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ABSTRACT

Precast Sandwich Panel (PSP) is a plate element that is lighter, cheaper, and has significantly better thermal
insulation compared to conventional concrete plates, which are typically used as wall or slab units. The
positive features of PSP make it a probable solution for many construction issues in Iraq related to low-cost
energy-saving housing, temporary camping, and industrial units, which call for extensive analysis,
experimental, and numerical studies to explore the pros and cons of PSPs as a low-cost roofing solution. The
aim of this study is to evaluate the degree of influence of the geometry, material, and design parameters on
the flexural capacity of PSPs and to introduce a pre-design evaluation tool using multivariable stepwise
regressions. Experimental data, including 13 input parameters related to the properties of the outer concrete
layers, inner insulation core, and shear connectors between them, in addition to cracking and ultimate loads
as outputs, were analyzed for 50 experimental steel wire-reinforced sandwich plates. Direct correlations
showed that none of the studied parameters has a significant sole impact on the flexural strength of the panels,
while stepwise regressions showed that most of these parameters are effective. P-values higher than 5% were
recorded for some parameters, which were automatically excluded from the regression models, while the T-
and F-values revealed different influence degrees for the included parameters. Finally, two multi-variable
stepwise regression models were introduced for cracking and ultimate loads with determination coefficients
(R?) values of 89.3 and 92.6%, respectively, which reflect their high reliability as pre-design simplified
analysis tools.

Keywords: Precast sandwich plate; stepwise regression; steel wire-reinforcement; flexural

strength; cracking load.

1. Introduction

Three major issues, in addition to others, decelerate the growth of the housing construction industry and its
efficiency in the Iragi community. These issues are the relatively high cost of construction materials and works,
the extremely hot weather that extends along the summer in addition to significant parts of spring and autumn,
and the balance of energy consumption demand and production, which is also related to weather conditions.
Precast Sandwich Panels (PSP) are plate members that can be used as walls or roofing elements, which are
typically composed of two outer concrete thin membrane elements separated by a thicker layer of an insulation
material like expanded polystyrene [1]. The outer reinforced layers are responsible for carrying loads and
offering fire protection, while the insulation core is responsible for decelerating thermal conductivity and
providing thermal insulation [2].

This system can be considered a fit solution to overcome the three above-mentioned construction issues. Firstly,
it can be considered a low-cost technique, where the required steel and concrete materials and finishing costs
are significantly lower than in traditional building techniques. Secondly, the PSP system facilitates a quicker
construction process, where no in-site forms, reinforcement, concrete casting, and curing waiting periods are

This work is licensed under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/) that allows others @ G)
to share and adapt the material for any purpose (even commercially), in any medium with an acknowledgement of the work's authorship
and initial publication in this journal.
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required, in addition to the reduction of their costs from the total construction cost. Thirdly, the thermal
insulation offered by the core would significantly keep more stable interior temperatures that would significantly
reduce the demand of energy. However, despite the distinguished advantages of PSPs, one of the major
disadvantages is their low load-bearing capacity under compression and tensile stresses compared to
conventional reinforced concrete. Therefore, the functional use of PSPs should be limited to structural elements
with minor loading conditions, such as exterior cladding, partitions, and roofing slabs [3]. This also calls for
more studies to optimize the effective parameters on the compressive and flexural behaviors of PSPs. Despite
the rich literature available about this issue, the number of investigated variables is huge, which makes the
analysis of the available experimental data a necessary task.

According to most of the available literature on concrete PSPs, there are several parameters that may influence
the mechanical behavior of these panels. Considering only the flexural behavior, which is the focus of this study,
it can be said that every parameter influencing the individual strength of concrete layers, the individual and
system moments of inertia, and the degree of connection between the two concrete layers would be effective on
the flexural behavior, including cracking and ultimate loads, their corresponding deflections, stiffness, and
ductility. The reviewed literature showed that the thickness of the concrete layers [4-8], their compressive
strength [4, 9-11], the material, distribution, and quantity of their reinforcement [1, 7, 12-15], the geometry and
span of the panels [16-18], the type, material, length, configuration, distribution, and quantity of the shear
connectors [8, 19-22] are essential parameters that may have significant impact on the flexural response of PSPs.
Other parameters, including the type and thickness of the insulation material [23-25] may also have an effect
on the deflection and ductility of tested PSP specimens owing to their effect on the panel’s moment of inertia.
This study aims to analyze the influence of each of the above parameters on the flexural response of light-weight
roofing PSPs that use steel wires as the main flexural reinforcement. The study tries to firstly evaluate the
individual effect of each of the influencing parameters, and secondly to introduce statistical models that relate
all effective parameters in simple formulas. It is believed that introducing such models, depending on trusted
experimental studies, is useful for researchers, where significant literature data are summarized and analyzed,
and also useful in practical design, optimization, and implementation of light, low-cost roofing precast concrete
sandwich panels, where the statistical models can be used as useful simplified primary pre-design tools to
evaluate the initial limits of geometry and reinforcement details.

2. Stepwise Regression and Experimental Data

Stepwise regression is a multi-step tool that introduces multivariable regression models based on the analysis
of variance that evaluates the probable impact of each variable on the model. Thus, this tool can be considered
both a pre-analysis and an analysis tool. The impact of each variable is evaluated statistically using three basic
measurements, which are P-value, T-value, and F-value, that decide which of the variables would be carried to
the next steps and which variable would be removed based on their significance. The statistical parameters P-,
F-, and T-value are measurement tools of different statistical tests and methods to evaluate the effect of a study
variable on the behavior of a data set. The statistical null hypothesis assumes that there are no differences
between the means of the different groups of samples, which reflects an insignificant effect of the investigated
parameters. Decreasing the probability P-value reflects a departure trend from the means, where P-values less
than 5% reflects that the null hypothesis is untrue. In ANOVA, the variances of the different data groups are
evaluated using the F-value, which also measures the significance of any studied variable. On the other hand,
the t-value is a direct result of the t-test that measures the mean departure of a small group of data from a bigger
or another group of data, which also evaluates the effectiveness degree of an investigated variable.

The fit of the model is evaluated using the coefficient of determination and its derivatives. In Minitab
Statistical Software, three procedures can be used to reach the best model, which are the standard stepwise,
forward addition, and backward elimination. The first procedure starts without any variable and conducts
simultaneous addition and elimination actions in each step, depending on their P-value, while forward selection
starts with zero variables and adds the strongest effect variable in each step based on its statistical parameters.
On the other hand, the backwards elimination starts with all variables and eliminates the weakest variable that
has the lowest effect on the model and the highest P-value. All procedures stop when all selected variables have
P-values less than the specified target. In this study, backwards elimination stepwise regressions were conducted
with two-sided intervals of 95% confidence level. This would assure including only effective parameters with
a P-value not exceeding 5%.
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After a wide survey in the literature, experimental records with inputs (experimental effective
parameters) and outputs (results of loads and deflections) were collected in an extended Excel sheet. Due to the
lag of essential data, many references were excluded, and an initial set of data of 100 PSP test specimens was
included from 15 references [1-15]. Because the current study focuses on light PSPs reinforced with steel wire
meshes, the initial set was further filtered by excluding 50 data sets so that the final sheet that is prepared for
statistical analysis and stepwise regression includes 50 rows of data. Each row includes 17 columns; 13 of which
are input data, while the rest four are the cracking and ultimate loads (P.r and Py) in addition to their
corresponding deflections (A¢r and Ay).

The included parameters that reflect the effect of plate geometry are the plate thickness (L), plate width
(W), shear span (Ls), thickness of top layer (Tw), and thickness of the bottom layer (By), in addition to the
thickness of the insulation core (I;). On the other hand, the parameters related to the connection between the top
and bottom layers are the sectional area of the shear connector (Ka), the embedment length of the shear
connector (Kv), the yield strength of the shear connector material (Kfy), and the orientation angle of the shear
connector with respect to the horizontal axis of the panel (K,). Finally, the reinforcement ratio (p) and the yield
strength of the main flexural reinforcement (Rfy) are the included parameters of the steel flexural reinforcement.
Table 1 below lists the limits of all included input variables in addition to the limits of the associated recorded
loads Pcr and Py.

Table 1. Limits of experimental records of investigated input and output parameters

Parameter Per (KN) Py (kN) F. (MPa) Rf, (MPa) p
Lower Limit 3.2 8 15 485 0.00167
Upper Limit 34.3 99.3 57.7 651 0.01344
Parameter L (mm) W (mm) Tw (MmM) Bw (mm) Ls (mm)
Lower Limit 1100 400 25 20 200
Upper Limit 4200 1220 70 75 2100
Parameter It (mm) Kc (mm) Ka (mm?) K. (degree) Kfy (MPa)
Lower Limit 20 8 21.3 45 400
Upper Limit 175 100 314 90 1012

3. Analysis of Effective Variables

One of the typical simplified procedures to evaluate the effect of an independent variable on a target
dependent variable is to study the direct sole relation between them using a simple relationship. The linear
relation is the simplest function that can connect two individual variables, which was therefore selected to
conduct basic evaluations for the effects of the 13 independent variables on both cracking load (P¢) and ultimate
load (Py). Direct linear correlations for Peand P, with all included independent variables are summarized in
Table 2 and shown in Figures 1 through 13.

As shown in Figure 1, the compressive strength linear correlation with P, is not good, where R? is less
than 30%, while its correlation with Py is better, with R? that is slightly higher than 50%. Despite the fact that
these correlations are weak, they actually reflect the strong effect of F; on both P and P,, when the
simplification of using linear correlation is taken into account. Moreover, when the correlation of F. is compared
with the other variables shown in Figures 2 to 13, it is clear that the strongest linear relations among all variables
are those of F., where the coefficient of correlation of all other variables for both loads is less than that of F.
Figure 2 clearly shows the minimal direct effect of span length (L) on cracking and ultimate loads, where the
correlation line is semi-flat, and the R? is no more than 4%. A similar behavior is also noticed for the shear span
(Ls) in Figure 4, insulation thickness (I1) in Figure 7, length of embedment of shear connector (KL) in Figure 8,
angle of shear connector (K,) in Figure 10, and reinforcement ratio (p) in Figure 13. Table 1 shows that the
determination coefficients R? of these parameters are noticeably low, with a maximum value of approximately
6% and a minimum value of as low as 0.13%. On the other hand, Figures 5 and 6 show much better direct linear
correlations of the thicknesses of the top and bottom concrete layers (T and Byw) with the cracking and ultimate
loads compared to the above-mentioned variables. The determination coefficients R? of Ty and By, reach 44 and
45% as listed in Table 2, which are not individually high values, but reflect the stronger effect of Ty and By, in
addition to F¢, on P and Py compared to other investigated variables.
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The specimen width (W) and the cross-sectional area of shear connector (Ka) showed weaker
correlations with P. and P, compared to Fc, Ty and By as shown in Figure 3 and Figure 9 with R? ranging from
approximately 15 to 20% and 10 to 11%, but it is better than the correlations of yield strengths of main steel
and shear connector shown in Figures 11 and 12. Thus, it can be summarized that from the direct linear
correlations of the investigated parameters with P and Py, it can be concluded that F¢, Tw, and By followed by
W and Ka seem to have a stronger influence on the flexural cracking and failure loads compared to the other
variables. However, it should be mentioned that the individual effect cannot always be considered as an indicator
of the in-group effect of an individual independent variable, where group correlations take different paths in
some cases, which induces the need to use probability-based analysis of variance instead of depending solely
on direct linear correlations.

Table 2. Summary of linear correlations of P¢rand P, with the investigated variables

Independent Cracking Load (Pcr) Ultimate Load (Pu)
Variable Formula R? (%) Formula R? (%)
F. (MPa) y = 0.34x + 2.72 29.1 y =1.2x — 7.48 52

L (mm) y = 0.0015x 4 10.11 3.2 y = 0.0044x + 21.09 4.0
W (mm) y =0.011x + 4.84 15.4 y = 0.033x + 4.55 20.2
Ls (mm) y =0.0007x + 13.2 0.16 y = 0.02x + 30.52 0.13
Tw (Mm) y = 0.302x + 2.55 20.6 y=1.17x — 11.66 43.7
Bw (mm) y =0.196x + 7.09 115 y =1.13x — 6.69 53.6
I, (mm) y = —0.005x + 15.22 6.16 y = —007x + 33.97 1.73
KL (mm) y = 0.05x + 12.06 3.65 y = 0.078x + 29.28 1.23
Ka (Mm?) y = 0.037x + 9.28 11.01 y = 0.096x + 20.28 10.4

K, (Degree) y = —0.03x + 15.46 0.46 y = —0.113x + 38.26 0.92
Kf, (MPa) y = 0.0087x + 8.44 2.73 y = 0.037x +9.29 6.9
Rf, (MPa) y = 0.018x + 4.13 1.25 y = 0.029x + 16.17 0.47

p y = —294.6x + 15.62 1.4 y = —196.3x + 33.17 0.9
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Figure 1 Linear correlation of load with concrete compressive strength (Fc) for (a) Per and (b) Py,
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4.1 Stepwise regression of Pe:

As clarified in the previous section, stepwise regression evaluates the weighted effect of each parameter
based on the analysis of variance and probability using three statistical parameters: F-value, T-value, and P-
value. Increasing F- and T-values indicate stronger weight in the regression formula, while P-values higher than
0.05 (5%) indicate trivial effects.

The result of the backwards elimination stepwise regression of the cracking load (Pc) with the 13
investigated parameters is the formula shown in Table 3, which shows a good fit with R? of 89.3%. This stepwise
regression formula included 10 variables and excluded 3 variables based on their in-group effect on the
dependent variable P.. As shown in Table 4, the P-value of the 10 included parameters is less than 0.05, which
explains the inclusion of these parameters in the final regression formula. On the other hand, the F- and T-values
clarify the weighted effects of each of the 10 parameters, which do not always agree with the preliminary results
of the direct linear correlations. It is obvious in the table that the highest F- and T-values were recorded for fy,
L, and F¢, which reflects their stronger effect on the regression formula compared to the rest of the parameters,
where their F-value exceeded 50, and their minimum T-value was approximately 8. The second effective group
of variables was W, Ty, It, with a minimum F-value and T-value of approximately 20 and 4, respectively. Figure
14(a) shows the normal probability plot of the regression equation, which clearly reflects a good fit with small
residuals not exceeding 2.5 kN as shown in Figure 14(b), where all experimental records fall around and close
to the red reference line.

Table 3. Step-wise regression summary of Pg

Regression Py =10.55+0.38 Fc - 0.011 L + 0.015 W + 0.546 Tw - 0.34 Bw + 0.098 I;
Equation +0.04 Ka-0.132 K, - 0.0216 f, + 476 p
R? (%) 89.28
\'/’;Cr'i‘;‘gfgs Fc,L, W, Tw,Bw, I, Ka, Ke, Ty, p
Excluded
Variables Ls, Ko, Kiy
Table 4. Analysis of variance and step-wise regression details of P
Variable F-Value T-Value P-Value Coefficient
Fc (MPa) 63.23 7.95 0.000 0.3796
L (mm) 78.02 -8.83 0.000 -0.01112
W (mm) 32.83 5.73 0.000 0.01495
Tw (Mm) 21.34 4.62 0.000 0.546
Bw (mm) 10.64 -3.26 0.002 -0.339
I (mm) 40.95 6.40 0.000 0.0980
Ka (mm? 19.37 4.40 0.000 0.0396
K. (Degree) 14.62 -3.82 0.000 -0.1324
fy (MPa) 95.35 -9.76 0.000 -0.02155
p 5.45 2.33 0.025 476
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Figure 14. Stepwise regression plots of P, (a) normal probability (b) Residuals vs. fit

4.2 Stepwise regression of Py:

The summary of the stepwise regression of the ultimate load is given in Table 4. As listed in the table,
a very good fit was obtained with a high coefficient of determination R? of 92.6%. The obtained formula includes
8 out of the 13 parameters, as shown in Table 5. All P-values of the included parameters are significantly lower
than 5%, as listed in Table 6, which reflects their in-group high impact on the fit of P.. It is also obvious in the
table that the compressive strength of the mixture has the highest effect among the eight included parameters,
with F- and T-values of approximately 62 and 7.9, respectively, followed by the thickness of the bottom wythe
(layer) and the cross-sectional area of the shear connector with F- and T-values of approximately 53 and 7.3,
and 45 and 6.7, respectively. However, the rest parameters also showed significant F- and T-values as shown in
Table 6, reflecting significant influence on the fit. The strength of the fit is illustrated in Figure 15, where the
residuals in Pu are limited to a maximum value of approximately 3 kN.

Table 5. Stepwise regression summary of Py

Regression Pu=-35.26 + 0.84 Fc - 0.013 L + 0.0234 W + 0.94 Bw +0.21 I; + 0.13 Ka
Equation _0.04f,+ 2094 p
R® (%) 92.62
Included
Variables Fc,L,W,Bw, I, Ka,fy,p
Excluded
Variables Ls ) Tw ) KL ) Ka , Kfy

Table 6. Analysis of variance and step-wise regression details of P,

Variable F-Value T-Value P-Value Coefficient
Fc (MPa) 62.03 7.88 0.000 0.844

L (mm) 29.00 -5.39 0.000 -0.01282
W (mm) 15.79 3.97 0.000 0.02339
Bw (mm) 52.94 7.28 0.000 0.936

I (mm) 25.03 5.00 0.000 0.2097
Ka (mm?) 45.12 6.72 0.000 0.1302

fy (MPa) 31.36 -5.60 0.000 -0.03974

p 17.43 4.18 0.000 2094
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5. Conclusions

This study attempted to analyze the effective parameters on the flexural behavior of precast concrete
sandwich panels. Parameters related to the geometry, strength, and material properties of the panel and its outer
concrete layers, inner insulation core, and shear connectors were investigated. The main concluding remarks
from the current study can be summarized in the followings:

1-

Direct individual correlations for each of the 13 investigated parameters with cracking load (P¢) and
ultimate load (Py) showed that none of these parameters has a dominant role on the retained load
capacities, where the correlations retained R? values ranged from less than 1% to 53.6%, which means
that none of the investigated parameters can solely represent the load capacity with adequate level of
confidence.

The direct correlations showed that the compressive strength and thickness of the concrete layers have
the best fits with the ultimate load capacity compared to the other investigated parameters, with R?
values ranging from 43.7 to 53.6%.

The final outputs of the backwards stepwise regressions of P and P, included variables that showed P-
values less than 5%, which are most of the investigated parameters, while parameters like Ls, K¢, Kfy
were eliminated due to their trivial impact on the regression formulas represented by their high P-values.
The T- and F-values of the compressive strength of concrete and the thickness of the bottom layer were
among the highest values, confirming the direct correlation results of their higher impacts compared to
the other parameters. However, parameters like span length, sectional area of shear connectors, and
yield strength of flexural reinforcement also showed high T- and F-values, revealing a significant impact
on the stepwise regressions.

The obtained stepwise regression model of the flexural capacity represented by the ultimate load
strength can be considered a reliable simplified pre-analysis tool that can be used with an adequate
degree of confidence, where the R? of the formula exceeds 92%.
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