffness, degree of composite 
action, and effective moment of inertia—are determined. In addition, a proposal for the determination of experimental damage and its 
evolution within concrete sandwich panels is presented. 

2. Experimental program 

The flexural performance of the slab panels was assessed by three- and four-point bending tests (3PBT and 4PBT). The experimental 
program was carried out at the Laboratory of Structural Mechanics (LME) in the Universidad Centroccidental Lisandro Alvarado 
(Barquisimeto-Venezuela). 

2.1. Panels description 

The slab panels studied in this paper are conformed to a core of expanded polystyrene (EPS) insulator sandwiched by two concrete 
wythes. Fig. 1 shows a view of slab panel with EPS core before cast-in-place concrete. Fig. 2 presents the geometrical characteristics of 
the two types of tested specimens. The total width and thickness of the slab panel is 600 mm and 235 mm, respectively, including the 
top and bottom concrete wythes. The Slab panels were built using an internal three-dimensional truss of 8 mm diameter wire and 
lateral truss shear connectors with diagonal bars of 6 mm-diameter and 0.91 mm-thick V-shaped steel sheets as top and bottom chords. 
This V-sheet is embedded in the concrete wythe acting as a connector between the 6 mm-diagonal and the concrete. The trusses are 
connected by 6 mm diameter steel bars spaced at 300 mm. 

The compressive strength of the concrete of the panel was measured using three (3) cube specimens with side of 50.8 mm. The 
average value of compressive strength of concrete (f′

c) was 19.95 MPa, and the coefficient of variation (CV) was 4.72 %. The modulus of 

elasticity of concrete, Ec, can be calculated using the equation (Ec = 4700
̅̅̅̅

f′
c

√

) proposed by ACI building code [29], which results in Ec 

= 21 GPa. The steel wire used and the steel sheet in the panels complied with ASTM A496 and ASTM A366, with yield strengths of 515 
MPa, and 275 MPa, respectively. The density of the EPS core was 20 kg/m3. 

2.2. Test set-up 

The test setups for 3PBT and 4PBT according to ASTM- E72 are shown in Fig. 3a and b, respectively. A servo-controlled hydraulic 
actuator with a capacity of 500 kN was used to apply the desired displacement histories presented in Fig. 4. As shown in this figure, a 
cyclic loading protocol with unloading up to zero load was performed. The specimen’s support is shown in Fig. 3c and d. The actuator 
was mounted on a reaction frame and was connected to the specimens through a steel device, as shown in Fig. 3e and f. All the 
specimens were tested up to failure. Table 1 summarizes the geometrical characteristics of each specimen. Shear force and bending 
moment expressed as a function of the applied load P and specimen lengths Ls are included in the table. 

In this study, the yield and ultimate strengths of the panels due to shear force (Vyp and Vup) and bending moment (Myp and Mup) are 
determined from the experimental load-midspan deflection curves, as shown in Fig. 5a. The stiffness of slab panels during each 
unloading cycle (Ki) is obtained from load-displacement curves measured as the elastic slope as proposed by Cipollina et al. [30] as 
shown in Fig. 5b. The plastic displacement (dp) is obtained on the elastic unloading line as the displacement corresponding to zero 
force. The displacement and force values were obtained directly from the actuator’s data acquisition system at the point of application 
of the load history. 

Fig. 1. Slab panel before cast-in-place concrete.  
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The flexural stiffness of a specimen in the elastic range (K0) when subjected to the three-point and four-point bending tests is given 
by Eq. (1) and. (2), respectively. Then, the experimental moment of inertia (Iexp) for each specimen was calculated by substituting 
experimental values of stiffness and modulus of elasticity of concrete into Eq. (1) or (2). Furthermore, the moment of inertia (Iexpul) 
before failure was determined using the stiffness value at the point of ultimate load (Kul). 

K0 =
48EcIexp

L3
s

(1)  

K0 =
162EcIexp

5L3
s

(2)  

3. Experimental results and discussion 

The test configurations allow the identification of the failure mode for each specimen. The failure criterion is determined 
considering the phenomenon that occurs first; the concrete crushing in the compression zone, failures on the steel elements such as 

Fig. 2. Detail of tested specimens. (a) Plan view of specimen with one panel, (b) B–B transversal section of specimen with one panel, (c) plan view of specimen with 
two panels, (d) C–C transversal section of specimen with two panels, (e) A-A longitudinal view, (f) detail of truss shear connectors. Dimension in mm. 
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buckling of the diagonals of the ribs, or rupture by traction. 

3.1. Three-point bending test, 3PBT 

The observed failure mode in the specimens under 3PBT was characterized by tensile fracture of the V-steel sheet, which occurred 

Fig. 3. Test setups: (a) elevation view of 3PBT, (b) elevation view of 4PBT, (c) specimen support, (d) 3D detail of specimen support, (e) 3D view of 3PBT, (f) 3D view 
of 4PBT. 

Fig. 4. Applied load history.  
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at the point of the maximum bending moment after cracking of the lower wythe. The sequence of failure mode is shown in Fig. 6. 
Initially, bottom wythe cracking occurred as shown in Fig. 6a; after that, the crack propagated to the EPS core (Fig. 6b) and finally, the 
tensile fracture of the V-steel sheet took place as can be observed in Fig. 6c. 

Fig. 7 shows the measured force-midspan displacement curves for specimens LT2 and LT3 and the corresponding moment-rotation 
curves for each specimen. The behavior observed can be divided into three stages. During the first stage, the behavior can be described 
as elastic up to the yield displacement (δy). The second stage, between the yield displacement and the ultimate displacement (δu), 
shows a defined plastic behavior due to the elongation of the V-sheet, which lasts until failure occurred with a severe decrease in 
strength which initiated the third stage, as shown in the sequence of images in Fig. 6. The tensile fracture of the V-steel sheet marks the 
beginning of this stage. Fig. 7a and b shows the graphs of the specimens with single and two slab panels, respectively. In the case of 
specimens LT3, the strength decrease was 37%. For specimens LT2, the decrease in strength presents significant variability in the 
results; 65% for specimen LT2-2 and 28% for specimen LT2-1. The envelope of load-displacement curves is shown in Fig. 7c. It is 
observed in this figure that the softening stage occurs at approximately 48 mm in both specimens. The corresponding envelope of 
moment-rotation curve is shown in Fig. 7d. As shown in the figure, the value of ultimate rotation is 0.022 rad and the yield rotation is 
0.006 rad for both specimens. 

Fig. 8 shows the elastic slope against plastic displacement curves; a significant stiffness degradation can be observed in each stage. 
The increase of stiffness in double-panel specimens can be appreciated in this figure. 

The experimental results measured during 3PBT of specimens LT2 and LT3 are summarized in Table 2. The maximum midspan 
deflection in the single panels fulfills the standard limiting value of l/240 for roof members and for coupled panels fulfills the 
established limit (l/360) for members subjected to full nominal live load in ACI 318R-19 [29]. An average ductility value obtained for 
specimens conformed for a single panel is 3.28; the group action increased this parameter by 45%. The average ultimate load is 49% 
higher than the yield load in single-panel tests and 90% in double-panel tests. The stiffness values at the point of ultimate load (Kul) 
were found to be between 10% and 22% lower than the initial stiffness values (K0). 

Table 1 
Test matrix for bending tests (dimension in mm).  

Test 
method 

Specimen 
ID 

Number of 
tests 

Number of 
panels 

Width 
ws 

Length 
Ls 

Thickness Internal Forces 

Bottom 
Concrete tb 

Top 
Concrete tt 

Total 
Thickness ts 

Shear 
Force V 

Bending 
Moment M 

3PBT LT2 2 1 600 4200 20 40 235 P/2 1.05 P 
LT3 2 2 1200 4200 20 40 235 

4PBT LT1 2 1 600 3000 20 40 235 P/2 0.50 P 
LT4 2 2 1200 3000 20 40 235  

Fig. 5. Studied variables: (a) strength and midspan deflection, (b) elastic slope in unloading cycle.  

Fig. 6. Failure mode during 3PBT: (a) bottom wythe cracking fracture, (b) EPS core cracking, (c) tensile fracture of the longitudinal truss shear steel sheet.  
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3.2. Four-point bending test, 4PBT 

The observed failure mode of LT1 and LT4 specimens was buckling of the diagonals of truss shear connectors as shown in Fig. 9. 
This buckling is caused by the transmission of shear force to the supports and does not allow the member to develop full bearing 
capacity. During the test, the specimens did not show any crack in the concrete or detachment at the concrete wythes. 

Fig. 10 shows the measured force-midspan deflection curves of 4PBT. It can be observed in the figure that an incipient inelastic 
stage was developed; however, this stage was interrupted due to the buckling of the diagonal bars. Fig. 10a and b shows the curves of 
single and two slab panels, respectively. In both cases, the strength decreased by approximately 25% after reaching ultimate strength. 
Fig. 10c shows that softening stage starts approximately at the same displacement value in all cases. The measured force–midspan 
deflection curves suggest a low ductility performance. Fig. 11 shows the elastic slope vs plastic displacement curves. It can be 
appreciated a continuous decrease of stiffness in all specimens. 

Table 3 shows the results obtained from the 4PBT performed on specimens LT1 and LT4. The mean ductility obtained for a single 
panel is 1.42. The group action increases the ductility factor by only 12%. The mean ultimate load in specimens with two panels is 89% 
higher than the corresponding single panel and 83% for yielding load. The maximum deflection in all panels fulfills only the ACI 318R- 
19 [29] limiting value of l/240 for roof members. 

Fig. 7. (a) Force–midspan deflection of specimens LT2, (b) Force–midspan deflection of specimens LT3, (c) Force-midspan deflection envelope, (d) Moment-rotation 
envelope curve. 

Fig. 8. Elastic slope against plastic displacement during 3BPT.  
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3.3. Considerations for structural analysis of slab panels 

Fig. 12a shows the increment in bending and shear strengths for all specimens with two panels. These increases could be attributed 
to the distribution of local overloads to the adjacent ribs, as well as the presence of a double truss in the central ribs due to the 
construction process. According to the observed failure mode (see Figs. 6 and 9), the flexural strength is defined by specimens LT2 and 
LT3, and shear strength is defined by specimens LT1 and LT4 and shear strength is defined on results from test on specimens LT1 and 
LT4. Furthermore, Fig. 12a shows that those specimens subjected to 4PBT developed full yielding flexural capacity but could not 
develop a plastic plateau as the specimens subjected to 3PBT. These specimens also evidenced a faster decrease in flexural stiffness as 
shown in Fig. 12b. Although all specimens were subjected to the same shear force of 0.50P, the obtained failure modes observed during 
3BPT and 4BPT were different due to the bending moment value in each case; for instance, as shown in Table 1, the bending moment 
value was 1.05P for 3BPT and 0.50P for 4BPT. 

Stiffness degradation of the specimen can be measured by a variable called damage index (DI) [30] which can be determined 
according to Eq. (3). This variable can take values between zero and one, where zero represents a non-damaged hinge and one a totally 
damaged hinge with no stiffness at all, i.e. a totally damaged hinge behaves as internal hinges in elastic frames. 

DI =
4
(

1 − Ki
K0

)

(

4 − Ki
K0

) (3)  

where Ki represents the slope of the elastic unloading during the test as indicated in Fig. 5. The evolution of damage as function of 
plastic displacement is shown in Fig. 12c. Specimens LT1, LT4, and LT2 present damage values higher than 0.60. Even though there 
was an overall failure, the damage index (DI) does not reach 1; this could be explained by the fact that unlike what occurs in solid 
elements such as a beam, these panels are formed by two concrete wythes connected by shear connectors; therefore, the concrete 
wythes in specimens with shear failure mode remain to perform independently, thus the capacity and stiffness correspond to a non- 

Table 2 
Parameters obtained in 3PBT.  

Parameters Unit LT2-1 LT2-2 LT3-1 LT3-2 

Yield displacement (δy) mm 13.5 12.5 9.0 10.6 

Span length-deflection ratio 
(

Ls

δy

)
311 348 469 398 

Ultimate displacement (δu) mm 44.2 39.6 44.7 47.6 

Ductility factor 
(

μ =
δu

δy

)
3.3 3.3 5.0 4.5 

Yield load (Py) kN 7.85 7.92 12.63 13.11 
Ultimate load (Pu) kN 11.77 11.74 22.30 24.67 
Ultimate-to-yield load ratio Pu/Py  1.50 1.48 1.92 1.88 
Yield shear force (Vy) kN 3.93 3.96 6.32 6.55 
Ultimate shear force (Vu) kN 5.88 5.87 11.15 12.33 
Yield bending moment (My) kN • m 8.24 8.31 13.27 13.76 
Ultimate bending moment (Mu) kN • m 12.36 12.33 23.42 25.90 
Elastic Flexural stiffness (K0) kN/mm 0.99 0.98 2.11 1.82 
Experimental flexural rigidity EcIexp (109) kN • mm2 1.53 1.51 3.26 2.81 
Experimental moment of inertia Iexp (106) mm4 72.79 72.13 155.36 133.82 
Ultimate Flexural stiffness (Kul) kN/mm 0.78 0.78 1.74 1.64 
Ultimate flexural rigidity EcIexpul (109) kN • mm2 1.20 1.20 2.69 2.54 
Ultimate moment of inertia Iexpul (106) mm4 57.14 57.14 128.10 120.95  

Fig. 9. Buckling of diagonals of ribs in LT1 and LT4 slab panels.  
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composite element. In specimens with flexural failure mode, the upper concrete wythe remains bearing load acting as a non-composite 
element. The significant degradation of stiffness, indicating a remarkable damage evolution even with small plastic displacements, 
could be attributed to the thickness of the wythes and the stiffness of the truss, which can be improved by increasing the diameter of the 
diagonals and/or decreasing the diagonal spacing. 

The mean strength values of each specimen are summarized in Table 4. The mean values of yield and ultimate shear strength of LT1 
and LT4 specimens are Vysp = 7.96 kN and Vusp = 9.91 kN, respectively. Similarly, the mean values of yield and ultimate flexural 
strength of LT2 and LT3 specimens are Mysp = 7.52 kN • m and Musp = 12.34 kN • m. The mean value of flexural stiffness for a typical 
0.60 m-wide slab panel is EcIsp = 1.36x109 kN-mm2. For the studied panels, the yield force per slab panel that undergo flexural failure 
was equivalent to that obtained by applying a uniformly distributed load of wysp = 5.69 kN/m2. The corresponding value for the slabs 
that undergo shear failure was wysp = 8.84 kN/m2. This suggests that the main failure mode expected in these slab panels is bending. 
These values of load are higher than those reported by the codes for residential use and roofs [31]. The distributed loads that resulted in 
failure by the ultimate flexural moment and ultimate shear force are wusp = 9.32 kN/m2 and 11.01 kN/m2, respectively. 

Fig. 10. (a) Force–midspan deflection of specimens LT1, (b) Force–midspan deflection of specimens LT4, (c) Force-midspan deflection envelope, (d) Moment-rotation 
envelope curve. 

Fig. 11. Elastic slope against plastic displacement 3BPT.  
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4. Degree of composite action, DCA 

The DCA of each specimen was calculated and analyzed in terms of initial stiffness (K0) and stiffness at ultimate load (Kul) according 
to Eqs. (2) and (3). The method used to determine the DCA at the elastic stage (κ) was that proposed by Pessiki and Mlynarczyk [18]. 
The DCA was calculated by comparing the experimental moment of inertia of the specimens (Iexp) with the theoretical moment of 
inertia of full-composite action (Ic) and non-composite action (Inc). Previous studies [9− 11− 13] have used three-dimensional finite 
element models to capture the force/deflection response of sandwich panels and to determine the moment of inertia of full-composite 
action and non-composite action of slabs. The experimental procedure proposed by Cipollina and Flórez-López [27] is implemented in 
this study to determine DCA values at ultimate load (κu). For the determination of the theoretical moment of the inertia, a simplified 
cross-section was used as shown in Fig. 13. 

Eqs. (4)–(6) were used to calculate the theoretical moment of inertia of non-composite action, Inc, where the wythes are treated as 

Table 3 
Parameters obtained in 4PBT.  

Parameters Unit LT1-1 LT1-2 LT4-1 LT4-2 

Yield displacement (δy) mm 9.2 11.9 10.5 9.4 

Span length-deflection ratio 
(

Ls

δy

)
326 252 285 318 

Ultimate displacement (δu) mm 14.2 15.3 15.0 16.4 

Ductility factor 
(

μ =
δu

δy

)
1.55 1.29 1.43 1.74 

Yield load (Py) kN 17.70 15.52 32.36 28.56 
Ultimate load (Pu) kN 21.63 19.12 39.64 37.43 
Ultimate-to-yield load ratio (Pu/Py)  1.22 1.23 1.23 1.31 
Yield shear force (Vy) kN 8.85 7.76 16.18 14.27 
Ultimate shear force (Vu) kN 10.81 9.56 19.82 18.71 
Yield bending moment (My) kN • m 8.85 7.76 16.18 14.27 
Ultimate bending moment (Mu) kN • m 10.81 9.56 19.82 18.71 
Elastic Flexural stiffness (K0) kN/mm 2.03 1.57 3.18 3.26 
Experimental flexural rigidity EcIexp (109) kN • mm2 1.69 1.31 2.65 2.71 
Experimental moment of inertia Iexp (106) mm4 67.97 51.07 131.87 120.82 
Ultimate Flexural stiffness Kul kN/mm 2.03 1.57 3.18 3.26 
Ultimate flexural rigidity EcIexpul (109) kN • mm2 1.69 1.31 2.65 2.71 
Ultimate moment of inertia Iexpul (106) mm4 67.97 51.07 131.87 120.82  

Fig. 12. (a) Moment-rotation curves, (b) Stiffness-plastic displacement curves. (c) evolution of damage index vs plastic midspan deflection.  

N. Guerrero et al.                                                                                                                                                                                                      



Journal of Building Engineering 86 (2024) 108930

11

individual sections. 

It =
bt3

t

12
(4)  

Ib =
bt3

b

12
(5)  

Inc = It + Ib (6) 

For a fully composite panel, the theoretical moment of inertia Ic depends on the location of the neutral axis of the panel which 
depends on the thickness of each wythe and was calculated according to Eqs. (7)–(9). 

A= b(tt + tb) (7)  

Yc =

[
0.50bt2

b + btt(H − 0.5tt)
]

A
(8)  

Ic =
bt3

t

12
+ btty2

t +
bt3

b

12
+ btby2

b (9) 

Once the experimental moment of inertia of each specimen, Iexp and Iexpul, is calculated (see Tables 2 and 3), it is used to compare 
values of κ or κul of the specimens according to Eqs. (10) and (11). 

κ=
Iexp − Inc

Ic − Inc
(100) (10)  

κul =
Iexpul − Inc

Ic − Inc
(100) (11a) 

The values of κ and κul of each specimen are summarized in Table 5. The reached values of κ in the specimens ranged between 13% 
and 22%. The average value of κ was 18.38, and the coefficient of variation (CV) was 14.64 %. The average value of κul was 16.60, and 
the correspond CV was 10.24 %. 

The DCA values and the evolution of the damage index indicate that the stiffness of the truss as a connector is insufficient as a 
structural element and therefore its characteristics need to be revised. As mentioned earlier, this improvement can be achieved by 
increasing the diameter of the diagonals and/or decreasing the diagonal spacing. 

Table 4 
Parameters obtained for the slabs.  

Slab panel parameters Unit LT2 LT3 LT1 LT4 

Yield shear strength (Vysp) kN 3.94 3.22 8.31 7.61 
Yield flexural strength (Mysp) kN • m 8.28 6.76 8.31 7.61 
Ultimate shear strength (Vusp) kN 5.88 6.12 10.19 9.63 
Ultimate flexural strength (Musp) kN • m 12.34 12.33 10.19 9.63 
Specimen yield displacement (δysp) mm 13.0 9.8 10.6 10.0 
Specimen ultimate displacement (δu) mm 41.9 46.2 14.8 15.7 
Specimen flexural rigidity EcImean (109) kN • mm2 1.42 2.93 1.30 2.51 
Slab panel flexural specimen EcIsp (109) kN • mm2 1.42 1.46 1.30 1.25  

Fig. 13. Transverse section with dimensions.  
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5. Numerical simulation 

In this study, the SAP2000® commercial program was used for the numerical simulation of tested specimens. In order to perform 
nonlinear static analysis, the slab panels were simulated as nonlinear frame elements using the concept of the lumped plasticity model. 
All the material properties adopted in the models were those obtained during testing. A two-dimensional model of each panel was 
established where plastic hinges were assigned to both ends and the midspan of panels. The boundary conditions were assumed hinged 
at both ends. According to ASCE 41-17 [31], the force-deformation relationships of plastic hinges were represented by five points 
labeled as A, B, C, D, and E, as shown in Fig. 14. The point “B” is determined using approximate initial effective stiffness of structural 
elements. In this study, the initial effective stiffness of panels (EI) was modified by κ. According to values obtained in the previous 
section, the mean flexural stiffness value calibrated for all specimen models was 0.20EcIexp. 

Two types of plastic hinges were defined; the first one corresponds to flexural failure mode (moment hinge) and the other one 
corresponds to shear failure mode (shear hinge). Assigned values for each one are summarized in Table 6. Fig. 15 shows the used model 
for the numerical simulation of a specimen with a single panel. 

The load-displacement relationship from the numerical analysis is compared with the experimental results in Fig. 16. The nu
merical simulation results show a good agreement with that observed in the test. The model predicts the initial stiffness and inelastic 
behavior until the ultimate load relatively well. 

Fig. 17a illustrates the bending moment plastic rotation curves of specimens subjected to 3BPT obtained from numerical simu
lations. Fig. 17b presents the evolution of plastic rotation with increasing mid-span deflection, while Fig. 17c shows the evolution of 
the experimental damage index with increasing plastic rotation. Although the evolution of plastic rotation with mid-span deflection 
appears similar in both specimens, the behavior of the damage index is quite different. This contrast could be attributed to the group 
action that restrains the progression of damage before failure occurs. Therefore, although an increase in the damage index due to 
plastic rotation can be inferred, the specific path of the increase must be determined through experimental testing. 

Nine concrete sandwich panels reported by Acharya et al. (2022) [17] were selected for validation of the proposed procedure. The 
tested specimens were classified as short span, medium span, and long span and tested under 4BPT. The displacement was measured at 
the midspan. Three tests were conducted for each span length. Fig. 18 shows the generalized slab model and typical cross-section of the 
specimens. 

The theoretical moment of inertia of non-composite action Inc = 3.40x106 mm4 and for a fully composite panel is Ic = 2.59x108 

mm4. The flexural stiffness of a specimen in the elastic stage (K0) for each span length is given by Eq. (11). 

Table 5 
Degree of composite action.  

Specimen Experimental moment of inertia 
Iexp (106 mm4) 

Degree of composite action 
κ (%) 

Ultimate moment of inertia 
Iexpul (106 mm4) 

Ultimate degree of composite action 
κul (%) 

Composite 339.8 100   
Non-composite 3.6 0   
LT1-1 67.97 18 67.97 18 
LT1-2 51.07 13 51.07 13 
LT4-1 65.94 18 65.94 18 
LT4-2 61.41 16 61.41 16 
LT2-1 72.79 21 57.14 16 
LT2-2 72.13 20 57.14 16 
LT3-1 77.68 22 64.05 18 
LT3-2 66.91 19 60.48 17  

Fig. 14. Generalized force–deformation relationship used for plastic hinges.  

N. Guerrero et al.                                                                                                                                                                                                      



Journal of Building Engineering 86 (2024) 108930

13

Table 6 
Assigned values in plastic hinges.   

Moment hinge Shear hinge 

Point Moment (kN-m) Rotation (rad) Force (kN) Displacement (m) 

A 0.00 0.00 0.00 0.00 
B 8.40 0.0006 9.20 0.0100 
C 12.40 0.0210 11.60 0.0150 
D 8.20 0.0220 8.30 0.0170 
E 8.20 0.0260 8.30 0.0200  

Fig. 15. Numerical model of the slab panel.  

Fig. 16. Numerical simulation compared with experimental results: (a) LT2, (b) LT3, (c) LT1, (d) LT4.  
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K0 =
768EcIexp

11L3
s

(11b) 

Table 7 summarizes the obtained experimental test results of the compressive strength of concrete at 28 days (f’c), modulus of 
elasticity (Ec), and flexural stiffness in the elastic stage (K0) of each specimen. These latter results are used to calculate the experimental 
moment of inertia (Iexp) and DCA (κ) according to procedures described in sections 2.2 and 4. Numerical simulations consider the 
initial effective stiffness of each specimen modified by the average DCA (κave). Only one type of plastic hinge was defined and cor
responds to flexural failure mode (moment hinge). Assigned values for each specimen are summarized in Table 8. 

Fig. 17. (a) Bending Moment-Plastic Rotation Curves of Specimens Subjected to 3BPT, (b) Mid-span deflection-plastic rotation curves, (c) Damage index- 
Plastic rotation. 

Fig. 18. Slab panel model analyzed by Achary et al. [17].  
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The load-displacement relationship from the numerical analysis is compared with the experimental results in Fig. 19. The nu
merical simulation results show a good agreement with that observed in the test. 

Fig. 20 shows the moment curves versus plastic rotation obtained from the numerical simulations. For each scenario, acceptance 
criteria thresholds can be set based on the expected behavior by established codes. Despite the high ductility values obtained, ranging 
between 15 and 18, Fig. 21 shows that plastic rotations begin at remarkably low deflection values, above 4 mm. In addition, the 
evolution of the plastic rotation can be observed with the increase of the mid-span deflection. This correlation could suggest a sig
nificant increase in the damage index. However, as mentioned above, this must be determined experimentally due to the character
istics of each panel. 

6. Conclusions 

This paper proposed a simplified methodology based on a concentrated plasticity model to develop numerical analysis of slab 
concrete sandwich panels. To validate the proposed methodology, an experimental study was carried out on full-scale slab panels to 
analyze the flexural behavior. In addition, a proposal for the determination of experimental damage and its evolution within concrete 
sandwich panels was presented. The results of this study led to the following conclusions: 

The proposed methodology proves to be effective and reliable for predicting the behavior of concrete sandwich panels under 
bending moments. The numerical simulations performed show an adequate description of slab panel behavior until the ultimate load, 
regardless of its simplicity. This is demonstrated by comparing the model’s results with those obtained from the implemented 
experimental program and other experimental analyses of the literature. This methodology also allows the determination of the usual 
parameters such as strength capacity, initial stiffness, the flexural damage evolution index, and degree of composite action at ultimate 
load based on stiffness, for possible structural building analysis. 

The significant stiffness degradation, indicating a notable evolution of damage even with small plastic displacements, with the low 
DCA values, suggests that the studied panels may have limited use as structural elements. 

It is recommended to characterize the panels subjected to cyclic loads to determine their performance in areas with seismic or wind 
hazards. This characterization should include the behavior of both the wall panels and the junction between the slab panel and the wall 
panel. 

In order to be able to analyze the complete behavior of buildings constructed with this system, it is essential to develop a 

Table 7 
Slab panel parameters.  

Specimen Compressive strength of 
concrete f’c (MPa) 

Modulus of 
elasticity Ec 

(GPa) 

Elastic 
Flexural 
stiffness 
K0 (kN/mm) 

Experimental 
moment of inertia 
Iexp (107 mm4) 

Degree of 
composite action 
κ (%) 

Average degree of 
composite action 
κave (%) 

Short-span 
specimen 

A- 
1 

59.69 36.57 12.02 12.65 48 41.3 

A- 
2 

57.54 35.90 12.35 13.23 50 

A- 
3 

60.21 36.72 6.50 6.81 25 

Medium-span 
specimen 

B- 
1 

51.39 33.93 3.01 9.51 36 30.9 

B- 
2 

49.37 33.25 2.33 7.50 28 

B- 
3 

52.72 34.37 2.47 7.69 29 

Long-span 
specimen 

C- 
1 

56.43 35.55 1.67 5.03 18 22.7 

C- 
2 

48.94 33.11 2.17 7.02 26 

C- 
3 

49.01 33.14 1.97 6.38 24  

Table 8 
Assigned values in the plastic hinges.   

Specimen A Specimen B Specimen C 

Point Moment (kip-in) Rotation (rad) Moment (kip-in) Rotation (rad) Moment (kip-in) Rotation (rad) 

A 0 0 0 0 0 0 
B 104.12 0.0015 53.54 0.0023 42.22 0.001 
C 177.00 0.0141 107.08 0.0092 84.44 0.0075 
D 208.24 0.0360 116.72 0.0138 108.51 0.0180 
E 144.73 0.0521 85.66 0.0253 67.55 0.0200  
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Fig. 19. Numerical simulation compared with experimental results: (a) Short-span specimen, (b) Medium-span specimen, (c) Long-span specimen.  

Fig. 20. Moment-plastic rotation curves: (a) Short-span specimen, (b) Medium-span specimen, (c) Long-span specimen.  
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methodology similar to the one presented in this paper, where the simultaneous effects of axial load and bending are included. 
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