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THESIS ABSTRACT 

Experimental Investigations of Full-Scale MetRock Structural Concrete Insulated Panels (SCIPs)  

Idaho State University (2019) 

The Structural Concrete Insulated Panel or SCIP is an alternative construction to 

tradational wood framing. This research includes a full-scale investigate of the in–plane and out-

of-plane flexural properties of MetRock SCIPs. MR panels are a variation of SCIPs that are 

commercially available in the US. For this experiment 12 full-scale MR panels were tested as 

floor slabs and structural walls.  

The out-of-plane testing of MR slabs showed that the short span (10 feet) panels are a 

good alternative for floors in residential housing. The short span panel behaved as a semi-

composite section and achieved 66% capacity of a fully-composite panel. They exhibited an out-

of-plane elastic stiffness of 58.6 kip/in and an average yield moment capacity was 8.1 kip-ft. On 

the other hand, the 14 and 18 feet spans, did not meet the standards for a floor but could still be 

used as roof slabs. The results from the in-plane cyclic testing of cantilever walls showed that the 

panels had an average in-plane stiffness of 14.8 kip/in and had a yield moment capacity of 63.3 

kip-ft. at a drift ratio of 0.082%. Similarly the ultimate moment capacity was 146.8 kip-ft. at 

0.9% drift. 

Key Words: Structural Concrete Insulated Panels; MetRock SCIPs; Out-of-plane testing, In-

plane cyclic test; Fully composite; Partially composite; Yield moment capacity; Ultimate 

moment capacity; Drift ratio. 
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CHAPTER 1. INTRODUCTION  

1.1 Background  

The population in the United States is growing at a rapid rate; projections show that the 

population will grow by another 78 million reaching a staggering 404 million in the next four 

decades (Vespa et al, 2018 ). With the increase in the population, the demand for new residential 

housing has also increased vastly. Billions of dollars are spent every year in developing and 

restoring residential housing to properly accommodate the increasing population. Despite being 

vulnerable to moisture, fire, decay, and termite damage, traditional wood framing is still the most 

popular method of construction used. This results in the homes that have high mantainance cost 

and a reduced service life. The use of alternative construction methods such as Structural 

Concrete Insulated Panels (SCIPs) that ultizes monolothically poured insulated concrete 

components, can offer building that have great strutural integrity, energy efficiency, and 

durability.  

SCIP utilizes the concept of panel construction in which that the majority of the structural 

component is standardized and produced in plants away from the construction site, which is then 

transported to the site for assembly (Brzev, 2010). SCIPs are panels that are composed of an 

insulated core flanked on both sides with galvanized steel mesh held together using diagonal 

steel shear connectors. After assembly, a one-inch layer of concrete ‘wythes’ is applied to both 

sides of the panel. Using only commonly available resources like recycled Expanded Polyester 

Styrofoam (EPS), steel ,and concrete, the SCIP system offers buildings that are structurally 

sound, energy efficient, and economical.  

Since its introduction in the late 1960s, SCIP technology has been used in several 

countries. Characteristics like superior thermal/sound insulation, structural stability, and 
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sustainability make SCIPs very appealing especially in areas that are prone to high wind and 

seismic activity. The performance of well detailed structure with concrete floors and shear walls 

subjected to high lateral loads produced during hurrican and storms have been observed to be 

great. Since SCIPs are very similar to reinforced concrete but are significantly lighter, they have 

the potential to offer structure that are great for costal areas. Addationally, SCIPs structures are 

significantly lighter than traditional reinforced concrete and masonry buildings and hence they 

can also have improved performance in seismically active areas. Study show that SCIP structure 

have great reserve strength and ductily when exposed to seismic activity (Mashal, 2011). 

Monolithic concrete continuously poured over the building floors and walls delivers a structure 

that is composite and has adquate structural integrity. This is backed by record like the SCIP 

home outperforming traditional timber homes during the devastating hurricane Ike at Crystal 

Beach, Texas (ASPI,2019). But due to the lack of systematic research conducted on the product 

and the absence of proper design guidelines, structural engineers in the United States still 

hesitate to consider SCIPs in their design. Hence the purpose of this study was to contribute in 

filling the existing gap in the research on the structural behavior of SCIPs. The study includes a 

full-scale experimental program to study the flexural and seismic behavior of SCIPs. 

1.2 Problem Statement and Scope  

Ever since the industrial revolution, there has been a huge surge of innovations and 

technologies. Science and research have enabled the engineers to break traditional norms and 

achieve a height of success never thought possible. Unfortunately, the construction industry has 

still been lagging behind in finding a new innovative and efficient method of construction. 

Although innovations like the SCIP construction provide structurally sound sustainable buildings 

that are excellent for areas prone to seismic activity and wind, it is rarely considered by the 
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design engineers due to the lack of proper understanding of the material and construction 

technology (Mashal, 2011). This results in the engineers relying on conventional timber or 

masonary construction techniques.  

1.3 Objectives  

For SCIPs to be broadly used in the construction industry and accepted by engineers, a 

reliable design procedure for predicting the panel strength properties must be developed. The 

information obtained for this investigation regarding the flexural and seismic properties for 

MetRock SCIPs could be used to define the structural behavior of MR panels used as slabs and 

wall and to check their effectiveness under various loading conditions. Additionally, the results 

obtained for this investigation will help to verify theories proposed regarding SCIPs elements 

and ultimately contribute towards a production of a design manual for MetRockSCIP 

construction. Some of the key objectives for this investigation are listed below: 

1. Introduce the Structural Concrete Insulated Panel (SCIP) technology and its 

application in the civil engineering and industry. 

2. Explain the principle mechanism of the SCIP technology and its construction 

3. Define the material properties for SCIP components. 

4. Conduct a full-scale experimental study of the MR SCIP slabs subjected to four point 

bending test. 

5. Utilize the slab test results to define the out-of- plane flexural stiffness properties for 

the MR panels and check the effectiveness of the panels used as floor and roof slabs 

for residential construction. 

6. Check the adequacy of mesh splice for MR slab panels and provide detailing and 

modification for better performance. 
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7. Define the composite action achieved by the MR panels when subjected to out-of-

plane bending. 

8. Conduct a full-scale experimental study of the MR wall panels subjected to quasi-

static cyclic loading. 

9. Utilize the results obtained from the testing of the wall specimens to define the in-

plane flexural property and seismic faliure pattern of the MR panels. 

10. Document and study the non-linear behavior of both the slab and wall specimens. 

1.4 Thesis Structure   

 

Figure 1-1: Thesis structure 

Chapter 6

Experimental Testing of 

Wall Panels 

Chapter 1

Introduction and Scope of the Research 

Chapter 2

Literature Review

Chapter 4

Experimental Testing of 

Slab Panels 

Chapter 3

SCIP Technology

Chapter 5

Linear Flexure Analysis of Slab 

Panels 

Chapter7

Conclusion and Recommendations  
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1.5 Overview 

Chapter 1 provides a brief introduction to the research. In this chapter the research 

background, problem statement, and objectives of the thesis are discussed. 

Chapter 2 presents a literature review conducted on the sandwich panel system and its 

application in the civil engineering industry. An introduction of the SCIPs construction 

technology and its benefits are also described along with a brief material characterization. This 

chapter also provides a summary of similar research conducted on SCIPs. It further explains the 

testing methodology that can be used to define the structural properties of SCIPs. 

Chapter 3 introduces the MR SCIPs technology and discusses how the SCIPs system can 

be used in the construction of residential homes; it breaks the construction process into different 

steps and describes them individually.This chapter also includes the details of the fabrication 

process used to prepare the test specimens used for the full-scale experimental program.  

Chapter 4 describes the experimental testing and strength analysis conducted to 

determine the out-of-plane flexural behavior of SCIP used as floor and roof slabs. The 

experimental program and the test results are described in detail. Results such as the average 

load-deflection curve, ultimate moment capacity, and the elastic stiffness of the MR panels are 

discussed in this chapter.Furthermore, the adeqacy of the splice in the slab panels are tested 

experimentally and proper detailing considerations  are presented. The results obtained from the 

testing are then used to compare the strength property of a the slab to various standards stated in 

the ASEC 7-16 and ACI 318-14. 

In Chapter 5, a simplified ACI flexural analysis is conducted on shortsapn (10 ft) MR 

slab panel. Utilizing basic assumptions and the analysis method stated in ACI 318-14, the 

flexural strength of the slab are predicted and compared to the experimental results.  
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Chapter 6 presents the experimental testing conducted to determine the seismic 

performance of SCIPs used as structural walls. The experimental program and the test results are 

discussed in detail. Findings such as the average load-deflection hysteresis, back bone curve, 

yield drift ratio, displacment ductility, overstrength factor and the in-plane flexural capacities are 

described in this chapter. A study of the non-linear behavior of the walls is also conducted, 

which includes the stiffness degradation, crack propogation, and failure modes.  

Chapter 7 summarizes the experimental results that were presented in chapters 5 and 6. 

Conclusions about the out-of-plane and in-plane structural behavior of SCIPs are presented. 

Future work involving modeling of SCIPs and producing design guidelines for SCIPs are also 

provided.  

Also included are the table of contents, figures, tables, and appendices. The appendices include 

spread sheet calculations, experimental data, instrumentation, and material data sheets.  
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CHAPTER 2.  LITERATURE REVIEW 

2.1 Structural Insulated Panels 

The concept of panel construction has been widely used in the civil engineering industry. 

Panel construction is where the majority of the structural components are standardized and 

produced in plants located away from the construction site, before being transported on-site for 

assembly. This system reconstructs the entire conventional construction process by enabling 

interaction between the design phase and production planning. It allows the use of mass 

production industrial methods to produce a large number of standard buildings in a short period 

at a low cost (Brzev,2010).  There are many types of panel construction available in the market, 

like structural insulated panels (SIP), precast concrete, metal panels, and other composite panels.  

Composite sandwich structures are materials that are fabricated by attaching two thin 

layers of stiff faces to a low-density thick core. Figure 2-1 provides a general cross-section for a 

composite sandwich material. The load-bearing layers in a sandwich structure generally consist 

of a high-strength material like metal, glass laminates or fiber-reinforced thermos plastics. 

Whereas the core is generally made up of open or closed lightweight, low-strength materials like 

polystyrene foam, honeycombs or balsa wood.  

Before 1960, the greatest breakthrough of the sandwich system was only in aerospace 

applications specifically in the development of Mosquito aircraft during World War II. But after 

1960, diverse uses of sandwich technology were witnessed in other industries such as 

automobiles, ship buildings, and building construction. (Zenkert, 1993). 
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Figure 2-1 Cross-section for a composite sandwich structure (Key to Metals AG, 2019) 

Utilizing the concept of composite sandwich panel construction Structural Insulated 

Panels (SIP) was first investigated in the Forest Production Laboratory in Madison, Wisconsin 

by an architect named Frank Lloyd Wright in the early 1930s. His prototype used three layers of 

plywood and two layers of tar paper for the structural elements. Although his design was able to 

incorporate beauty and simplicity into a relatively low-costing home, his prototype lacked 

insulation and was never produced on a large scale. His idea of SIP took a major leap when one 

of Wright’s students and the son of the founder of the Dow Chemical Company Alden B. Dow 

created the first foam core SIP in 1952. These panels were then used to build the first SIP homes 

in Midland, Michigan (Morley, 2000). Today many variations of SIPs are available in the 

market. Although the traditional OSB (Oriented Strand Board) / plywood SIPs are the most 

common type, other variations like the Structural Concrete Insulated Panel and Metal Insulated 

Panels are gaining popularity. Figure 2-2 provides a detailed cross-section for a traditional OSB 

SIP.   
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Figure 2-2: Labeled cross-section for SIP with OSB skin (Modular Homes, 2019) 

Structural Concrete Insulated Panels (SCIPs) is a variation of Structural Insulated Panels 

(SIP) where reinforced concrete is used instead of plywood to provide the two load-bearing 

faces, which is held together using a complex shear transfer system. SCIPs can be used as both 

load-bearing and non-load-bearing walls, roof, and floors ideal for urban low-rise structures. 

Urban low-rise structures generally consist of buildings ranging from one to 10 stories high. The 

SCIP technique was originally called thin shell sandwich panel construction and was first 

developed and patented in the late 1960s by Victor Weismann in Pasadena, California (Mashal, 

2014). Structural Concrete Insulated Panels are three-dimensional concrete panels consisting of 

an Expanded Polystyrene Styrofoam EPS core sandwiched between two cold-rolled steel wire 

mesh which held together using a diagonal transversal truss connector. The assembly then 

receives a layer of concrete or high-strength cementitious mortar on either side (El Demerdash, 

2013). The two most commonly available commercial SCIPs in the US are MetRock panels and 

Tridipanels.  
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2.1.1 Tridipanels 

Tridipanels is a variation of Structural Concrete Insulated Panel (SCIP) that are also 

referred to as three-dimensional EVG panels. This system was created in Austria by the EVG 

Company. The Tridipanel core consist of a super-insulated energy-efficient core of rigid 

expanded polystyrene (EPS) sandwiched between two sheets of eleven-gauge steel wire-mesh 

that are welded together with the aid of 9-gauge cross wires that are pierced diagonally through 

the polystyrene core. The wire mesh consists of a two-inch square pattern of longitudinal and 

transverse wires. The cross-wire truss diagonally penetrates the interior foam to form a 

triangulated truss system to create a single monolithic structure. The diagonal cross-wires are 

positioned four inches on center. The EPS core is held ½ or ¾ inches from the welded wire 

fabric to permit the wire to be embedded on the application of approximately one to two-inch 

concrete. After the panels are erected and positioned a one to two inches layer of concrete is 

applied to both sides by either hand application or via shotcrete (Tridipanel, 2019).  

Tridipanel is manufactured using a fully automatic welding line that assembles the three 

major components: welded mesh, truss spacer wires, and insulation core. Details of a typical 

Tridipanel panel are provided in Figure 2-3. The diagonal truss wire, as well as the manufacture 

of the welded wire mesh, conforms with ASTM A82. The insulation core is a Type I expanded 

polystyrene (EPS) that complies with ASTM A82 (El Demerdash, 2013). 
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Figure 2-3: Cross-section for EVG Three-Dimensional Panel (Tridipanel, 2019) 

2.1.2 MetRock SCIP 

The MetRock Structural Concrete Insulated Panel or MetRock Panels is a modular 

version of SCIP. Unlike the conventional SCIP that are generally fabricated in the production 

plants and are transported as solid panels to the construction site, MR panels are generally 

transported as individual elements that can be assembled into panels using a portable hydraulic 

jig press and a pneumatic hollow ring fastener. An assembled MR panel consists of an Expanded 

Polystyrene Styrofoam block core flanked by a 14-gauge galvanized wire mesh on both sides, 

connected with a 3/16-inch galvanized diagonal steel wire trusses spaced at six inches. The 

insulation core blocks are six inches wide, four inches thick and can be up to ten feet in length. 

Figure 2-4 provides the details for a typical MetRock SCIP core. After the panels are positioned, 

the assembly is coated with a one-inch layer of concrete on either side to provide the load-

bearing faces. (MetRockSCIP, 2019). Details regarding the manufacturing and product 

description for MR panels are provided in CHAPTER 3.  
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Figure 2-4: Details for typical MetRockSCIP (MetRockSCIP, 2019) 

2.2 Benefits of using Structural Concrete Insulated Panel system 

Due to its unique design, Structural Concrete Insulated Panels have the potential to offer 

structures that have many benefits. A few of its key benefits are listed in this section. 

2.2.1 Fast and economical construction system. 

For cost and time-efficient construction, panel construction is widely used for residential 

structures (Brzev,2010). Using panels not only reduces the build time but also ensures a more 

standardized construction since most of the structural components are produced in a controlled 

plant and then transported to the site for assembly. The use of panels reduces the need for 

intermediate beams and columns. The length and width of the panels can be changed on-site to 

meet the design requirements. According to Brzev, unlike traditional cast-in-place concrete 

where the concrete requires a form to set in; for SCIPs the concrete is directly applied to the 
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panels, so no formwork is required. Due to the ease of handling and assembly, a faster erection 

of the structure is possible with minimum equipment and no skilled labor. Electric and water 

conduits can be accommodated directly inside the panel core. Reduction in construction time, 

building equipment, concrete formwork and skilled labor results in a very economical and rapid 

construction (El Demerdash, 2013). 

2.2.2 Energy efficient structure.  

The use of Expanded Polystyrene Styrofoam (EPS) core provides the SCIP structures 

with superior thermal insulation by reducing the thermal bridging of the interior and exterior 

walls. This results in a significant reduction in energy consumption for heating and cooling 

(Baginski, 2006). A report on the heat transfer properties of SCIPs showed that panels with a 

five-inch insulation core had an overall R-value of 26.8 which was significantly higher than a 

typical wood-frame structure with an R-13 mineral fiber insulation that had an R-value of 11.3 

(Hubbell, 2006). Along with providing thermal insulation using EPS, also provides great sound 

insulation. Sound Attenuation Classification (STC) for these sandwich panels ranges from STC 

50 to STC 33. The rating depends on different parameters including the concrete face thickness, 

the overall thickness of the wall or floor and the density of the foam core (Hicks, 2008).     

2.2.3  Structurally sound buildings. 

 If designed and constructed properly SCIP elements tend to have superior structural 

properties. A case study conducted by Advanced Structure Panel Industry (ASPI, 2008) of a 

home built using SCIPs in Crystal Beach, Texas, withstood large magnitudes of lateral loading 

produced by high winds and tidal surges during Hurricane Rita and Ike and sustained very little 

damage. Figure 2-5 shows the aerial view of the crystal beach area before and after Hurricane 

Ike. Results from numerous studies both analytical and experimental suggest that SCIP structures 
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are ideal for a seismically active area like Afghanistan and Iran (Kabir, 2007; Mustafa, 2011). A 

full-scale dynamic test of a three-dimensional concrete sandwich panel structure conducted in the 

Amirkabir University of Technology in Iran showed a considerable level of resistance to a high 

level of earthquake vibrations (Kabir, 2007).  

 

Figure 2-5: Aerial photograph of the crystal beach and after hurricane Ike (ASPI, 2019) 

2.2.4 Sustainability 

Since the EPS core and the galvanized steel reinforcement are enveloped by concrete, they 

are not susceptible to moisture, fire, or physical damage. This results in a significant increase in 

the structure’s service life and also decreases maintenance cost (Tapia, 2010). An ICC-ES 

evaluation report for SCIP with a concrete facing thickness of two inches shows a fire-resistance 

rating of two hours. Although the damage to the inner core of the structure due to excessive heat 

was not mentioned in the report, the structural integrity of the wall was still intact (ICC-ES, 

2013). 

Using SCIP for construction also delivers structures that are more durable and 

environmentally friendly than timber construction (El Demerdash, 2013). All the major 
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components used in the SCIPs are either recycled or are commonly available. For example, the 

insulated core is made up of recycled expanded polystyrene foam, recycled steel from the auto 

industry is used for the mesh and the shear connectors and the concrete used to coat the panels 

are readily available in the market. (Biginski, 2006).  

2.3 Structural Mechanics of SCIPs 

A typical SCIP core consists of a welded–wire space frame integrated with polystyrene 

insulated core held together using a galvanized diagonal steel truss system. The breakdown and 

explanation of each material that constitutes the sandwich panels are provided in the following 

section.  

2.3.1 Expanded Polystyrene (EPS) Core.  

The insulation core serves two main purposes in a sandwich structure. Firstly, it provides 

separation for the two load-carrying skins. This process of separating the load-carrying faces 

from the center significantly increases the moment of inertia of the section. This results in a 

section with low density and high flexural strength and rigidity (Naji, 2015). This concept is 

similar to the “I” profile that is widely used in the steel industry. Figure 2-6 provides a visual 

comparison between an I-beam and a sandwich panel. Secondly, the core also provides the 

panels with the needed insulation thus reducing the heating and cooling energy requirements 

(Hubbell, 2006). The EPS core is used for properties like low density, good resistance to 

temperature fluctuation and moisture change, durability and good resistance to chemical 

breakdown over time (Themal Gurdaian, 2019).  
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Figure 2-6: Basic concept of sandwich panel construction (Tanguayhomes, 2019) 

2.3.2 Cold rolled galvanized steel mesh. 

 The steel mesh is generally what provides SCIP its tensile reinforcement. Most mesh 

reinforcements consist of cold-rolled galvanized wire mesh in a squares grid configuration. The 

longitudinal and transverse wires are welded together using a spot weld. In a typical SCIP mesh, 

the wires vary from a 14 gauge (0.08-inch diameter) to an 11 gauge (0.12-inch diameter). The 

wires are galvanized to provide the steel additional protection from corrosion. According to most 

SCIP specifications, the mesh consists of a cold rolled galvanized welded wire fabric that 

complies with the ASTM A185 standards. Minimum spacing between the EPS core and the mesh 

is maintained to achieve at least ½ inch embedment of the mesh in the concrete.  

2.3.3 Diagonal steel shear truss.   

The diagonal shear truss system is what connects the two-load-bearing concrete Wythes 

through the insulation layer. The connectors can be concrete web, steel elements or plastic ties 

(El Demerdash, 2013). For a sandwich panel to achieve its full load-carrying capacity the 

presence of a proper system of shear connectors is essential. This enables sufficient transfer of 

the longitudinal shear between the two load-bearing faces. A panel is said to be composite when 

the entire cross-section of the panel acts as one unit. Studies have shown that a fully composite 

SIP

Flange = Facing

Web = Core

I-Beam
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panel has similar flexural properties as a traditional reinforced concrete slab (McCormac, 2016). 

Depending on the degree of composite action achieved a sandwich panel can be divided into 

three categories: fully composite, partially composite and non-composite. A panel is considered 

to be fully a composite section when 100% of the longitudinal shear is transferred between the 

two load-bearing faces. On the other hand, if there is no transfer of shear in between  the two 

faces, the section is considered to be non-composite. Lastly, a panel is considered to be partially 

composite when the shear connectors transfer only a fraction of the longitudinal shear (Naji, 

2015). Figure 9 shows the stress and strain distribution of a composite, partially composite and a 

non-composite case.  

 

Figure 2-7 Stress-Strain distribution for fully, partially composite panels (Naji, 2015) 

SCIPs typically use cold rolled diagonal shear connectors to hold its two faces together. 

The connectors generally integrated with the EPS core. For instance, in Tridipanels the diagonal 

bars pierce through the EPS core and are welded to the wire mesh. Whereas, in the MetRock 

SCIP the bars are sandwiched between the EPS blocks and are tied to the mesh using a hog ring 
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ties. Figure 2-8 show the difference between diagonal connectors in grid panels and MetRock 

SCIPs. 

 

Figure 2-8: Diagonal connector for Tridipanel and MetRockSCIPs 

2.3.4 Concrete layers ‘Wythes’.  

After the panels are erected on site, a layer of concrete that is one to two-inch is applied 

to each side of the panel. The two concrete skins in SCIPs are generally referred to as ‘wythes’ 

(McCormac, 2016). The concrete along with the welded wire mesh make up the load-bearing 

faces for the SCIP. The concrete wythes also provide confinement to the insulation core, and 

protect it from external elements such as fire, moister and impact loading. The concrete can be 

applied using various methods, two of the most commonly used methods are hand application 

and pneumatic application. The pneumatic method is also known as shotcrete, in which the 

concrete is sprayed on the panels using a low-velocity pump. A concrete mix with a minimum 

compressive strength of 3000 psi is specified for most load-bearing Structural Concrete Insulated 

Panels (El Demerdash, 2013). The compressive strength of the concrete can be determined using 

the ASTM C 109 testing standards. 
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2.4 Test Methodologies for Full-Scale Panels 

For the experimental testing of the MR panels, two testing methodologies were selected. 

The first series of testing was conducted on the panels that were used as floor and roof slabs 

whereas the second set of testing was conducted on the panels used as structural walls.  

The ASTM E 72 Standard Test Method of Conducting Strength Test for Panels for 

Building Construction provides a systematic basis for obtaining engineering data on structural 

panels used as floor and roof slabs (ASTM, 2005). This experiment is intended for the testing of 

wooden panels. However, due to the absence of a specific ASTM designation for the testing 

SCIPs, the ASTM E 72 standard was closely followed for the test setup and the loading protocol 

to experimentally quantify the out-of-plane flexural properties of SCIPs. Section 11 in the ASTM 

E 72 specifies the test setup, loading protocol, data collection and presentation for a transverse 

loading of horizontal of the panels. The transverse testing of panels can be used to study the out-

of-plane flexural behavior of panels. The test setup provided in the ASTM E 72 is shown in 

Figure 2-9. As shown in the test setup, a loading device with the combination of a stiff spreader 

beam and two rollers were used to apply the loading on the slab specimen. The loading is applied 

at quarter span marks. The panels rest on top roller bars with plates to form a simply supported 

span. A quasi-static load is applied to ensure no dynamic inertia effects. The specimen is loaded 

until failure. Before testing, two deflection gauges (precision up to 0.01 inches) are attached to 

the mid-span of the specimen (one on each side) to collect the midpoint deflection. The values 

are averaged during the data analysis. 



20 

 

 

Figure 2-9: Transverse loading test setup (ASTM, 2005) 

The American Concrete Institute ACI 374.2R-13 is a guide for testing of a reinforced 

concrete structural element that is part of the lateral force-resisting system, under slowly applied 

simulated seismic loading. This type of loading is also referred to as “quasi static cyclic 

loading.” This testing is primarily intended for assessing strength, stiffness, and deformability 

crack/failure pattern of a structural wall element under cyclic lateral loading. It emphasizes on 

the correlation of test data and predetermined structural performance levels to enable a 

performance-based design practice for construction technology.  

According to the ACI standards, a displacement-controlled load protocol is generally 

used for this type of testing. The drift ratio, which is a ratio of the lateral deflection to the overall 

height of the wall is used as the primary performance indicator. The loads intervals are applied at 

an increment of the yield drift ratio φy. The yield drift ratio φy is the estimated drift ratio at which 
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the structure yields. The displacement-based design procedure can be used to calculate the yield 

drift ratio for the shear wall (Priestley et.al, 2007). A standard loading protocol from ACI 374 

2Ris shown in Figure 2-10.  

 

Figure 2-10: Loading protocol for unidirectional load reversals (ACI, 2013) 

2.5 Previous Tests Performed on Sandwich Panels  

Despite the advances in computational techniques and increased computational power, 

available analytical approaches and computational models based on the principles of mechanics 

are not sufficient and accurate for the design (ACI 347.2 R-13, 2013). Hence full-scale testing of 

SCIPs structure is essential to further understand and predict its structural behavior. Over the 

years many large-scale tests have been conducted on different types of sandwich panels. This 

section summarizes a few of the previously conducted tests. 

2.5.1 The Behavior of MetRock Sandwich Panel in Flexural (Fouad et al, 2008) 

This study of the flexural property of MetRock SCIP had both experimental and 

analytical components. For the experimental program, ten full-scale specimens were tested in 

flexural. All the specimens used for this experiment were 24 inches wide with a varying span to 

depth ratio. All the tests were conducted in following ASTM E72-05. The panels were quasi-
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statically loaded at an increment of 1000 pounds which was continued until failure.  Since the 

panels tested for this study did not have side and end confinement the edge trusses had an in-

plane buckling, but due to the redundancy in the shear connectors, the specimens continued to 

resist more load. Although at ultimate load capacity, all the specimens had a horizontal shear 

failure at the end region, which is not the desired mode of failure (very brittle), however, the 

results showed that the panels were relatively ductile with a fairly large range of non-linear 

behavior. The load-deflection graph for a six-inch thick specimen is illustrated in Figure 2-11. 

Figure 2-11 shows the premature mode of failure observed for two specimens. The study 

concluded that the panels behaved as a semi-composite element suggesting that designing these 

panels as non-composite as specified in ACI 318 greatly underestimates their load-carrying 

capacity.  

 

Figure 2-11: Modes of failures for MetRock SCIP slabs (Fouad et al, 2008) 
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Figure 2-12: Average load Vs deflection for the MetRock SCIP slabs (Fouad et al, 2008) 

2.5.2  Structural Evaluation of 3-D Sandwich Panel System (El Demerdash, 2012) 

In this study, the structural property of the Tridipanel was investigated through a series of 

large-scale testing. This research included both analytical and experimental components for the 

Tridipanel used as shear walls. In this study, numerical models of the SCIP shear wall was 

created using the finite element method. The properties of the model were then compared to the 

results from the full-scale testing of the walls. The experimental program consisted of cyclic 

racking shear test on 10 wall specimens that were connected to the footing using dowel 

connections. All the walls were eight feet long and seven inches thick but with a varying aspect 

ratio. The ACI ITG 5.1 loading protocol was used to test the wall specimens (ACI ITG 5.1, 

2008). The specimens were tested to failure to determine the ultimate load-carrying capacity, 

cracking pattern and hysteric response under cyclic loading. Most of the specimens demonstrated 

combined shear and flexural mode of failure. Figure 2-13 shows pictures of the two failure 

modes observed during testing. The maximum moment capacity of the walls with the aspect ratio 

1 was, between 70 kip-ft and 83 kip-ft depending on the strength of the concrete used. The Finite 

Element (FE) models generated for this research provided similar results to the actual test results.  
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Figure 2-13: Failure modes for cyclic racking shear testing (El Demerdash, 2013) 

2.6 Analytical Seismic Evaluation of Three-Dimensional Construction System. 

This section summarizes the seismic evaluation of 3D concrete panels conducted by 

Mashal and Filiatrault (2012) “Quantification of seismic performance factor for building 

incorporating three-dimensional construction system” utilizes FEMA P695 Methodology to 

evaluate and predict the seismic performance for 3D panel construction system .The FEMA P695 

Methodology is intended for design of new structural systems and provides a rationale method of 

evaluating the seismic performance factors (SPFs) such as the response modification coefficient 

(R-factor), the system overstrength factor (Ω0), and deflection amplification factor (Cd). It uses a 

nonlinear analysis techniques to characterize nonlinear static and dynamic behavior of a 

proposed seismic-force-resisting system (FEMA, 2009). The definition of the SPFs are provided 

in Figure 2-14  
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Figure 2-14: Illustration of seismic performance factor as defined by FEMA P695 (FEMA, 2009) 

In this investigation the behavior of the 3D panel’s seismic resisting system was 

investigated through the use of an archetype, which is a prototypical representation of a seismic 

force-resisting system. The authors conducted more than 5,000 dynamic and pushover analysis 

using SAP 2000. The development of the design requirements were conducted within the context 

of the seismic provision of the ASCE/SEI 7-05. The results of the nonlinear static and dynamic 

analysis were used to evaluate the seismic performance of the 3D panels. The final 

recommended values for the SPFs for one and two-story 3D panel buildings were as follows: R = 

3.5, Cd = 3.5, Ω0 = 3.0 (Mashal & Filiatrault 2012). 

2.7 Conclusion  

 The literature review was conducted to examine past research conducted on SCIP 

structures. A summary of the key findings from the literature review are as follows: 

1. SCIP utilizes the concept of sandwich technology that offers elements that have high 

flexural stiffness with relatively low unit weight. 
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2. Originally Structural Insulated Panels only utilized wooden sheets as its load-bearing 

faces, SCIPs use two thin reinforced concrete faces, commonly referred to as “wythes” 

for load-bearing, the two wythes are connected with shear connectors that are referred as 

“trusses”.  

3. The Expanded Polystyrene Styrofoam (EPS) core in the SCIP is intended to provide 

thermal and sound insulation as well as separating the concrete wythes to increase the 

moment of inertia of the panel section. It also reduces the overall weight of the panel 

which is an important parameter for buildings located in seismic zones. Past experimental 

testing show that EPS core could provide a thermal R-value of 26 and a sound insulation 

coefficient of STC 50 to STC 33 

4. Advantages of SCIPs over a traditional wood frame and masonry construction include 

faster construction, use of readily available an off-the-shelf materials, cost-efficiency, 

higher durability, cost savings in labor and construction time, better thermal and sound 

insulations, smaller self-weight, better fire-resistance, and easier construction which does 

not require highly skilled labor.  

5.  The current ACI 318 standard require insulated sandwich panels to be designed as non-

composite structures. This is a very conservative approach in the case of SCIPs and 

greatly underestimates the flexural capacity of the panels. Experimental testing of SCIPs 

by other researchers have shown that with proper shear transfer mechanism between the 

two wythes, the panels behave more as partially composite elements.  

6. The unconfined sides result in the out-of-plane buckling of the edge diagonal trusses. 

Hence confinement of panel edges is essential to prevent premature failure and to define 

the true out-of-plane capacity of the panels. 
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7. Results from a full-scale racking shear test showed that SCIP have high in-plane moment 

capacity making them a great alternative for the construction of shear walls. 

8. Testing of the wall panels showed that the type of dowel connection used altered the 

overall performance of the wall. Hence using dowel connection is not an effective 

approach to define the true in-plane capacity of the wall panels. 

9. The seismic evaluation conducted using the FEMA P695 Methodology showed that the 

3D panels had a response modification coefficient (R-factor) of 3.5, a system 

overstrength factor (Ω0) of 3.0, and a deflection amplification factor (Cd) of 3.5. 
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CHAPTER 3.  Construction Technology  

3.1 General 

This chapter introduces the MetRock SCIP construction technology. The details regarding 

the fabrication of the MR panel and how they can be used for the construction of a residential 

building are described in this chapter. All information provided regarding the fabrication of MR 

panels and its construction methodology are derived from MetRock SCIP construction catalog 

and from visiting the production plant in Anniston, AL. Lastly, the alternative precast approach 

used to produce the test specimens for the experimental program are also described.  

3.2 Fabrication of MetRock SCIP core 

A typical MetRock SCIP core constitutes of a welded–wire space frame integrated with a 

polystyrene insulated core. The two layers of mesh are held together using a galvanized diagonal 

steel truss system. MR SCIP cores are generally two to four feet wide, three to eight inches thick, 

and can be up to 10 feet long. They are produced using a portable hydraulic jig press and a 

pneumatic hog rig tie. All elements required to manufacture the MR panel are modular off the 

shelf materials that are readily available. The key elements consist of a recycled Expanded 

Polystyrene Styrofoam (EPS) core, cold rolled galvanized steel mesh, and diagonal truss 

connector. Information regarding the description and function of each element can be reviewed 

in Section 2.3.  

MetRock SCIPs utilizes Type I Expanded Polystyrene Styrofoam for its insulation core. 

The EPS are manufactured by the Carpenter Insulation Company and comply with the ASTM C 

78. According to the product data sheet the average density of the core is 1.0 pound per cubic 

foot and has a modulus of elasticity of 180 psi. The product data sheet is provided in Appendix 

A. The blocks of EPS used to produce MetRock SCIPs are generally six inches wide and 10 feet 

long and have a varying thickness from 3 to 11 inches. Two EPS blocks can be combined to 
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produce cores that were longer than 10 feet. A pile of typical EPS blocks used in the MR panels 

is shown in Figure 3-1. 

 

Figure 3-1: Type I EPS core used in MetRock SCIPs 

The EPS core is flanked on both sides using a one by one-inch cold rolled 14-gauge 

galvanized wire mesh. The mesh used to produce the MR panels follow the ASTM A82 

standard. Additionally, the wire mesh in MR panels has a unique patented screed system (Patent 

No.: US 8,122,622 B2) installed in them that allows for an easy application of the concrete. To 

ensure that a uniform layer of concrete is applied on the panels, the wire mesh has two specially 

designed screed ribs 12 inches off center on both sides. Figure 3-2 shows the details of the screed 

system used in the MR panels. A spacing of half inch is maintained in between the EPS and the 

mesh to ensure that sufficient concrete embedment and cover is achieved by the mesh. 

The two layers of mesh are held together using a 3/16-inch galvanized steel wire truss that 

are commonly referred to as ‘K-bars.’ The truss connectors used to fabricate the MR panels meet 

the 120 (SHD) Lox-all truss type wall reinforcement specifications. Although the 120 truss 

connectors are typically used for horizontal mortar joints for masonry walls, they act as excellent 

shear connectors for the MR panels. The diagonal bars transfer the longitudinal shear stress in 
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between the two-load-bearing faces. The shear trusses are paced every six inches and are 

sandwiched in between two EPS blocks. They are then tied to the mesh using a pneumatic hog 

ring tie. Figure 3-3 shows the diagonal truss connectors used to manufacture the MR panels.  

 

Figure 3-2 MetRock SCIP screed system (MetRock SCIP, 2012): 

 

Figure 3-3: 3/16-inch diagonal shear connector 

 A portable hydraulic jig press is used to assemble the EPS, steel mesh, and the truss to 

produce a completed MetRock SCIP core. A standard portable jig press has the capacity to 
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produce panels that are two to four feet wide, 10 to 18 feet long, and six to 13 inches thick. The 

assembly process of a typical MR panel is shown in Figure 3-4. 

 

Figure 3-4: Assembly of MetRock SCIP panel 

3.3 Construction using MetRock SCIPs 

Before starting the construction, the panel cores are delivered to the construction site on 

flatbed trucks. Standard panels having a width of two to four feet are commonly used for the ease 

of transportation and handling, but wider panels are sometimes designed to accommodate for 

door and window openings. Once the panels arrive on the construction site, they can be stored 

for weeks on a flat surface. The construction with MetRock SCIPs starts with the installation of a 

a) Assembling the EPS core and truss 

b) Securing the truss to the mesh   c) Finished MR panel  
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strip footing. The strip footings have starter bar (usually # 3) placed at every 12 inches. The 

starter bars are alternated between the inner and outer walls. Alternatively, holes also can be 

drilled on the footing in line with the walls where the bars can be installed and grouted in place. 

After the footing is prepared, panel cores are placed such that the starter bars can slide in 

between the mesh and the EPS core. The erecting of walls always starts from the corner; this is 

necessary to give the construction enough rigidity. Standard quick tie wires are then used to 

secure the bars to the mesh. It helps prevent the uplift of the panels before the application of the 

base coat. A minimum embedment of 18 inches is recommended to achieve proper connection 

strength. Adjacent panels are then clamped together using pneumatic ties. Splices and seams 

between two panels are reinforced by overlapping mesh at the splices and corners. Construction 

details provided in the design manual for an EVG 3D SCIP system is provided in Figure 3-5 

 

Figure 3-5: Connection for footing EVG 3D system  

Required openings for doors and windows can be cut before or after the erection of the 

panels. Regular hand saws can be used to make these adjustments to the panels. The openings 

must be engineered to ensure that the structural integrity is not jeopardized. If necessary, sections 

of pressure treated lumber can be used to reinforce the openings. Special L and U-shaped mesh 
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are used to confine the corners and edges of the walls. Utility conduits can also be 

accommodated in the gap between the foam and the wire mesh; if more space is required, parts 

of the foam can be cut off or burned. Once all the wall panels are placed and secured, the cores 

for the floor and the roof slabs are then installed. The connections between the wall and the slab 

require special reinforcing details and should be specified by the design engineer. Figure 3-6 

illustrate a typical connection detail used for SCIP construction.  

 

Figure 3-6: Typical connection details for SCIPs construction 

After all the panels are assembled, the required bracings are provided to the wall and 

floor panels. Diagonal braces are used for the walls and intermediate props are used to shore the 

slabs. This is flowed by the application of the concrete skins. The concrete is generally applied to 

using a low velocity shotcrete. A typical dry mix shotcrete procedure is shown in Figure 3-7. 

c) Wall to roof 

a) Edge corner b) Wall-floor 
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Generally, for the MetRock construction, the thickness of the shotcrete ranges from 1 to 1.25 

inches. All shotcrete mix design and application should be in accordance with the ACI 506R 

“Guide to Shotcrete.” Additionally, hand application can also be used in lieu of shotcrete. For a 

typical dry-mix the water to cement ratio normally falls within a range of 0.3 to 0.5 and the 28 

days compressive strength should be within the range of 3000-8000 psi. Admixtures can be used 

in the shotcrete mix design to enhance certain properties. For instance, air entertainers are 

commonly used to avoid freeze thaw damage, increased workability, and to reduce rebound 

during shotcrete. A detailed step by step construction procedure using MetRock SCIPs is 

provided in Figure 3-. 

 

 

Figure 3-7: Typical dry mix shotcrete procedure  
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Figure 3-8: Details for the construction process using MetRock SCIPs 

 

a) Transporting SCIP  b) Storage of panels on site    

c) Formwork for strip footing  d) Strip footing with starter bars 

i) Placement of panels on footing j) Opening for a window 
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Figure 3-7: Details for the construction process using MetRock SCIPs 

m) Erecting first floor walls n) Applying shotcrete on exterior walls 

o) Backfilling of basement walls p) Applying shotcrete on interior walls & floors 

k) Utility conduit installed in the panel l) Installation of first floor slabs 
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3.4 Alternative precast approach for construction MetRock SCIPs 

Instead of using the traditional shotcrete process, an alternative precast approach was 

used to produce the full-scale slab and wall specimens for the experimental investigations. This 

section discusses the construction process used to fabricate the test specimens. In total, 11 full-

scale slab specimens and three wall specimens with socket connection were constructed in house 

at Idaho State University. All the specimens were prepared using a typical four feet wide 

MetRock SCIPs. The cores were produced at the Blastcrete Equipment Company in Anniston, 

AL and were shipped on a flatbed truck. Table 3-1 provides descriptions of the specimens. 

Table 3-1: Details for large-scale specimens  

 

3.4.1 Preparing panel specimens  

Unlike the traditional MetRock SCIPs construction procedure where the concrete layers 

are applied using shotcrete, a precast approach was used for this study. A Self-Consolidating 

Concrete (SCC) mix was designed and produced using the ACI absolute volumetric method. 

Type I Portland cement and Navajo fly ash were used for the cementitious material. A mixture of 

A-1

A-2

A-3

B-1

B-2

B-3

C-1

C-2

C-3

S-1

S-2

A-4

A-5

A-6

219in. x 49in. x 6in. 

219in. x 49in. x 6in. 

123in. x 49in. x 6in. 

1/23/2019

4/25/2019

12/18/2018

1/11/2019

1/14/2019

1/28/2019

2/1/2019

5/21/2019

Date Prepared 

11/15/2018

11/19/2018

11/28/2018

12/3/2018

12/6/2018

12/13/2018

Wall

Specimen Type
Specimen 

ID
Specimen Dimension

Short span slab

Medium span slab

Long span slab

Modified long span slab

123in. x 49in. x 6in. 

171in. x 49in. x 6in. 
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crushed sand and extra fine pea gravel were used for the aggregates. The mix had a cement to 

water ratio of 0.4 and fly ash to cement ratio of 0.2. To achieve high workability without 

compromising the strength, High Range Water Reducer Agent (Master Glenimum 1466) was 

used. The details of the mix design are provided in Table 3-2. Additional information about the 

mix design procedure and material data sheet are attached in Appendix A. The mix used to 

produce the specimens had an average spread of 23.5 inches and an air content of 4.5% with an 

average density of 144.7 lb/ft3.  

All the raw materials required for the concrete were batched in buckets a day prior to the 

pour as shown in Figure 3-8 a. Two 1.5-gallon capacity drum mixers were used to mix the 

concrete needed to fabricate the specimens. Figure 3-8 b shows the concrete mixer used to mix 

the concrete. 

 

Figure 3-8: Material batching and concrete mixer 

Table 3-2: Mix design used for Self-Consolidating Concrete 

SCC Mix Design 

Cement 729.0 lb/Yd3 Spread 23.5 in 

Fly ash 183.2 lb/Yd3 Air Content 4.5 % 

Coarse sand 1701.0 lb/Yd3 W/Cm 0.40  

Fine pea grave 810.0 lb/Yd3 F/Cm 0.20  

Water 364.5 lb/Yd3 Unit Weight (ɣ) 144.7 lb/ft3 

HRWRA 10.4 fl.oz/cwt   

 

a) Materials batching b) 1.5.ft3 concrete mixer  
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 The precast bed was constructed using standard 3/4-inch plywood and two by four 

lumber. The base for the bed was 20 feet long and five feet wide. A modular six-inch walls were 

then screwed on to the bed. The modular wall setup allowed for the precast bed to be adjustable 

to accommodate varying specimen sizes and aided in the ease of removal of the specimens. A 

plastic liner was installed in the bed before pouring the concrete. This was done in order to 

extend the service life of the bed and to achieve a proper sealed system. Figure 3-9 shows the 

construction of the precast bed.  

 

Figure 3-9: Details for the precast bed 

a) Base for precast bed b) Installing modular walls 

c) Application of plastic liner  
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 The concrete layers for the specimen were applied in two lifts. First, the bottom layer was 

poured onto the precast bed. A hand trowel was used to spread the concrete and achieve a 

uniform one-inch layer. A one-inch depth indicator was also used to ensure a uniform layer of 

concrete before installing the panel. Figure 3-10 shows how the bottom layer was poured.  

 

Figure 3-10: Pouring the bottom concrete layer 

 After the bottom layer was poured, the MetRock SCIP was placed inside the precast bed. 

The core was lifted manually and was moved into place; sufficient pressure and lateral 

movement had to be applied to ensure that a uniform one-inch bottom layer was achieved. The 

one-inch guide ribs installed in the panels made this process very easy. The guides basically 

acted as a seat for the panel. Figure 3-11 shows how the panels were placed inside the precast 

bed.  

a) Pouring the bottom layer  b) Spreading the bottom layer  
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Figure 3-11: Placing MetRockSCIP core inside the precast bed 

 After the panel was properly placed inside the precast bed, the top layer of concrete was 

poured in a manner identical to the bottom layer. After sufficient SCC was poured on top of the 

panel, hand trowels were used to evenly spread the concrete. The ribs in the mesh were helpful to 

maintain a uniform thickness of concrete. Additionally, a flat plate was used to rod the sides and 

ends of the panel. This was done to ensure an even layer of concrete cover was achieved around 

all the edges. Figure 3-12 shows the details for the application and finishing of the top layer.  

a) Lifting the MR panel into the precast bed  

b) Moving the panel in place 
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Figure 3-12: Application and finishing of the top concrete layer 

 After the concrete was poured on the specimen, a plastic liner was used to cover the 

concrete. The specimen was cured inside the bed for three days using a wet burlap. The strength 

of the concrete for all specimens was checked before removing the panel from the bed. The 

specimens were moved out of the bed and on to flat roller carts. They were then transported to 

the curing rack where a long spreader steel beam and construction grade straps were used to lift 

the panels up on its side. The specimens were cured using moist burlap that was covered with a 

a) Pouring top layer of concrete  b) Spreading concrete on the panel 

c) Using screed rib as a guide d) Finishing the top layer 
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plastic wrap for 28 days. The average self-weight of the panel after the application of the 

concrete was 34 lb/ft2. 

 

Figure 3-13: Removal of specimen form precast bed and curing process 

3.4.2 Preparing socket footing for wall specimen 

A socket footing was designed and constructed to provide the fixed connection required 

for a cantilevered wall specimen. The socket connection used for this research consisted of a 

reinforced concrete strip footing that was 30 inches wide, seven feet long, and 17 inches deep . 

The footing had a 7x50 inch opening in the middle that was 15 inches deep. Six ducts were 

a) Removal of modular wall b) Transferring the specimen onto carts  

c) Lifting the specimen using forklift d) Moist curing for 28 days 
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installed in the footing that were later used to tie the footing to the strong floor. Details for the 

socket footing are provided in Figure 3-14. 

 

Figure 3-14: Details for socket footing 

The reinforcement system used for footing consisted of two layers of longitudinal 

reinforcements (# 6 bars placed at 3 in O-C). The construction details used to prepare the 

reinforcement cage are shown in Figure 3-15. A typical two layered reinforcement cage was 

used, the layers of longitudinal reinforcement were placed 15 inches apart. Specially designed 

stirrups made from #4 bars were used to provide confinement to the footing; the stirrups were 

placed 12 inches on center. Similarly, confinement for the socket opening in the middle was 

provided using hairpin stirrups.  After the reinforcement cage was assembled, six galvanized 

pipes were welded to the cage. These pipes were installed as ducts for the high strength post-

tensioned anchor rods. Figure 3-15 shows the reinforcing used for the footings. After the 

reinforcement cage was completed, the remaining formwork was assembled and, a high strength 

concrete was poured in the formwork, details for this process is shown in Figure 3-17. The 

concrete was cured inside the formwork for 28 days prior to being moved to the laboratory.  
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Figure 3-15: Reinforcement detail for socket footing 

 
Figure 3-16: Preparation of socket footing 

c) Footing ready for concrete b) Finished reinforcing cage with ducts 

a) Assembling the rebar cage 

c) Vibrating the concrete  

b) Filling formwork with concrete  

a) Delivery of ready-mix concrete 



46 

 

3.4.3 Assembly of the shear wall test specimen 

A precast construction technique was used to assemble the prefabricated panel to the 

socket footings. First, the socket footings were transported from the precast bed to the structural 

lab. They were then secured to the strong floor with the aid of six post-tensioned high strength 

anchor rods. Once the footings were in place, the panels were stood up vertically using a tilt-up 

system. The tilt-up system required the panel to be backed up against stiff support; using a 

forklift. Extra care was taken for this process to induce minimum stress on the panel. The tilt-up 

process is shown in Figure 3-17. 

After the panels were erected, they were clamped using a setup fabricated using two 

angled steel sections with a pair of post tensioned rods. The panels were then lifted using a 

forklift and were place placed inside the socket footing. The panels were then grouted in place 

using Dayton 1107 high strength non shrink grout. The product data sheet for the grout is 

provided in the Appendix A. The details for the assembly process are shown in Figure 3-18. 

 

Figure 3-17: Tilt up a process for wall panels 

a) 

b)  

c) 
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Figure 3-18: Assembly of wall specimen 

 

 

  

a) Clamping of panel  b) Placement of the panel 

c) Mixing of the grout  d) Application of the grout  
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CHAPTER 4.  Experimental Testing of Slab Panels   

4.1 General 

This chapter presents the development and testing of MR SCIP used as slab panels. Three 

different spans of slabs were tested. The slab specimens were prepared using a four feet wide 

MR SCIP with a four-inch insulation core. The slabs were fabricated using a precast approach. 

The details for the fabrication of the slab specimens are provided in Section 3.3. The goal of this 

experiment was to study the out-of-plane flexural behavior of MR panels when subjected to 

transverse loading. Furthermore, the performance of the panels used as floor and roof slabs for 

residential structure are also assessed using the code requirements stated in the ACI 318-14 and 

ASCE7-16. The results obtained from the full-scale testing of the slabs are presented and 

analyzed in this chapter. 

For this part of the research a total of 12 full-scale slab specimens were prepared and 

tested. To accurately study the flexural behavior of the panel, three different spans of slabs were 

tested. Each span had three identical specimens to avoid any outliers. The three spans used in this 

experiment were 10, 14, and 18 feet. Additionally, two modified 18 ft with extra splice 

reinforcement were also tested. A four-point bend test was conducted on all the specimens in 

close accordance with the ASTM E72 (ASTM, 2005). All the testing for experiment were 

conducted at the structural laboratory at Idaho State University.  

4.2 Test specimen description 

This section provides details of the test specimen used for the four-point bend test. 

Following the guidelines in the ASTM E72, three identical specimens for each span was 

produced and tested. A detailed cross-section of the MR slab specimen used for this experiment 

is provided in Figure 4-1. All the panels used in this study had side and end confinements. The 

edges of the panels were confined using a special U mesh with half inch of concrete. The details 
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for the edge confinement are shown in Figure 4-2. The edge confinement was used to avoid 

premature failure caused by the out-of-plane buckling of the diagonal bars (Fouad et al, 2008). 

Figure 4-3 shows the three different types of panels used for the fabrication of the slab 

specimens.  

 

Figure 4-1: Cross-section of a MR SCIP slab specimen 

 

Figure 4-2: Edge wall confinement for panels 

 

Figure 4-3: MR SCIP slabs specimens prior to concrete application  
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4.3 Material properties  

All the slab specimens were fabricated using a typical four feet wide MR SCIP. The 

panel consisted of an EPS core that was flanked on both sided using two galvanized 14-gauge 

cold rolled steel wire mesh. The layers of mesh were held together using 3/16-inch diagonal steel 

shear trusses. The diagonal truss were placed at every six inches and were sandwiched in 

between the EPS block and were tied to the mesh using a hollow ring tie. The assembly was then 

completed by applying a thin layer of self-consolidating concrete on both sides. A summary of 

the material characterization of the MR slabs are as follows.  

4.3.1 Steel Reinforcement   

The tensile reinforcement system for a typical MR panel comprises of two major 

components: the 14-gauge cold rolled galvanized steel wire mesh and the 3/16-inch longitudinal 

steel bars. The two reinforcement layers were separated by a four-inch-thick EPS insulation core 

and were held together using shear trusses. The 14-gauge wire mesh utilized a one-inch square 

grid pattern. The distance between the two opposite mesh was 5 inches. Similarly, the steel mesh 

also had a special one-inch guide ribs installed in them. The guide ribs allowed for an easy 

application of the concrete layers. A spacing of half-an-inch was maintained in between the mesh 

and the EPS core to ensure that the mesh achieved sufficient embedment and cover. Figure 4-4 

shows the actual tensile reinforcement system for the MR SCIP. 
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Figure 4-4: Details of tensile reinforcement for MR SCIP  

The shear trusses were used to transfer the longitudinal shear stresses between the two-

load-bearing faces. The MetRock panels utilized 3/16-inch diagonal shear connectors that were 

placed 6 inches on center and were sandwiched in between  the EPS blocks. The arrangement of 

the shear trusses is shown in Figure 4-5. 

 

Figure 4-5: Image of diagonal shear connectors in MR SCIP  

The reinforcement system for panel consisted of the mesh and the longitudinal truss bars. 

According to the product data sheet, the production of both the mesh and the trusses complied 
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with the ASTM A-641 and the ASTM A-82. The average reinforcement ratio for the panels was 

0.035%. This exceeded the minimum reinforcement ratio requirement for RC slabs as stated in 

the ACI 318-14 section 21.9.1. According to the ACI standard a minimum reinforcing ratio of 

0.025% is required for a typical RC slab (ACI, 2014).  

As a part of the material characterization a tensile coupon testing of the mesh and the 

longitudinal bars were performed. A series of uniaxial tensile tests (ASTM E-08) were 

performed on various 14-gauge mesh wire and the 3/16-inch longitudinal bar samples. Figure 4-6 

shows the test setup and the failure modes for the wires and the bar specimens. The average 

ultimate strength for the 3/16 inch longitudinal bar was 81.9 ksi. Whereas, the ultimate strength 

for the mesh wire was 70.3 ksi. Test results from the tensile testing are provided in Table 4-1 and 

4-2. 

Table 4-1: Tensile test results for 3/16-inch longitudinal bar 

Specimen I II III Average  

Diameter (in) 0.190 0.189 0.190 0.190 

Area (in2) 0.0284 0.0281 0.0284 0.0283 

Yield force (lb) 2050 2040 2090 2060 

Ultimate force (lb) 2370 2310 2290 2323 

Yield strength (psi) 72303 72714 73714 72910 

Ultimate strength (psi) 83589 82338 80768 82232 

 

Table 4-2: Tensile test results for 14-gauge mesh 

Specimen I II III Average  

Diameter (in) 0.080 0.079 0.080 0.080 

Area (in2) 0.0050 0.0049 0.0050 0.0050 

Ultimate force (lb) 357 360 340 352 

Ultimate strength (psi) 71023 73444 67641 70703 
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Figure 4-6: Uniaxial tensile coupon testing for SCIP reinforcing 

4.3.2 Expanded Polystyrene Styrofoam (EPS) Insulation Core 

For the insulation the MetRock panel utilizes Cellofoam Type I EPS insulation blocks. 

The panels used for this experiment used EPS blocks that were four inches thick, six inches 

wide, and 10 feet long. The product data sheet for the EPS core is provided in Appendix A. 

According to the datasheet, the EPS core has an average density of 0.95 pcf with an average 

thermal conductivity K factor of 0.24 and thermal resistance R-value of 4.12 per inch (ASTM C 

177). The stated modulus of elasticity for the EPS core ranges in between 180-220 psi. They 

a) Tensile testing of truss bar 

c) Tensile testing of mesh wire  

b) Failure of truss bars  

d) Failure of wire mesh 
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have a shear modulus of 280-320 psi. The EPS cores have absorption of four percent and are 

resistant to fungus and bacteria.  

4.3.3 Self-Consolidating Concrete  

As stated in chapter 3 a precast approach was used to apply the two load-bearing skins on 

the panels. The self-consolidating concrete used to cast the specimens was designed and mixed 

in-house using two 1.5 ft3 drum mixers. To maintain the standard of the concrete used for each 

pour, a spread test following the ASTM 1611 was conducted for each batch (ASTM, 2012). 

Along with that, six standard compression cylinders were also prepared at random using the 

ASTM C31. Pictures for the spread test and the preparation of the concrete cylinders are shown 

in Figure 4-7. 

  

Figure 4-7: Slump test and preparation of concrete cylinders 

The concrete test cylinders were cured in a water bath prior to being tested at various 

stages. All the concrete specimens were tested in accordance to the ASTM C 39 and C 498 

(ASTM, 2012). The strength properties of the design mix are provided in Table 4-3. Testing of 

a) Spread test b) Casting test cylinders  
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the compression cylinders showed that the average 28 days strength for the mix was 8491 psi. 

Additionally the split cylinder testing showed that the mix had a tensile strength of 436 psi. 

Figure 4-8 shows the test setup for the compressive strength test and split cylinder test of the 

concrete specimens. The strength properties for the design mix are provided in Table 4-3. 

Table 4-3 Strength properties for design SCC mix 

  Compressive  Strength  

Sample 
Diameter      

(in) 

Height           

(in) 

Area              

(in²) 

Max 

load          

(lbs) 

Compressive  

strength (psi) 
Days 

I 4.02 8.0 12.7 53370 4205 3 

II 4.00 8.0 12.6 54980 4375 3 

Average 4290  

III 3.99 8.0 12.5 77330 6185 7 

IV 3.97 8.0 12.4 83120 6715 7 

Average 6450  

V 4.01 8.0 12.6 112200 8895 28 

VI 4.00 8.0 12.6 109310 8699 28 

VII 4.01 8.2 12.6 104750 8284 28 

Average 8491  

Tensile Strength 

A 6.0 12.0 28.3 42980 380 28 

B 5.9 11.8 28.2 53810 492 28 

Average 436  

  

    
Figure 4-8: Concrete cylinder testing for SCC design mix  

a) Standard compression b) Standard split cylinder 
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4.4 Test set up 

This section provides information on the testing arrangement for the MR slab specimens. 

The four-point bend test used for this experiment corresponded to a transverse out-of-plane 

loading of the MR panels. All tests for this experiment were conducted according to section 4 of 

the ASTM E72-05 “Standard Testing Method of Conducting Tests of Panels for Building 

Construction.” (ASTM E72, 2005). All tests were conducted horizontally where the slabs were 

simply supported in between two rollers and was loaded using two-point loads at quarter span. 

Figure 4-9 provides the schematics for the test setup. The actual test set up is shown in Figure 

4-10.   

 

Figure 4-9: Schematic of a four-point bend test  
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Figure 4-10: Test setup used to conduct the flexural test of slab specimen 

 All the specimens used for this experiment were cured for at least 28 days. Once the 

specimens were cured, they were moved into the structural lab on carts and were lifted on to the 

supports using a spreader beam and a forklift. Five construction grade straps were tied around the 

panels and were used to set the specimen in place for testing. The average weight for a long span 

specimen was about 2400 pounds therefore, extra care was taken during the transport process to 

ensure minimum stresses were induced on the specimen prior to testing. The transportation 

process used to set up a specimen is shown in Figure 4-11. 

South Side 
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Figure 4-11: Setting up a slab specimen for four-point bent test 

4.4.1 Support conditions 

All the slab specimens were oriented horizontally and were seated on a stiff steel beam 

using a roller that was one-inch in diameter. Additionally a half-inch steel plate with a rubber 

mat was installed in between the specimen and the rollers to avoid any bearing failure. The 

details for the end support conditions are provided in Figure 4-12  

a) Rolling the specimen on carts  b) Lifting the short span slab 

c) Lifting the long span slab 
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Figure 4-12: End support details for flexural test 

4.4.2 Loading apparatus 

The loads were applied using a 160-kip capacity displacement control servo-hydraulic 

actuator pushing against a reaction frame; the frame was tied down to the strong floor using 

high-strength threaded rods. Figure 4-10 show how the actuator and the reaction frame were 

setup. The load from the actuator was then divided into two-point loads at the quarter span of the 

specimen using a stiff steel spreader beam seated on two roller plates with 3/4-inch steel bearing 

plates and rubber padding. Figure 4-13 shows how the point loads were applied  
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Figure 4-13: Point loading detail for flexural test of slab specimen 

4.4.3 Measurement devices and instrumentation  

The Campbell Scientific data acquisition system (DAQ) was used to simultaneously 

monitor and record the loads and the midpoint deflections during the tests. The rate of data 

collection for the test was set at one hertz. The loads were recorded using a 225 kip capacity load 

cell that was attached to the head of the actuator. The vertical midpoint deflections of the 

specimen were measured using two 50 inch stroke sting pots that were placed at the centerline of 

the specimen and were attached at the edges. The string pots were mounted on two isolated 

stands. The mid-span deflection was calculated as the average of the two measurements.  

4.4.4 Experimental observations 

The data collected for each tests was supplemented by observations at different stages of 

testing. A crack propagation analysis was conducted on each specimen to assess the propagation 

of damage and the overall specimen performance visually. The location, type, and size of cracks 

were noted throughout the test for this purpose.   
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4.5 Loading protocol  

A monotonic quasi-static loading protocol in accordance with ASTM E72 was used to 

load the specimen for this test. A quasi-static protocol refers to loading where the inertial 

dynamic effects are negligible. The loading cycle for the flexural tests was applied at an 

increment of 500 pounds and was continued until failure. The rate of advancement for the 

actuator was set at one millimeter per second, and the loading intervals were applied manually. 

At each load increment, the maximum load was held constant for at least five minutes to allow 

time to mark the cracks and to make any observations. Following each increment, the load was 

slowly removed, and the specimen was allowed to stabilize for about five minutes.  

4.6 Experimental results 

This section discusses the test results and observations made during the testing of the slab 

panels. Each specimen was tested up to failure to determine the ultimate load capacity, yield 

moment capacity, failure modes, and the maximum deflection. All tests that were conducted are 

summarized and the results are presented graphically in this section.  

4.6.1 Short span slab specimen 

Three identical 10 feet slabs were tested under a four-point bend test with point loads at 

quarter point spans for this part of the experiment. The three specimens that were tested were 

labeled A-1, A-2, and A-3. All the specimens were 123 inches long, 49 inches wide and six 

inches thick and had a simply supported span of 119 inches. A detail test setup for the short span 

specimen is illustrated in Figure 4-14: . The actual test-set up of the short span specimen is 

shown in Figure 4-15. 
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Figure 4-14: Details for short span slab testing 

 

Figure 4-15: Experimental test setup for A-1 

Specimen A-1 was prepared on 11/15/2018 and was tested on 01/11/2019. The concrete 

strength of the specimen at transfer was 3185 psi, and the test day strength was 8657.7 psi. The 

raw load versus midpoint deflection data collected during the testing of A-1 are provided in 

Figure 4-16. The peak load and its corresponding mid-span deflection from the raw data were 

utilized to determine the backbone curve for the specimen. This was done with the aid of a 

MATLAB code, the code used for this study in attached in Appendix E. The backbone load-

deflection curve generated using the raw test data and the MATLAB code for specimen A-1 is 
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provided in Figure 4-17. The corresponding moment deflection curve is also included as a 

secondary axis in Figure 4-17. During the testing the first cracks were observed between the load 

cycles of 6.5 kips and 7 kips. This can also be observed in the load-deflection curve as a bend-

over point at a load of 6.37 kips. Prior to cracking, the linear stiffness of the specimen was 68.5 

kip/in which reduced significantly after the yield point. The ultimate load sustained by A-1 was 

12.8 kips; at which point, the average mid-span deflection was 2.28 inches. The ultimate applied 

moment was 15.9 kip-ft, which corresponds to an equivalent area load of 317 psf. The equivalent 

area load represents the amount of uniformly distributed area load required to produce the same 

amount of moment sustained by the panel during the test. Eq.(4.1) was used to calculate the 

equivalent area  loads (Hibbeler, 2012). 

Equivalent area load  

𝐴 =
8.𝑀𝑢𝑙𝑡

𝐿2
∗ 𝑏                               (4.1) 

Where,  

 A = Equivalent area load (psf)  

M ult =Ultimate applied moment (lb-ft) 

L = Simply supported span (ft) 

b = Width of panel (ft) 
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Figure 4-16: Raw flexural test data for specimen A-1 

 

Figure 4-17: Load and moment versus deflection Curve ‘A-1’ 

Specimen A-2 was prepared on 11/19/2018 and was tested on 01/16/2019. The concrete 

strength of the specimen at transfer was 4063 psi and the test day strength were 8346.1 psi. The 

raw load versus midpoint deflection data collected during the testing of A-2 is provided in Figure 
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4-18. The load/moment versus deflection backbone curve for specimen A-2 is provided in Figure 

4-17. The first cracks for A-2 were observed between the load cycles of 6.5 kips and 7 kips. This 

can also be observed in the load-deflection curve as a bend over the point at a load of 6.82 kips. 

The linear stiffness for A-2 prior to cracking 70.3 kip/in. This was reduced significantly after the 

yield point. The ultimate load sustained by A-2 was 13.4 kips at which point the average mid-

span deflection of 3.32 inches. The ultimate applied moment was 16.6 kip-ft which corresponded 

to an area load of 331 psf.  

 

Figure 4-18: Raw flexural test data for specimen A-2 
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Figure 4-19: Load and Moment versus deflection Curve ‘A-2’ 

Specimen A-3 was prepared on 11/28/2018 and was tested on 01/20/2019. The concrete 

strength of the specimen at transfer was 4050 psi and the test day strength was8732.3 psi. The 

raw load versus midpoint deflection data collected during the testing of A-3 is provided in Figure 

4-20. The load/moment versus deflection backbone curve for specimen A-3 is provided in Figure 

4-21. The first cracks were observed between the load cycles of 6.5 kips and 7.0 kips. The initial 

linear stiffness for A-3 was 37.5 kip/in which was reduced significantly after the yield point. 

This can also be observed in the load-deflection curve as a bend over the point at a load of 7.04 

kips. The ultimate load sustained by A-3 was 13.2 kips at an average mid-span deflection of 2.65 

inches. The ultimate applied moment was 16.3 kip-ft which corresponed to an area load of 325 

psf.  

0

2

4

6

8

10

12

14

16

18

0

2

4

6

8

10

12

14

16

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

M
o

m
en

t 
(k

p
i-

ft
)

L
o

a
d

 (
k

ip
)

Deflection (in)

Load

Moment



67 

 

 

Figure 4-20: Raw flexural test data for specimen A-3 

 

Figure 4-21: Load and moment versus deflection curves ‘A-3’ 
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bottom wythe of the specimen close to the mid-span. With the load increment past the initial 

cracking, more hairline cracks were formed inside the critical moment region (in between the 

two-point loads) which in the later stages propagated outside towards the supports. All the cracks 

that were formed during the testing were flexural cracks; the cracks went straight across the 

width of the slab on the bottom wythe and continued on to the edge walls. Figure 4-22 shows 

some of the flexural cracks observed during testing. Several new hairline cracks were formed 

before the specimens started to yield. Post yielding of the specimen, very few new cracks were 

formed and the existing cracks started to get wider. This continued until a dominant crack was 

formed that eventually caused the failure. The snapping of the wires and the longitudinal bars 

were heard towards the end of the experiment. The rupture of the reinforcement can also be 

observed as small drops in the raw load-deflection data. Although no specimen failed exactly at 

the mid-span, all failure occurred inside the critical moment region. Post failure analysis of the 

specimens showed no signs that indicated buckling of the diagonal bars. Table 4-4 provides the 

details for the modes and locations of failure for each specimen. 
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Figure 4-22: Flexural cracks on bottom wythe and edge walls 

Table 4-4: Failure mode for short span slab specimens 

Specimen Mode of failure  Location of failure  Description 

A-1 
Ductile flexural 

dominated failure  

12.5 inches north of 

the centerline  

Figure 4-22 a) failure of the 

specimen. b) west edge wall. 

c) east-edge wall 

A-2 
Ductile flexural 

dominated failure  

12.8 inches south of 

the centerline  

Figure 4-23 a) failure of the 

specimen. b) west edge wall. 

c) east-edge wall 

A-3 
Ductile flexural 

dominated failure  

13.5 inches North of 

the centerline  

Figure 4-24 a) failure of the 

specimen. b) west edge wall. 

c) east-edge wall 

 

Hairline flexural cracks on edge walls 

Bottom wythe 
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Figure 4-23: Failure mode ‘A-1’ 

 

Figure 4-24: Failure mode ‘A-2’ 

a) 

b) c) 

a) 

b) c) 
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Figure 4-25: Failure mode ‘A3’ 

Overall the short span slabs exhibited a very ductile behavior when subjected to out-of-

plane flexural loading. The test summary for all three short span specimens is provided in Table 

4-5. The back bone load-deflection curves for the three specimens are provided in Figure 4-26. A 

regression analysis was conducted to produce the average load-deflection curve for the short 

span specimens. The average curve is illustrated in Figure 4-54. 

According to the average data curve, the short span slabs behaved linearly with an elastic 

stiffness of 56.8 kip/in prior to cracking. After the yielding of the specimen, the stiffness dropped 

significantly and started to have inelastic behavior before failing. On average, all three 

specimens had a high range of inelastic behavior prior to failing. A large number of flexural 

cracks were formed on the bottom wythe and the edge walls before failing; this suggests that the 

specimens were able to properly redistribute the stress and achieve a good amount of energy 

dissipation  

b) 
c) 

a) 
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The maximum permissible deflection for one-way concrete slabs according to the ACI 

318 is L/240 (ACI, 2014). Since the clear span of the short specimen was 119 inches, the 

maximum allowable deflection would be 0.50 inches. According to the ASCE7, the minimum 

live load per area for a residential structure is 40 psf. With a live load factor, the minimum 

allowable live load becomes 64 psf. (ASCE7, 2016). This corresponded to an equivalent test 

loading of 2592 pounds at which load the average deflection was 0.044 inches. This is well 

below the maximum allowable deflection. Hence, the panels satisfy the code requirement for a 

residential floor slab.  

Table 4-5: Test summary for short span specimen 

Specimen 

Concrete 

strength 

(psi) 

Elastic 

stiffness 

(lb/in) 

Cracking 

moment 

(lb-ft) 

Ultimate 

moment 

(lb-ft) 

Ultimate 

deflection 

(in) 

Ultimate load 

carrying 

capacity (psf) 

A-1 8657 68475 7893 15914 2.30 317.0 

A-2 8346 70329 8495 16659 3.32 331.9 

A-3 8732 37046 7715 16320 2.65 325.0 

Average  8578 58617 8034 16297 2.76 325 
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Figure 4-26: Load-deflection curve for short span slabs 

 

Figure 4-27: Average load-deflection curve for short span slab 
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4.6.2 Medium span slab specimen  

Three identical 14 feet long slabs were tested under a four-point bend test with point 

loads at quarter point spans to determine the out-of-plane flexural behavior of the MR SCIP slabs 

with medium span. The three specimens that were tested were labeled B-1, B-2, and B-3. All the 

specimens were 171 inches long, 49 inches wide and six inches thick. The slabs had a simply 

supported span of 167 inches. The average self-weight of a medium span slab specimen was 

1900 lbs. 

Unlike the short span specimens that were fabricated using continuous sections of EPS, 

mesh, and diagonal trusses, the longer span slabs had a splice that was located at the center of the 

panels. Since all the raw material used to fabricate the MR panels came in 10 feet sections, two 

slices were formed at in the middle of the panel. A typical splice reinforcement technique of 

overlapping the mesh at splice region was used to reinforce the splice region. The two splice 

plans are illustrated in Figure 4-28 and are labeled A and B. The schematics for the testing of the 

medium span slabs are shown in Figure 4-28, which is followed by a picture of the actual test 

setup in Figure 4-29. 

 

Figure 4-28: Details for flexural testing of medium span slab specimens 
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Figure 4-29: Test setup for medium-span slab specimen 

Specimen B-1 was prepared on 12/03/2018 and was tested on 02/04/2019. The concrete 

strength of the specimen at transfer was 3268 psi and the test day strength was 7453 psi. The raw 

load versus midpoint deflection data collected during the testing of B-1 are provided in Figure 

4-30. The load/moment versus deflection backbone curve for specimen B-1 is provided in Figure 

4-31. The first cracks were observed between the load cycles of 2 kips and 2.5 kips. This can 

also be observed in the load-deflection curve as a bend over the point at a load of 2.58 kips. The 

linear stiffness of the specimen was 17.2 kip/in which reduced significantly after the yield point. 

The ultimate load sustained by B-1 was 5.41 kips at which point the average mid-span deflection 

was 1.96 inches. The ultimate applied moment was 9.4 kip-ft. which corresponded to an area 

load of 95.2 psf.  
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Figure 4-30: Raw flexural test data for specimen ‘B-1’ 

 

Figure 4-31: Load and moment versus deflection Curve ‘B-1’ 

Specimen B-2 was prepared on 02/06/2018 and was tested on 03/05/2019. The concrete 

strength of the specimen at transfer was 4123 psi and the test day strength was 7159 psi. The raw 
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load versus midpoint deflection data collected during the testing of B-2 are provided in Figure 

4-32. The peak load and its corresponding mid-span deflection from the raw data were then used 

to determine the backbone curve for the specimen. The load/moment versus deflection backbone 

curve for specimen B-3 is shown in Figure 4-33. The first cracks for this specimen were 

observed between the load cycles of 2 kips and 2.5 kips. This can also be observed in the load-

deflection curve as a bend over the point at a load of 2.56 kips. The linear stiffness of the 

specimen was 13.3 kip/in which reduced significantly after the yield point. The ultimate load 

sustained by B-2 was 5.5 kips at which point the average mid-span deflection was 1.98 inches. 

The ultimate applied moment was 9.6kip-ft which corresponded to an area load of 97.3 psf. 

 

Figure 4-32: Raw flexural test data for specimen ‘B-2’ 
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Figure 4-33: Load and moment versus deflection Curve ‘B-2’ 

Specimen B-3 was prepared on 12/13/2018 and was tested on 03/07/2019. The concrete 

strength of the specimen at transfer was 4123 psi and the test day strength was 7159 psi. The raw 

load versus midpoint deflection data collected during the testing of B-2 are provided in Figure 

4-34. The peak load and its corresponding mid-span deflection from the raw data were then used 

to determine the backbone curve for the specimen. The load/moment versus deflection backbone 

curve for specimen B-3 is shown in Figure 4-35. The first cracks for this specimen were 

observed between the load cycles of 2 kips and 2.5 kips. This can also be observed in the load-

deflection curve as a bend over the point at a load of 2.6 kips. The linear stiffness of the 

specimen was 14.1 kip/in which reduced significantly after the yield point. The ultimate load 

sustained by B-3 was 5.6 kips at which point the average mid-span deflection was 1.93 inches. 

The ultimate applied moment was 97.6 kip-ft which corresponded to an area load of 98.7psf. 
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Figure 4-34: Raw flexural test data for specimen ‘B-3’ 

 

Figure 4-35: Load and moment versus deflection Curve ‘B-3’ 
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The mode of failure for all the medium span slab was a flexural dominated brittle failure 

at the splice plane. The first hairline cracks (<0.4mm) were formed on the bottom wythe of the 

specimens close to the mid-span. After the formation of the first cracks, the specimen yielded 

and did not return to its initial position even after the removal of the load. With the load 

increment past the initial cracking more hairline cracks were formed inside the critical moment 

region (in between the two-point loads). Unlike the short span specimen, comparatively fewer 

number of cracks were formed prior to failing. After yielding of the specimen, no new cracks 

were formed and the existing cracks started to get wider, this continued till a dominant crack was 

formed at the location of the splice and caused a sudden failure. Since insufficient reinforcement 

was provided at the splice, a premature failure occurred prior to reaching the true capacity of the 

panels. The ultimate failure at the splice for specimen B-2 is shown in Figure 4-36. Table 4-6 

provides the details for the modes and locations of failure for all three medium span specimens.  

 

 

Figure 4-36: Failure at splice for slab specimen B-2 

 

 

 

Failure at Splice
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Table 4-6: Failure modes for medium-span specimens 

Specimen Mode of failure  Location of failure  Description 

B-1 
Brittle flexural failure at 

splice  

12inches south of the 

centerline at the splice  

Figure 4-37 a) failure of the 

specimen. b) west edge wall. 

c) east-edge wall 

B-2 
Brittle flexural failure at 

splice  

12. inches south of the 

centerline at the splice   

Figure 4-38 a) failure of the 

specimen. b) west edge wall. 

c) east-edge wall 

B-3 
Brittle flexural failure at 

splice  

36.8 south of the 

centerline at the splice  

Figure 4.39 a) failure of the 

specimen. b) west edge wall. 

c) east-edge wall 

 

  

Figure 4-37: Failure mode ‘B-1’ 

a) 

b) c) 
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Figure 4-38: Failure mode ‘B-2’ 

  

Figure 4-39: Failure mode ‘B-3’ 

 

a) 

b) c) 
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The medium span specimen exhibited fairly ductile behavior when subjected to out-of-

plane flexural loading. The lack of adequate reinforcement at the splice region caused a 

premature failure. Compared to the capacity of the short span specimens there was a significant 

loss in the ultimate load carrying capacity of the panel. The test summary for all three medium 

span specimens is provided in Table 4-7. The load-deflection backbone curves for all three 

medium span specimens are provided in Figure 4-40. A regression analysis was conducted to 

produce the average load-deflection curve for the short span specimen, the average curve is 

illustrated in Figure 4-41. The average elastic stiffness of the medium span specimen was14.8 

kip/in. After the yielding of the specimen, the stiffness dropped significantly. The specimens 

started to exhibit an inelastic behavior before having a sudden failure. All three specimen had 

relatively low range of inelastic behavior prior to failing. Although these specimens suffered a 

premature failure, the specimens exhibited some degree of stress redistribution in the form of 

flexural cracks.  

Table 4-7: Test summary for medium-span specimen 

Specimen 

Concrete 

strength 

(psi) 

Elastic 

stiffness 

(lb/in) 

Cracking 

moment 

(lb-ft) 

Ultimate 

moment 

(lb-ft) 

Ultimate 

deflection 

(in) 

Ultimate load 

carrying 

capacity (psf) 

B-1 7453 17158 4484 9419 1.97 95.3 

B-2 7160 13269 4455 9620 1.99 97.3 

B-3 7647 14057 4526 9755 1.93 98.7 

Average  7420 14828 4489 9598 1.96 97 

 

The maximum permissible deflection for a one-way concrete slabs according to the ACI-

318 is L/240 (ACI 318, 2014). Since the clear span of the medium specimen was 167 inches the 

maximum allowable deflection was 0.7 inches. According to the ASCE 07, the minimum floor 

live load for a residential structure is 40 psf. With a 1.6 live load factor, the minimum allowable 

load becomes 64 psf (ASCE 7, 2016). This load corresponds to 3637 pounds at which load the 
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specimens had already yielded. Hence without any additional splice reinforcement, the medium 

span slabs were did not meet the requirement for a residential floor. 

 Similarly, according to the ASCE 7, the minimum roof live load for a residential 

structure is 20 psf. With a live load factor of 1.6, the minimum allowable load becomes 32 psf. 

This load corresponds to an equivalent loading of 1818 lbs. At which point the slab is still within 

the elastic limit and has a deflection of 0.12 inches which is less than the allowable deflection of 

0.7 inches. Although the medium span slabs meet the requirements for construction of roofs, 

additional splice reinforcement is highly recommended for this length for efficient results. 

 

Figure 4-40: Load-deflection curve for medium-span slab specimens 
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Figure 4-41: Average load-deflection curve for medium-span slabs 

4.6.3 Long span slab specimen 

Three identical 18 feet long slabs were tested under a four-point bend test to determine 

the out-of-plane structural behavior for the long span MR slab panels. The three long-span 

specimens that were tested were labeled C-1, C-2, and C-3. All the specimens were 219 inches 

long, 49 inches wide and six inches thick and had a simply supported span of 215 inches. The 

average self-weight of a long span specimen was 2400 lbs. The details and the actual test setup 

for the long span specimens are illustrated in Figure 4-14: and Figure 4-43.  
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Figure 4-42: Details for flexural testing of long span slab specimens 

 
Figure 4-43: Test setup for long span slab specimen 

Specimen C-1 was prepared on 12/18/2018 and was tested on 03/15/2019. The concrete 

strength of the specimen at transfer was 3340 psi and the test day strength was 8183 psi. The raw 

load versus midpoint deflection data collected during the testing of C-1 are provided in Figure 

4-44. The load/moment versus deflection backbone curve for specimen C-1 is provided in Figure 

4-45. The first cracks were observed between the load cycles of 1 kip and 1.5 kips. This can also 

be observed in the load-deflection curve as a bend over the point at a load of 1.55 kips. The 

stiffness of the specimen was 9.43 kip/in which reduced significantly after the yield point. The 

ultimate load sustained by C-1 was 3.6 kips at which point the average mid-span deflection was 
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2.87 inches. The ultimate applied moment was 8.0 kip-ft which corresponded to an area load of 

49 psf. 

 

Figure 4-44: Raw flexural test data for specimen ‘C-1’ 

 

Figure 4-45: Load and moment versus deflection Curve ‘C-1’ 
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Specimen C-2 was prepared on 01/11/2019 and was tested on 03/13/2019. The concrete 

strength of the specimen at transfer was 2832 psi and the test day strength was 7098 psi. The raw 

load versus midpoint deflection data collected during the testing of C-2 are provided in Figure 

4-46. The load/moment versus deflection backbone curve for specimen C-2 is provided in Figure 

4-47. The first cracks were observed between the load cycles of 1 kip and 1.5 kips. This can also 

be observed in the load-deflection curve as a bend over the point at a load of 1.56 kips. The 

stiffness of the specimen was 9.85 kip/in which reduced significantly after the yield point. The 

ultimate load sustained by C-2 was 3.98 kips at which point the average mid-span deflection was 

3.36 inches. The ultimate applied moment was 8.9 kip-ft. which was equivalent to a surface area 

load of 54 psf. 

 

Figure 4-46: Raw flexural test data for specimen ‘C-2’ 
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.  

Figure 4-47: Load and Moment versus deflection Curve ‘C-2’ 

Specimen C-3 was prepared on 01/14/2019 and was tested on 03/11/2019. The concrete 

strength of the specimen at transfer was 3043psi and the test day strength was 6093 psi. The raw 

load versus midpoint deflection data collected during the testing of C-3 are provided in Figure 

4-48. The peak load and its corresponding mid-span deflection from the raw data were then used 

to determine the backbone curve for the specimen. The load/moment versus deflection backbone 

curve for specimen C-3 is provided in Figure 4-49. The first cracks were observed between the 

load cycles of 1 kip and 1.5 kips. This can also be observed in the load-deflection curve as a 

bend over the point at a load of 1.60 kips. The elastic stiffness of the specimen was 9.07kip/in. 

The stiffness reduced significantly after the yield point. The ultimate load sustained by C-3 was 

3.8 kips at which point the average mid-span deflection was 3.44 inches. The ultimate applied 

moment was 8.6 kip-ft which corresponded to an area load of 52 psf. 
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Figure 4-48: Raw flexural test data for specimen ‘C-3’ 

 

Figure 4-49: Load and Moment versus Deflection Curve ‘C-3’ 

The mode of failure for all the long span18 feet specimen was similar to the medium span 
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splice reinforcement that was provided. Table 4-8 provides the details for the modes and 

locations of failure for each long span specimen.  

Table 4-8: Failure modes for long span slab specimen 

Specimen Mode of failure  Location of failure  Description 

C-1 
Brittle flexural failure at 

splice  

12.1 inches on N side of 

the centerline  

Figure 4-50: a) Failure of 

the specimen. b) West 

edge wall. c) East- wall 

C-2 
Brittle flexural failure at 

splice  

12 inches on S side of the 

centerline  

Figure 4-51: a) Failure of 

the specimen. b) West 

edge wall. c) East- wall 

C-3 
Brittle flexural failure at 

splice  

12.5 inches on N side of 

the centerline  

Figure 4-52: a) Failure of 

the specimen. b) West 

edge wall. c) East- wall 

 

 

Figure 4-50: Failure mode ‘C-1’ 

a) 

b) c) 
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:  

Figure 4-51: Failure mode ‘C-2’ 

 

Figure 4-52: Failure mode ‘C-3’ 

The long span specimen exhibited a relative ductile behavior followed by a sudden 

failure when subjected to out-of-plane flexural loading. Compared to the ultimate capacity of the 

short span specimens they had a premature failure at the spliced region. The summary from the 

a) 

b) c) 

a) 

c) b) 
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long span specimen is provided in Table 4-9. The load-deflection curve for the three long-span 

specimens is provided in Figure 4-53. A regression analysis was performed to produce the 

average load-deflection curve for the long span specimen, the average load-deflection curve for 

the long span slabs is illustrated in Figure 4-54. Prior to yielding the average elastic stiffness of 

the specimen was 9.45kip/in.  

Table 4-9: Test summary for long span specimens 

Specimen 

Concrete 

strength 

(psi) 

Elastic 

stiffness 

(lb/in) 

Cracking 

moment 

(lb-ft) 

Ultimate 

moment 

(lb-ft) 

Ultimate 

deflection 

(in) 

Ultimate load 

carrying 

capacity (psf) 

C-1 8184 9436 2341 8037 2.87 49.1 

C-2 7098 9851 3488 8916 3.36 54.4 

C-3 7109 9073 3586 8565 3.44 52.3 

Average  7464 9453 3138 8506 3.22 52 

 

The maximum permissible deflection for a one-way concrete slabs according to the ACI-

318 is L/240. Since the clear span of the medium specimen was 215 inches the maximum 

allowable deflection was 0.9 inches. According to the ASCE 07, the minimum live load per area 

for a residential structure is 40 psf. With a 1.6 live load factor, the minimum allowable load 

becomes 64 psf. This load corresponds to 4682 pounds. At this load the slabs are past their yield 

point hence the linear stiffness cannot be used to compute the average deflection. This result 

shows that the 18 feet MR SCIP slab specimens without reinforcement do not meet the ACI 318 

standards. Hence two additional long span specimens with reinforced splice regions were tested.  

Again, according to the ASCE 07, the minimum roof live load for a residential structure 

is 20 psf. With a live load factor of 1.6, the minimum allowable load becomes 32 psf. This load 

corresponds to an equivalent loading of 2341 lbs. At which point the slab has cracked but the 

average deflection is 0.75 inches and is still under the limit of 0.9 inches therefore it satisfies the 

criteria for a residential roof.  
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Figure 4-53: Load-deflection curves for long span slab specimens 

 
Figure 4-54: Average load-deflection curve for long span slab 
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4.6.4 Modified long span slab specimen 

Due to the premature failure at the splice observed in the medium and the long span slab 

specimens, two additional long span specimens with reinforced splice region were prepared and 

tested. Figure 4-56 and Figure 4-57 show the typical splice reinforcement detail used in the long 

span specimen. The reinforcement was provided by overlapping the mesh over the splice region.  

 

Figure 4-55: Splice location for MetRock SCIP  

  

Figure 4-56: Splice detail for a typical 18 feet MetRock SCIP  
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Figure 4-57: Elevation view of the splice region  

The goal for this experiment was to avoid premature failure in the splice zones by 

providing additional splice reinforcement and to cause the failure to occur outside the splice 

zones. Two full-scale specimens with varying splice details were prepared and tested to fulfill 

these goals. The specimens used for this investigation were labeled S-1 and S-2. Grade 60 

number 3 bars were used to provide the additional reinforcement at the splice. 

4.6.4.1 Splice reinforcement design 

The ultimate moment capacity of the short span specimen was used to determine the 

amount of additional tensile reinforcement required for this study. To ensure that the failure did 

not occur at the splice, additional reinforcement had to be used to increase the moment capacity 

at the splice region. The ACI 318 flexural analysis assuming a fully-composite section was 

conducted to determine the additional amount of reinforcement required. The spread sheet of the 

calculation are provided in Appendix D. According to the calculation, six number 3 bars were 

more than enough to push the failure outside the splice region. 

Splice zone 

Overlapped mesh 
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ACI development length calculation was conducted to find the minimum development 

required to avoid a pullout of the rebar before achieving their full capacity (ACI 318-14). The 

calculation is provided in Appendix D. Eqn. (4.2) was used to calculate the minimum required 

development length of 11.3 inches for a number 3 bar (ACI, 2014). Hence, a development length 

of 12 inches was used for both specimens. The number 3 bars were tied in between the mesh and 

the EPS core as shown in Figure 4-56: Detail for reinforced splice. 

𝑙𝑑 =
3𝑓𝑦𝑐𝑏𝑑𝑏𝜓𝑡𝜓𝑒𝜓𝑠

40𝜆√𝑓′𝑐
𝑐𝑏
𝑑𝑏

                                            (4.2) 

 Where, 

 ld  = development length (in) 

 f y = yield of steel (psi) 

 f’c = compressive strength of concrete (psi) 

 cb = cover distance =0.5 in; db = diameter of bar = 0.375 in 

ψt = reinforcement location = 1 ; ψe = coated factor = 1; 

 ψs= size factor = 0.8; λ = 1 

 

Figure 4-56: Detail for reinforced splice 

4.6.4.2 Test specimen description  

Specimen S-1 was prepared on 04/25/19 and was tested on 03/15/2019. For this specimen 

six #3 was placed at 8 inches on center. The bars used were four feet in length and were tied in 

between the mesh and EPS core. The reinforcement detail for S-1 is provided in Figure 4-57.  
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Figure 4-57: Splice reinforcement detail for specimen ‘S-1’ 

 

Figure 4-58: Splice reinforcement used in ‘S-1’ 

Specimen S-2 was prepared on 04/25/2019 and was tested on 03/15/2019. For this 

specimen, nine # 3 bars were placed in a staggered orientation at 6 inches on center. The bars 

used were two feet in length and were tied in between the mesh and EPS core. The details of the 

splice reinforcement for S-2 is provided in Figure 4-59.  
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Figure 4-59: Splice reinforcement detail for specimen ‘S-2’ 

 

Figure 4-60: Splice reinforcement used in ‘S-2’ 

4.6.4.3 Experimental result. 

The concrete strength of the specimen S-1 at transfer was 4072 psi and the test day 

strength was 6431 psi. The raw load versus midpoint deflection data collected during the testing 

of S-1 are provided in Figure 4-61. The peak load and its corresponding mid-span deflection 

from the raw data were then used to determine the backbone curve for the specimen. The 

load/moment versus deflection backbone curve for specimen S-1 is provided in Figure 4-62. The 

first cracks were observed between the load cycles of 1.5 kip and 2.0 kips. This can also be 

observed in the load-deflection curve as a bend over the point at a load of 2.0 kips. The stiffness 
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of the specimen was 10.9 kip/in at the first bend over point. Unlike the other long span specimen, 

S-1 had a second linear portion from 2.0 kips to 5.1 kips. The second linear portion had a 

stiffness of 11.34 kip-in.  The ultimate load sustained by S-1 was 6.8 kips at which point the 

average mid-span deflection was 8.84 inches. The ultimate deflection was 79% higher than the 

average unreinforced long span specimen. The ultimate applied moment was 15.2 kip-ft which 

corresponds to an area load of 92.6 psf.  

 

Figure 4-61: Raw flexural test data for specimen ‘S-1’ 
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Figure 4-62: Load and moment versus deflection curve 'S-1’' 

The mode of failure specimen S-1 was a flexural dominated failure. The splice 

reinforcement provided in S-1 was successful in shifting the failure plane away from the splice 

zone. The first hairline cracks (<0.4mm) were formed on the bottom wythe of the specimens 

close to the mid-span. With the load increment past the initial cracking, more hairline cracks 

were formed inside the moment region (in between the two-point loads) which in the later phases 

shifted out towards the supports. All the cracks that were formed during the testing were flexural 

cracks. Many cracks were formed before the specimen started to yield; the numbers of cracks 

observed in this test was significantly more than the unreinforced long span specimens. After 

yielding, no new cracks were formed and few of the existing cracks started to get wider, this 

continued till a dominant crack and caused the failure. The failure plane was 24 inches away 

from the mid-span. This interface was where the additional rebars ended. The failure mode and 

location can be observed in Figure 4-63. The failure was very ductile with significant deflection 

before the failure of the bottom reinforcements   
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Figure 4-63: Failure mode S-1  

The concrete strength of the specimen S-2 at transfer was 4123 psi and the test day 

strength was 7109 psi. The raw load versus midpoint deflection data collected during the testing 

of S-2 are provided in Figure 4-64: Raw flexural test data for specimen ‘S-2’. The peak load and 

its corresponding mid-span deflection from the raw data were then used to determine the 

backbone curve for the specimen. The load/moment versus deflection backbone curve for 

specimen S-2 is provided in. The first cracks were observed between the load cycles of 1.5 kip 

and 2.0 kips. This can also be observed in the load-deflection curve as a bend over the point at a 

load of 1.6 kips. The stiffness of the specimen was 9.0 kip/in at the first bend over point. The 

ultimate load sustained by S-2 was 6.1 kips at which point the average mid-span deflection was 

6.4 inches. The ultimate applied moment was 13.5 kip-ft which corresponded to an area load of 

82.6 psf.  

a) 

b) c) 
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Figure 4-64: Raw flexural test data for specimen ‘S-2’ 

 

Figure 4-65: Load and moment versus deflection curve 'S-2' 
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The mode of failure for specimen S-2 was a flexural dominated failure. The splice 

reinforcement provided in S-2 was successful in shifting the failure plane away from the splice 

zone. The first hairline cracks (<0.4mm) were formed on the bottom wythe of the specimens 

close to the mid-span. With the load increment past the initial cracking, more hairline cracks 

were formed inside the moment region (in between the two-point loads) which in the later phases 

shifted out towards the supports. All the cracks that were formed during the testing were flexural 

cracks. Many cracks were formed before the specimen started to yield. After yielding no new 

cracks were formed and few of the existing cracks started to get wider, this continued until 

formation of a dominant crack that caused the failure. Two dominant cracks were formed 12 

inches apart in the west edge wall, whereas on the east edge wall there was only one dominant 

crack formed. The failure plane was 12 inches north from the mid-span. The mode and location 

of failures in S-2 can be observed in Figure 4-66. Since the rebars in S-2 were staggered unlike 

S-1 where they were placed uniformly, the failure path could not find a straight line casing the 

two dominant cracks in the west wall. The failure occurred 12 inches to the north of the 

centerline. The failure was very ductile with significant deflection before the failure of the 

bottom reinforcements  
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Figure 4-66: Failure mode S-2 

 The additional slice reinforcements successfully managed to prevent the premature 

failure of the panels. Unlike the original long span specimens that had a fairly brittle failure, both 

modified specimens had a very ductile failure. This led to a significant increase in the ultimate 

load carrying capacity of the long span slab specimens. The average ultimate moment capacity 

for the modified specimen was14.3 kip-ft which was 46% higher than the original long span 

specimens. Splice detail S-1 that had 4 feet # 3 bars placed uniformly at 8 inches on center 

exhibited a higher ultimate capacity than S-2 that had 2 feet # 3 bars that had a staggered 

orientation at 6 inches on center. Although the nonlinear behavior of the slabs increased 

significantly, there was no noticeable change in the linear behavior. The average elastic stiffness 

was 10.8 kip-in and the cracking moment was 3502 lb-ft. The test summary for the modified 

long span specimens is provided in Table 4-10.  

b) c) 

a) 
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Table 4-10: Test summary long modified long span slab specimens 

Specimen 

Concrete 

strength 

(psi) 

Elastic 

stiffness 

(lb/in) 

Cracking 

moment 

(lb-ft) 

Ultimate 

moment 

(lb-ft) 

Ultimate 

deflection 

(in) 

Ultimate load 

carrying 

capacity (psf) 

S-1 6432 11344 3612 15166 8.84 92.6 

S-2 7109 10243 3393 13541 6.38 82.6 

Average 6771 10793 3502 14354 7.61 88.0 

 

 

Figure 4-67: Load-deflection curve for modified long span slab specimen 

To check if adding reinforcements to the long span specimens increased the total moment 

capacity of the slabs, the total moment capacities for each span was calculated. The total moment 

for each span was calculated as the sum of the moment caused by the self-weight of the slabs and 

the average applied moments. An average self-weight of 135 lb/ft was assumed for all spans. The 

results for the total moment capacities of the slabs are provided in Table 4-11 and are also 

displayed as a bar graph in Figure 4-68. The total moment capacity for the short span specimen 

was 17.9 kip-ft. Compared to the capacity of the short span, it can be observed that there was a 

significant reduction in the total moment capacity for the unmodified medium and long span 
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specimens. This was caused due to the premature failures at the splices. Whereas the total 

moment capacity for the modified long span specimen was slightly higher than that of the short 

span specimen. This was due to the additional reinforcement that was provided for these 

specimens.  

Table 4-11: Total moment capacities for slab specimens 

Specimen 
Self-weight moment 

(kip-ft) 

Applied moment 

(kip-ft) 

Total moment 

(kip-ft) 

Short 1.7 16.2 18.0 

Medium 3.3 9.6 12.9 

Long 5.4 8.5 13.9 

S-1 5.4 15.2 20.6 

S-2 5.4 13.5 18.9 

 

 

Figure 4-68: Total moment capacities for different span slabs 
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4.7 Summary 

1. The short span (10 feet) slab specimens exhibited a very ductile behavior when subjected 

to out-of-plane flexural loading. The failure mode was a flexural-controlled failure with 

the formation of many hairline cracks before failing.  

2. The average elastic stiffness for the short span slabs was 58.6 kip/in. The average 

cracking moment was 8.1 kip-ft, with a corresponding midpoint deflection of 0.13 inches. 

The ultimate moment capacity was 16.3 kip-ft. with a corresponding midpoint deflection 

of 2.76 inches 

3. The short span MR panels satisfy ACI 318 deflection criteria under the ASCE7 load 

requirements for a residential concrete floor and roof slabs. The average load carrying 

capacity for the short span slabs was 167 psf.   

4. The medium (14 feet) and the long span (18 feet) slab specimens exhibited a fairly 

ductile behavior followed by a very sudden failure at the splice location. The insufficient 

reinforcement of the splice was what caused the premature failure and prevented the 

panels from achieving their full capacity. 

5. The average elastic stiffness for the medium span slabs was 14.8 kip/in. The average 

cracking moment capacity 4.5 kip-ft, at a mid-point deflection of 0.18 inches. The 

ultimate moment capacity was 9.6 kip-ft. at a deflection of 1.96 inches. 

6. The average elastic stiffness for the long span slabs was 9.45 kip/in. The average 

cracking moment capacity 3.2 kip-ft, with a corresponding midpoint deflection of 0.15 

inches. The ultimate moment capacity was 8.5 kip-ft with a corresponding midpoint 

deflection of 3.0 inches. 
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7. The medium and the long span slabs did not meet the ACI 318 deflection requirement for 

a residential floor. However, they were able to meet the requirement for a residential roof 

slab. 

8. Current splice detail of overlapping the mesh at the spice region is not adequate and 

requires additional reinforcement to prevent a premature brittle failure and to achieve the 

full capacity of the panels  

9. Both modified long span specimens were successful in transferring the failure location 

away from the splice region. This significantly increased the ultimate moment capacity of 

the panels and caused a ductile failure. The average ultimate moment capacity of the 

modified specimens was 12.4 kip-ft which was 46% more than the capacity for the 

unmodified long span specimen. The average ultimate mid-point deflection of the 

modified panels was 7.6 inches, which was 138% more than the unmodified long span 

specimens.  

10. The spice detail used in S-1 had the higher moment capacity of the two modified 

specimens. 
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CHAPTER 5.  Linear Flexural Analysis for Slab Panels  

5.1 General  

In this chapter, a simple model was developed to predict the flexural capacity of the 

MetRock SCIP slab. The MR panels were analyzed using the flexural analysis for a one-way slab 

stated in ACI 318 (ACI,2014). Although sandwich panels are different from conventional solid 

reinforced concrete slabs, they can still be analyzed using a similar process based on the degree 

of composite action achieved by the panels. Unlike traditional insulated panels that only rely on 

the insulation core for the transfer of shear in between  the two load-bearing faces, the MR 

panels have a truss shear transfer mechanism installed in them. This includes a series of diagonal 

steel connectors that are placed at every six inches and are connected to the two layers of mesh 

using hog ring ties. This enables MR panels to achieve significant level of composite action. 

Generally based on the degree of composite action achieved, a sandwich panel can be classified 

into three possible types: fully composite, semi-composite, and non-composite. The description 

for each type of panel is as follows  

5.1.1 Fully composite panel  

A panel is assumed to be a fully composite section if 100% of the longitudinal shear 

produced during loading is successfully transferred in between the two load-bearing faces. In 

order to achieve this degree of shear transfer, a panel must have well established arrangement of 

shear connectors. In a fully composite panel, the two concrete wythes resist the applied flexural 

loads as if they were an integral section. This allows the panel to be designed as a solid 

reinforced concrete slab having the same cross-section as the panel. The sandwich panels that 

have proper and sufficient shear transfer mechanism, are said to be fully composite panels. 
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Figure 5-1 shows how the stresses is transferred in between the two load-bearing faces in a fully 

composite panel. 

 

Figure 5-1: Flexural stress distribution for a fully composite section 

5.1.2 Non-composite panel behavior  

The panel is said to be non-composite if there is very little to no longitudinal shear 

transfer in between the two-load-bearing faces. Most traditional insulted panels i.e. wooden and 

metal that rely only on the insulation core for shear resistance behave as a non-composite 

section. In a non-composite panel, the two load-bearing faces resist the applied flexural loads as 

individual slabs. This greatly reduces the moment of inertia of the section hence, causing a 

significant loss in the overall flexural capacity.  The flexural design for a non-composite section 

is identical to that of a solid reinforced concrete slab that has the same cross-section of one of the 

concrete wythe. Figure 5-2 shows how the stresses is transferred in between the two load-bearing 

faces in a non-composite section.  
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Figure 5-2: Flexural stress distribution for non-composite section 

5.1.3 Partially composite panel behavior  

The sandwich panels that are able to achieve some degree of shear transfer in between the 

two load-bearing faces are assumed to be semi-composite sections. For a semi-composite 

section, the shear connectors could have the capacity to transfer 0 to 100 percent of the 

longitudinal shear produced by the flexural loads. Generally, most SCIPs fall in this category and 

their capacity is calculated as a percent of the fully composite section. That being said, although 

most SCIPs exhibit a semi composite behavior, according to ACI 533R “Guide for precast 

sandwich panels”, all insulated panels are designed as non-composite sections (ACI, 2012). 

Figure 5-3 illustrates how the stresses is transferred in between the two load-bearing faces in a 

semi-composite section. 

 

Figure 5-3: Flexural stress distribution for partially composite section 
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5.2 ACI 318 flexural calculation  

In this section, the flexural capacity of the short span MR slab was analyzed as a fully 

composite section and a non-composite section. The actual flexural capacity of the panels 

obtained from the experimental program were then used to determine the degree of composite 

action achieved by the MR panels.  

The calculations used in this analysis were governed by the ACI 318 section 9.2.1 (ACI, 

2014). The actual dimensions and details of the short span specimen from the experimental 

program was used for the analysis. The slabs were analyzed as a simply supported component 

that resists an out-of-plane bending moment produced by its self-weight and the applied normal 

loads. In actual construction, slabs are generally subjected to flexural loading in the form of 

concentrated or distributed area loads. For this analysis, it was assumed that the bottom wythe 

was in tension and the top wythe was in compression. It was also assumed that all the 

compressive stresses were resisted by the top wythe, whereas the tensile stresses were resisted by 

the reinforcing in the bottom wythe. Similarly, all the shear stresses were mainly resisted by the 

two layers of concrete and the diagonal steel connectors. Although the EPS core do have some 

shear resistance, their contribution is generally not taken into consideration.  

Since the experimental test results showed that no specimens had a shear failure at the 

supports, the minimum shear capacity of 6.6 kips (Pmax/2) is assumed for the panels. The average 

compressive strength of concrete was assumed to be 8000 psi in the calculations, this was based 

on the average concrete strength of the panels on the testing day. Although the hard-drawn mesh 

and the longitudinal bars had a slightly higher yield strength as shown by the coupon testing, the 

yield strength of the reinforcement was conservatively assumed to be 60 ksi in the calculations. 

The area of steel in the mesh and the longitudinal bars were accounted for flexural 
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reinforcement. The clear span of the slab for the analysis was assumed to be 119 inches. The 

slabs were assumed to be 49 inches wide and 6 inches thick. The self-weight of 33 lb/ft2 was also 

considered in the calculations.  

5.2.1  Flexural analysis assuming fully composite section  

For this part of the analysis the specimen was assumed to be a fully composite section. 

According to the ACI 318, a fully composite panel can be designed as a solid reinforced concrete 

slab. Hence, for this analysis the cross-section of the panels was assumed to be a solid reinforced 

concrete slab with two layers of reinforcement. The mesh and the bars in the bottom wythe were 

considered to be the tensile steel, and the reinforcements in the top face was assumed to be 

compression steel. The total area of steel in each wythe was 0.52.in2. The cross-section used in 

the analysis is shown in Figure 5-4. The nominal moment capacity was calculated using the 

effective moment equation stated in the section 10.2 of ACI 318. The equation for the nominal 

moment capacity for the fully composite section is provided in Eqn. (5.1).  

The analysis showed that total moment capacity for a fully composite section was 13.7 

kip-ft. The moment caused by the self-weight of the panel was then subtracted to calculate the 

effective moment capacity. The self-weight of the panel was assumed to be a uniformly 

distributed line load of 131 lb/ft. The net effective moment capacity was 12.2 kip-ft, which 

corresponded to an equivalent test load of 9.86 kips. Detailed calculations for this analysis are 

provided in Appendix D.  

 

Figure 5-4: Cross section for fully composite flexural analysis  
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𝜙𝑀𝑛 = 0.85 𝑓′𝑎 ∗ 𝑏(𝑑 −
𝑎

2
) + 𝐴′𝑠 ∗ 𝑓′𝑠(d-d’)                        (5.1) 

Where, 

 As= Area of tensile steel (in2) 

 A’s =Area of compression steel (in2) 

 d = distance to tension steel (in) 

 d’ = distance to compression steel (in) 

 fy = yield strength for steel (psi) 

 f’s = stress in compression bars (psi) 

 f’c =compressive strength of concrete (psi) 

 a = distance to the neutral axis (in) 

5.2.2 Flexural analysis assuming a non-composite section 

For this part of the analysis, a non-composite section was assumed for the sandwich 

panel. Since for a non-composite section there is no transfer of stresses in between the two 

wythes, the wythes resist the flexural loads as two individual sections. The cross-section area 

used for this analysis was similar to that of just one individual wythe. The cross-section used for 

this analysis is provided in Figure 5-5. Unlike the analysis for a fully composite section where 

both the compression and tension steel were used, for this analysis, only one layer of tensile 

reinforcement was considered. The equation used to calculate total moment capacity for the non-

composite section is provided in Eqn. (5.2) 

The analysis showed that, total moment capacity for the non-composite section was 2.4 

kip-ft. Similarly, the net effective moment capacity was 1.35 kip-ft, which corresponded to an 

equivalent test load of 1.09 kips. Detailed calculation for flexural strength are provided in 

Appendix D 
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Figure 5-5: Cross section for non-composite section 

𝜙𝑀𝑛 = 0.85 𝑓′𝑎 ∗ 𝑏(𝑑 −
𝑎

2
)                                                        (5.2) 

Where, 

 As = Area of tensile steel (in2) 

 d = distance to tension steel (in) 

 fy = yield strength for steel (psi) 

 f’s = stress in compression bars (psi) 

 f’c =c ompressive strength of concrete (psi) 

 a = distance to the neutral axis (in) 

5.3 Composite behavior for MetRock SCIP slab panels  

In this section, the effective moment capacity of the short span MR slabs obtained from the 

experimental program is compared to the capacities of the fully composite and the non-

composite panels that were calculated in the earlier sections. These values are compared to 

determine the composite action achieved by the MR panels. 

Results from the ACI flexural analysis, assuming a fully composite section showed that the 

panels would have an effective moment capacity of 12.2 kip-ft, which corresponded to an 

equivalent test load of 9.86 kips. Similarly, the capacity for the non-composite section was 1.35 

kip-ft; which corresponded to an equivalent test load of 0.98 kips. Test results showed that the 

average effective moment capacity for the short span specimens was 8.03 kip-ft with an 

equivalent test load of 6.76 kips.  
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The average load-deflection curve obtained from the testing of the short span panels along 

with the calculated capacity of fully composite and non-composite sections are illustrated in 

Figure 5-6. From the load graph, it can be observed that the capacity of the MR panel falls in 

between the capacities of fully composite and the non-composite sections. The capacity of the 

panels is closer to the fully composite section than a non-composite section. Hence the MR 

panels can be classified as a partially composite section. Calculations show that average effective 

moment capacity for the MR panels was 66% of the effective capacity of a fully composite 

section.  

 

Figure 5-6: Load-deflection curve for partially composite MR panels 
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CHAPTER 6.  Experimental Testing of Wall Panels 

6.1 General 

This chapter presents the development and testing of the MetRock SCIPs used as 

structural walls for the construction of low-rise buildings. This part of the experimental program 

was conducted with the aim to study the in-plane flexural properties of the MR panels subjected 

to lateral loading. Additionally, this investigation was also used to assess the seismic 

performance of the MR wall panels. Three slender cantilevered wall specimens were prepared 

using the standard 4ft x10ft MR SCIP with a 4-inch insulation core. Fabrication details of the 

wall specimens are provided in Section 3.4. All three walls were tested until failure under a 

quasi-static cyclic lateral loading protocol. The results obtained from the testing of the walls are 

presented and analyzed in this chapter. The strength properties such as the in-plane elastic 

stiffness and drift ratio limits of the MR walls are documented and presented. Furthermore, the 

nonlinear properties such as the damage propagation, energy dissipation and the modes of 

failures observed during the testing are also discussed.  

6.2 Test specimen description 

The wall specimens used for this investigation were fabricated using the standard short 

span MR panels. The specimens were prepared using a precast approach where two layers of 

SCC was poured over the panels. The fabrication process for the wall panel was identical to that 

of the slab specimens, details from the fabrication process can be reviewed in Chapter 3. The 

wall specimens used for this experiment were labeled A-4, A-5, and A-6. All three specimens 

were cantilever walls that had an overall height of 125 inches. A reinforced concrete socket 

footing was used to provide the fixed base for the specimens. The footing was tied down to the 

strong floor using high strength threaded anchor rods. The distance from the base to the top of 

the wall was 108 inches. Specimen A-5 is shown in Figure 6-1.  
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Figure 6-1: MR SCIP wall specimen 

To investigate the actual in-plane capacity of the panels, a socket connection was used for 

the panel to footing connection. This type of connection is not typical in residential construction 

but are frequently used for retaining walls. The socket connection was 7 feet long, 30 inches 

wide and 17 inches deep reinforced concrete strip footing with a 7 in x50 in recess in the middle 

that was 15 inches deep. The socket was slightly wider than the panel to ensure that a uniform 

half-inch gap was maintained in between  the panel and the socket. Construction details for the 

socket footing are discussed in Section 3.4.2. Additionally, six one-inch ducts were installed 

inside the footing before the concrete was poured. These ducts were then used to anchor the 

footing to the strong floor with the aid of six high strength threaded anchor rods. Details for the 

socket footing is provided in Figure 6-2.  

108 in.

17 in.
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Figure 6-2: Detailed socket wall footing 

A precast approach was used to assemble the prefabricated panel to the socket footing. 

First, the footing was transported from the precast bed to the structural lab. They were then 

secured to the strong floor using high strength anchor rods. Once the footing was in place, the 

panel was stood up vertically using a tilt-up system. The panel was then clamped and placed 

inside the footing using a forklift. After the panel was set inside the socket, it was grouted in-

place using a fluid high-strength non-shrink Dayton 1107 advanced grout. The product data sheet 

for the grout is provided in the Appendix A. The grout was applied in the half inch gap that was 

maintained in between the panel and the footing. Details for the assembly of the wall specimen 

are provided in Section 3.4.3. Six standard two-inch grout cubes were prepared for each wall 

specimen. These cubes were used to determine the test day compressive strength of the grout. 
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The ASTM C109 (Standard Compressive Strength of Hydraulic Cement Mortar) was used to test 

the grout cubes. Figure 6-3 show the pictures form testing of grout cubes.  

 

Figure 6-3: Testing of grout cubes for wall specimen 

6.3 Test setup 

This section provides information on the testing arrangement of the MR wall specimens. 

The testing protocol for this experiment was drafted according to the ACI 374.2R “Guide for 

Testing Reinforced Concrete Structural Elements under Slowly Applied Simulated Seismic 

Loads” (ACI, 2013). The test setup, boundary conditions, and loading protocol stated in the 

guide were used to properly execute the experiment. All the tests were performed at the 

structural lab at Idaho State University. The schematics for the wall test setup is shown in Figure 

6-4. The actual test setup is presented in Figure 6-5. 

a) Preparing grout cubes  b) Testing grout cubes  c) Failure modes 
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Figure 6-4: Schematics for wall test setup 

 

Figure 6-5: Wall test setup 

Socket footing  

Load cell 

Reaction frame  

MR wall 

Actuator 
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6.3.1 Support conditions 

As mentioned in Section 6.1, the specimens used for this experiment were cantilever 

walls that had a fixed connection at the base. The height from the base of the wall to the center of 

the actuator was eight feet. 

6.3.2 Loading apparatus 

The lateral in-plane loading was applied to the specimen by a 160-kip capacity 

displacement controlled servo-hydraulic actuator. The actuator was pushing against a reaction 

frame that was tied down to the strong floor using high strength threaded rods. The head of the 

actuator was attached to the top of the specimen using four high strength threaded rods and two 

1.5-inch steel bearing plates. The top of wall was clamped to the actuator to achieve both push 

and pull loading intervals. 

6.3.3 Measurement device and instrumentation  

Campbell Scientific data acquisition system was used to continuously record and report 

all necessary information from the instruments attached to the specimen during testing. The 

logger system comprised of a separate computer which was intended to record the data from the 

instruments mounted on the specimen and the load cells at each step of time during testing. Each 

instrument was calibrated to a channel in the logger computer. There was a trigger set for the 

logger system which was designed to get a reading from all instruments mounted on the 

specimen, which then transferred the data to the logger computer at one hertz sampling rate. The 

instrumentation details for are presented Figure 6-6. The label, description, and the function of 

each instrument used are provided in Table 6-1.  
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Table 6-1: Instrumentation for testing of wall specimens 

Label  Description Function  

IPT 

50-inch capacity 

string potentiometer  
Measured the in-plane deflection of the wall 

OPT 

50-inch capacity 

string potentiometer  

Measured the out-of-plane deflection of the 

wall 

IPF 

2-inch stroke 

potentiometer  

Measured the in-plane deflection of the 

footing 

OPF 

2-inch stroke 

potentiometer  

Measured the out-of-plane deflection of the 

footing 

V (1-8) 

2-inch stroke 

potentiometer  

Measured the curvature of the specimen with 

respect to the footing 

H (1&2) 

2-inch stroke 

potentiometer  
Measured the horizontal cracking of the wall 

D (1-4) 

4-inch stroke 

potentiometer  
Measured the diagonal cracking of the wall 

 

 

 

Figure 6-6: Schematics for instrumentation of wall specimen 
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The lateral loads were recorded using a 225-kip capacity two-way load cell that was 

installed at the head of the actuator. Figure 6-7 shows the load cell setup. 

 

Figure 6-7: Instrumentation for wall testing (load cell) 

The in-plane lateral displacement of the wall was measured at two locations using a set of 

string potentiometers that were mounted to an independent frame. The string potentiomentrs 

were used to measure the in-plane displacement at the top and at the base of the wall. Similarly, 

the out-of-plane motion of the wall and the base were also monitored using the same setup. 

Figure 6-8 show the setup for the potentiometers used to the record the in-plane and out-of-plane 

displacements of the specimen. 

 

Figure 6-8: Instrumentation for wall panel testing (in-plane and out-of-plane deflection) 

Load cell

a) IPT b) OPT 

c) IPF d)OPF

a) In-plane top b) Out-of-plane top

c) In-plane footing d) Out-of-plane footing
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Flexural and shear deformations of the wall were measured using vertical, horizontal and 

diagonal array of rod end potentiometers (pots). The pots were directly mounted on both faces of 

the wall. The pots were attached to the wall using studs with aluminum brackets that were drilled 

and epoxied into the concrete wythe. The vertical pots (V) were used to measure the curvature of 

the wall with respect to the footing while the horizontal and the diagonal pots (H and D) 

measured shear deformation. The arrangement of the potentiometers is provided in Figure 6-9. 

 

Figure 6-9: Instrumentation for testing of wall (potentiometers) 

6.3.4 Experimental observations 

The test data collected for each test was supplemented by observations made during 

different stages of testing. A crack propagation analysis was conducted for each test to assess the 

progression of damage and the overall specimen performance. The location, type, and size of 

cracks were noted at each cycle for this purpose. The cracks formed during the pull and the push 

cycles were marked with green and red colors, respectively.  

6.4 Loading protocol  

A displacement controlled loading protocol was used for this testing. A quasi-static 

reverse cyclic lateral loading was applied at increasing displacements. The loading rate of one 
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millimeter per second was used to eliminate the dynamic inertial effects on the specimen. The 

loading sequence at each drift ratio consisted of two cycles with the same drift ratio. Each 

interval started at a pull which was followed by a push cycle. This type of loading protocol was 

adopted from the ACI recommendations (ACI Innovation Task Group, 2007). 

The drift ratio was selected as the control parameter for progressive. Drift ratios are 

calculated as the ratio of the lateral displacement at the top of the structure to the overall height. 

The loading intervals for this experiment were set using an estimated yield drift ratio φy. The 

estimated yield drift ratio was calculated using the yield displacement equation for structural 

walls provided in Priestley’s “Displacement-based seismic design of structures” (Priestley et al, 

2007). The yield deflection was calculated using Eqn. (6.2). The estimated drift ratio calculated 

for this test was 0.32 inches. The targeted drift ratios selected for the loading intervals were 

based on the estimated yield drift ratio. The loading history used for this experiment are provide 

in Table 6-2. The loading profile is shown in Figure 6-10. In all three testing, positive values 

were assigned to the push cycles and negative values were assigned to the pull cycles. The 

testing was stopped after 50 percent strength loss. 

∆𝑦𝑖=
∈𝑦

𝑏
 𝐻𝑖

2(1 −
𝐻𝑖

3𝐻𝑛
)                                        (6.1) 

Where, 

∈y = Yield strain for steel (in/in) 

b = Width of the wall (in) 

Hi = Height of ith wall (in) 

Hn= Total height pf structure (in) 
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Table 6-2: Drift targets for reverse cyclic lateral loading protocol 

 

 

Figure 6-10: Loading protocol for reverse cyclic lateral loading  

 

Cycle Δ (in) Drift (%)

   1/4 φy 0.08 0.08

  1/2 φy 0.16 0.16

  3/4 φy 0.24 0.24

1 φy 0.32 0.32
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During testing no axial gravity load was applied on the specimen. Although the 

application of gravity load is recommended by ACI 374.2R, section 4.5 mentions that the gravity 

loads are required only if their effects are deemed important (ACI, 2015). For a typical MR SCIP 

construction, all the walls in the building are load-bearing walls. This causes the gravity load to 

be distributed evenly among all the walls, which significantly reduces the amount of gravity load 

applied on an individual section. Additionally, similar cyclic testing conducted by El Demerdash 

showed that the application of gravity load did not change the overall the performance of the 

walls (El Demerdash, 2012) 

6.5 Experiment results 

This section discusses the results and observations obtained from the testing of the full-

scale MR wall specimens. All three specimens were tested up to a 50% strength degradation to 

define the in-plane structural properties of the MR panels. Each test is summarized, and the 

results are presented graphically in this section. The raw displacement and load data collected 

during the tests were used to generate the load-deflection hysteresis for each specimen. The 

backbone data was then used to generate the load-drift ratio curve, and to calculate the moment 

capacity and the elastic in-plane stiffness of the panels.  

The curvature of the wall was also measured during the tests. This was done using the 

data recorded by the vertical potentiometers that were placed in the plastic hinge zone. The 

curvature was calculated as the average slope of the deflection in the compression and the 

tension region. The raw data were processed using a MATLAB code to produce the backbone 

curve.  

The energy dissipation obtained by each specimen prior to failing was also analyzed for 

this investigation, the envelope areas inside the load-deflection curves were used to compute the 
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energy dissipation at each drift interval. The dissipated energy was calculated using numerical 

integration of the area enclosed inside the load-displacement hysteresis loop for each cycle The 

MATLAB code used to compute the envelope area is attached in Appendix E.  

 

Specimen A-4 was prepared on 12/03/2018 and was tested on 5/29/19. The concrete 

strength of the wall panel at transfer was 3681 psi and the test day strength were 8584.5 psi. The 

average compressive strength on the test day for the footing and the grout was 10,800 psi and 

5682 psi respectively.  

The raw load defection hysteresis for A-4 is provided in Figure 6-11. The backbone load 

drift ratio curve derived from the test data is illustrated in Figure 6-12. The test results showed 

that the hysteresis for A-4 was fairly symmetric. The first yielding of the specimen occurred 

during the pull cycle at a deflection of 0.068 inches with a yield force of 8.13 kips. The drift ratio 

at yielding was 0.07% which corresponded to a moment of 65 kip-ft. Similarly, for the push 

cycle, the specimen yielded at a deflection of 0.065 inches with a yield force of 8.57 kips. The 

drift ratio at yield was 0.07% with a moment of 68.5 kip-ft. The ultimate force for the pull cycle 

was 18.9 kips at a drift ratio of 0.78% whereas the ultimate force for the push cycle was 17.4 

kips with at a drift ratio of 0.804%. The moment capacity for the specimen in pull was 151.1 kip-

ft. whereas in the push cycle it was 139 kip-ft. Due to slight deflection in the reaction frame, the 

push and t6he pull cycles were slightly different from each other. The moment-curvaturegraph 

for A-4 is provided in Figure 6-13. 

The energy dissipated per loop at each cycle for A-4 is presented in Figure 6-14. In this 

figure, the energy per loop at each loading interval is displayed in a histogram plot where the 

cumulative dissipated energy during testing is shown on the secondary axis of the graph. Data 
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from Figure 6-14 show that the inside the hysteretic loop was small in the initial loading intervals 

and gradually increased increasing drift ratios. Also, within the two cycles of the same loading 

interval, the first cycle dissipated more energy than the second. This indicated that the specimen 

experienced strength/stiffness degradation during the cycles. The total amount of energy 

dissipated during the test was 13.2 KJ, and the maximum energy dissipation was experienced 

during the 10th cycle.  

 

Figure 6-11: Load-deflection hysteresis for specimen A-4 
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Figure 6-12: Force-drift ratio backbone curve for A-4  

 

Figure 6-13: Moment-curvature for specimen A-4 
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Figure 6-14: Energy dissipation plot for specimen A-4 

Specimen A-5 was prepared on 12/06/2018 and was tested on 5/22/19. The concrete 

strength of the wall panel at transfer and on test day were 3613 psi and 7309 psi respectively. 

The average compressive strength for the footing and the grout were 10,800 psi and was 5781psi 

respectively.  

The raw load-defection hysteresis for A-5 is provided in Figure 6-15. The load-drift ratio 

backbone curve derived from the raw test data is provided in Figure 6-16. The test results 

showed that the hysteresis for A-5 was fairly symmetrical. The yielding of the specimen 

occurred in the pull cycle at a deflection of 0.081 inches with a yield force of 7.71 kips. The drift 

ratio at yielding was 0.085% with a moment of 61.7 kip-ft. Similarly, for the push cycle, the 

specimen yielded at a deflection of 0.08 inches and the yield force was 8.4 kips. The drift ratio at 

yield was 0.083% with a moment of 67.7 kip-ft. The ultimate force for the pull cycle was 19.5 

kips that corresponded to a drift ratio of 1.1%. The ultimate force for the push cycle was 17.4 
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kips at a drift ratio of 0.84%. The moment capacity for the specimen in pull was 156.5 kip-ft. 

whereas in the push cycle it was 139.2 kip-ft. The moment-curvature graph for A-5 is provided 

in Figure 6-17. 

The energy dissipated per loop at each interval for A-5 is presented in Figure 6-18. 

Similar to A-4 the dissipation graph for A-5 shows that the enclosed area loops was small during 

the initial cycles and gradually increased with increasing drift ratios. This indicated that the 

specimen experienced strength/stiffness degradation during the cycles. The total energy 

dissipated during the testing of A-5 was 18.8 KJ, and the maximum energy dissipation was 

attained in the 10th loading interval where the dissipated energy was 6.2 KJ. 

 

Figure 6-15: Load-deflection hysteresis for specimen A-5 
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Figure 6-16: A-5: Backbone load-drift ratio curve A-5 

 

Figure 6-17: Moment-curvature for A-5 
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Figure 6-18: Energy dissipation for specimen A-5 
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strength of the wall panel at transfer and on test day were 3013 psi and 7564 psi respectively. 

The average compressive strength for the footing and the grout were 10,800 psi and was 6295psi 

respectively.  

The raw load-defection hysteresis for A-6 is provided in Figure 6-19. The load-drift ratio 
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a at a drift ratio of 0.93%. The ultimate force for the push cycle was 18.3 kips with a 

corresponding drift ratio of 0.76%. The moment capacity for the specimen in pull was 153 kip-ft. 

whereas in the push cycle it was 146.8 kip-ft. The moment-curvature graph for A-5 is provided 

in Figure 6-21. 

The energy dissipated each drift interval for A-6 is presented in Figure 6-22. The graph 

shows that the area enclosed inside the loops was small in the initial cycles, and gradually 

increased with every drift ratio. This indicates that the specimen experienced strength/stiffness 

degradation during the cycles. Similar to A-4 and A-5 prior to reaching the ultimate capacity, for 

the same targeted drift interval more energy dissipation occurred in the first cycle than the 

second. The total energy dissipated during the testing of A-6 was 17.0 KJ. The maximum energy 

dissipation was attained in the 9h loading interval where the dissipated energy was 5.2 KJ. 

 

Figure 6-19: Load-deflection hysteresis for specimen A-6 
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Figure 6-20: Backbone load-drift ratio for specimen A-6 

 

Figure 6-21: Moment-curvature for specimen A-6 
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Figure 6-22: Energy dissipation plot for specimen A-6 

The overall test summary for the in-plane cyclic testing of the MR wall specimens are 

presented in Table 6-3. The average yield drift ratio for the specimens was 0.082%. The average 

yield force was 7.91 kips which corresponded to an average moment capacity of 63.2 kip-ft. The 

average in-plane elastic stiffness for the specimens was 102.7 kip/in. The average ultimate 

moment capacity of the specimen was 148 kip-ft and was reached at a drift ratio of 0.89%.  

Table 6-3: Test summary for in-plane cyclic loading of MR wall specimens 

Specimen Cycle  
Yield drift 

ratio (%) 

Yield 

moment 

(kip-ft) 

In-plane 

stiffness 

(kip/in) 

Ultimate 

drift ratio  

% 

Ultimate 

moment 

capacity 

(kip-ft) 

Energy 

dissipated 

(K.J) 

A-4 
Pull 0.071 65.0 119.5 0.781 151.1 

13.2 Push 0.068 68.5 131.8 0.804 138.9 

A-5 
Pull 0.085 61.7 95.3 1.105 156.5 

18.8 Push 0.083 67.7 105.7 0.839 139.2 

A-6 
Pull 0.098 58.8 78.1 0.928 153.2 

17.0 Push 0.087 58.0 86.3 0.757 146.8 

Average  0.082 63.3 102.8 0.869 147.6 16.3 
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The load-deflection data obtained from the experiment were also used to define two 

important seismic parameters for the MR panels. The overstrength factor (Ωo) and the ultimate 

ductility (μT) for the panels were calculated using the methodology stated in FEMA P695. 

FEMA P695 provides a rational method of evaluating the seismic performance factors for 

various seismic force resisting systems (FEMA, 2009). The idealized non-linear static push over 

(backbone) curve used for this analysis is illustrated in Figure 6-21. Eqns. (6.2) and (6.3) were 

used to calculate the overstrength factor and the ultimate ductility. The calculated overstrength 

factors for the three specimens are summarized in Table 6-4. Similarly, the values for the 

ultimate displacement ductility for the three specimens were calculated and are presented in 

Table 6-5. Testing results showed that the average calculated overstrength factor for the MR 

panel was 2.5, and the total ductility was 16.3.  

Ωo = Vu/Vy                                                                   (6.2) 

Where, 

 Ωo = Overstrength factor 

 Vy = Base shear at yield (kip) 

Vu = Ultimate base shear (kip) 

μ𝑇 = 𝛿𝑢𝑙𝑡/δy                                                                                                    (6.3) 

 Where, 

  μ𝑇= Ultimate ductility 

  δy = Deflection at yield (in) 

𝛿𝑢= Deflection at the point of 20% strength loss (in) 
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Figure 6-21: Idealized nonlinear static push over curve (FEMA, 2009) 

Table 6-4: Overstrength factor for wall panels  

Specimen 
Base shear (kip) Overstrength factor 

(Ωo) Vy  Vu 

A-4 8.1 18.9 2.3 

A-5 7.7 19.6 2.5 

A-6 7.3 19.3 2.6 

Average 7.7 19.3 2.5 

 

Table 6-5: Ultimate ductility values for wall specimens 

Specimen 
Deflection (in) Ultimate ductility 

(μ) δy δu 

A-4 0.068 1.13 16.62 

A-5 0.081 1.48 18.27 

A-6 0.094 1.31 13.94 

Average 0.08 1.31 16.28 

 

As part of the nonlinear analysis of the walls, the strength degradation, damage 

propagation, and the modes of failure for all three specimens were recorded during the testing. 

The strength degradation for all three specimens followed a typical four-line stiffness 

degradation model represented by cracking, yield, ultimate and failure points. The dominant 
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mode of failure observed for the three specimens was a flexural-controlled failure that occurred 

at the base of the wall. At failure, the specimens were riddled with many flexural cracks that 

were mostly concentrated inside the plastic hinging region. Although the exact locations of the 

failure are different for all three specimens, all failure occurred within the plastic hinge region 

close to the base of the walls.  

The degradation process for the specimens started with the development of flexural 

cracks at the bottom of the wall which slowly propagated upwards toward the upper half of the 

walll. With the increase in the drift ratio past initial cracking, greater number of hairline cracks 

were formed. Significant number of cracks were observed on both wythes and at the edge walls. 

Once the specimen yielded, fewer number of cracks appeared and the existing cracks, especially 

in the plastic hinge region started getting wider. This continued till a dominant crack was formed 

and caused the specimen to fail. The failure was caused by the crushing of the concrete cover at 

the edges which was followed by the rupture of the reinforcement during the subsequent cycle. 

The damage progression observed at the edge of the walls can be observed in Figure 6-23 

through 6-65. In these figures the strength degradation at 0.08%, 0.4%, 0.65%, 1%, 1.6% and 2% 

targeted drift ratios are labeled ‘a’ through ‘f’, respectively. The details and description of the 

modes of failure for each wall specimen are summarized in Table 6-4.  

Table 6-4: Modes of failure for wall specimens 

Specimen Mode of failure  Location of failure  Description 

A-4 
 Flexural dominated toe 

failure     

6 inches above the base in 

push and 2 inches above 

in the pull cycle 

Figure 6-24;6-25 

A-5 
 Flexural dominated toe 

failure   

2 inches above the base in 

push and 6 inches above 

it in the pull cycle 

Figure 6-26;6-27 

A-3 
 Flexural dominated toe 

failure   

10 inches above the base 

in push and 6 inches 

above it in the pull cycle 

Figure 6-28;6-29 
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Figure 6-23: Damage progression ‘A-4’ 

a) 0.08%  b) 0.4%  

c) 0.65%  d) 1.0%  

e) 1.6%  f) 2%  
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Figure 6-24: Damage progression ‘A-5’ 

a) 0.08%  b) 0.4%  

c) 0.65%  d) 1.0%  

e) 1.6%  f) 2%  
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Figure 6-25: Damage progression ‘A-6’ 

a) 0.08% b) 0.4%  

c) 0.65%   d) 1.0%  

e) 1.6%  f) 2 .0%  
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Figure 6-26: Failure mode for specimen ‘A-4’ 

a) Failure push cycle b) Failure pull cycle 
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Figure 6-27: Failure mode for specimen ‘A-4’ 

a) West edge wall push cycle  b) East edge wall pull cycle  

c) North wall push cycle  

e) South wall push cycle  

d) North wall pull cycle  

f) South wall pull cycle  
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Figure 6-28: Failure mode for specimen ‘A-5’ 

a) Failure push cycle b) Failure pull cycle 
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Figure 6-29: Failure mode for specimen ‘A-5’ 

 

 

a) West edge wall push cycle  b) East edge wall pull cycle  

c) North wall push cycle  

e) South wall push cycle  

d) North wall pull cycle  

f) South wall pull cycle  
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Figure 6-30: Failure mode for specimen ‘A-6’ 

a) Failure push cycle b) Failure pull cycle 
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Figure 6-31: Failure mode for specimen ‘A-6’ 

 

a) West edge wall push cycle  b) East edge wall pull cycle  

c) North wall push cycle  

e) South wall push cycle  

d) North wall pull cycle  

f) South wall pull cycle  
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6.6 Summary  

1. Three MR wall specimens were successfully tested using ACI 374.2R-13 “Guide for 

Testing Reinforced Concrete Structural Elements under Slowly Applied Simulated 

Seismic Loads.”  

2. The load-deflection hysteresis and the moment-curvature for all three walls were fairly 

symmetrical.  

3. The average yield drift ratio for specimen A-4 was 0.07% and the yield moment 

capacity was 66.8 kip-ft. Similarly, the ultimate moment capacity was 145 kip-ft and 

drift ratio at the ultimate capacity was 0.79%. The elastic in-plane stiffness of the 

specimen was 125.6 kip/in. 

4. The overstrength factor (Ωo) for A-4 was 2.3 and ultimate ductility (μT) was 16.6. 

5. The average yield drift ratio for specimen A-5 was 0.084% and the yield moment 

capacity was 64.7 kip-ft. Similarly, ultimate moment capacity was 147.8 kip-ft and 

drift ratio at ultimate capacity was 0.97%. The elastic in-plane stiffness of the specimen 

was 100.4 kip/in.  

6. The overstrength factor (Ωo) for A-5 was 2.5 and the ultimate ductility (μT) was18.3. 

7. The average yield drift ratio for specimen A-6 was 0.092% and the yield moment 

capacity was 58.4 kip-ft. Similarly, the ultimate moment capacity of the specimen was 

150. kip-ft and drift ratio at ultimate capacity was 0.84%. The elastic in-plane stiffness 

of the specimen was 82.2 kip/in. 

8. The overstrength factor (Ωo) for A-6 was 2.6 and the total ductility (μT) was 13.9. 

9. The strength degradation for all three specimens followed a typical four-line stiffness 

degradation model represented by cracking, yield, ultimate and failure.  
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10. Considerable amount of energy dissipation was achieved through the formation of 

flexural cracks before failure. 

11. The average energy dissipated by the MR wall specimen was 16.3 K.J. 

12. A stiffness degradation was observed during the testing, this was confirmed by the 

uniform increase in energy dissipation throughout the testing.  

13. The failure for all three specimens was caused by the toe-crushing at the base of the 

wall was followed by horizontal shear failure.  
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CHAPTER 7.  CONCLUSIONS 

The purpose of this research was to introduce MetRock Structural Concrete Insulated 

Panels and to investigate their in-plane and out-of-plane structural properties. Two types of full-

scale experimental testing were conducted. The tests conducted were: 1) out-of-plane flexural 

testing of MR panels used as floor/roof slabs. 2) in-plane cyclic testing of MR panels used as 

walls under seismic loading. The testing was successfully conducted at the structural lavatory at 

Idaho State University. The summaries from the testing are presented in this section along with 

conclusions, detailing considerations and recommendations for future research  

7.1 MetRock SCIPs used as floor/roof slabs 

1. Eleven MetRock SCIP slab specimens were constructed and tested under four-point 

flexural test. The tests were conducted in accordance with ASTM E72-05. 

2. The short span (10 feet) slab specimens exhibited very ductile behavior when subjected 

to out-of-plane flexural loading. The failure mode was a flexural-controlled failure with 

significant energy dissipation in the form of many hairline flexural cracks prior to failing. 

3. The average elastic stiffness for the short span slabs was 58.6 kip/in. The average applied 

cracking moment capacity was 8.1 kip-ft. The ultimate moment capacity was 16.3 kip-ft., 

which corresponded to an ultimate load carrying capacity of 324.6 psf.  

4. Since none of the specimens failed in shear nor were there any shear cracks observed at 

the end supports, it can be assumed that the minimum shear capacity of the panels was 

6.6 kips (Pmax/2).  

5. The short span MR panels satisfied the ACI 318-14 and ASCE 07 code requirements for 

a residential concrete floor and roof slabs. The average distributed load carrying capacity 

for the short span slabs was calculated to be 167 psf. 
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6. The short span specimens behaved as a partially composite section and achieved 66% 

flexural capacity of a fully composite section that was analyzed using the ACI flexural 

analysis.  

7. The medium (14 feet) and the long span (18 feet) slab specimens exhibited fairly ductile 

behavior followed by a very sudden failure at the splice location. The under 

reinforcement of the splice in the panels was what caused the premature failure and 

prevented it from achieving its full capacity. 

8. The average elastic stiffness for the medium span slabs was 14.8 kip/in. The average 

cracking moment was 4.5 kip-ft. The ultimate moment capacity was 9.6 kip-ft., which 

corresponded to an ultimate distributed load carrying capacity of 97.1 psf. 

9. The average elastic stiffness for the long span slabs was 9.45 kip/in. The average 

cracking moment capacity of 3.2 kip-ft. The ultimate moment capacity was 8.5 kip-ft. 

which corresponded to an ultimate load carrying capacity of 52 psf. 

10. The medium and the long span slabs did not meet the ACI code for residential concrete 

floor slabs. However, they did meet the required standards for residential roof 

construction. It is though that providing thicker panels (e.g. thicker concrete wythes) 

could make the medium and long span slabs suitable for residential floor slabs. This 

could be done using analytical models generated from the experimental results in this 

thesis. 

11. Due to the premature failure of the medium and the long span specimens, two additional 

slabs with reinforced splice regions were tested. 

12. Both modified long span specimens were successful in transferring the failure plane away 

from the splice region, which significantly increased the ultimate moment capacity of the 
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panels and avoided a brittle failure. The average ultimate moment capacity of the 

modified specimens was 12.4 kip-ft. This was which 46% more than the capacity for the 

unmodified long span specimen. The ultimate distributed load carrying capacity of the 

modified specimen was 88 psf. 

7.2 MetRock SCIPs used as wall panels  

1. Three MR wall specimens were constructed and tested under lateral loads in 

accordance with the ACI 374.2R-13 “Guide for Testing Reinforced Concrete Structural 

Elements under Slowly Applied Simulated Seismic Loads.” 

2. The large-scale tests were performed to quantify the in-plane flexural capacity and the 

failure pattern of the MR panels used as structural walls under seismic loading.  

3. Significant energy dissipation and ductility were achieved by all three specimens prior 

to failing. The average energy dissipated during the tests was 16.3 K.J. 

4. The strength degradation for all three specimens could be represented using a typical 

four-line stiffness degradation model represented by cracking, yield, ultimate, and 

failure.  

5. The failure for all three specimens was caused by toe crushing at the base of the wall.  

6. The load-deflection hysteresis and the moment-curvature for all three walls were 

relatively symmetric.  

7. The average in-plane elastic stiffness for the wall specimens was 102.8 kip/in. 

8. The average yield moment capacity for the walls was 63.3 kip-ft which was attained at 

a drift ratio of 0.082%. 

9. The ultimate moment capacity for the specimens was 146.8 kip-ft. at a drift ratio of 

0.9%. 
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10. The overstrength factor for the MR walls was 2.5.  

7.3 Conclusion and Recommendations  

In conclusion, a series of full-scale testing of MetRock SCIPs were conducted to define 

their structural performance and viability for residential construction. The experimental testing 

showed that MR SCIPs performed well as building slabs and wall. Since the MR panels are 

monolithically poured reinforced concrete structures that utilize an EPS core, they can be used to 

construct structurally sound buildings that are economical, sustainable, efficient and durable.  

Test results showed that the short span panels could be used for constructing floor and roof 

slabs for residential structures. The load carrying capacity of the short span slabs exceeded both 

ACI 318-14 and ASCE 07 code requirements for a residential floor and roof slab. An integral 

finding of this research was that due to the complex arrangement of the diagonal shear 

connectors in the MR panels, the slabs were able to achieve significant shear transfer between 

the two load-bearing faces when subjected to out-of-plane flexural loading. The panels behaved 

as a partially composite section and achieved 66% capacity of a fully composite section. Hence 

designing MR SCIPs as a non-composite section as specified in ACI 374.2R would largely 

underestimate their load carrying capacity. The slab specimens exhibited a wide range of 

nonlinear behavior, and redistribution of stresses was successfully achieved through the 

formation of many hairline flexural cracks prior to failing. 

Although the medium and long MR panels did not satisfy the code requirements for a 

residential floor, they can still be effectively used as residential roof slabs. Testing of the longer 

span slabs showed that they meet the deflection requirements stated in ACI 318 under a standard 

ASCE7 residential roof live load. However, that being said, test results showed that just relying 

on the mesh for the splice reinforcement was not sufficient and caused a premature failure. 
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Hence, to achieve the full capacity of the longer span slabs additional splice reinforcements are 

recommended. Standard grade 60 #3 bars can be used to reinforce the splice and significantly 

increase the slabs’ ultimate load carrying capacity. The reinforcement detail used for specimen 

S-1 is recommended for the most effective result.   

Another key detail in avoiding premature failure of the slabs was the edge confinement 

provided to the panels. For the test specimens the confinement was provided using a special “U- 

mesh” with a half inch of concrete cover. The confinement of the edges prevented the out-of-

plane buckling of the diagonal trusses and significantly increased the load-carrying capacity of 

the panels. Although during real-world construction “U mesh” are not applied to the panels, the 

cores may achieve adequate lateral confinement by clamping adjacent panels together. This 

prevents the edge trusses from out-of-plane buckling and ensures that the panels achieve their 

full capacity.   

Additionally, due to their high in-plane elastic stiffness, MR panels can be effectively used 

as shear walls for residential buildings located in coastal areas that are prone to high lateral wind 

loads. Additionally, the cyclic testing of MetRock walls showed that the panels were able 

achieve an adequate amount of energy dissipation prior to failure. The walls exhibited fairly 

ductile nonlinear behavior past the yield drift ratio of 0.08%. At the ultimate drift ratio of 0.9%, 

all three wall specimens failed by toe crushing followed by horizontal shear. The ultimate 

ductility (μT) exhibited by the MR panels was 16.3. Test results also showed that the MR walls 

had an over strength factor (Ωo) of 2.5 which was equal to the value stated in the ACI 318 for a 

normally reinforced concrete wall. Since the MR walls displayed a relatively high overstrength 

factor.  
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The alternative precast approach used to fabricate the slabs and walls used in this research 

is different from traditional construction of MR SCIPs, this method could be an efficient 

construction technique. All of the precast specimens were relatively easy to produce, handle, and 

assemble. They did not require specialized labor; thereby providing a relatively economical and 

easy construction option. Furthermore, the precast approach could be a great alternative to 

applying shotcrete to the floor and roof slabs. Applying shotcrete to the slabs can be a 

complicated process due to the difficulty in application and the rebound of the shotcrete, 

especially for the bottom half of the slabs. Therefore, instead of using shotcrete, the bottom layer 

of the slabs can be poured in a precast bed prior to being installed and the top layer can be 

poured in-place.  

7.4 Future work 

By successfully executing a full-scale experimental program, this research has laid a solid 

foundation for many possible future studies on SCIPs in general. The elastic strength properties 

obtained from the test results can be used to for the structures incorporating MetRock SCIPs. It 

can also be used to verify the results obtained from numerous analytical and numerical predicting 

models. Experimental results in this thesis could be used to develop analytical finite element and 

simplified models for MR panels with various span lengths and thicknesses. Design charts can be 

developed for wider application of this technology. The models can then be used to produce 

proper performance-based design guidelines for the MetRock SCIP construction technology. 

With the aid of proper design, manual engineers will no longer hesitate to use MR panels in their 

designs and can produce efficient residential structures. Also, the narrow scope of this study of 

just one type of Structural Concrete Insulated Panel can be used as a blueprint to test various 

similar sandwiched panels. 
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APPENDICES 

Appendix A. Material Datasheet  

 

Figure A-0-1: Portland cement datasheet 
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Figure A-0-2: Navajo fly-ash datasheet 
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Figure A-0-3a MasterGlenium 1466 datasheet 
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Figure A-3b MasterGlenium 1466 datasheet 
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Figure A-3c MasterGlenium 1466 datasheet 
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Figure A-0-4a Dayton superior data sheet  
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Figure A-4b Dayton superior data sheet 
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Figure A-4c Dayton superior data sheet 
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Figure A-5: EPS insulation technical data sheet 
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Figure A-6 Lox all truss 120 truss-mesh data sheet 
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Figure A-9: Patent detail for rib guides MetRock SCIPs 
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Appendix B. Concrete Test Results  

Table B-1: Concrete test result specimen A-1 

A-1 pour (11/15/18)  I II III IV V VI 

Diameter (in) 4.01 4.01 3.97 4.00 3.99 3.98 

Height (in) 7.95 7.93 7.87 7.95 8.00 7.98 

Area  (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area (in²) 12.60 12.62 12.38 12.57 12.49 12.41 

Volume (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight (lbs) 7.78 7.76 8.14 7.71 7.99 8.12 

Unit Weight      (pcf) 134.17 134.03 144.39 133.36 138.18 141.78 

Max load          lbs 38270 38620 42810 106580. 102710 115000 

Strength   (psi) 3036 3061 3458 8481 8224 9266 

Table B-2: Concrete test result specimen A-2 

A-2 pour (11/19/18)  I II III IV V VI 

Diameter      (in) 4.00 4.01 3.98 3.99 4.00 3.99 

Height           (in) 8.07 7.93 7.98 7.86 7.96 7.80 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.55 12.63 12.41 12.51 12.59 12.50 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.79 8.03 7.78 8.02 7.67 8.03 

Unit Weight      (pcf) 133.00 138.48 135.76 140.98 132.27 142.28 

Max load          lbs 53650 52810 46310 119000 93630 101100 

Strength   (psi) 4275 4181 3731 9514 7437 8085 

Table B-3: Concrete test result specimen A-3 

A-3 pour (11/28/18)  I II III IV V VI 

Diameter      (in) 4.00 3.99 3.98 4.00 3.92 4.01 

Height           (in) 8.02 8.07 8.05 7.98 8.02 8.01 

Area              (ft²) 0.09 0.09 0.09 0.09 0.08 0.09 

Area              (in²) 12.57 12.47 12.44 12.57 12.04 12.63 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 8.30 8.29 8.06 7.98 8.02 8.01 

Unit Weight      (pcf) 142.31 142.32 139.07 137.51 143.55 136.82 

Max load         (lbs) 42116 42780 66796 112680 107190 105150 

Strength   (psi) 3351 3430 5369 8966 8904 8325 
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Table B-4: Concrete test result specimen A-5 

A-5 pour (12/06/18)  I II III IV V VI 

Diameter      (in) 3.98 3.96 3.98 3.99 3.99 3.99 

Height           (in) 8.03 8.04 8.03 8.21 8.09 8.01 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.44 12.30 12.44 12.53 12.50 12.47 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 8.14 8.09 7.97 8.21 8.03 8.00 

Unit Weight       lb/ft³ 140.85 141.41 137.89 137.96 137.24 138.46 

Max load          lbs 45910 45400 43010 91470 91190 91420 

Strength   (psi) 3690 3690 3457 7302 7296 7329 

Table B-5: Concrete test result specimen A-6 

A-6 pour (12/13/18)  I II III IV V VI 

Diameter      (in) 3.99 3.98 3.98 3.97 3.98 3.99 

Height           (in) 8.03 7.95 8.00 8.03 8.03 8.00 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.50 12.44 12.41 12.38 12.42 12.51 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.93 7.73 8.06 7.90 8.07 8.13 

Unit Weight       lb/ft³ 136.56 135.05 140.29 137.42 139.88 140.31 

Max load          lbs 40950 34850 36770 83610 103730 94950 

Strength   (psi) 3275 2801 2962 6754 8350 7588 

Table B-6: Concrete test result specimen B-1 

B-1 pour (12/18/18)  I II III IV V VI 

Diameter      (in) 3.98 3.98 3.98 3.98 3.99 4.01 

Height           (in) 7.98 7.90 7.83 8.01 7.97 8.00 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.41 12.46 12.46 12.44 12.47 12.60 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.87 7.82 7.79 7.50 7.82 7.75 

Unit Weight       lb/ft³ 137.33 137.32 138.10 130.13 135.98 132.81 

Max load          lbs 43840 38140 39990 89710 93430 96510 

Strength   (psi) 3532 3061 3210 7210 7491 7657 
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Table B-7: Concrete test result specimen B-2 

B-2 pour (01/11/19)  I II III IV V VI 

Diameter      (in) 4.00 4.01 3.98 3.99 4.00 3.99 

Height           (in) 7.98 7.99 8.02 8.00 7.98 7.95 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.57 12.60 12.45 12.50 12.57 12.50 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.80 7.94 7.85 8.04 7.98 7.95 

Unit Weight       lb/ft³ 134.41 136.31 135.85 138.80 137.42 138.20 

Max load          lbs 53920 49670 51510 101160 97070 70890 

Strength   (psi) 4290 3942 4137 8090 7719 5669 

Table B-8: Concrete test result specimen B-3 

B-3 pour (01/14/19)  I II III IV V VI 

Diameter      (in) 4.06 4.01 3.98 4.00 3.99 3.98 

Height           (in) 7.98 7.95 8.05 8.03 8.05 7.95 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.96 12.61 12.44 12.58 12.48 12.46 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.99 7.59 7.69 7.68 7.45 7.46 

Unit Weight       lb/ft³ 133.51 130.82 132.68 131.43 128.22 130.09 

Max load          lbs 38220 35270 36860 98130 89530 99300 

Strength   (psi) 2949 2796 2962 7799 7173 7966 

Table B-9: Concrete test result specimen C-1 

C-1 pour (01/23/19)  I II III IV V VI 

Diameter      (in) 3.98 3.99 3.98 3.99 3.99 4.00 

Height           (in) 7.90 7.98 7.98 7.93 8.00 7.95 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.47 12.52 12.47 12.50 12.49 12.57 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.55 7.78 7.59 7.71 7.71 7.76 

Unit Weight       lb/ft³ 132.44 134.53 131.84 134.36 133.25 134.22 

Max load          lbs 37058 43957 44095 100710 103280 103390 

Strength   (psi) 2971 3510 3537 8054 8269 8227 
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Table B-10: Concrete test result specimen C-2 

C-2 pour (01/28/19)  I II III IV V VI 

Diameter      (in) 3.98 3.99 3.98 3.99 3.95 3.98 

Height           (in) 7.98 8.01 8.00 8.00 8.02 8.03 

Area              (ft²) 0.09 0.09 0.09 0.09 0.08 0.09 

Area              (in²) 12.44 12.47 12.46 12.47 12.24 12.44 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.39 7.50 7.64 7.83 7.76 7.35 

Unit Weight       lb/ft³ 128.63 129.73 132.56 135.60 136.63 127.20 

Max load          lbs 34930 35870 35040 94810 95920 72840 

Strength   (psi) 2807.65 2875.97 2812.95 7601.65 7838.45 5854.82 

Table B-11: Concrete test result specimen C-3 

C-3 pour (02/01/19)  I II III IV V VI 

Diameter      (in) 3.99 3.99 3.99 3.98 3.99 3.99 

Height           (in) 8.05 8.06 8.11 8.05 8.07 7.98 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.49 12.50 12.50 12.41 12.47 12.49 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.37 7.61 7.50 7.48 7.43 7.52 

Unit Weight       lb/ft³ 126.68 130.57 127.81 129.39 127.62 130.40 

Max load          lbs 33370 41310 39440 78380 74410 74890 

Strength   (psi) 2672 3303 3154 6315 5966 5996 

Table B-12: Concrete test result specimen S-1 

S-1 pour (04/25/19)  I II III IV V VI 

Diameter      (in) 3.98 3.99 3.97 3.97 3.99 3.98 

Height           (in) 8.05 8.06 8.11 8.05 8.07 7.98 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.44 12.50 12.38 12.38 12.50 12.44 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.37 7.61 7.50 7.48 7.43 7.52 

Unit Weight       lb/ft³ 127.16 130.57 129.10 129.71 127.30 130.89 

Max load          lbs 48880 47200.00 55880 80050 81480 78530 

Strength   (psi) 3928 3774 4514 6466 6516 6312 
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Table B-13: Concrete test result specimen S-2 

S-2 pour (04/25/19)  I II III IV V VI 

Diameter      (in) 3.98 3.99 3.97 3.97 3.99 3.98 

Height           (in) 8.05 8.06 8.11 8.05 8.07 7.98 

Area              (ft²) 0.09 0.09 0.09 0.09 0.09 0.09 

Area              (in²) 12.44 12.50 12.38 12.38 12.50 12.44 

Volume           (ft³) 0.06 0.06 0.06 0.06 0.06 0.06 

Weight          (lbs) 7.37 7.61 7.50 7.48 7.43 7.52 

Unit Weight       lb/ft³ 127.16 130.57 129.10 129.71 127.30 130.89 

Max load          lbs 48000 60170 50500 81500 79540 104300 

Strength   (psi) 3858 4812 4079 6583 6361 8383 

Table B-14: Concrete test result for socket footing 

Wall footing  (03/28/19)  I II III 

Diameter      (in) 4.021 3.97235 3.97475 

Height           (in) 8.025 8.0251 7.975 

Area              (in²) 12.69866 12.39324 12.40822 

Max load          lbs 132640 137940 135390 

Compressive  Strength   (psi)  10445.19 11130.26 10911.31 

Table B-15: Grout strength for specimen A-4 

Grout A-4 (05/23/19) I II III 

Width    (in) 2.030 2.040 2.080 

Height           (in) 2.000 2.050 2.020 

Area              (in²) 4.060 4.182 4.202 

Max load          lbs 22190 22155 26390 

Compressive  Strength  (psi) 5466 5298 6281 

Table B-16: Grout strength for specimen A-5 

Grout A-5 (04/29/19)  I II III 

Width    (in) 2.020 2.030 2.020 

Height           (in) 2.010 2.040 2.030 

Area              (in²) 4.060 4.141 4.101 

Max load          lbs 23880 24430 22810 

Compressive  Strength  (psi)   5881 5899 5563 

Table B-17: Grout strength for specimen A-6 

Grout A-6 (04/29/19)  I II III 

Width    (in) 2.020 2.025 2.026 

Height           (in) 1.979 2.025 1.979 

Area              (in²) 3.998 4.101 4.008 

Max load          lbs 25070 24730 26390 

Compressive  Strength  (psi)   6271 6031 6584 
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Appendix C. Slab Test Results 

Table C-1:  

A-1 A-2 A-3 

Load (lbs.) 

Average 

mid-span 

(in) 

Load (lbs.) 

Average 

mid-span 

(in) 

Load (lbs.) 

Average 

mid-span 

(in) 

0.0 0.00 0.0 0.00 0.0 0.00 

754.7 0.01 976.2 0.01 1601.6 0.06 

1189.7 0.02 1218.2 0.01 2119.6 0.08 

1665.3 0.02 1815.0 0.02 2662.3 0.10 

2284.7 0.03 2481.1 0.03 3086.3 0.11 

2726.2 0.04 3358.5 0.04 3626.4 0.13 

3319.6 0.05 4308.7 0.05 4113.2 0.14 

3742.3 0.05 5335.0 0.07 4671.1 0.16 

4268.8 0.06 5997.0 0.08 5220.0 0.18 

4792.5 0.07 6852.9 0.10 5766.6 0.19 

5415.9 0.08 7123.9 0.18 6243.6 0.20 

5999.4 0.09 7667.6 0.43 6733.0 0.22 

6367.5 0.09 8268.0 0.56 7045.8 0.23 

6788.1 0.20 8341.6 0.58 7644.8 0.27 

7740.2 0.41 8802.6 0.66 7956.7 0.29 

8153.5 0.56 9223.3 0.72 8626.8 0.52 

8601.9 0.62 9633.2 0.77 9043.7 0.68 

9024.2 0.68 10214.5 0.87 9574.3 0.89 

9521.3 0.76 10614.4 0.95 10023.0 0.96 

10059.0 0.85 11087.7 1.03 10586.9 1.07 

10302.5 0.91 11547.2 1.14 11066.8 1.16 

11069.8 1.05 12085.7 1.36 11469.4 1.26 

11545.6 1.21 12623.3 1.73 12022.0 1.47 

12108.8 1.47 13167.0 2.55 12549.0 1.73 

12507.7 1.80 13438.8 3.32 13005.8 2.20 

12837.9 2.30 9834.5 4.24 13163.8 2.65 

9040.6 2.91     10529.3 3.33 
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Table C-2: Backbone load-deflection data for medium span slabs 

B-1 B-2 B-3 

Load (lbs.) 
Average mid-

span (in) 
Load (lbs.) 

Average mid-

span (in) 
Load (lbs.) 

Average mid-

span (in) 

0.0 0.00 0.0 0.00 0.0 0.00 

576.9 0.03 619.7 0.03 653.6 0.03 

955.4 0.05 1085.0 0.05 1091.4 0.06 

1579.6 0.09 1601.0 0.09 1620.3 0.08 

2058.1 0.12 2105.0 0.13 2136.4 0.15 

2577.8 0.15 2561.0 0.19 2601.9 0.19 

3007.8 0.27 3019.0 0.30 3134.8 0.30 

3527.1 0.43 3557.0 0.62 3521.6 0.60 

4090.2 0.71 4010.0 0.84 4056.7 0.86 

4587.4 1.08 4524.0 1.09 4503.7 1.10 

5049.9 1.35 5081.0 1.46 5018.6 1.38 

5414.3 1.97 5530.0 1.99 5607.7 1.93 

4252.6 2.26 3668.0 2.27 4482.6 2.28 

 

Table C-3Backbone load-deflection data for long span slabs 

C-1 C-2 C-3 

Load (lbs.) 
Average mid-

span (in) 
Load (lbs.) 

Average mid-

span (in) 
Load (lbs.) 

Average mid-

span (in) 

0.0 0.00 0.0 0.00 0.0 0.00 

668.2 0.04 608.8 0.04 609.2 0.04 

1045.2 0.11 1112.9 0.09 1123.7 0.10 

1549.8 0.33 1557.5 0.16 1601.4 0.18 

2026.9 0.74 2014.4 0.44 2041.1 0.38 

2591.0 1.24 2522.7 1.22 2506.3 1.12 

3002.3 1.70 3005.6 1.72 3048.1 1.70 

3517.3 2.36 3509.9 2.35 3521.2 2.45 

3588.7 2.87 3981.0 3.36 3824.3 3.44 

2758.8 3.27 3153.3 4.34 3041.6 3.83 
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Table C-4: Backbone load-deflection data for modified long span slabs 

S-1 S-2 

Load (lbs) 

Average mid-span 

(in) Load (lbs) 

Average mid-span 

(in) 

0.0 0.00 0.0 0.00 

675.4 0.05 573.9 0.03 

1157.9 0.10 1098.4 0.11 

1612.7 0.18 1515.1 0.17 

2007.5 0.28 2112.5 0.52 

2547.5 0.76 2523.7 0.94 

3004.9 1.05 3043.8 1.30 

3584.4 1.39 3520.0 1.67 

4064.7 1.67 4045.2 2.05 

4537.7 1.96 4512.8 2.41 

5085.8 2.33 4593.2 2.54 

5576.0 2.80 5038.1 2.86 

6034.7 3.84 5521.3 3.63 

6547.0 6.11 6023.6 5.53 

6819.0 8.84 6046.2 6.38 

6630.0 9.30 5614.0 6.79 

5844.2 9.45 2033.2 7.55 

2499.3 11.08     
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Table C-5: Backbone load-deflection data for wall specimen 

A-4 A-5 A-6 

Deflection 

(in) 

Load 

(lbs) 

Deflection 

(in) 

Load 

(lbs) 

Deflection 

(in) 

Load 

(lbs) 

0 0 0 0 0 0 

-0.04 -4384 -0.04 -4384 -0.04 -5181 

-0.07 -8126 -0.08 -7717 -0.09 -7345 

-0.13 -10309 -0.14 -9656 -0.14 -8736 

-0.19 -12086 -0.20 -11334 -0.17 -9709 

-0.31 -15021 -0.31 -14118 -0.25 -12067 

-0.45 -17072 -0.61 -17578 -0.36 -14442 

-0.60 -18176 -0.76 -18358 -0.49 -16315 

-0.75 -18893 -1.06 -19561 -0.62 -17499 

-1.04 -16944 -1.40 -17474 -0.89 -19155 

-1.44 -7158 -1.81 -6474 -1.20 -17790 

-1.81 -2772 -1.82 -2674 -1.74 -6738 

0 0 0 0 -1.83 -4151 

0.00 314 0.00 3590 -2.23 -3638 

0.04 6433 0.02 5894 0.00 97 

0.03 5344 0.08 8457 0.08 7251 

0.04 7626 0.14 10248 0.12 8232 

0.06 8568 0.20 11676 0.15 9174 

0.15 11514 0.29 13892 0.22 11368 

0.24 14112 0.38 15221 0.29 13287 

0.35 15829 0.47 16202 0.39 15368 

0.49 17052 0.58 16707 0.50 16791 

0.77 17364 0.81 17405 0.73 18349 

1.10 11507 1.34 13114 1.00 18106 

1.66 4197 1.69 5031 1.43 9522 

    2.00 4125 
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Appendix D. ACI  318-14 Calculations  

      

Ultimate load carrying capacity for SCIP slabs    

ACI 318-02   

Assuming fully composite Section    

Span l =  119 in   

28 days compressive strength  f'c =  8000 psi   

Yield strength of steel  fy  =  60000 psi   

Distance to tension steel  d =  5.5 in   

Distance to compression steel  d' = 0.5 in   

Width  b =  49 in   

Depth  h = 6 in   

Modulus of Elasticity of Concrete  Ec =  5098235 psi   

Modulus of Elasticity of Steel  Es =  29000000 psi   

      

Modular ratio n = 5.69    

Area of Tension Steel      

Diameter of 14-gauge wire mesh   0.08 in    

Area of wire mesh x 49  0.246301 in2   

Diameter of longitudinal bars   0.1875 in2   

Area of 3/16" longitudinal bars.x. 9  0.276 in2   

Total area of tension steel As =  0.522 in2   

Total area of compression steel A's =  0.522 in2   

 

 

 

  

 

  

Treating the panel as a doubly reinforced 

beam  
   

  

Compression (C)= C concrete +C steel      

Where,      

C concrete = 0. 85f’c.b. a  0.85f'c.b= 333200    

                  a = β1. c for f'c=8000psi β1 =   0.65    

C steel = A's.f's 
 

 
 

  
  

f's = Es. ϵ's       

Assuming, the concrete cracked under 

compression  
   

  

ϵc = 0.003 so using similar triangle:       

ϵ's =
𝑐−𝑑′

𝑐
(0.003) 
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So, f's= Es. ((c-d')*0.003/c)      

C = (0. 85f’c.b. a + A's.f's)      

Assuming the steel yeilds       

T = As.fy  As.fy =  31345.04    

      

Now,      

         Equating Tension and Compression       

As.fy = 0.85.f'c.b.a + A's.f's       

As.fy = 0.85.f'c.b.β1.c  + (A's.Es.((c-

d')*0.003/c))) 
   

  

Solving for c;      

31345.04 = 346800(0.65*c) + 

(0.522*29000000*((c-0.5)*0.003/c)))  
   

  

31345.04*c = 225420*c^2 + 45414*c- 22707       

22707= 225420*c^2+14069*c      

 c =  0.292994    

 a =  0.190446    

Since ϵ's is negative the top steel is in tension 

too, 
ϵ's =  -0.00212  

  

So,      

 f's =  -61467.3 psi   

Moment Capacity (M)        

0.85f’c.b. a (d-a/2)+A's*f's(d-d') M = 182411 lb-in   

  15200.92 lb-ft   

Now, subtracting the moment produced by 

self-weight 
   

  

Average weight for a 10' panel    Wt =  1302 lbs   

Length of panel  Lp =  119 in    

Average unit weight of panel per linear ft  10.94118 lb/in   

  131.2941 lb/ft   

Moment caused by self-weight  Msw 19367.25 lb-in   

      

      

So, Effective Moment capacity:    
Mn = M - 

Msw 
163043.7 lb-in 

  

      

So Effective load for a four-point bend test  Pn = 10960.92 lbs   

 Pu = 9864.832 lbs   
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Ultimate load carrying capacity for SCIPS  

ACI 318-02 

Assuming non-composite Section  

Span l =  119 in 

28 days compressive strength  f'c =  8000 psi 

Yield strength of steel  fy  =  60000 psi 

Distance to tension steel  d =  0.5 in 

Distance to compression steel  d' = 0 in 

Width  b =  49 in 

Depth  h = 3 in 

Modulus of Elasticity of Concrete  Ec =  5098235 psi 

Modulus of Elasticity of Steel  Es =  29000000 psi 

    

Modular ratio n = 5.69  

    

Area of Tension Steel    

Diameter of 14-gauge wire mesh   0.08 in  

Area of wire mesh x 49  0.246 in2 

Diameter of longitudinal bars   0.1875 in2 

Area of 3/16" longitudinal bars.x. 9  0.276 in2 

Total area of tension steel As =  0.522 in2 

Total area of compression steel A's =  0.000 in2 

    

a=As. Fy/(0.85 f'c b) a 0.0941  

    

Nominal moment for one wythe  Mn = 14198 

lb-

in 

For two wythes  Mn = 28396 

lb-

in 

  2366.3608 lb-ft 

Now, subtracting the moment produced by self-weight  

 

 
 

 

Average weight for a 10' panel    Wt =  1302 lbs 

Length of panel  Lp =  119 in  

Average unit weight of panel per linear ft  10.941176 lb/in 

  131.29412 lb/ft 

Moment caused by self-weight  Msw =  19367.25 

lb-

in 

    

    

So, Effective Moment capacity:    

Mn = M - 

Msw 9029 

lb-

in 

  752.42329 lb-ft 

So, Effective load for four-point bend test  Pn=  607 lbs 

 Pu =  1093 lbs 

 



189 

 

Ultimate load carrying capacity for long span SCIPs 

with unreinforced splice    

ACI 318-02    

Assuming fully composite section    

Span l =  215 in 

28 days compressive strength  f'c =  8000 psi 

Yield strength of steel  fy =  60000 psi 

Distance to tension steel  d =  5.5 in 

Distance to compression steel  d' = 0.5 in 

Width  b =  48 in 

Depth  h = 6 in 

Modulus of Elasticity of Concrete  Ec =  5098235 psi 

Modulus of Elasticity of Steel  Es =  

2900000

0 psi 

    

Modular ratio n = 5.69  

    

Area of Tension Steel    

Diameter of 14-gauge wire mesh   0.08 in  

Area of wire mesh x 49  0.246301 in^2 

diameter of longitudinal bars   0.1875 in 

Area of 3/16" longitudinal bars. (half the number of bars 

in the splice)  0.138 in^2 

    

Total area of tension steel As =  0.384 in^2 

Total area of tension steel A's =  0.384 in^2 

    

Treating the panel as a doubly reinforced beam     

Compression (C )= C concrete +C steel    

Where,    

C concrete = 0.85f'c.b.a  0.85f'c.b= 326400  

                  a = β1. c  β1 =   0.65 

(f'c= 

8000psi) 

  
 

 

C steel = A's.f's   

f's = Es. ϵ's     

Assuming, the concrete cracked under compression     

ϵc = 0.003 so using similar triangle:     

So, f's= Es. ((c-d')*0.003/c)    

C = (0.85f'c.b.a + A's.f's)    

Assuming the steel yeilds     

T = As.fy  As.fy =  23061.55  

    

Now,    

         Equating Tension and Compression     

As.fy = 0.85.f'c.b.a + A's.f's     
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As.fy = 0.85.f'c.b.β1.c  + (A's.Es.((c-d')*0.003/c)))    

Solving for c;    

31345.04 = 346800(0.65*c) + (0.522*29000000*((c-

0.5)*0.003/c)))     

31345.04*c = 225420*c^2 + 45414*c- 22707     

22707= 225420*c^2+14069*c    

    

 c =  0.257331  

    

 a =  0.167265  

Since ϵ's is negative the top steel is in tension too, ϵ's =  -0.00283  

So,    

 f's =  -82042.7 psi 

Moment Capacity (M) = 0.85f'c.b.a (d-a/2)+A's*f's(d-d')  138039.5 lb-in 

Total Moment capacity  Mt= 138039.5 lb-in 

    

Now, subtracting the moment produced by self-weight    

Average weight for a 10' panel    Wt =  1302 lbs 

Length of panel  Lp =  118 in  

Average unit weight of panel per linear ft  11.0339 lb/in 

  132.4068 lb/ft 

Moment caused by self-weight  Msw 19204.5 lb-in 

    

    

So, Effective Moment capacity:    

Mn = M - 

Msw 118835 lb-in 

    

So Effective load for a four-point bend test  Pmax 4421.767 lbs 
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Ultimate load carrying capacity for long span SCIP 

with splice reinforcement    

ACI 318-02    

Assuming fully composite Section 

    

Span l =  215 in 

28 days compressive strength  f'c =  8000 psi 

Yield strength of steel  fy  =  60000 psi 

Distance to tension steel  d =  5.5 in 

Distance to compression steel  d' = 0.5 in 

Width  b =  48 in 

Depth  h = 6 in 

Modulus of Elasticity of Concrete  Ec =  5098235 psi 

Modulus of Elasticity of Steel  Es =  29E6 psi 

    

Modular ratio n = 5.69  

    

Area of Tension Steel    

Diameter of 14-gauge wire mesh   0.08 in  

Area of wire mesh x 49  

0.24630

1 in^2 

diameter of longitudinal bars   0.1875 in 

Area of 3/16" longitudinal bars. (half the number of bars 

in the splice)  0.138 in^2 

Addition #3 rebar (7 bars )  0.770 in^2 

Total area of tension steel As =  1.154 in^2 

Total area of tension steel A's =  1.154 in^2 

    

Treating the panel as a doubly reinforced beam     

Compression ( C )= C concrete +C steel    

Where,    

C concrete = 0.85f'c.b.a  0.85f'c.b= 326400  

                  a = β1. c  β1 =   0.65 

(f'c= 

8000psi) 

  
 

 

C steel = A's.f's   

f's = Es. ϵ's     

Assuming, the concrete cracked under compression     

ϵc = 0.003 so using similar triangle:     

So, f's= Es. ((c-d')*0.003/c)    

C = (0.85f'c.b.a + A's.f's)    

Assuming the steel yields     

T = As.fy  As.fy =  69261.5  

    

Now,    
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         Equating Tension and Compression     

As.fy = 0.85.f'c.b.a + A's.f's     

As.fy = 0.85.f'c.b.β1.c  + (A's.Es.((c-d')*0.003/c)))    

Solving for c;    

31345.04 = 346800(0.65*c) + (0.522*29000000*((c-

0.5)*0.003/c)))     

31345.04*c = 225420*c^2 + 45414*c- 22707     

22707= 225420*c^2+14069*c    

    

 c =  0.41856  

    

 a =  0.27206  

Since ϵ's is negative the top steel is in tension too, ϵ's =  -0.00058  

So,    

 f's =  -16927.5 psi 

Moment Capacity (M) =  0.85f'c.b.a (d-a/2)+A's*f's(d-d')  378628 lb-in 

Total Moment capacity  Mt= 378628 lb-in 

    

Now, subtracting the moment produced by self-weight    

Average weight for a 10' panel    Wt =  1302 lbs 

Length of panel  Lp =  118 in  

Average unit weight of panel per linear ft  11.0339 lb/in 

  

132.406

8 lb/ft 

Moment caused by self-weight  Msw 19204.5 lb-in 

    

    

So, Effective Moment capacity:    

Mn = M - 

Msw 359424 lb-in 

    

So Effective load for a four-point bend test  Pmax 13373 lbs 

 

Development length    ACI equation 12-1 ld 11.3 in  

    

cover distance  cb 0.5 in 

 Ktr 0  

diameter of bar #3 db 0.375  

lambda  λ 1  

reinforcement location  Ψt 1  

coated factor  Ψe 1  

size factor  Ψs 0.8  
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Appendix E. MATLAB Codes for Data Postpocessing 

E.1. Data analysis for processing test results from slab testing  

 

Function out=findlocalmaxpoint(data,load_col,exceloutputname) 

%Input 

%data =2D matrix 

%exceloutputname = Name of excel file that output will be exported to 

 

%Output 

%load_max_value = local maximum load 

%avg_midspan = average midspan 

%RN 

%index = index representing the datapoint with local maximum load 

%matrix data = all outputs in matrix from 

% 1st column = index 

% 2nd column = RN 

% 3rd column = load_max_value 

% 4th column = avg_midspan 

 

data_load=abs(data(:,load_col));% Choosing the column with load absolute values 

dv=diff(data_load);% Taking difference between consecutive datapoints 

lower_threshold=find(dv<=(-100));%Determing cutoff points where there is a maximum applied 

load drop off 

load_lowthres=data_load(lower_threshold+1);% Extracting the load next to the drop off 

upper_threshold=find(load_lowthres<=200);%Insuring the following point after the max drop 

off is within 100 lbs 

n=length(upper_threshold); 

 

%Pre-allocation 

max_all=nan(n,1); 

index_all=nan(n,1); 

cutoff=zeros(n+1,1); 

for k=1:n 

cutoff(k+1)=lower_threshold(upper_threshold(k)); 

ind_range= cutoff(k)+1:cutoff(k+1); 

dt=data_load(ind_range); 

mv=max(dt); 

ind=find(dt==mv); 

max_all(k)=mv; 

index_all(k)=ind_range(ind(1)); 

end 

index_s=index_all(max_all>=500); 

max_value=max_all(max_all>=500); 

max_ind=find(max_value==max(max_value)); 
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index=index_s(1:max_ind); 

if max_value==max(data_load) 

amax=max(data_load); 

b=find(data_load==max(data_load)); 

beyond_b=data_load(b+1:end); 

thres1=find(beyond_b<=0.80*amax); 

%Output data (struct file) 

out.load_max_value=[max_value(1:max_ind);beyond_b(thres1(1))]; 

midspan=data(b+1:end,:); 

out.midspan1=[data(index,2);midspan(thres1(1),2)]; 

out.midspan2=[data(index,3);midspan(thres1(1),3)]; 

out.index=[index;b+thres1(1)]; 

out.matrixdata=[out.index,out.load_max_value,out.midspan1,out.midspan2]; 

xlswrite(exceloutputname,[{'Index','Load','MS1','MS2'};num2cell(out.matrixdata)]); 

else 

amax=max(data_load); 

b=find(data_load==max(data_load)); 

beyond_b=data_load(b+1:end); 

thres1=find(beyond_b<=0.80*amax); 

%Output data (struct file) 

out.load_max_value=[max_value(1:max_ind);amax;beyond_b(thres1(1))]; 

midspan=data(b+1:end,:); 

out.midspan1=[data(index,2);data(b,2);midspan(thres1(1),2)]; 

out.midspan2=[data(index,3);data(b,3);midspan(thres1(1),3)]; 

out.index=[index;b;b+thres1(1)]; 

out.matrixdata=[out.index,out.load_max_value,out.midspan1,out.midspan2]; 

xlswrite(exceloutputname,[{'Index','Load','MS1','MS2'};num2cell(out.matrixdata)]); 

end 

 

end 
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E.2. Data analysis for processing test results from cyclic wall testing  

 

% Data Analysis 

Data2 

ydata = data(:,1); 

 xdata = data(:,2); 

  

% Loop Separation: 

m = 0;% Data counter for each loop 

n = 1;% Loop counter 

for i = 2:length(data)% Loop for all data 

    if xdata(i-1)<=0 && ydata(i-1)>=0 && xdata(i)>=0% Separation loop condition 

        n = n+1;% If above cond. is true, one loop will be created 

        m = 0;% Reset the data counter per each loop 

    end 

     

    m = m+1;% If above cond. is true, m will be restarted from 1 

    x{m,n} = xdata(i);% Saving each loop in separation column of cell variable 

    y{m,n} = ydata(i);% " 

end 

  

  

% Plot the results: 

figure 

hold on  

title(['F-D Hysteresis for ' num2str(n) ' loop(s)']) 

ylabel('Load Per UFP') 

xlabel('Displace') 

  

for i = 1:n % Plot n loops  

    plot(cell2mat(x(:,i)),cell2mat(y(:,i)))% To plot we have to change cell variable to matrix arrey 

    area(i) = polyarea(cell2mat(x(:,i)),cell2mat(y(:,i)));% Using polyarea to calculate area in each 

loop 

    disp(['Area for loop # ' num2str(i) ': ' num2str(area(i))])% Display results in command window 

    Legend{i} = ['Area for loop # ' num2str(i) ' : ' num2str(area(i))];% Saving strings for legend 

    legend(Legend,'FontSize',8)% Printing strings of legend in current figure 

%%%     legend(Legend,'NumColumns',2)% For upper version of MATLAB 

%%%     pause(0.5)% Using some delay in each loop to observe the result grafically 

end 

  

% Plot bar chart for each area 

figure% Open another figure 

bar(area)  

title('Area for each loop') 

xlabel('Number of Loop') 

ylabel('Area') 
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%===================================================================

=== 

  

% Finding the sharp points: 

for i = 1:n  

    x_up(i)   = max(cell2mat(x(:,i))); 

    x_down(i) = min(cell2mat(x(:,i))); 

    y_up(i)   = max(cell2mat(y(:,i))); 

    y_down(i) = min(cell2mat(y(:,i))); 

end 

% We omit the first loop because of wrong data: 

% x_down(1)=[]; 

% y_down(1)=[]; 

% Rename: 

delta_m      = x_up; 

F_m          = y_up; 

% Integrating sharp points: 

x_integrated = [x_down x_up]; 

y_integrated = [y_down y_up]; 

% Resorting data 

x_integrated = sort(x_integrated); 

y_integrated = sort(y_integrated); 

xlswrite('Just_Data',[x_integrated' y_integrated']); 

 x_fit = linspace(min(x_integrated),max(x_integrated)); 

y_fit = polyval(data_fit_3rd,x_fit); 

figure 

subplot(2,2,1) 

plot(x_integrated,y_integrated,'-o') 

title('Just Data') 

ylabel('Load Per UFP') 

xlabel('Displace') 

subplot(2,2,2) 

plot(x_integrated,y_integrated,'o',x_fit,y_fit) 

title('Fitting a 3rd order Polynomial') 

ylabel('Load Per UFP') 

xlabel('Displace') 

x_integrated = smooth(smooth(x_integrated)); 

y_integrated = smooth(smooth(y_integrated)); 

% Fit a third order polynomial on integrated data 

data_fit_3rd = polyfit(x_integrated,y_integrated,3); 

% Plot and Fit the integrated data 

x_fit = linspace(min(x_integrated),max(x_integrated)); 

y_fit = polyval(data_fit_3rd,x_fit); 

plot(x_integrated,y_integrated,'o',x_fit,y_fit) 

title('Fitting a 3rd order Polynomial with Smoothing') 
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ylabel('Load Per UFP') 

xlabel('Displace') 

  

% Calculating Delta area Based: 

delta_area_based = area ./ (2*pi * F_m .* delta_m); 

subplot(2,2,4) 

bar(delta_area_based) 

title('\delta_a_r_e_a_-_B_a_s_e_d') 

  

% Writing as an Excel File: 

C(1,1) = {'Area'}; 

C(1,2) = {'Fm'}; 

C(1,3) = {'Delta'}; 

C(1,4) = {'Delta Area Based'}; 

  

for i = 1:length(area) 

    C(i+1,1) = {area(i)}; 

    C(i+1,2) = {F_m(i)}; 

    C(i+1,3) = {delta_m(i)}; 

    C(i+1,4) = {delta_area_based(i)}; 

end 

xlswrite('area_data',C); 

% D(1,1) = {'Load per UFP'}; 

% D(1,2) = {'Displace'}; 

% D(1,3) = {'Area'}; 

% for i = 1:length(x) 

%     D(i+1,1) = {x(i)}; 

%     D(i+1,2) = {y(i)}; 

%     D(i+1,3) = {area(i)}; 

% end 

xlswrite('Load_Displace',[x y]); 

xlswrite('Area',area'); 

% Creartion a Table: 

Area = area'; 

Fm   = F_m'; 

Delta= delta_m'; 

Delta_Area = delta_area_based'; 

T = table(Area,Fm,Delta,Delta_Area); 

disp(T) 

 

 

 


