
CONTINUOUS STRAIN FIELD ESTIMATION FOR CAST-IN-SITU 
REINFORCED CONCRETE SANDWICH WALLS UNDER CYCLIC 

LATERAL IN-PLANE LOADING 

Carlos Andrés Riascos González1, Paolino Cassese1, Antonio Occhiuzzi1,2 and Carlo 
Rainieri1 

1 National Research Council (CNR), Construction Technologies Institute (ITC) 
c/o Polo Tecnologico di San Giovanni a Teduccio, Corso Nicolangelo Protopisani, Naples, Italy 

cassese@itc.cnr.it, riascos@itc.cnr.it, rainieri@itc.cnr.it, occhiuzzi@itc.cnr.it,  

2 University Parthenope, Department of Engineering 
Centro Direzionale Isola C4, 80143 Naples, Italy 

antonio.occhiuzzi@uniparthenope.it 

Abstract 

Cast-in-situ reinforced concrete sandwich walls represent a promising solution for energy-ef-
ficient housing. Nevertheless, their use in earthquake-prone areas is fairly limited because of 
the lack of seismic guidelines. Furthermore, the evaluation of seismic response of such a struc-
tural typology can be partially considered a still open issue. In this study, the in-plane seismic 
behavior of cast-in-situ reinforced concrete sandwich walls is investigated through cyclic ex-
perimental tests on real scale sandwich walls composed of a central layer of insulating material 
closed between two external reinforced shotcrete layers. Experimental load-displacement 
curves and observed damage are briefly described. A special focus on the deformative mecha-
nisms of the walls is dealt with. A hybrid experimental-numerical procedure is proposed,to 
derive continuous strain fields starting from local discrete experimental measures, with prom-
ising preliminary results. 

Keywords: Full scale Cyclic Experimental Tests, Seismic Performance, Sandwich Walls, Ra-
dial Basis Function, Strain Fields. 
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1 INTRODUCTION 
Sandwich Panels (SP) are intended as structural or non-structural elements characterized by 

at least two layers made of high strength material, called “wythes”, divided each other by at 
least one layer of material with lower strength (named “core”) [1]. SPs are commonly adopted 
in civil construction sector since 1950 as non-structural prefabricated members, due to their 
great versatility and the possibility to achieve high performance by properly combining the 
constituent materials ([2]-[3]). In the last decades, SPs have been also used as structural solution 
for civil buildings in areas with moderate seismicity and many technological systems have been 
developed and applied on field with increased success ([4]-[8]). Very recently, some studies 
proposed to use SPs in seismic and energy integrated retrofit of buildings [7]. 

In addition to the most common and widespread prefabricated version of SPs, cast-in-situ 
(or sprayed-in-situ) approach is becoming more attractive since it allows to solve relevant con-
struction issues related to transportation and erection of panels, and several research studies are 
available in literature in this line ([9]-[11]). Despite the considerable interest concerning cast-
in-situ Reinforced Concrete Sandwich Panels (cRCSPs), so far, no seismic design guideline is 
available and, moreover, limited research studies focused to a detailed assessment of the in-
plane cyclic response can be found in literature, thus someway limiting their potential [12]. 

Basically, cRCSP-based walls, i.e., horizontal elements made of a series of sandwiched mod-
ules, behave almost like ordinary lightly RC walls, therefore their response is mostly governed 
by a flexure-shear interaction, whose features are mainly associated with structural variables 
such as: dimensions, presence of openings, boundary conditions, and axial load level [13]. De-
termining the actual deformative mechanisms due to flexure or shear during experimental tests 
on RC large-scale members may represent a crucial point towards a complete understanding of 
the mechanical response as well as a reliable validation of numerical modelling results. Such 
an objective is often challenging, especially for (i) large specimens like real-scale walls and (ii) 
low load levels. Furthermore, only discrete measures in several points of the specimens may be 
derived [14]. On the other hand, commonly, Finite Element Method (FEM) plane models are 
used to reproduce the experimental behavior of cRCSP-based walls ([15], [16]). As known, 
those models are able to return the numerical point-by-point response of the wall, that cannot 
be directly compared with the corresponding experimental results, therefore force-displacement 
curves, cracking patterns, and limited local measurements are used to the scope. Recently, the 
use of advanced non-contact measurement techniques, such as Digital Image Correlation (DIC), 
is gaining popularity in order to reduce this gap, even if in the case of large-scale experimental 
tests some issues need to be improved and satisfying results can be obtained only for limited 
portions of the specimen [17]. 

The literature describes a chronological interval of approximately five decades between the 
intensified use of mesh-based methods, such as Finite Difference Method (FDM) and Finite 
Element Method (FEM), and the relatively recent rise of numerical techniques based on Radial 
Basis Function (RBF) [18]. The growth of this technique is based on its great capacity to work 
with: irregular geometries, moving boundaries, higher dimensional problems, and to dispense 
with conventional meshing issues [19]. Therefore, RBF-based methods have been applied to 
solve computational fluid dynamics computations, flows simulations with a moving boundary 
(e.g., bridges, aircrafts, and wind turbines) and bioengineering problems [20]. Among those 
methods, the following ones stand out: the RBF collocation method (RBFCM) [21], the Hermite 
collocation method [22], the integrated RBF method [23], the localized RBF method [24] and 
the method of particular solutions [25]. Currently, very few and preliminary studies concerning 
the use of RBF-based methods for civil engineering applications are available in the literature. 
One of the most recent and interesting of those is reported in [26], wherein the Authors solved 
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the ideal case of a composite wall, made of two different elastic materials, under different sim-
ple loading conditions.  

The present study aims at contributing to investigate the resisting mechanisms of cRCSP 
walls under combined in-plane lateral cyclic displacement and constant vertical load. To 
achieve the objective, (i) two experimental tests on squat full-scale cRCSP walls were carried 
out and (ii) a new hybrid experimental-numerical procedure to obtain continuous strain fields 
was developed and preliminary applied to fit experimental data. In the following, the experi-
mental campaign and the main outcomes are briefly described in Section 2, whilst methodology 
and preliminary results of the proposed procedure are discussed in Section 3. Finally, some 
relevant conclusions and future developments are outlined in Section 4. 

2 EXPERIMENTAL CAMPAIGN AND OUTCOMES 

2.1 Specimens, procedure and measuring system 
An extensive description of the experimental program is reported in [27]. The cRCSPs con-

sidered in this study were composed by two external layers of reinforced sprayed concrete and 
a central layer of Sintered Expanded polystyrene (EPS). The mean value of concrete cylindrical 
compressive strength was 26 MPa. Steel reinforcement with 2.5 mm diameter and 5 cm square 
mesh was used, characterized by tensile strength of 700 MPa. These panels, named W1 and W2, 
had the same in-plane rectangular shape, with length and height equal to 400 cm and 300 cm, 
respectively. Each of the two external wythes had a nominal thickness of 4 cm, and whilst the 
EPS core had a thickness of 10 cm for a total element thickness equal to 18 cm. 

Test procedure consisted of a first phase during which the specimens were exposed to verti-
cal axial load, equal to 50 kN and 100 kN respectively for W1 and W2. Later, a cyclic in-plane 
horizontal displacement protocol was applied at the top of the specimens. Such a protocol in-
volved nine sets, each one involving three internal cycles at the same amplitude. The applied 
Inter-story Drift Ratios (IDR), namely the ratio of the maximum horizontal displacement ap-
plied during the steps to the height of the panels, were: 0.1, 0.2, 0.4, 0.6, 0.75, 1.0, 1.25, 1.5 and 
2.0 (%). 

In order to investigate in detail, the deformative mechanisms acting within the walls during 
the tests, the specimens were instrumented with 12 Linear Vertical Displacement Transducers 
(LVDTs) that allowed deriving the variation of length associated with discrete segments, as 
evidenced with red lines in Figure 1. Additional transducers were used to monitor the occur-
rence of sliding between the panel and the lower or upper boundary beams. 

 
Figure 1: Schematic distribution of displacement transducers. 
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2.2 Global response and deformability contributions 
Figure 2 illustrates the global experimental response of both specimens in terms of force 

versus displacement hysteretic curves. The geometrical symmetry of the walls can be substan-
tially found in the symmetry of the response both in push (-) and pull (+) directions, at least up 
to the peak condition, beyond which slightly different damage evolution were observed up to 
the collapse. By computing the initial stiffness values as the ratio of the average force and the 
average displacement corresponding to the peak of the first set (IDR=0.1%), the values 67.5 
kN/mm and 71.3 kN/mm, are obtained for W1 and W2, respectively. In the second set, a non-
linear considerable reduction in the stiffness of the elements is observed on the backbone curve, 
confirming that in this set the reinforcing elements are approaching their yield stress. During 
the third set, both the specimens reach their shear strength for an IDR value almost equal to 
0.4%. Specifically, specimen W1 reached a peak value of 308.1 kN, averaged between push 
and pull, whereas a slightly higher value was achieved by specimen W2. Beyond this set, the 
softening phase took place until the failure was approached, this latter conventionally estab-
lished as corresponding to 15% reduction of the recorded shear load with respect to the maxi-
mum value. Both specimens were interested by ductile failure mode. 

Figure 2: Mechanical response of specimens W1 and W2. 

Figure 3 shows the final damage patterns observed for specimens W1 and W2, respectively. 
At both the bottom corners, concrete appeared completely crushed. Most of the cracks took 
place within the bottom half of the specimens, and they started at the lateral edges as horizontal 
and rapidly evolved along diagonal direction with increasing angle of inclination towards the 
wall center.  

Definitely, specimens W1 and W2 showed a fairly similar mechanical response. Therefore, 
in the following, specimen W1 was considered as control case. 
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(a) 

(b) 

Figure 3: Final observed damage patterns for specimens W1 and W2. 

3 CONTINUOUS STRAIN FIELDS 

3.1 Methodology 
The applied methodology is schematically illustrated in Figure 4. The starting point is given 

by the considered experimental problem, which in the present study consists of testing cRCSP 
walls under combined axial and horizontal loads. Such a condition can be expressed by means 
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of an analytical representation, called Boundary Value Problem (BVP) [26], as the core of the 
realization, which naturally has a set of boundary conditions. However, the experimental prob-
lem is characterized by several measurements that capture the actual behavior of the specimen 
in question, which is assigned to a group called “alternative measurements”. These data enrich 
the information available for the associated BVP, as well as allow establishing some particu-
larities in the boundary conditions. Therefore, a hybrid (H-) RBFCM is adopted herein that uses 
all the available information, with both analytical and experimental provenance, to develop a 
digital model of the experimental test. Once this representation is obtained, the H-RBFCM pro-
vides a continuously distributed hybrid solution that is not available in conventional methods, 
these latter based exclusively on FEM models or directly in the post-processing of the experi-
mental results. In the case of the present experimental problem, concerning the test W1 de-
scribed in the section 2, the H-RBFCM outputs are represented by the cRCSP displacement 
fields, from which continuous strain fields over the entire domain can be evaluated. 

Figure 4: H-RBFCM procedure flowchart. 

It is important to note that there are several types of RBFs, among which linear (LI), loga-
rithmic (LO), Gaussian (GA), multiquadric (MQ) stand out ([28], [29]). In this study, a MQ 
type RBF was used, which was proposed as a revolutionary solution in topographic applications 
in 1971 [30]. A generalized expression of the RBF-MQ is given in Eq. (1). 

𝜙(𝑅) = (𝑅2 + 𝑐2)𝑛−3 2⁄ (1) 

Where 𝑅 = ‖𝑟 − 𝑝⃗𝑗‖ indicates the Euclidean distance between an arbitrary point 𝑟 and the
j-th position point 𝑝⃗𝑗 or center, where the features of the continuous field is known. On the
other hand, 𝑐 represents the shape parameter, which has a strong influence on the accuracy and 
stability of the RBFs approximation [31]. Some formulations have been proposed in literature 
to determine an optimal value of 𝑐, usually as a function of: (i) the number of centers (N), (ii) 
the diameter D of the smallest imaginary circle that encompasses all the centers, and (iii) the 
distance 𝑑𝑖 from the i-th center to the nearest neighbor. Among the most commonly used for-
mulations, within the present methodology the one developed by Franke [19] is used (𝑐 =

1.25𝐷 √𝑁⁄ ). However, there are currently several optimization methods available, such as 
Leave-One-Out Cross Validation (LOOCV), Residue-Error Cross Validation (RECV) and 
Modified Knot Insertion (MKI) [32].  

For the realization of the BVPs, each dependent variable can be represented as a continuous 
function, 𝑠(𝑟), as shown in Eq. (2). In this equation: 𝑎𝑗 is the coefficient of the j-th analytical
center, 𝑁𝑠 is the number of analytical centers, 𝑎̃𝑘 is the coefficient of the k-th experimental cen-
ter, and 𝑁𝑒 is the number of experimental centers. Thus, the model has a total number of centers
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equal to 𝑁 = 𝑁𝑠 + 𝑁𝑒 . In addition, the participation of a n-degree polynomial 𝑃(𝑟⃗) was in-
cluded to facilitate reaching the boundary conditions. Substituting the expressions of the de-
pendent variables in the BVP, the coefficients can be determined through the least-squares 
method as detailed in [20]. 

𝑠(𝑟) ≈ 𝑃𝑛(𝑟) + ∑𝑎𝑗𝜙

𝑁𝑠

𝑗=1

(‖𝑟⃗ − 𝑝⃗⃗
𝑗
‖) + ∑ 𝑎̃𝑘𝜙

𝑁𝑒

𝑘=1

(‖𝑟⃗ − 𝑞⃗⃗
𝑘
‖) (2) 

Eq. (3) reports the strong formulation of a generic BVP. 

       𝓛 𝒘(𝑥, 𝑦) = 𝒇(𝑥, 𝑦),   ∨   (𝑥, 𝑦)   𝜖   𝛀 

𝓑ℎ 𝒘(𝑥, 𝑦) = 𝒉(𝑥, 𝑦),   ∨   (𝑥, 𝑦)   𝜖   𝜕𝛀ℎ

𝓑g 𝒘(𝑥, 𝑦) = 𝐠(𝑥, 𝑦),   ∨   (𝑥, 𝑦)   𝜖   𝜕𝛀g

(3) 

In Eq. (3), 𝓛 is the differential operator containing the mechanical formulation of strain elas-
tic plane problem, whilst 𝛀 represents the domain, and 𝜕𝛀ℎ and 𝜕𝛀g constitute the Newmann
and Dirichlet boundary conditions, respectively. The horizontal and vertical displacement fields 
are described by the dependent functions 𝑢(𝑥, 𝑦) and 𝑣(𝑥, 𝑦), correspondingly. Both expres-
sions constitute the tensor 𝒘(𝑥, 𝑦), as defined in Eq. (4). The operator 𝓛 is described in Eq. (5), 
and the operator defining the Neumann-type boundary conditions (𝓑ℎ) is represented in Eq. (6).
The coefficients λ and μ, reported in Eqs. (5) and (6), are the Lamé’s constants ([26], [28]), as 
specified in Eq. (7). Additionally, the Dirichlet-type conditions (𝓑g) in this problem are defined
as the identity matrix with compatible dimensions with respect to the problem formulation. 

𝒘(𝑥, 𝑦) = [𝑢(𝑥, 𝑦) 𝑣(𝑥, 𝑦)]𝑇 (4) 

𝓛 =

[

 (𝜆 + 2𝜇)
𝜕2

𝜕𝑥2
+ 𝜇

𝜕2

𝜕𝑦2
(𝜆 + 𝜇)

𝜕2

𝜕𝑥𝜕𝑦

(𝜆 + 𝜇)
𝜕2

𝜕𝑥𝜕𝑦
(𝜆 + 2𝜇)

𝜕2

𝜕𝑦2
+ 𝜇

𝜕2

𝜕𝑥2]
 
 
 
 

(5) 

𝓑ℎ =

[

 (𝜆 + 2𝜇)
𝜕

𝜕𝑥
+ 𝜇 

𝜕

𝜕𝑦
𝜆

𝜕

𝜕𝑦
+ 𝜇

𝜕

𝜕𝑥

𝜆
𝜕

𝜕𝑥
+ 𝜇

𝜕

𝜕𝑦
(𝜆 + 2𝜇)

𝜕

𝜕𝑦
+ 𝜇

𝜕

𝜕𝑥]
 
 
 
 

(6) 

𝜆 =
𝐸𝜈

(1 + 𝜈)(1 − 2𝜈)
;        𝜇 =

𝐸

2(1 + 𝜈)
    (7) 

The response of the tested specimens can be completely defined by identifying the horizontal 
displacement at the top edge, 𝛿𝑥, as shown in Figure 5(a). In this way, the element boundaries
may be divided into the 4 edges, 𝜕Ω𝑖 , 𝑖 = 1, … , 4, as shown in Figure 5 (b). These boundaries
can be grouped as follows: 

• 𝜕Ω1 ∪ 𝜕Ω3 𝜖 𝜕𝛀ℎ;
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• 𝜕Ω2 and 𝜕Ω4 compose the group of boundaries described by the Dirichlet formulation,
where 𝜕Ω2 integrates the horizontal displacement 𝛿𝑥 and the vertical displacement func-
tion 𝑓𝑦(𝑥);

• 𝜕Ω4 states that the element remains stationary at the base.

(a) (b) 

Figure 5: Associated BVP representation: (a) deformed scheme (b) boundaries. 

Due to the high upper beam stiffness of the cRCSP, 𝑓𝑦(𝑥) is described as a linear function.
In this way, the known deformations of the analytical centers are denoted as 𝑢𝑎 and 𝑣𝑎 along
horizontal and vertical directions, respectively, whilst that of the experimental centers are indi-
cated as 𝑢𝑒 and 𝑣𝑒.

3.2 Application 

The RBF-MQ was employed in this study with 𝑛 = 2, see Eq. (1). In addition, the modulus 
of elasticity was estimated as 𝐸𝑐 = 4700√𝑓′𝑐 in MPa and a Poisson's ratio 𝜈 = 0.2 was as-
sumed. For the control specimen (W1), the coordinates of the points were evaluated during the 
first cycle of the first loading set of the displacement protocol, in pull direction, in order to 
evaluate the capacity of the methodology to identify the presence of some damage, relatively 
low, in the cRCSPs.  

To calculate the deformations of the experimental centers, and to configure the boundary 
condition 𝜕Ω2, it is necessary to use the data captured by the LVDTs network. For this purpose,
it has been employed the configuration shown in Figure 6. 

Figure 6: LVDTs deformation diagram. 
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This diagram shows the configuration of four measurement lines, which can be composed 
of a single LVDT or by LVDTs arranged in series. These lines form two triangles whose base 
arises from joining points A and B, which are separated by a distance D. In the original config-
uration these triangles have vertices ABC and ABD, while in their deformed position they arise 
from vertices ABC’ and ABD’, respectively. The lengths of the four lines are denoted as 𝑙𝐴𝐶,
𝑙𝐴𝐷, 𝑙𝐵𝐶  and 𝑙𝐵𝐷  and the deformations presented in each of them as 𝛿𝐴𝐶 , 𝛿𝐴𝐷, 𝛿𝐵𝐶  and 𝛿𝐵𝐷. Since
all the sides of both triangles are known, the angles of each of the lines can be determined with 
the Eq. (8), where γ is the slope of the segment joining points A and B. This formulation allows 
knowing the position of points C’ and D’ both in the horizontal direction and in the vertical 
direction. Additionally, for lines that have intermediate points, such as point E, their defor-
mation components are also determined once the elongation of each line and its angle of incli-
nation are known. In this sense, the deformation 𝑢𝑒  and 𝑣𝑒  are determined from the
decomposition in the cartesian axes. 

(𝑙𝐵𝐶 + 𝛿𝐵𝐶)
2 = (𝑙𝐴𝐶 + 𝛿𝐴𝐶)2 + 𝐷2 + 2𝐷(𝑙𝐴𝐶 + 𝛿𝐴𝐶)𝑐𝑜𝑠(𝜃𝐴𝐶 − 𝛾)

(8) 
(𝑙𝐵𝐷 + 𝛿𝐵𝐷)2 = (𝑙𝐴𝐷 + 𝛿𝐴𝐷)2 + 𝐷2 + 2𝐷(𝑙𝐴𝐷 + 𝛿𝐴𝐷)𝑐𝑜𝑠(𝜃𝐴𝐷 − 𝛾)

(𝑙𝐴𝐶 + 𝛿𝐴𝐶)2 = (𝑙𝐵𝐶 + 𝛿𝐵𝐶)
2 + 𝐷2 + 2𝐷(𝑙𝐵𝐶 + 𝛿𝐵𝐶)𝑐𝑜𝑠(𝜋 − 𝜃𝐵𝐶 + 𝛾)

(𝑙𝐴𝐷 + 𝛿𝐴𝐷)2 = (𝑙𝐵𝐷 + 𝛿𝐵𝐷)2 + 𝐷2 + 2𝐷(𝑙𝐵𝐷 + 𝛿𝐵𝐷)𝑐𝑜𝑠(𝜋 − 𝜃𝐵𝐷 + 𝛾)

By combining the experimental information with that from the associated BVP and solving 
Eq. (3) using the least squares method, as established by [26], the coefficients 𝑎𝑗 and 𝑎̃𝑘 de-
scribing the coupled behavior of the panel in the horizontal and vertical direction are found. 
Once both displacement fields were obtained, the vertical strain field of each of the panels was 
calculated as derivative.  

Figure 7 shows the continuous strain fields determined for the control specimens W1. In 
such a picture, the cracks observed during the first loading step on the specimens are also plotted 
as black bold lines.  

Figure 7: Comparison between H-RBFCM vertical strain and observed damage at first set: (a) W1 and (b) W2. 
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By analyzing the results, it can be noticed that the proposed H-RBFCM methodology was 
able to catch with reasonable approximation the region of the wall in which the presence of 
cracks was experimentally observed. On the other hand, the color map gives some helpful in-
sight about the strain field of the panel, and, in such a way, tensile and compressive zones of 
the panel and regions of strain concentration may be identified and eventually used as compar-
ison with the results of pure numerical solutions. Nevertheless, further research is needed to 
ensure full compatibility of strain fields at the boundaries and with cracking development at 
various stages of loading. 

4. CONCLUSIONS AND FUTURE DEVELOPMENTS
In the present study, two experimental tests on squat full-scale cRCSP walls under in-plane

cyclic and axial load were carried out. Two different levels of axial load were considered, one 
for each test, keeping constant the wall type. An instrumentation system made of 12 LVDTs 
was arranged to evaluate the deformative state of the walls during the tests. Main global exper-
imental outcomes are: 

• Specimens exhibited a symmetrical behavior characterized by high flexure-shear interac-
tion, as confirmed by the final cracking patterns.

• Ductile failure mode was observed for both the tests.

The experimental assessment of the actual deformative mechanisms acting within cRCSP 
walls during the tests represents a relevant opportunity to improve the knowledge of their seis-
mic response, although quite challenging. Such an issue has been investigated in this work and 
a new hybrid experimental-numerical procedure has been proposed, based on Radial Basis 
Function collocation method. The procedure was specified for the experimental case study and 
properly modified in order to use the punctual measures derived from the installed LVDTs as 
given boundary information. A very preliminary application has been carried out, considering 
the first loading set. The continuous strain fields have been derived for a control specimen and 
the comparison of the obtained results with the observed damage are promising. Future activi-
ties, currently under development, will explore (i) the use of different shape parameters, (ii) the 
comparison of H-RBFCM results with conventional FEM analysis, and (iii) the extension of 
the methodology to strongly non-linear response.  
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