
ABSTRACT 

AL-ALI , ABDULLAH GUMAH MOHAMMAD . Development of a Thin Architectural UHPC 

and Wooden Stud Residential Wall System. (Under the direction of Dr. Gregory Lucier). 

 

Residential buildings in the United States commonly utilize wood stud wall systems, as 

detailed in the 2021 International Residential Code. The standard modern residential wooden stud 

rainscreen wall system consists of prescriptive wooden framing, interior drywall, exterior 

sheathing, exterior membrane, weatherproof siding, and a cavity to incorporate insulation and 

utilities. Competitors to the standard wall system include masonry and precast concrete systems, 

but these systems are relatively heavy and expensive, and thus, are not in widespread general use 

across the broad residential housing market in the United States.  

Recent advances in the field of Ultra High Performance Concrete (UHPC) enable a new 

variation of the traditional residential wall system by aiming to replace the layers of plywood 

sheathing, siding, and exterior membrane in a traditional wooden stud wall system with a single 

layer of 5/8ò thick synthetic-fiber-reinforced UHPC. This hybrid UHPC sheathing is connected to 

traditional wooden studs via discrete connectors, each screwed into the studs and then cast into the 

UHPC with a small air gap for thermal efficiency. The proposed panels would be precast flatwise 

in 8 to 10 ft. heights up 50 feet long, hauled to the jobsite, and assembled quickly. Once assembled, 

the proposed system provides a traditional interior cavity for insulation, plumbing, electrical, and 

interior finishing that is compatible with code-required methods and inspections. The UHPC serves 

as structural sheathing, exterior membrane, and finished exterior surface. 

This study explores the structural performance of the proposed system. Thermal, moisture, 

and fire performance will be considered separately in the future. To be effective, the UHPC 

sheathing must resist lateral loads in the plane of the wall and cladding forces normal to the plane 



of the wall. In addition, the UHPC layer must brace the studs under axial loads, and must work 

with the studs to provide flexural resistance over the wall height. The research began by analyzing 

behaviors with traditional mechanics-based techniques using available material properties. Then, 

smaller-scale experiments were completed to determine the capacities of connectors embedded in 

thin UHPC. Large-scale tests of wall panels were then completed to investigate the flexural, 

racking, and axial capacities of the system at full scale. 
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CHAPTER 1.  INTRODUCTION  

 

1.1. Background 

Light-frame wood construction techniques are used in 90% of the residential buildings in 

the United States (Yue Li etl. 2007). The standard exterior wall system constructed with light wood 

framing is a multi-layered enclosure design, commonly referred to as a wood-framed wall or stud 

wall. Sequentially arranged from the outermost to the innermost layers, this system typically 

comprises a cladding (e.g. vinyl siding, clapboards, brick veneer, etc.), an air cavity behind the 

siding, an exterior membrane or house wrap, an exterior sheathing (e.g. plywood or OSB), a 

wooden framing system with cavity for utilities and insulation, an interior sheathing (typically 

gypsum board), and an interior finish such as paint or wallpaper (Shi and Burnett. 2013). Refer to 

Figure 1.1 for an illustrative depiction of typical wood-framed exterior wall system components. 

Depending on the cladding details, such a wall may be considered a rain barrier system, where the 

cladding blocks all moisture, or, more commonly, a rainscreen system where the cladding blocks 

most moisture, but the exterior membrane under the cladding is also relied upon to provide 

complete protection from the elements. 

 

 

Figure 1.1: Typical Rainscreen Exterior Wall System Component (Shi and Burnett. 2013). 

https://www.sciencedirect.com/science/article/pii/S0167473006000488?via%3Dihub
https://oitncsu-my.sharepoint.com/personal/agalali_ncsu_edu/Documents/Documents/research/Abdullah%20Thesis/Writeup%20after%20may24/Used%20Paper/shi-burnett-2013-effect-of-membrane-ballooning-on-screen-pressure-equalization-a-short-literature-review.pdf
https://oitncsu-my.sharepoint.com/personal/agalali_ncsu_edu/Documents/Documents/research/Abdullah%20Thesis/Writeup%20after%20may24/Used%20Paper/shi-burnett-2013-effect-of-membrane-ballooning-on-screen-pressure-equalization-a-short-literature-review.pdf
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 In either configuration, the primary function of the exterior cladding is to provide the 

building with its external architectural finished surface and to function as the primary barrier 

against environmental elements, particularly sunlight, precipitation (rain or snow), and wind, 

consequently enabling a stable and conducive indoor environment. The 2021 International 

Residential Code lists diverse options for exterior cladding, ranging from anchored veneers such 

as brick, concrete, masonry, or stone, to adhered veneers including concrete, masonry, or stone. 

Additional choices encompass fiber cement, hardboard panels, horizontal aluminum, insulated 

vinyl siding, particleboard panels, steel, and wood siding, each available in diverse styles and 

thicknesses.  

The air cavity behind the cladding serves as a capillary break to effectively regulate 

moisture levels. Additionally, this air cavity functions as an additional layer of insulation, thereby 

enhancing the thermal efficiency of the wall system. The air cavity enables equalization of pressure 

differentials between the exterior and interior of the wall system, mitigating potential concerns 

such as air leakage, drafts, and pressure differentials that could compromise the holistic 

performance of the building envelope (Tariku & Iffa., 2019). 

The exterior membrane performs as a protective shield against water intrusion. Water, 

whether from rainfall or other sources, has the potential to infiltrate the exterior classing, especially 

in a rainscreen design where the cladding is not intended to be perfectly water tight. The presence 

of an exterior membrane serves as an effective barrier, hindering water from permeating deeper 

into the internal structure of the wall, where moisture-sensitive materials like wood framing and 

insulation are typically located (Chamra et al. 2001). In cold climates, the membrane should not 

trap moisture in the wall assembly, and must allow for the dissipation of vapor that will migrate 

from the conditioned space towards the exterior (Burrows, 2013). Exterior membrane are also 

https://oitncsu-my.sharepoint.com/personal/agalali_ncsu_edu/Documents/Documents/research/Abdullah%20Thesis/Writeup%20after%20may24/Used%20Paper/Empirical%20model%20for%20cavity%20ventilation%20and%20hygrothermal%20performance.pdf
https://publications-cnrc.canada.ca/eng/view/object/?id=c328944f-9136-45b2-a486-e4154f40aa13
https://publications.gc.ca/collections/collection_2014/schl-cmhc/NH17-3-2013-eng.pdf
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known as water-resistive membranes, weather-resistive barriers, building papers, building wraps, 

house wraps, or wall underlayment. 

Exterior sheathing, typically consisting of sheets of plywood or OSB, is connected to the 

wooden frame via field and edge nailing, as depicted in Figure 2. Field nailing is conventionally 

spaced at intervals of 12ò, while the spacing for edge nailing ranges from 2ò to 6ò based on the 

desired capacity for in-plane forces, as delineated in the 2021 Special Design Provisions for Wind 

and Seismic (SDPWS). The sheathing serves several critical functions in wooden wall framing. 

Firstly, it reinforces the walls by connecting and strengthening the wall studs, enhancing overall 

stability and resistance to bending or twisting forces. Additionally, sheathing provides a secure 

base to attach cladding materials, contributing to the stability of the finished cladding. 

Furthermore, sheathing plays a pivotal role in shear-wall construction, increasing the structure's 

ability to withstand seismic activity or high winds. Proper sheathing (and connections) can 

reinforce weak axis buckling to the point that strong axis buckling of the studs controls, 

significantly increasing the load-bearing capacity of the wall assembly.  

The wooden frame provides the primary structural support for the wall. It transfer the 

gravity and lateral forces applied to the walls to the foundation of the building. Additionally it 

serves as a base to which other building materials, such as interior sheathing, exterior sheathing, 

cladding, insulation, and utilities are be attached. Standard wall framing, as detailed in IRC-2021, 

consists of wooden studs, either 2x4s or 2x6s (2ò by 4ò or 6ò nominal) spaced at either 12ò, 16ò, 

or 24ò on center. The studs are capped with double wooden top plates and are attached to one 

wooden plate at the bottom, as shown in Figure 1.2. 
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Figure 1.2: Conventional Wooden Wall Framing Layout. 

 

For most wood-framed assemblies, the cavity insulation shapes approximately 90% of the 

effective thermal resistance (Thermal Performance of Light-Frame Assemblies IBS No.5). The 

most common insulation materials used in building envelopes are glass fiber, mineral wool, 

cellulose, foam boards, and spray-applied foams (2015 ASHRE Handbook). Notably, wood 

framing provides adequate thermal insulation, enabling the use of cavity-only insulation in certain 

applications and certain Climate Zones, as defined and permitted by the International Energy 

Conservation Code (IECC). Continuous insulation in combination with cavity insulation may be 

required in extreme exposure zones. 

Interior sheathing, typically in the form of drywall, plays a multifaceted role in residential 

wall construction. It serves as a smooth and uniform surface for finishing materials like paint or 

wallpaper, enhancing the visual appeal of interiors. Beyond aesthetics, drywall offers essential fire 

resistance, acting as a barrier against the spread of flames within a building. Additionally, it 
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contributes to sound insulation, dampening noise transmission between rooms for improved 

acoustic comfort. Drywall also provides support for fixtures and appliances, serving as sturdy 

anchor for items like lighting, outlets and switches, and shelves. Furthermore, it can act as a 

backing for insulation, enhancing the thermal efficiency of walls. In areas prone to high humidity 

or moisture, moisture-resistant drywall variants offer protection against mold and mildew growth. 

While fire protection is outside the scope of this thesis, a notable advantage of drywall is high fire 

resistance. Many other materials that could perform most of the functions of drywall cannot match 

the high fire resistance of typical gypsum-based drywall. 

The current wall assembly offers a desirable combination of performance in terms of 

strength, thermal insulation, moisture resistance, familiarity, and cost. However, traditional walls 

are assembled piece-by-piece in the field and require relatively large amounts of field labor, costs 

for which are rapidly rising in the United States. Reliance on the sequential process of field-based 

fabrication also exposes the construction schedule to delays from inclement weather or cascading 

delays from any individual aspect of the sequence. With traditional onsite fabrication, if wood 

framing were delayed, for example, then insulation, sheathing, utilities, and interior finishes would 

also automatically be delayed. A second major weakness to the traditional wooden stud wall can 

be increased exterior fire risk, especially in wildfire prone areas. Home insurance rates in the 

United States are increasing dramatically in wildfire-prone areas, and some insurance companies 

are mandating the use of non-combustible materials on the exteriors of residential homes. 

Traditionally affordable exterior siding materials like vinyl or wood increase exterior fire risks, 

limit home insurance availability, and increase insurance costs in wildfire-prone areas (Cignarale 

et al. 2017). Additionally, traditional wooden stud walls are susceptible to damage from wind-

driven debris during extreme weather events such as tornadoes and hurricanes (Main et al., 2021).  

https://www.insurance.ca.gov/0400-news/0100-press-releases/2018/upload/nr002-2018AvailabilityandAffordabilityofWildfireCoverage.pdf
https://www.insurance.ca.gov/0400-news/0100-press-releases/2018/upload/nr002-2018AvailabilityandAffordabilityofWildfireCoverage.pdf
https://nvlpubs.nist.gov/nistpubs/SpecialPublications/NIST.SP.1262.pdf
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1.2. Proposed Thin Architectural UHPC and Wooden Stud Residential Wall System 

In order to improve on the weaknesses of wooden stud walls without abandoning their 

strengths, a new residential wall system is proposed by this thesis. This new system leverages 

recent advances in the field of Ultra High Performance Concrete (UHPC) that enable replacing the 

layers of exterior sheathing, exterior membrane, and cladding in a traditional wooden stud wall 

system with a single layer of 5/8ò thick synthetic-fiber-reinforced UHPC. This hybrid UHPC 

sheathing is connected to a traditional wooden stud frame via discrete connectors, each screwed 

into the studs and then cast into the UHPC with a small air gap between UHPC and wood for 

thermal efficiency as shown in Figure 1.3. 

 

 

Figure 1.3: Proposed Wall System Details. 

 

 It is envisioned that panels would be precast flatwise with the finished exterior face down 

in the form in 8ô to 10ô. heights. Each panel could be produced up 50 feet long (as limited only by 

transportation and handling), hauled to the jobsite, and assembled quickly. The proposed system 
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maintains the most advantageous aspects of the traditional wooden frame wall system, including 

wooden top plates, bottom plates, and studs; an open cavity for inspection and installation of 

utilities and insulation; and traditional options for interior surfaces and finishes. From the inside 

surface, the new system looks the same as the traditional system, and should thus be easily accepted 

by inspectors and tradesman alike. From the outside surface, walls can arrive on site prefinished, 

with openings for windows and doors cast in. The proposed system enables prefabrication off-site, 

rapid assembly onsite, limited joints between panels, and remains light enough to handle with 

modest equipment. 

In terms of system weight, Table 1.1 provides a comparison between 4ô lengths of 8ô tall 

walls.  Traditional systems are shown with two types of cladding, brick and siding, along with the 

proposed system. Traditional systems with 4ò brick cladding result in a unit weight of 49 psf, 

whereas a traditional system clad in siding is considerably lighter, with a unit weight of 12 psf. 

The proposed system, featuring a 5/8ò thick layer of UHPC, offers a high-performance alternative 

at only 16 psf. This relatively low weight represents a significant reduction compared to brick 

cladding, a minimal increase over traditional walls with siding, and offers expected greater 

durability, exterior fire resistance, and wind debris resistance. 

The proposed system would have many positive benefits for affordable and sustainable 

housing if its structural, exterior fire, thermal, moisture, architectural, construction, and economic 

performances are successfully studied and proven effective. This thesis proposes the system and 

investigates its structural performance, leaving the other topics for future study. 
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Table 1.1: Weights of 4ô Lengths of 8ô Tall Walls. 

Item 

Traditional Wall with 

Brick Cladding 

(lb) 

Traditional Wall Clad 

with Siding 

(lb) 

Proposed System 

(lb) 

Interior Sheathing 

(Drywall) 

64 64 64 

Wooden Frame 54 54 54 

Insulation 141 141 141 

Exterior Sheathing 62 62 250 

Cladding 1248 77 N/A 

Total 1569 398 509 

 

1.3. Objectives 

Beyond proposing the new wall system, this research program comprises two primary 

objectives to study its structural performance. The initial objective is to define the type of 

connection between the Ultra-High Performance Concrete (UHPC) layer and the wooden frame, 

along with its corresponding structural capacity within a thin (5/8ò) layer of UHPC. The second 

objective entails evaluating the comprehensive structural behavior of the composite thin 

architectural UHPC and wooden stud wall, including experimental and analytical assessments of 

the racking shear, axial, and flexural capacities of the system. Ultimately, the goal of this research 

is to provide evidence that the UHPC layer can effectively replace traditional sheathing materials 

without compromising the overall strength and performance of the wall system. 
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1.4. Scope 

The following scope of work was defined to achieve the research objectives: 

1.  UHPC Material Testing: The research commenced with the characterization of a 

commercially available Ultra-High Performance Concrete (UHPC) material, focusing on its 

compression and flexural strength with different curing processes (air cured and wet cured 

samples). Material testing as conducted at different ages from 1 day to over 28 days of age. 

2.  Connection Capacity Testing: The development of a connection between wooden stud and 

UHPC plate in the proposed system required an assessment of the connection capacity. 

Twelve 24òx24òx5/8ò plates of UHPC were cast with various connection configurations. Six 

plates were dedicated to each of two connector types: a metal plate and a structural screw. 

Each UHPC plate was cast with three connectors of the relevant type, two connectors 

positioned along opposite edges and one at the center. Three UHPC plates for each connector 

type were tested with the connector directly loaded in compression, while another three UHPC 

plates were loaded with each connector in tension.   

3.  Loading of the Structural Wall System: The comprehensive structural behavior of the 

proposed thin UHPC and wooden stud wall system was assessed through the construction and 

testing of full -scale wall panels. Three panels measuring 8ô x 8ô were evaluated for racking 

shear, three panels sized 4ô x 8ô were tested in flexure, and three additional panels sized 4ô x 

8ô were tested under axial load. In addition, one traditional wooden framed specimen with 

OSB sheathing was tested in each configuration (racking, flexure, and axial) for comparison. 
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CHAPTER 2.  LITERATURE REVIEW  

 

2.1. Residential Wall Systems 

2.1.1. Wall System:  

Building envelopes implement various wall systems to meet different structural and 

functional needs. Among these, stud walls, precast concrete sandwich panels, and masonry walls 

are frequently used due to their distinct advantages and applications. 

The precast/prestressed concrete sandwich panel (PCSP) system is a construction method 

that utilizes precast concrete panels fabricated with an insulating core, typically made of rigid 

foam, sandwiched between two layers of concrete. This system presents several advantages, 

including enhanced energy efficiency due to its insulating core, rapid construction through off-site 

manufacturing, and durability against weather and impact. It also offers design flexibility and 

reduces on-site waste, making it a sustainable choice for various applications. However, the system 

has drawbacks, such as higher initial costs, logistical challenges related to transportation and 

handling of the relatively heavy panels, and the complexity of connection detailing, which is 

essential to prevent issues like cracking. Additionally, making modifications to PCSPs post-

installation is sometimes difficult . The thermal efficiency of PCSPs can be excellent, depending 

on the wythe connection system, local climate, and site conditions (PCI Committee on Precast 

Sandwich Wall Panels). 

Masonry walls are constructed using materials such as clay, concrete, and calcium silicate, 

which are formed into units including bricks and blocks. Masonry walls serve multiple functions, 

including structural support, fire protection, thermal and sound insulation, and weather resistance. 

The advantages of masonry walls include their durability, as they can remain serviceable for 

https://www.pci.org/PCI_Docs/PCI_Northeast/Technical_Resources/Sandwich-Wall-Panels-Guide.pdf
https://www.pci.org/PCI_Docs/PCI_Northeast/Technical_Resources/Sandwich-Wall-Panels-Guide.pdf
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decades with minimal maintenance, and their flexibility in design, allowing for various 

architectural styles and complex shapes without the need for expensive formwork. Additionally, 

masonry materials are inherently resistant to fire, providing an added layer of safety. However, 

there are disadvantages, including the relatively high weight and relatively low tensile strength of 

masonry, which can limit its use in areas subjected to significant lateral forces, like seismic zones. 

Reinforced masonry can sometimes overcome this limitation by grouting steel bars within the wall 

system. Masonry construction can be labor-intensive, and generally requires skilled labor, which 

can be a challenge in terms of availability and cost (Hendry, 2001). 

Stud framed cavity wall systems, commonly used in residential and commercial 

construction, can be built using either wood or steel studs, each offering unique advantages and 

disadvantages. Wood studs are widely available, cost effective, easy to work with, and offer natural 

insulating properties. However, they are prone to moisture damage, dimensional variability such 

as warping, and insect infestations, and thus require careful protection and maintenance. Steel 

studs, usually cold-formed from galvanized steel, are resistant to moisture and pests, provide more 

dimensional stability, and are often preferred in fire-rated assemblies. Yet, they have drawbacks 

such as higher thermal conductivity, which can lead to thermal bridging, requiring additional 

insulation to improve energy efficiency. Steel studs are often more expensive, and are generally 

viewed as more difficult to work with than wooden studs. Both systems are widely used, with 

wood favored for residential construction due to its cost-effectiveness, and steel seeing more 

popularity in commercial and multi-story buildings due to its durability and non-combustibility. 

In summary, the available research highlights that wooden shear walls are advantageous 

for their cost-effectiveness and ease of installation, but may require additional fire protection 

measures. Sandwich walls are recognized for their superior thermal insulation and structural 

https://www.sciencedirect.com/science/article/pii/S0950061801000198
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performance, making them ideal for energy-efficient designs, however, the system is heavy and 

often expensive for smaller residential projects. Masonry walls offer excellent durability and 

exterior fire resistance, but can be more expensive and labor-intensive to construct than stud walls, 

and have limitations with thermal efficiency. Each wall system has its unique benefits and 

limitations, and the choice of wall system depends on specific project requirements, including local 

jurisdiction, budget, environmental conditions, and structural needs. The remainder of the 

literature review relevant to existing wall systems will focus on wood framed stud walls, as this is 

the traditional system the newly proposed thin architectural UHPC and wooden stud residential 

wall system aims to improve. 

 

2.1.2. Studies on Wood Framed Stud Walls:  

Wood has been used by humans in construction processes since ancient times, likely 

starting with early shelters and primitive wooden structures that eventually evolved into something 

that resembles more modern walls. Wood is used to form wall frames, then with the increasing 

industrialization, wooden posts began to be used regularly in the construction of wall structures. 

Then, development began on these structures by introducing insulation and finishing techniques 

to improve the thermal and acoustic performance of these walls. The evolution of wood frame 

construction began with the post-and-beam system, characterized by heavy timber framing. In the 

1840s, balloon framing emerged, using long vertical studs that spanned multiple stories, offering 

a lighter and more efficient method. This shift was significantly influenced by the introduction of 

water-powered sawmills, which made lumber more affordable, and machine-made nails, which 

were cheaper than hand-forged alternatives (Britannica, T. Editors of Encyclopaedia, 2009).  

https://www.britannica.com/technology/balloon-framing
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Figure 2.1: (a) Post-and-Beam System (b) Balloon Framing (Potter, B., 2021). 

 

Over time, the balloon framing was replaced by platform framing, where each floor was 

framed independently, providing greater construction efficiency. This system became prominent 

during the post-World War II housing boom, as the demand for affordable housing increased, and 

the availability of softwood made light framing the preferred method for suburban development 

(Britannica, T. Editors of Encyclopaedia, 2009). Further development on these structures by 

introducing insulation and finishing techniques to improve the thermal and acoustic performance 

of these walls. Then, different system like midply wall and advanced framing technique were 

developed from the traditional wooden stud system that aimed to increase the wooden frame 

capacity, reduce the cost, and increase the efficiency. 

 

  

Figure 2.2: (a) Balloon Framing Detail (b) Platform Framing Detail. 

  

(b) 

(a) (b) 

(a) 

https://www.construction-physics.com/p/balloon-framing-is-worse-is-better
https://www.britannica.com/technology/balloon-framing


   

14 

 

Different systems to improve light frame wood construction have been introduced over the 

years in efforts to increase the wooden frame capacity, reduce the cost, and increase the efficiency. 

A novel development of a light frame wood shear wall system, known as the Midply wood shear 

wall, was introduced in 1998 by FPInnovations, a non-profit Canadian research organization 

established to support the forest products industry. The midply wood shear wall system is an 

innovative structural design where wall studs are arranged flatwise on both sides of an extra 

internal layer of sheathing, forming a composite structure shown in Figure 2.3 that significantly 

enhances lateral force resistance. This system offers several advantages, including a lateral bearing 

capacity that is three times higher than that of standard wood shear walls, and a lateral stiffness 

that is two to three times greater than conventional shear walls (Varolgu et al., 2006).  

 

 

Figure 2.3: Cross section of typical standard shear wall and midply wall (Varoglu et al., 2006). 

 

Extensive development of wood framed wall systems has been pursued by the US 

Department of Housing and Urban Development (HUD) and the National Association of Home 

Builders (NAHB) Research Foundation since the 1960ôs (Lstiburek, 2010). The work developed 

an advanced framing technique, shown in Figure 2.4 that reduced jack studs and cripples, and 

https://ascelibrary.org/doi/10.1061/%28ASCE%290733-9445%282006%29132%3A9%281417%29
https://ascelibrary.org/doi/10.1061/%28ASCE%290733-9445%282006%29132%3A9%281417%29
https://oitncsu-my.sharepoint.com/personal/agalali_ncsu_edu/Documents/Documents/research/Abdullah%20Thesis/Writeup%20after%20may24/Used%20Paper/advanced%20Framing.pdf
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replaced double top plates by a single top plate. The arrangement also recommended 2x6 in. studs 

spaced at 24 in. on center to increase thickness and width of the cavities available for between-

stud insulation. With several other modiýcations also incorporated, such as headers, two-stud 

corner construction, and trim support, the advanced framing techniques reduced the framing factor 

from 25% to 15%. Framing factor is a measurement of how much wood bridges from the inside 

surface of the wall to the outside ï the lower the framing factor, the more energy efficient the 

framing layout. The advantage of advanced framing is that it reduces the use of raw materials and 

also leads to cheaper and faster construction. Even more importantly is that by using a two-stud 

corner instead of the traditional three-stud corner, a thermal bridge at the corner is eliminated as 

the remaining gap can be filled with spray-foam or insulation (Lstiburek, 2010).  

 

 

Figure 2.4: Wall frame comparison of typical standard shear wall and advanced framing (APA ï 

The Engineered Wood Association, 2016). 

 

In recent studies, researchers have explored various aspects of stud wall systems to enhance 

their performance. Some have investigated different types of sheathing materials to improve and 

https://oitncsu-my.sharepoint.com/personal/agalali_ncsu_edu/Documents/Documents/research/Abdullah%20Thesis/Writeup%20after%20may24/Used%20Paper/advanced%20Framing.pdf
https://www.buildgp.com/wp-content/uploads/2022/06/2020-APA-Engineered-Wood-Construction-guide-Walls-E30.pdf
https://www.buildgp.com/wp-content/uploads/2022/06/2020-APA-Engineered-Wood-Construction-guide-Walls-E30.pdf
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develop traditional wall designs, while others have focused on the role of non-structural 

components in influencing the behavior of wooden stud walls. These studies aim to better 

understand how modifications to the wall system can increase its overall strength, stiffness, and 

stability under lateral loads.  

Several researchers have investigated different type of sheathing. Li et al. (2015) 

investigated the use of ply-bamboo panels as a sheathing material in lightweight wood framed 

shear walls. The study examines the construction characteristics, including the selection of nail 

types and nail spacing for connecting sheathing to the frame, and evaluates the performance of the 

chosen connections under monotonic and cyclic loads. The researchers found that ply-bamboo 

panels can effectively be used as sheathing in hybrid wood-bamboo shear walls, which exhibit 

good seismic performance and meet current codes.  

You et al. (2021) focused on how the density of plywood affects its mechanical properties, 

especially under lateral loading. The research investigates the lateral behavior under racking shear, 

including different densified sheathings. The results demonstrated that higher plywood densities 

led to significant increases in lateral stiffness and ultimate load capacity, with the marginally 

densified plywood showing improved performance, albeit with slightly reduced ductility 

compared to OSB. Bagheri & Doudak (2020) investigated the effects of different construction 

details on wood shear wall performance through tests on 26 full-scale walls. The findings revealed 

that increasing the aspect ratio of walls led to a decrease in strength and stiffness, although even 

high-aspect-ratio walls maintained adequate ductility. Continuous hold-down systems 

significantly improved the walls' capacity, stiffness, and ductility compared to discrete or absent 

hold-downs. Varying the number or size of studs had minimal impact on wall capacity in racking 

https://www.researchgate.net/publication/293428223_Lightweight_woodframe_shear_walls_with_ply-bamboo_sheathings
https://www.researchgate.net/publication/352397207_Lateral_behavior_of_wood_frame_shear_walls_sheathed_with_densified_plywood_under_monotonic_loading
https://www.sciencedirect.com/science/article/pii/S0141029619322217?via%3Dihub
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shear, but increasing sheathing thickness enhanced both strength and stiffness. Additionally, nail 

diameter and nail spacing affected wall strength but did not influence stiffness in a linear way. 

Other researchers have investigated the effects of non-structural components on the 

structural performance of wooden shear wall. Groos & Walker (2014) presented a comprehensive 

investigation into the structural performance of timber studwork frames integrated with hemp-

lime, a sustainable low-carbon insulating material sometimes referred to as hempcrete. The study 

builds on previous research that established the vertical load-bearing benefits of hemp-lime, 

focusing specifically on its impacts to in-plane racking strength and stiffness of wall panels. 

Through a series of laboratory tests comparing frames with and without hemp-lime, the authors 

demonstrate that the inclusion of hemp-lime significantly enhances the racking performance, 

thereby contributing to the overall stability of buildings under lateral loads. Liew et al. (2002) 

investigated the role of plasterboard-clad walls in the lateral stability and overall structural 

performance of low-rise residential structures. They highlight the complexity of the interactions 

between structural and non-structural components, emphasizing that while plasterboard (or 

drywall) is often considered a non-structural element, it can significantly contribute to lateral 

strength and stiffness through complex load paths.  

 

2.1.3. Issues with Traditional Wooden Stud Wall Systems:  

Traditional wooden stud wall systems face several challenges in modern construction. One key 

issue is the extensive demand for field labor, which becomes more problematic as labor costs 

continue to rise. Additionally, the sequential nature of a site-based construction process often leads 

to delays, further impacting project timelines. Another concern with traditional systems is the use 

of affordable exterior siding materials, like vinyl or wood, which can increase exterior fire risks. 

https://www.sciencedirect.com/science/article/pii/S0950061814005388?via%3Dihub
https://www.researchgate.net/publication/228542221_The_influence_of_plasterboard_clad_walls_on_the_structural_behavior_of_low_rise_residential_buildings
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Combustible materials on the exterior surfaces of residential structures poses a significant problem 

in wildfire-prone areas, and the use of these traditional materials may limit homeowners' access to 

insurance coverage due to elevated fire hazards. A report issued by Cignarale et al. (2017) 

highlights that the frequency and severity of wildfires have increased, leading many insurance 

companies to limit coverage or withdraw from high-risk areas, resulting in a significant reduction 

in availability of insurance for homeowners in the wildland-urban interface and other high-risk 

regions. Even where coverage is available, the cost of premiums has risen dramatically, making it 

unaffordable for many residents. Furthermore, in wind-prone regions, residential and commercial 

structures built with lightweight wood frames are especially vulnerable to wind-driven debris 

during events like tornadoes and hurricanes (Main et al., 2021). 

 

2.2. Ultra High Performance Concrete  

2.2.1. UHPC Properties 

Ultra-high-performance concrete (UHPC) is a cutting-edge material introduced in the early 

1990s, initially known as reactive powder concrete. UHPC is characterized by its exceptional 

strength and durability, significantly surpassing conventional concrete in both compressive and 

tensile properties. The primary components of UHPC include portland cement, supplementary 

cementitious materials, fine sand, fiber reinforcement, and high-range water-reducing admixtures. 

(Tadros et al., 2020).  

 

https://www.insurance.ca.gov/0400-news/0100-press-releases/2018/upload/nr002-2018AvailabilityandAffordabilityofWildfireCoverage.pdf
https://nvlpubs.nist.gov/nistpubs/SpecialPublications/NIST.SP.1262.pdf
https://doi.org/10.15554/pcij65.3-06
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Figure 2.5: Primary components of ultra-high-performance concrete mixtures (Tadros et al., 

2020). 

 

Sim et al. (2020) specifies that for UHPC used in structural design, the concrete must meet 

stringent minimum mechanical requirements. The compressive strength at prestress release is 

required to be at least 10 ksi (69 MPa), and the compressive strength at 28 or 56 days of service 

should reach 18 ksi (124 MPa). In terms of tensile properties, the flexural tensile strength must 

meet a minimum first peak stress (cracking stress) of 1.5 ksi (10 MPa) and a minimum peak stress 

of 2.0 ksi (14 MPa). Additionally, the ratio of the peak stress to the first peak stress must not be 

less than 1.25, ensuring strain hardening, while the stress at a deflection of (L/150) should be at 

least 75% of the cracking stress to guarantee ductile behavior. These requirements are applicable 

for steel fibers, but architectural UHPCs mixed with synthetic fibers were not be able to achieve 

the same requirements, as discussed by several researchers. Millon et al. (2016) showed that a 

mixture containing PVA fibers exhibited both lower fracture energy and reduced tensile strength 

compared to a steel-fiber reinforced UHPC with a similar fiber content. Tan et al. (2023) compared 

the performance of polyvinyl alcohol (PVA), polypropylene (PP), polyoxymethylene (POM), and 

steel fibers in UHPC, particularly focusing on strength, toughness, impact, and abrasion resistance. 

The results showed that steel fibers provided the highest mechanical strength and durability due to 

https://doi.org/10.15554/pcij65.3-06
https://doi.org/10.15554/pcij65.3-06
https://doi.org/10.15554/pcij65.6-02
https://www.extension.iastate.edu/registration/events/UHPCPapers/UHPC_ID20.pdf
https://doi.org/10.3390/
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their strong bond with the concrete matrix. As shown in Figure 2.6 the UHPC with PVA, PP, and 

POM were not able to achieve the requirement that stated by (Sim et al., 2020), as the stated 

strength requirement is for steel fiber UHPC while the synthetic fiber is not as strong as steel fiber 

to develop higher second peak however, it still provide a ductile and post cracking behavior. 

 

 

Figure 2.6: Loadïdeflection curves of UHPC with different POM (Tan et al., 2023). 

 

Despite steel fibers provide superior tensile and flexural strength, they may be unnecessary for 

the proposed system, where such high strength is not required. Since the sheathing layer will also 

serve as an architectural finish, white UHPC is primarily combined with synthetic fibers for 

architectural applications. Polyvinyl Alcohol (PVA), a well -established and highly effective 

organic fiber, is commonly used for these applications, as it ensures the production of exterior 

surfaces without the risk of rust impacting lighter elements (Aymont, A., & Frécon, J., 2023). 

https://doi.org/10.15554/pcij65.6-02
https://www.mdpi.com/1996-1944/16/21/7014
https://www.iastatedigitalpress.com/uhpc/article/16705/galley/15098/view/
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2.2.2. Studies on UHPC Behavior 

A study of ultra-high performance concrete (UHPC) wall panels under windborne debris 

impact, compared to normal-strength concrete (NSC) panels, was performed by (Kulkarni & 

Shafei, 2021). Using high-fidelity finite element models validated by experimental data, the 

researchers investigated various wall thicknesses, from 76.2 mm to 203.2 mm, with and without 

steel reinforcement. Impact scenarios involved lumber and pipe projectiles traveling at velocities 

ranging from 10 m/s to 70 m/s. The study demonstrated that ultra-high performance concrete 

(UHPC) wall panels significantly outperformed normal-strength concrete (NSC) panels in 

resisting windborne debris impact, particularly at higher velocities. UHPC panels exhibited greater 

strength and durability, minimizing damage and absorbing more energy than did comparable NSC 

panels. The use of steel reinforcement further enhanced the performance of UHPC panels, allowing 

them to withstand greater impacts while maintaining structural integrity. Both steel-reinforced and 

unreinforced UHPC panels proved effective at reducing damage, making them a strong candidate 

for improving building resilience in wind-prone areas. The fact that unreinforced UHPC still 

showed significant benefits is a favorable finding for the use of PVA-reinforced UHPC in the 

proposed wall system. 

In a study conducted by Prejs et al. (2022), the pull-out strength of post-installed connectors, 

including screw anchors and threaded rods, was investigated in thin ultra-high-performance 

concrete (UHPC) layers with thicknesses of 15 mm (0.59 in), 25 mm (0.98 in), and 38 mm (1.5 

in). As shown in Figure 2.7, for screw anchors, the average pull-out forces ranged from 2.4 kN 

(539 lbf) in 15 mm (0.59 in), thick slabs to 10.2 kN (2,294 lbf) in 38 mm (1.5 in) thick slabs, while 

for threaded rods, the average forces ranged from 2.92 kN (656 lbf) in 15 mm (0.59 in) slabs to 

13.92 kN (3,129 lbf) in 38 mm (1.5 in) slabs. Additionally, it was found that increasing the UHPC 

https://doi.org/10.1016/j.jobe.2021.103004
https://doi.org/10.1016/j.jobe.2021.103004
https://doi.org/10.1016/j.tws.2022.110023


   

22 

 

layer thickness significantly enhanced the pull-out capacity of both types of connectors, with the 

greatest improvements observed between the 25 mm and 38 mm thick slabs. These tests embedded 

the threads of the fasteners in the UHPC, not the heads as will be done in the proposed wall system, 

but nonetheless, the results indicate a strong potential for developing structurally useful forces with 

metal fasteners installed in a 5/8ò thin UHPC plate. 

 

 

Figure 2.7: Effects of concrete slab thickness for fully embedded connectors on ultimate tensile 

load (Prejs et al. 2022). 

 

A study by Yehia et al. (2023) investigated the punching shear behavior of six UHPC flat slabs, 

each 1350x1350x80 mm. The results showed that UHPC significantly increased punching shear 

capacity by 21% to 32% compared to ACI 318-19 and Eurocode predictions. Steel fibers further 

enhanced the ductility and distributed cracks, leading to an 81% increase in load-bearing capacity. 

Harris & Roberts-Wollmann (2005) performed a study on the punching shear capacity of thin 

UHPC slabs, with twelve small slabs 45 in x 45 in, and three larger slabs 7ô x 12ô, tested to failure. 

Slab thicknesses ranged from 2ò to 3ò, with the study determining that a minimum thickness of 1ò 

https://doi.org/10.1016/j.tws.2022.110023
https://doi.org/10.1016/j.asej.2023.102208
https://rosap.ntl.bts.gov/view/dot/19706
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was required to prevent punching shear failure under an applied 8ò x 20ò tire contact patch. While 

the larger slabs failed in flexure rather than punching shear, it was observed that the casting process 

influenced the orientation of steel fibers, and thus influenced the flexural strength.  

Several researchers have shown that the use of nonmetallic fibers can enhance fire resistance 

in concrete. FoŚt et al. (2017) demonstrated that plastic-based fibers, due to their low melting point, 

create new expansion channels within concrete exposed to fire. These channels facilitate the 

release of excess water vapor, reducing internal pore pressure. In particular, PVA fibers burn out 

of the surrounding concrete at temperatures between 200°C and 275°C, increasing the porosity of 

the concrete. This effect partially opens the otherwise dense structure of UHPC, allowing for 

greater evaporation of water vapor. If  internal free water were not allowed to escape the concrete 

due to low porosity, then the concrete could fail under fire loading in a brittle and even expose 

manner.  

Ozawa & Morimoto (2014) examined the role of fibers in enhancing fire resistance in high-

performance concrete (HPC) with a study comparing the effectiveness of polyvinyl alcohol (PVA) 

fibers to steel fibers under high-temperature conditions. PVA fibers were recognized for improving 

ductility and reducing cracking under thermal stress, which is crucial for maintaining structural 

integrity during fire exposure. While steel fibers significantly enhance the tensile strength and 

overall mechanical performance of concrete at elevated temperatures, they are less effective at 

preventing thermal cracking and explosive spalling. In contrast, PVA fibers, by minimizing crack 

propagation and enhancing the concrete's ability to resist thermal-induced damage, offered a more 

balanced approach to fire resistance.  

https://doi.org/10.4028/www.scientific.net/MSF.909.275
https://www.sciencedirect.com/science/article/pii/S0950061814008265
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2.2.3. Commercial Applications of UHPC as Cladding System 

Several manufacturers have developed innovative cladding systems based around UHPC, 

offering a variety of options in terms of thickness, size, texture, and color. This section highlights 

prominent examples of UHPC cladding solutions that are currently commercially available from 

companies including TAKTL, Envel, and FEHR Group. These selected examples of UHPC 

cladding showcases the adaptability, durability, and design flexibility of architectural UHPC for 

various projects. 

TAKTL's Architectural UHPC panels in a variety of thicknesses, typically around 5/8" (16 

mm), are ideal for facade and wall cladding due to their high durability, weather resistance, and 

aesthetic flexibility. According to the manufacturer, they offer sustainable, long-lasting protection 

with minimal maintenance, and TAKTL provides a wide range of colors and textures, allowing 

architects to tailor the visual design to specific project needs (TAKTL, 2024). 

The Envel Aspect Series offers UHPC plank-style cladding panels. These panels range in 

size from 6ò x 72ò up to 24ò x 120ò. The thickness starts at 5/8ò and may increase depending on 

surface treatment and load requirements. The panels are available with face-fastened or hidden 

fastening systems. Custom shapes, sizes, and perforation options are also possible, and panels 

come in a variety of standard surfaces and colors, with the possibility of custom finishes (Envel, 

2024). 

FClad® UHPC panels from FEHR Group are sold as customizable cladding with sizes 

ranging from small hand-transportable panels 1.20m x 0.60m to larger made-to-measure panels up 

to 12.00m x 3.80m. These panels are available in thicknesses from 5/8ò to 4ò (16 to 100 mm), 

allowing for creative design flexibility, including curved and corner elements. According to the 
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manufacturer, the panels are lightweight, fire-resistant, and provide energy savings, acoustic 

insulation, and weather resistance (FEHR Group, 2024). 

Of the available commercial cladding systems, all are intended as cladding, not as structural 

sheathing. Thus, all systems are supported by a structure without helping to brace or stabilize that 

structure. There is a noticeable research gap in exploring the potential for UHPC plates to develop 

composite action with wooden studs with the UHPC functioning as both cladding and sheathing 

layers. This study aims to fill that gap by serving as the pilot investigation and proof-of-concept 

for an innovative prefabricated wall system. In this proposed system, traditional sheathing is 

replaced with a thin layer of UHPC, reinforced with polyvinyl alcohol (PVA) fibers, and attached 

to the wood frame with mechanical fasteners embedded in the UHPC. This thesis is focused on 

the proposed system embodied with wooden studs, but other embodiments of the system with 

metal, fiber composite, or even concrete studs are simple to extrapolate. Using architectural UHPC 

with PVA fibers is intended to provide structural reinforcement to the UHPC in combination with 

suitable exterior fire resistance, wind debris resistance and a customizable architectural finish.  

 

  



   

26 

 

CHAPTER 3.  MATERIAL TESTING PROGRAM  

 

3.1. Overview 

All of the architectural UHPC used in the work presented by this thesis was obtained from 

a commercial supplier in Dubai as a proprietary pre-bagged dry mix. The dry mix was combined 

with water, liquid plasticizer, and PVA fibers during the mixing process to create a highly flowable 

white UHPC. While this study utilized a specific commercial material, it is important to note that 

any UHPC mixture exhibiting reasonable performance characteristics could be utilized with the 

proposed wall system by following the material characterization approach and structural design 

framework outlined by this thesis. The mixing process, workability, and key mechanical properties 

of the available commercial UHPC were verified and quantified at benchtop scale prior to 

advancing with the experimental work.  This characterization of the UHPC could be repeated with 

a different UHPC, adjusting the structural design of the wall as necessary for the material 

properties for the available UHPC material.  Likewise, wooden studs of different dimensions or 

grades could be selected for use, if the proposed system were engineered to accommodate those 

selections using the methods outlined in this thesis.  

A critical question for the proposed large-scale experimental specimens (and future real 

production walls) relates to the curing conditions required for the UHPC. As such, two initial 

rounds of benchtop-scale material tests were conducted on the architectural UHPC material under 

two distinct curing conditions (air-cured and wet-cured) to evaluate the effects of curing condition 

on cured mechanical properties at various ages. Concrete cylinders and concrete prisms were the 

specimens manufactured in the initial two rounds of material testing to measure compression and 

flexural tension strengths. 
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The first curing condition evaluated was air-cured, selected to simulate the worst-case 

curing scenario that might be practical in manufacturing the large-scale specimens. In the air-cured 

scenario, specimens were cast, covered with plastic, and left to cure in ambient laboratory 

conditions. Evaluating the air-cured condition investigated whether performance of the chosen 

UHPC produced under suboptimal production conditions would still be suitable. Air -curing was 

recognized as likely suboptimal from the perspective of maximizing cured mechanical properties, 

but would be easy to implement when manufacturing larger specimens.  

The second curing condition evaluated was wet-curing for the first 24 hours after initial 

set, a method aimed at enhancing the early-age strength by providing enough free moisture for 

early stage hydration. This approach provided more moisture than air-curing, but was still practical 

to implement on the upcoming large scale wall panel specimens. Of course, ideal curing from the 

perspective of maximizing UHPC material properties would have involved long term wet-curing, 

or even steam curing, but these options were not practical for large-scale specimen production, 

and thus, were not considered for the material scale specimens. 

Once curing conditions were evaluated, a third round of benchtop-scale material testing 

was undertaken to investigate the flexure capacity of 5/8ò thin UHPC plates. The 24 hour wet-

curing method was employed for this round of testing. A series of 24ò square UHPC plates were 

produced and then cut into strips to evaluate the flexural capacity of UHPC cast as a 5/8ò plate. 

Additional concrete cylinders were produced during this third round of testing to confirm 

compressive strength. Successful completion of this third round of material scale testing enabled 

the work to progress into other types of larger test specimens designed to investigate structural 

behaviors. 
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The architectural UHPC mix design used for all three batches, including the water content, 

admixture, and fiber content, followed the material supplier's recommendations, as detailed in 

Table 3.1. Similarly, the mixing process followed the supplier's guidelines, outlined in  

Table 3.2. All mixing for material-scale testing was completed in bakery-style planetary 

mixers of various sizes. Material test results are presented in Chapter 4. 

 

Table 3.1: Proportions of the Commercial Architectural UHPC Used. 

Material Weight % of Dry Mix 

Dry Premix 100% 

Water 9.40% 

Liquid Plasticizer 0.55% 

Chopped PVA Fiber 1.2% 

 

Table 3.2: UHPC Mixing Process Instructions. 

Mixing Step Duration 

(min:sec) 

Description of Step Mixing Speed 

1 4:00 Blend the Dry Mix Slow (50 rpm) 

2 2:00 Add 50% Water Slow (50 rpm) 

3 2:00 
Add 50% Water + Plasticizer 

Slow (50 rpm) 

4 2:30 High Speed Mixing High (200 rpm) 

5 3:30 Adding Fiber High (200 rpm) 

6 3:00 Mid Speed Mixing Mid (100 rpm) 
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Table 3.2: UHPC Mixing Process Instructions. (Continued) 

Mixing Step Duration 

(min:sec) 

Description of Step Mixing Speed 

7 1:00 Stop & Scrape Bowl Stopped 

8 2:00 Slow Speed Mixing Slow (50 rpm) 

 

3.2. First Batch ï Air Cur ed Material Characterization  

To characterize the material properties of the chosen UHPC, including compression and 

flexural strength, 10 prisms 4òx4òx14ò and 14 cylinders 3òx6ò were cast using a Hobart HL600 

pan mixer. Due to the limited capacity of the mixer, the specimens were cast in two separate 

batches, B1-M1 and B1-M2, with each batch producing 5 prisms and 5 cylinders. The specimens 

were allocated for testing as detailed in Table 3.3. The desire for replicate specimens at each age 

was balanced with the limitations of the available mixing equipment to produce large batches of 

material. 

 

Table 3.3: Testing Schedule for First Batch of Material Specimens. 

Mix ID  

Number of Specimens Tested by Age 

3 Days 7 Days 14 Days 28 Days 

Cylinders Prisms Cylinders Prisms Cylinders Prisms Cylinders Prisms 

B1-M1 2 1 2 1 1 1 2 2 

B1-M2 2 1 2 1 1 1 2 2 
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3.2.1. First Batch Mixing and Casting 

The mixing process for the first batch of material samples utilized a small batch of 0.8 ft³ 

of UHPC, as detailed in Table 3.4.  

 

Table 3.4: Quantities of Commercial UHPC Used for First Batch. 

Material Weight % of Dry Mix Quantity 

Dry Premix 100% 115 lb (52.16 kg) 

Water 9.40% 10.8 lb (4.899 kg) 

Liquid Plasticizer 0.55% 6.33 lb (0.287 kg) 

Fiber 1.2% 1.38 lb (0.626 kg) 

 

During the mixing process, the addition of fibers presented a significant challenge, 

requiring careful attention to prevent fiber clumping while avoiding prolonged mixing that could 

lead to overmixing. Initial mixing trials not discussed here involved several people introducing 

fiber to the mixer by hand, which was laborious and slow, even for the small quantities of material 

mixed. Ensuring proper fiber distribution without clumping is essential for achieving the desired 

properties of UHPC. To address this issue, a vibrating chute was developed to dispense fiber into 

the mixer bowl, consisting of three main components illustrated in Figure 3.1. An inlet funnel 

facilitates fiber addition to the vibrating chute without substantial loss outside the mixer. This 

funnel is connected to a 6ò wide plastic trough, which discharges the fibers seamlessly into the 

mix. A vibrator attached to this setup moves the fibers down the chute while breaking up clumps 

to help ensure a uniform distribution throughout the mix. The fiber addition chute was successful 

at the material scale, and was used for all material testing batches, but it was still relatively 
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laborious to feed and manage the fiber dosing process by hand. A more advanced fiber addition 

process was developed for subsequent casts, as will be discussed later in the thesis. 

 

 

Figure 3.1: Customized Fiber Addition Tool. 

 

Upon completing the mixing process, the fresh UHPC mixture was allowed to rest for one 

minute to enable any large volumes of trapped air to escape. Subsequently, the mix was cast into 

the relevant cylindrical and prism molds and immediately covered with a plastic sheet to prevent 

moisture loss and to protect the fresh mix from contaminants, as depicted in Figure 3.2. After 24 

hours, the covers were removed, and the specimens were demolded and air-cured from that point 

forward to the day of testing, simulating the worst practical curing conditions.  

 

   

Figure 3.2: First Material Batch (a) Fresh Mix (b) Sampling (c) Sample Covering.  

(a) (b) (c) 
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3.2.2. First Batch Compression and Flexural Tests 

Compression Strength Tests 

Prior to testing. The tops and bottoms of all cylinders were ground flat and parallel a day 

prior to testing, and were allowed to air dry for 24 hours before testing. Compression tests were 

conducted using an available Forney compression testing machine, shown in Figure 3.3. This 

machine measures the applied load and the rate of load application. For 3òx6ò cylinders, the tests 

were performed at a rate of 15 kip/min, following the ASTM C39 instructions. The maximum 

applied force recorded during the tests was used to calculate the peak compression stress of the 

UHPC. 

 

 

Figure 3.3: Compression Strength Test Setup. 
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Flexural Strength Tests 

The flexural tests employed four-point loading with a 12ò support span with a 4ò spacing 

between the loads. This test was executed using two different setups. The first setup involved a 

hydraulic test machine that applied and measured the load, paired with two linear potentiometers 

attached to the middle of each side of the prism to measure deflection, as shown in Figure 3.4(a). 

This setup was used to evaluate the flexural performance of specimens on days 3, 7, and 14. The 

second setup, shown in Figure 3.4(b), was used to assess flexural performance at 28 days and 

utilized a stroke-control machine, which proved to be more suitable for flexural tests. The 

displacement rate for this setup was set to 0.003 in/min, in accordance with ASTM C160. 

 

 
 

Figure 3.4: Flexural Strength Test Setup (a) Hydraulic Control (b) Displacement Control. 

 

3.3. Second Batch ï Wet Cured Material Characterization  

To characterize the material properties of UHPC wet-cured for 24 hours, 7 prisms 

4òx4òx14ò and 7 cylinders 3òx6ò were cast from a single batch of material using a paddle mixer. 

Specimens were allocated for testing as detailed in Table 3.5. As with the first batch of material, 

(b) (a) 
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batch size was limited, and it was desired to obtain all samples from a single batch of material, so 

specimen numbers were necessarily limited. 

 

Table 3.5: Testing Schedule for Second Batch of Material Specimens. 

Mix ID  

Number of Specimens Tested by Age 

3 Days 7 Days 14 Days 28 Days 

Cylinders Prisms Cylinders Prisms Cylinders Prisms Cylinders Prisms 

B2-M1 2 0 2 2 1 2 2 2 

 

3.3.1. Second Batch Mixing and Casting 

The mixing process for the wet-cured samples utilized a 1.0 ft³ batch of UHPC as detailed 

in Table 3.4. For this batch of material, a large horizontal-shaft mixer was used. This larger mixer 

was obtained for use with the large-scale wall panel specimens cast later in the program. 

 

Table 3.6: Quantities of Commercial UHPC Used for Second Batch. 

Material Weight % of Dry Mix Quantity 

Dry Premix 100% 150 lb (68 kg) 

Water 9.40% 14.1 lb (6.396 kg) 

Liquid Plasticizer 0.55% 8.25 lb (3.742 kg) 

Fiber 1.2% 1.80 lb (0.816 kg) 
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As mentioned earlier, proper addition of fibers is crucial. The tool developed to introduce 

fibers into the smaller mixer worked well for small batches of material, but a more efficient 

technique was needed for larger quantities of UHPC. Consequently, a dust collection vacuum was 

modified and utilized to blow fibers into the mix, taking premeasured quantities of fiber from 

plastic buckets. This system operated smoothly and efficiently, as shown in Figure 3.5, and is 

considered as a major development and improvement to the mixing process vs. the recommended 

approach of adding fibers manually. 

Upon completing the mixing process, the mix was cast into cylindrical and prism molds 

and covered with a plastic sheet, as depicted in Figure 3.6. After 6 hours, the specimens had set, 

and were demolded and submerged in a water bath for 24 hrs. of wet curing. After 24 hours, the 

specimens were removed from the water bath and air-cured from that point forward. 

 

 

Figure 3.5: Fiber Addition Using Vacuum Cleaner. 

 

  

Figure 3.6: Second Material Batch (a) Sampling (b) Sample Covering.  

(a) (b) 



   

36 

 

3.3.2. Compression and Flexural Test  

Compression Strength Test 

Similar to what been done in the first batch, the compression test cylinders were ground 

flat and parallel prior to testing in compression as shown in Figure 3.3 and as discussed above.  

Flexural Strength Test 

Prisms were tested as discussed above using the stroke controlled approach shown in 

Figure 3.4(b), with a displacement rate of 0.003 in/min.  

 

3.4. Third Batch ï Flexural Strength of Thin UHPC Plates 

In the proposed full-scale wall system, the ability of the UHPC plate to carry applied loads 

while spanning between adjacent wooden studs is critical. In the proposed system, this span is 

most likely 24ò, but could be as short as 12ò. To measure the flexural capacity of a 5/8ò thickness 

UHPC plate spanning between adjacent studs, two plates measuring 24òx24òx5/8ò were first cast 

using with wet curing regime, placing a cloth saturated in water on the concrete surface and sealing 

that with a plastic sheet for 24 hours, starting six hours after casting, as shown in Figure 3.7. 

 

   

Figure 3.7: Thin UHPC Plate (a) Cast, (b) Curing, and (c) Demolded. 

(a) (b) (c) 
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After 21 days curing (the first 24 hours of wet curing plus the next 20 days air curing), the 

two UHPC plates were cut into six 24ò by 8ò strips using a diamond wet saw. These strips were 

then left to air dry for 7 more days, as the saw uses water to reduce friction during the cutting 

process. At 28 days of age, the strips were tested in four-point bending using a stroke-controlled 

test setup with an 18ò support span and a 6ò spacing between load points, as shown in Figure 3.8. 

Three of the strips were tested with the top as-cast surface arranged as the tension face of the 

specimen, while the other three were tested with the bottom (mold) face as the tension face of the 

specimen. It was hypothesized that casting orientation may impact fiber distribution, which in turn 

could impact flexural strength.  

 

 

Figure 3.8: Setup for Testing Thin UHPC Strips in Flexure. 
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CHAPTER 4.  RESULTS AND DISCUSSION OF MATERIAL TESTS  

 

Results of all material-scale tests are presented in the sections below.  

 

4.1. First Batch ï Air Cured Material Characterization  

4.1.1. Compression Test Results  

The cylinder specimens were tested in compression, and the maximum load was recorded 

for compressive strength calculation per Equation 4.1-1. The fracture patterns of each cylinder at 

failure were also categorized as detailed in Table 4.1. 

Æ τ 0  Ⱦ ʌ $   (Eq. 4.1-1) 

fcm: Compressive strength, psi.  

Pmax: Maximum load, lbf. 

D: Average measured diameter, in. 

As shown in Figure 4.1 and listed in Table 4.2 the air-cured architectural UHPC mix with 

PVA fibers achieved an average compressive strength of 11.05 ksi at three days. This strength 

increased another 9.6% at seven days, reaching an average of 12.12 ksi. After this point, the rate 

of strength gain slowed, with only an additional 3.5% increase at 14 days, resulting in an average 

strength of 12.55 ksi. However, by 28 days, the strength had increased another 34%, reaching an 

average compressive strength of 16.81 ksi. Failure modes involved primarily vertical splitting, 

which is expected for concrete with a high dose of distributed fibers. Failure modes were ductile 

in the sense that compression specimens held together post-test, and continued to carry substantial 

forces post-peak.  



   

39 

 

Table 4.1: Failure Modes of Air-Cured UHPC Cylinders. 

Age 

(Days) 

B1-M1 B1-M2 

Cylinder 1 Cylinder 2 Cylinder 1 Cylinder 2 

3 

 

Splitting ï Major 

Crack 

 

Splitting ï Major 

Crack 

 

Splitting ï Major 

Crack 

 

Splitting ï Major 

Crack 

7 

 

Splitting ï Major 

Crack 

 

Splitting ï Major 

Crack 

 

Splitting ï Major 

Crack 

 

Splitting ï Major 

Crack 

14 

 

Splitting ï Multiple 

Cracks 

-- 

 

Splitting ï Major 

Crack 

-- 
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Table 4.1: Failure Modes of Air-Cured UHPC Cylinders. (Continued) 

Age 

(Days) 

B1-M1 B1-M2 

Cylinder 1 Cylinder 2 Cylinder 1 Cylinder 2 

28 

 

Crushing ï Multiple 

Cracks 

 

Crushing ï 

Multiple Cracks 

 

Crushing ï 

Multiple Cracks 

 

Crushing ï Multiple 

Cracks 

 

 

Figure 4.1: Compressive Strength Gain for UHPC Material - Batch 1. 
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Table 4.2: Compressive Strength ï Batch 1, Air-Cured UHPC. 

Specimen 

Age 

(Days) 

Mix ID  

Peak Load 

(lbf) 

Compression 

Strength 

(ksi) 

Average Compression 

Strength 

(ksi) 

3  

B1-M1 81232 11.49 

11.06 

 

B1-M1 79111 11.19 

B1-M2 76679 10.85 

B1-M2 75633 10.70 

7 

B1-M1 86151 12.19 

12.12 

 

B1-M1 85960 12.16 

B1-M2 85218 12.06 

B1-M2 85402 12.08 

14  

B1-M1 87904 12.44 

12.55 

B1-M2 89403 12.65 

28  

B1-M1 119741 16.94 

16.81 

B1-M1 120222 17.01 

B1-M2 120816 17.09 

B1-M2 114510 16.20 

 

The substantial strength gain observed after 7 days can be attributed to the presence of fine 

materials such as silica fume. These materials extend the hydration reaction, leading to a delayed, 

but significant, increase in strength as the reaction progresses. This phenomenon was observed by 

Oertel et al. (2014), who found that silica fume extends the hydration reaction and significantly 

https://oitncsu-my.sharepoint.com/personal/agalali_ncsu_edu/Documents/Documents/research/Abdullah%20Thesis/Writeup%20after%20may24/Used%20Paper/effect%20of%20slica%20fume%20(Oertel%20et.%20al%202014).pdf
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contributes to strength gain after 7 days, compared to concrete without silica fume. The extension 

of the hydration reaction is also related to the filler effect and the potential pozzolanic reaction of 

silica. The filler effect refers to the densification of the microstructure due to the presence of fine 

particles, which improves the mechanical properties of the concrete. The pozzolanic reaction, 

while not directly observed in the study due to the lack of decrease in portlandite content, is a 

potential mechanism that could contribute to the long-term strength and durability of the concrete 

by forming additional C-S-H phases through the reaction of silica with calcium hydroxide. 

 

4.1.2. Flexural Test Results  

The prisms were tested in flexure, and a load-displacement curve was plotted for used in 

flexural strength calculation, along with Equation 4.1-2. The observed failure mode for all prism 

specimens was a major vertical crack in the middle third of the prisms, as detailed in Table 3.1. 

ÆÒ0 ,  Ⱦ Â Ä   (Eq. 4.1-2) 

fr: flexural strength, psi.  

P : Peak load , lbf. 

L: the span length , in. 

b: Average measured width, in. 

d: Average measured depth, in. 
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Table 4.3: Failure Modes for Air -Cured UHPC Prisms. 

Age 

(Days) 

Mix ID: B1-M1 Mix ID: B1-M2 

3 

  

7 

  

14 

  

28 
 

 

 

 

 

A gain in the first peak load with age shows the material's strength development over time, 

as listed on Table 4.4. Initially, from 3 to 7 days, the material experiences a substantial increase in 
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strength, approximately 33%, indicating rapid early-age tensile strength gain. From 7 to 14 days, 

the flexural tension strength continues to increase, but at a slower rate. Interestingly, from 14 to 

28 days, a decrease in the first peak strength was observed, but is likely due to the change in testing 

apparatus from manual hydraulic control to a slower displacement controlled loading. 

Displacement controlled loading allows cracks to develop slowly, influencing test results. Manual 

hydraulic controlled loading was faster, and likely created a higher apparent flexural tension 

strength in the early age specimens.  

 

Table 4.4: First Peak Flexural Strength for Air -Cured UHPC Prisms. 

Age 

(Days) 

Test Setup Mix ID  

First Peak Strength 

Peak 

Load 

(lbf) 

Rupture 

Strength 

(ksi) 

Average Rupture 

Strength 

(ksi) 

3 Manual Hydraulic 

B1-M1 4338 0.81 

0.81 

B1-M2 4320 0.81 

7 Manual Hydraulic 

B1-M1 5998 1.12 

1.08 

B1-M2 5546 1.04 

14 Manual Hydraulic 

B1-M1 6254 1.17 

1.20 

B1-M2 6572 1.23 

28 

Displacement 

Stroke Control 

B1-M1 5548 1.04 

0.90 

B1-M1 4464 0.84 

B1-M2 4883 0.92 

B1-M2 4210 0.79 
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At each age, the second peak load is consistently lower than the first peak load, as listed in 

Table 4.5 and as shown on Figure 4.2 and Figure 4.3, indicating a reduction in load-carrying 

capacity after initial cracking. This behavior is not ideal for UHPC, and indicates that the 

commercially sourced UHPC material could likely undergo some additional optimization, perhaps 

by increasing the fiber content. In addition, the curing procedure (air-cured in this case) could 

negatively impact flexural-tension strength especially, as tension strength in UHPC is largely 

derived from the bond between matrix and fiber. If this bond is compromised due to insufficient 

curing, shrinkage, or other mechanisms, tension strength would be reduced.  

In reviewing this result, it is important to keep in mind that optimization of an architectural 

UHPC mix design was not a goal of this work. Rather, the material testing aimed to characterize 

the relevant engineering properties of the available UHPC material in order to enable accurate 

designs and analyses of the upcoming large-scale wall specimens. Improved UHPC material 

performance in the future with higher second peak capacities would only improve the structural 

capacity of the proposed wall system.  

The testing setup and method had a significant impact on the flexural strength results, as 

shown in Figure 4.4. The manually controlled hydraulic test was relatively fast, reaching the first 

peak within an average of 3 minutes. In contrast, the displacement control test reached the first 

peak within an average of 50 minutes. This difference in time to peak indicates that the hydraulic 

control test setup influences the results by achieving peak load values more rapidly. Consequently, 

the hydraulic control test generally showed higher toughness and strength values due to the rapid 

application of load, allowing less time for micro-cracks to develop and propagate within the 

specimen. Behavior beyond the first peak was also more consistent in set of specimens tested with 

the slower stroke-controlled testing approach. 
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Figure 4.2: Flexural Load Displacement Curve - Hydraulic Control 3, 7, and 14 days. 

 

 
 

Figure 4.3: Flexural Load Displacement Curve - Displacement Stork Control 28 days. 
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Table 4.5: Second Peak Flexural Strength for Material Batch 1. 

Age 

(Days) 

Test Setup Mix ID  

Second Peak Strength 

Load 

(lbf) 

Rupture 

Strength 

(ksi) 

Average Rupture 

Strength 

(ksi) 

3 Manual Hydraulic 

B1-M1 3920 0.74 

0.70 

B1-M2 3529 0.66 

7 Manual Hydraulic 

B1-M1 5303 0.99 

0.94 

B1-M2 4716 0.88 

14 Manual Hydraulic 

B1-M1 3986 0.75 

0.85 

B1-M2 5085 0.95 

28 Stroke Controlled 

B1-M1 3986 0.75 

0.75 

B1-M1 3990 0.75 

B1-M2 4021 0.75 

B1-M2 4092 0.77 

 

An important finding from the flexural prism tests was that fiber distribution was observed 

to be less concentrated on the as-cast bottom (mold) face, and more concentrated on the top face 

of the specimen, as-cast. This finding indicates that the PVA fibers tended to float away from the 

bottom face of the mold, as shown in Figure 4.5. This localized distribution of fibers could impact 

the flexural performance of the system if a lower or higher concentration of fibers were located on 

the tension face of the test specimen or wall sheathing. The prism tests were not likely impacted 
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by this phenomena, as all prisms were tested with a side-face (as-cast) in tension. Nonetheless, this 

observation in the prism testing necessitated testing thin UHPC plates in flexure at the material 

scale, the results of which are reported later. 

 

 

Figure 4.4: The Effect of Test Setup on Flexural Results. 

 

 

Figure 4.5: Effect of Casting on Fiber Distribution.  
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4.2. Second Batch ï Wet Curing Material Characterization  

The second batch of material testing on wet-cured UHPC was performed with the same 

compression and flexural test methods as the first batch on air-cured material, with the exception 

that only the stroke-controlled test setup was used for flexural tests.  

 

4.2.1. Compression Test Results. 

As detailed in Table 4.7, the wet-cured UHPC exhibited an average compressive strength 

of 11.4 ksi at three days. By seven days, this strength increased by 40.3%, reaching 16 ksi. The 

subsequent rate of strength gain slowed, with a 10.6% rise at 14 days, achieving 17.7 ksi, and a 

similar 10.7% increase by 28 days, resulting in an average compressive strength of 19.6 ksi. The 

failure modes of the compression cylinders are similar to the air-dried modes, with expected 

vertical splitting cracks prominent, as detailed in Table 4.7. 

 

Table 4.6: Compressive Strength ï Wet-Cured UHPC. 

Specimen Age 

(Days) 

Mix ID  

Peak Load 

(lbf) 

Compressive 

Strength 

(ksi) 

Average 

Compressive 

Strength 

(ksi) 

3 

B2-M1 83918 11.87 

11.39 

B2-M1 80525 11.39 

7 

B2-M1 115557 16.35 

15.98 

B2-M1 110382 15.62 
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Table 4.6: Compressive Strength ï Wet-Cured UHPC. (Continued) 

Specimen Age 

(Days) 

Mix ID  

Peak Load 

(lbf) 

Compressive 

Strength 

(ksi) 

Average 

Compressive 

Strength 

(ksi) 

14 

B2-M1 124887 17.67 

17.67 

B2-M1 124915 17.67 

28 

B2-M1 138883 19.65 

19.56 

B2-M1 137526 19.46 

 

 

Figure 4.6: Compressive Strength Gain of Wet-Cured UHPC. 
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Table 4.7: Failure Modes of Wet-Cured UHPC Cylinders. 

Age 

(Days) 

Mix ID: B2-M1 

Cylinder 1 Cylinder 2 

3 

 

Crushing ï Multiple Cracks 

 

Crushing ï Multiple Cracks 

7 

 

Splitting ï Multiple Cracks 

 

Splitting ï Major Crack 

14 

 

Splitting ï Multiple Cracks 

 

Splitting ï Multiple Cracks 

28 

 

Crushing ï Multiple Cracks 

 

Crushing ï Multiple Cracks 
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As shown in Figure 4.6, the wet-cured UHPC showed substantial and consistent strength 

increases after 7 days. The material achieved higher ultimate compressive strength vs. the air-cured 

material, and did so with less variability in the test results. This difference in strength gain behavior 

is attributed to the wet-curing process and the larger mixer, both of which were used for all future 

large-scale wall specimens. 

 

4.2.2. Flexural Test Results 

The wet-cured UHPC prism strength over time is listed in Table 4.8 and Table 4.10, 

indicating that across all ages, the second peak flexural strength exceeds the first peak strength, 

with the percentage increase varying from 13.5% at 7 days to 40.3% at 14 days and 21.4% at 28 

days. Differences in the ratio of second peak strength to first peak strength likely relate to different 

rates of compression strength development vs. tension strength development, but could also be a 

result of the limited number of test samples; with a larger sample size, these fluctuations might 

even out. Most importantly, performance of the flexural tension strength of the UHPC material 

improved significantly with modest (24 hour) wet curing, a practical option for large-scale 

production. The second peak strength exceeding the first peak strength helps to insure that 

structures do not fail cracking, with the internal fibers sufficiently strong to carry load across the 

crack. 

As shown in Figure 4.7 at 28 days, Air cured material Batch 1 shows a higher first peak 

strength (0.90 ksi) compared to Batch 2 (0.74 ksi), indicating better initial load-bearing capacity. 

However, wet cured material batch 2 has a higher second peak strength (0.84 ksi) compared to 

Batch 1 (0.75 ksi), reflecting superior post-crack performance. These differences highlight the 
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variations in material properties between the two batches, with Batch 1 excelling in initial strength 

and Batch 2 demonstrating better resilience after cracking.  

 

Table 4.8: First Peak Flexural Strength for Material Batch 2. 

Age 

(Days) 

Test Setup Mix ID  

First Peak Strength 

Load 

(lbf) 

Rupture 

Strength 

(ksi) 

Average 

Rupture 

Strength 

(ksi) 

7 Stroke Control 

B2-M1 3479 0.65 

0.62 

B2-M1 3150 0.59 

14 Stroke Control 

B2-M1 4226 0.79 

0.7 

B2-M1 3235 0.61 

28 Stroke Control 

B2-M1 3528 0.75 

0.74 

B2-M1 3865 0.72 

 

Table 4.9: Failure Mode for Material Batch 1 Tested Prisms. 

Age  B1-M1 

7 
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Table 4.9: Failure Mode for Material Batch 1 Tested Prisms. (Continued) 

Age  B1-M1 

7 

   

14 

   

28 

   

 

Table 4.10: Second Peak Flexural Strength for Material Batch 2. 

Age 

(Days) 

Test Setup Mix ID  

Second Peak Strength 

Load 

(lbf) 

Rupture 

Strength 

(ksi) 

Average 

Rupture 

Strength 

(ksi) 

7 

Displacement Stroke 

Control 

B2-M1 4687 0.88 

0.87 

B2-M1 4560 0.85 
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Table 4.10: Second Peak Flexural Strength for Material Batch 2. (Continued) 

Age 

(Days) 

Test Setup Mix ID  

Second Peak Strength 

Load 

(lbf) 

Rupture 

Strength 

(ksi) 

Average 

Rupture 

Strength 

(ksi) 

14 

Displacement Stroke 

Control 

B2-M1 4905 0.92 

0.85 

B2-M1 4198 0.79 

28 

Displacement Stroke 

Control 

B2-M1 3997 0.75 

0.84 

B2-M1 4985 0.93 

 

 

Figure 4.7: The Effect of Curing on 28 Days Flexural Results.   
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4.3. Third Batch ïFlexural Strength of Thin UHPC Plates  

In the full -scale wall panels, the required 5/8ò thickness of the UHPC cladding layer was 

determined using Equation 4.1-3, assuming the cladding was required to span between adjacent 

wooden studs space at 24ò on center. The UHPC material was assumed in design to have a flexural 

strength of 1000 psi. Out-of-plane wind pressure was assumed as 80 psf (a very high level of wind 

loading), and a design strip width of 12ò was assumed with one-way flexural action. Based on 

these parameters, a moment diagram was generated for the most severe scenario of a two-span 

wall, as illustrated in Figure 4.8. Consequently, a UHPC thickness of 5/8ò was found to be 

adequate. 

 

 

Figure 4.8: Moment Diagram Analysis for UHPC Layer under 80 psf Wind Pressure.  
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ÔÃ χς - Ⱦ ÆÒ Â×   (Eq. 4.1-3) 

tc: UHPC Thickness, in. 

fr: Flexural strength, psi.  

bw: Design strip width, in. 

M: Maximum applied moment, lb-ft. 

To verify that the flexural strength of 5/8ò UHPC cladding layer would be sufficient for 

the proposed wall system, and to examine the impact of fiber distribution on flexural capacity, a 

series of 8ò wide UHPC strips, each 5/8ò thick, were tested . The rupture strength of the thin plates 

in flexure was calculated using Equation 4.1-2, and the results are detailed in Table 4.11.  

 

Table 4.11: Flexural Strength of 5/8ò Thick UHPC Plates. 

Tension 

Face 

First Peak Second Peak 

Load 

(Lbf) 

Rupture 

Strength 

(ksi) 

Average 

Rupture 

Strength 

(ksi) 

Load 

(lbf) 

Rupture 

Strength 

(ksi) 

Average 

Rupture 

Strength 

(ksi) 

Top as-cast 

Face 

315.5 1.82 

1.96 

251.8 1.45 

1.52 325.4 1.87 221.6 1.28 

378.5 2.18 316.2 1.82 

Bottom as-

cast Face 

299.3 1.72 

1.99 

215.3 1.24 

1.12 332.8 1.92 191.0 1.10 

406.9 2.34 175.3 1.01 
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Comparing the top and bottom faces (as-cast) in tension, both orientations exhibited strong 

first-peak resistance to tensile stress, with average rupture strengths near 2 ksi. As first peak, 

rupture stress is dictated by the strength of the UHPC matrix, not the fiber, so it makes sense that 

the first peak strengths were similar for both tested orientations. However, the bottom face (as cast) 

in tension demonstrated a lower second peak capacity vs. the top face (as cast) in tension, with an 

average second-peak rupture strength of 1.12 ksi vs. 1.52 ksi as shown in Figure 4.9. This 

difference is attributed to the fiber distribution within the UHPC, with the PVA fibers floating 

away from the bottom face (as cast) and concentrating more at the top surface. 

 

 

Figure 4.9: Rupture Strengths for Top and Bottom As-Cast Faces of UHPC Specimens. 
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 The results for the wet-cured 5/8ò thick strips demonstrate a rupture strength surpassing 

those obtained from the wet-cured prism tests. Rupture strength at cracking (first peak) was nearly 

2 ksi and rupture strength post-cracking (2nd peak) was still well over 1 ksi, even for the worst-

case orientation. Given that this test is more representative of the thin UHPC layer proposed in the 

real wall system, the assumed design flexural strength of 1000 psi is a safe and reasonable 

assumption, as it is lower than both the first and second peak values observed. Therefore, the 

calculated 5/8ò thick UHPC classing is sufficient for the proposed residential wall application, and 

is actually highly conservative from the perspective of flexural capacity. 
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CHAPTER 5.  STRUCTURAL TESTING PROGRAM  

 

5.1. Overview 

The large-scale testing program was divided into two phases: Phase 1 and Phase 2. Phase 

1 involved small-scale experiments aimed at determining the capacities of two types of connectors 

embedded in thin UHPC plates. Phase 2 consisted of full -scale tests of wall panels to investigate 

the flexural, racking, and axial capacities of the proposed system. The results from Phase 1 were 

essential for selecting the connector type and determining the connector layout for the panels tested 

in Phase 2. Details of the experimental tests are presented in this chapter with results of the 

experimental tests presented in Chapter 6. 

 

5.2. Structural Testing Phase 1: Connectors 

In this phase, the connector capacity was tested to determine performance under two 

loading conditions: pullout and punching, which simulate out-of-plane loading conditions such as 

windward and leeward forces, as shown in Figure 5.1. The pullout tests loaded connectors in 

tension while the punching tests loaded connectors in compression. 

Two types of connectors were proposed and tested: metal plates and wooden screws. The 

metal plates, fabricated from commercially available 16-gauge wood-to-wood tie plates, were cut 

and shaped into finger plates, shown in Figure 5.2. The bent shapes of the finger plate were 

intended to increase the bearing area of the connector within the UHPC and increase the plate 

punching and pullout resistance.  
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Figure 5.1: Wind Loads on Cladding (a) Leeward with Connectors in Tension (b) Windward 

with Connectors in Compression. 

 

  

 

Figure 5.2: Metal Plate Connection Details (a) Sourced Metal Plate (b) Cut Lines (c) 

Finished Metal Plate Connector. 

(a) (b) 

(a) (b) 

(c) 
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For the second connector style, commercially available structural wood screws were selected 

based on published capacities and dimensions. The selected screws had large, flat heads to provide 

a larger bearing area within the available thickness of the UHPC layer, without compromising the 

very limited available cover. The bent metal plate connectors and the screw connectors were first 

installed on wooden frames and then embedded into UHPC, as shown in Figure 5.3. 

 

  

Figure 5.3: Connector Types (a) Metal Plate Connector (b) Wooden Screw Connector. 

 

Twelve 24òx24òx5/8ò UHPC plates were cast to test the connectors, with six plates allocated 

for each type of connector. In a given group of plates, three were tested for punching (connector 

in compression) and the other three for pullout (connector in tension), as detailed in Table 5.1. 

Each UHPC plate contained three connectors: one at the mid-point, and one more at each of two 

edges, as shown in Figure 5.4. The UHPC plate size was selected to represent the maximum 

envisioned wooden stud spacing of 24ò in the proposed wall system, ensuring that stresses in the 

UHPC due to flexural distortion of the UHPC were included in the punching and pullout results. 

 

(a) (b) 
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Table 5.1: 24x24x5/8 UHPC Plate Testing. 

Test Annotation 

Specimen ID Number 

(xx) 

Connector Type 

Punching 

(compression) 

PL xx ï Comp. 

1, 2, or 3 ï Comp. Wooden Screw Connector 

4, 5, or 6 ï Comp. Metal Plate Connector 

Pullout 

(tension) 

PL xx ï Ten. 

1, 2, or 3 ï Tens. Wooden Screw Connector 

4, 5, or 6 ï Tens. Metal Plate Connector 

 

 

 
 

Figure 5.4: Connectors Layout (a) Metal Plate Connectors Layout (b) Screw Connector Layout. 

 

5.2.1. Connector Test Specimen Manufacturing 

To cast the twelve UHPC plates with 1/4ò of cover over the connectors, the connectors 

were suspended 1/4ò away from the mold surface (the plate's finished outer surface). A mounting 

frame was installed above the mold to temporarily hold the necessary connectors in place until the 

UHPC plates hardened, as shown in Figure 5.5. Note that this casting technique was utilized only 

for connection tests to enable testing individual connectors. In the proposed wall system, 

connectors are preinstalled on wooden frames prior to casting UHPC. 

(a) (b) 
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Figure 5.5: Connectors Tests of: (a) Metal Plate Connector (b) Wooden Screw Connector. 

 

A total of 0.65 cubic feet of UHPC was mixed per batch using a medium-sized pan mixer, 

the Hobart HL600. Each batch was used to cast three UHPC plates along with six 3x6 cylinders. 

The mix design for each batch followed the specifications provided by the supplier, as detailed in 

Table 5.2, and was consistent with the mix used in Phase 2 and the material testing phase. 

Connector test specimens were air-cured, but were protected from excessive moisture loss by 

immediately covering each specimen with a plastic sheet. This decision on curing method was 

made prior to availability of the wet-cured test results, and was intended to represent the likely 

worst case field condition for actual wall panels. It is expected that wet-cured samples would 

perform better than air-cured samples from the perspective of connector capacity, so the tests as 

performed are likely conservative if the results are applied to connectors cast into UHPC cured 

with the 24 hour wet curing method.  

With the molds complete, UHPC was cast into each and allowed to flow and self-

consolidate around the connector and into the mold. Each mold was lightly agitated by hand with 

a few taps and shakes to self-level the UHPC material and fill all of the corners. Care was taken to 

allow the UHCP to flow naturally around each connector, and no mechanical or internal vibration 

was applied. The intent of the casting process was to enable the fibers to flow around the connector 

(a) (b) 
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undisturbed. Each specimen was covered with a plastic sheet immediately after casting to limit the 

moisture loss and to protect the fresh mix from any environmental contamination, as shown Figure 

5.6. 

 

Table 5.2 : Quantities of Commercial UHPC Used for 24x24x5/8" Plates. 

Material Weight % of Dry Mix Quantity 

Dry Premix 100% 88 lb (39.92 kg) 

Water 9.40% 8.27 lb (3.75 kg) 

Liquid Plasticizer  0.55% 0.49 lb (0.22 kg) 

Fiber 1.2% 1.06 lb (0.48 kg) 

 

 

  

Figure 5.6: 24òx24òx5/8ò UHPC Plate Casting (a) Pouring UHPC (b) Covered Specimens. 

  

(b) (a) 
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5.2.2. Punching Test 

The punching capacity for both connection types was evaluated with the test setup 

illustrated in Figure 5.7. This setup was constructed as follows: A bar with threaded holes in a 

pattern matching the connector was attached to the connector and passed through a load cell and 

hydraulic cylinder. The bar was eccentric to one face of the connector to the same extent that the 

centroid of a wooden stud would be eccentric with the typical connection detail. This bar attached 

to the connector featured a nut positioned below the load cell to enable loading the bar (and thus 

the connection) in compression with the hydraulic cylinder. The hydraulic cylinder acted against 

a steel reaction frame fixed to a rigid steel table and connected to a manual hydraulic pump that 

was used to control cylinder extension.  

The UHPC plate was supported at two opposing edges on steel tubes that were free to 

rotate, in a simply supported condition representative of two adjacent wooden studs. A 22ò span 

was used, which is near the maximum envisioned stud spacing of 24ò. Additionally, a thin rubber 

strip was included between the UHPC plate and all steel supports to cushion any local stress 

concentrations. While unnecessary for the compression loads of the punching test, the top and 

bottom supporting tubes were anchored together with through bolts to have a consistent supporting 

condition for the punching tests and the upcoming pull-out tests discussed in the next section. 

Each connector was loaded slowly to failure in compression. The load cell measured the 

force applied by the hydraulic cylinder and two linear potentiometers were affixed to the connector 

to measure the relative movement between the UHPC plate and the connectors. 
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Figure 5.7: Punching Shear Connector Test Setup at Midpoint Connector. 

 

After testing the first metal plate connector, it was found that the punching capacity of the 

connection exceeded the flexural capacity of the UHPC plate at a span of 22ò and the UHPC plate 

failed in flexural prior to a connection punching failure developing. Details of this result will be 

presented in Chapter 6. Thus, to determine the capacity of the connection itself, the span of the 

UHPC plate was reduced to 9ò for the remaining tests of the metal connection plate, as shown in 

Figure 5.8. All connection tests involving screws were conducted at the original 22ò span. 
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Figure 5.8: Punching Shear Test Modification for Metal Plate Connector (a) 22ò span (b) 9òspan. 

 

5.2.3. Pullout Test 

To evaluate the pullout capacity for both metal plate and screw connection types, the test 

setup illustrated in Figure 5.9 was constructed. A threaded bar was attached to an individual 

connector and passed through a load cell and hydraulic cylinder. As with the punching tests, the 

applied load was eccentric to the side face of the metal plate connectors and concentric to the screw 

connectors, as would be the case in a real panel. A nut was positioned at the top of the load cell to 

load the threaded rod in tension as the hydraulic cylinder acted against a self-reacting frame fixed 

and connected to a manual hydraulic pump used to control the cylinder extension. Applying 

tension to the bar subsequently transferred this force to the connector. The UHPC plate was 

supported on the same steel tubes used in the punching tests, on the same 22ò simple span, using 

the same thin sheets of rubber between all steel and UHPC bearing interfaces.  

(a) (b) 
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Figure 5.9: Pullout Test Setup. 

 

The connectors were tested under static loading conditions until failure. A load cell 

attached to the hydraulic cylinder recorded the applied load on the connector, and two linear 

potentiometers were affixed to the connector to measure the relative movement between the 

UHPC plate and the connectors. 

Similar to the punching test, after the first pullout test of the metal plate connection 

exceeded the flexural capacity of the UHPC plate at a span of 22ò. Thus, to determine the capacity 

of the metal plate connection in pull-out, the span of the UHPC plate was reduced to 9ò for the 

remaining tests involving the metal plate, as shown in Figure 5.10. All tests involving the screw 

connection proceeded with the UHPC plate on its original 22ò span. 
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Figure 5.10: Pullout Shear Test Modification for Metal Plate Connector (a) 22ò span (b) 9 ñspan. 

 

5.3. Structural Testing Phase 2: Full -Scale Walls  

The phase of testing program investigating full-scale walls was designed around three 

standardized tests methods for characterizing the structural capacity of wall panels. The ASTM 

E72 Standard includes guidance for testing panels in racking shear, axial, and flexural 

configurations. Racking shear simulates wind and seismic loads resisted by the wall panel, with 

the load applied in the plane of the wall. Axial load testing checks the ability of a panel to resist 

vertical forces applied to the top of the wall with the wall supported at its base. And, lastly, the 

flexural test replicates out-of-plane loads, typically wind, applied on the cladding in a direction 

perpendicular to the wall. 

In order to test the racking shear, axial, and flexural capacities of the proposed system, four 

panels were fabricated for each test, including one control specimen and three identical thin UHPC 

(a) (b) 
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wooden frame walls, as listed in Table 5.3. The control specimens were constructed from wooden 

frames and OSB sheathing following the common nailing pattern 6ò at the edges and 12ò in field 

with a nail size of 0.131ò x 3ò. The maximum code-listed OSB sheathing thickness of 19/32ò was 

used for all control specimens, per NDS-2018-Table 4.3A. As such, control specimens were 

configured to be a best-case representation of traditional construction techniques. Wooden frames 

were identical between control specimens and UHPC specimens.  

 

Table 5.3: Test Specimens. 

Test 

Specimen ID Prefix 

for Test Series 

Wall Specimen Size 

(Width x Height) 

Racking Shear RKP ï xx 8ô x 8ô 

Axial AXP ïxx 4ô x 8ô 

Flexural FLP ïxx 4ô x 10ô 

 

5.3.1. Specimen Manufacturing 

5.3.1.1. Wooden Frame Assembly 

The construction of the wooden frames adhered to the recommendations outlined in the 

IRC-2018 Building Code for all specimens, except for minor adjustments made for testing 

purposes in the flexural tests, as will be discussed later. In all cases, 2x6 SPF (spruce-pine-fur) 

was utilized for top plates, studs, and bottom plates. The fastening schedule, as depicted in Figure 

5.11 and specified in Table R602.3 of the IRC-2018 code, is followed accordingly. Other types of 

fasteners that might be required in a finished wall system, such as hurricane straps, were not 

included in this research. 
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Figure 5.11: Wooden Frame Details (a) Racking Shear Panel ñRKPò (b) Axial Panel ñAXPò (c) 

Flexural Panel ñFLPò. 

 

5.3.1.2. Installing Screw Connectors 

The small-scale connection tests demonstrated the screw connector was a superior choice 

to the metal plate connector, as will be discussed in more detail in Chapter 6. As such, all full-

(b) 
(c) 

(a) 
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scale panels were tested with screw connectors only. Prior to casting UHPC, screws were installed 

in the assembled wooden frame so that the pentation in the wood was 2ò and the head of the screw 

was sticking out by 7/8ò, as illustrated in Figure 5.12. This arrangement allowed for a 1/2ò air gap 

between wood and UHPC and a 3/8ò embedment in the UHPC layer.  

 

 

       

 

 

 

 

 

Figure 5.12: Screw Installation Layout and Section(a) Racking Shear Panel ñRKPò (b) Axial 

Panel ñAXPò (c) Flexural Panel ñFLPò (d) Screw Penetration Detail.  

(b) 
(c) 

(a) 

(d) 
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5.3.1.3. Installation of Wooden Frame in Casting Bed: 

A casting bed was created to facilitate applying UHPC to the wooden frames. The casting 

bed consisted of a level and rigid 8ô. square wooden table with smooth surface. A lip was installed 

around the outer edge of the table 5/8ò above the surface to contain the UHPC. The table and the 

lip were then coated with concrete release agent and allowed to dry. An The assembled wooden 

frame was then placed on the casting table, screw heads down, and the frame was suspended in 

place so that the screw heads were fixed 1/4ò away from the smooth face of the casting table (the 

finished outer surface of the panel), as shown in Figure 5.13. Due to the inherent imperfections of 

wood, maintaining a consistent gap between all screw heads and the casting table surface was 

challenging because of the crown present in the studs. To mitigate this issue, two measures were 

implemented: first, the studs were assembled with their crowns all oriented in the same direction. 

Second, the panel was mounted above the frame with the crown directed toward the mold face, 

allowing reversal of the crown by a steel channel positioned across the base of the mold. Crown 

was adjusted to enable the correct gap between all screw heads by pulling each wooden stud up 

from its center with the steel channel with a wood screw.  

 

  

Figure 5.13: (a) Wooden Frame with Connectors (b) Casting Bed (c) Installation of Wooden 

frame on Casting Bed. 

(b) (a) 
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Figure 5.13: (a) Wooden Frame with Connectors (b) Casting Bed (c) Installation of Wooden 

frame on Casting Bed. (Continued) 

 

5.3.1.4.  Mixing UHPC Material 

Materials were measured to produce 3.5 cubic feet of UHPC according to the mix design 

provided by the supplier, as detailed in Table 5.4 and as is consistent with the mixture used in 

Phase 1. The mixing process was conducted using the horizontal-shaft paddle mixer equipped with 

a hydraulically actuated tilting drum shown in Figure 5.14. This mixer facilitated casting the large 

panels as depicted Figure 5.16. 

 

(c) 
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Table 5.4: Quantities of Commercial UHPC Used for Large Panel. 

Material Weight % of Dry Mix Quantity 

Dry Premix 100% 604 lb (274kg) 

Water 9.40% 56.8 lb (25.764 kg) 

Liquid Plasticizer 0.55% 3.32 lb (1.507kg) 

Fiber 1.2% 7.25 lb (3.288 kg) 

 

  

Figure 5.14: Utilized Paddle Mixer (a) Mixing Position (b) Casting Position. 

 

During the mixing stage, a critical step was fiber addition, which requires all fiber be added 

to the mixer within 4 minutes and without clumping. To achieve this, the modified dust collection 

vacuum discussed previously was utilized to blow fibers directly into during the mixing drum with 

great success, as shown in Figure 5.15. 

 

(a) (b) 
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Figure 5.15: Fiber Feeding Using Vacuum. 

 

5.3.1.5. Casting UHPC into Large Panels 

UHPC was cast into the mold by elevating the mixer with a forklift and using the tilting 

function to pour the material directly into the casting bed from the mixing drum. Vibrators attached 

to the casting bed were then used to level the material to the desired thickness, as shown in Figure 

5.16. 

 

 

Figure 5.16: UHPC Pouring. 
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After the UHPC was cast, a plastic cover was added to prevent moisture loss and protect 

the fresh mix from weather contaminants, as shown in Figure 5.17(a). After six hours, wet burlap, 

submerged in water for the prior 24 hours, was placed on top of the UHPC for curing purposes, 

and was left in place under the plastic for 24 hours, as shown in Figure 5.17(b). Moisture in the 

burlap was checked every so often, and water was added if the burlap began to dry. After 24 hours, 

the plastic and burlap were removed, and the wall panel was stripped from the mold as shown in 

Figure 5.17(c). The panel was allowed to air cure from this point forward until the testing day. 

 

 

 

 

Figure 5.17: (a) Plastic cover applied directly after casting fresh UHPC (b) Wet burlap applied 

six hours after casting (c) Stripped panel 24hrs after casting. 

 

(a) 

(b) 

(c) 
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5.3.2. Axial Force Test 

To assess the axial capacity of the proposed wall system, the test setup was assembled as 

follows: A base fixture was attached to the laboratory strong floor using post-tensioned bars. The 

wall panel was then anchored to this base using two bolts through the bottom plate. Atop the panel, 

a loading fixture was bolted through the top plate of the wall to apply the load. This fixture was 

also configured to serve as lateral bracing, incorporating 1ò diameter round vertical bars welded 

to its top surface. These bars passed through 1-1/4ò oversized holes in a bracing tube, fixed to a 

separate steel loading frame that was in turn secured to the floor. Three hydraulic cylinders were 

connected to the loading frame via a cross tube, and were used to apply loads with a 1ò eccentricity 

from the centerline of the studs per ASTM E72 (towards the inside face of the wall system). The 

hydraulic cylinders applied load to the loading fixture through spherical bearings positioned on 

top. Additionally, a load cell was integrated into a parallel component of the hydraulic system for 

measuring the applied load, as depicted in Figure 5.18. 

 

 

Figure 5.18: Axial Test Setup. 
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Axial Test Instrumentation 

To capture the axial performance of the wall panel, two string potentiometers with a range 

of 4ò were used to measure the overall vertical deflection of the wall. These were attached between 

the loading fixture and the base fixture, and were labeled Delta 1 and Delta 2. To measure the 

relative displacement between the wooden frame and the UHPC layer, four linear potentiometers 

with a range of 4ò were installed, as shown in Figure 5.19 (a) . Two were positioned at the top and 

two at the bottom, labeled as TL (Top Left), TR (Top Right), BL (Bottom Left), and BR (Bottom 

Right). Additionally, a Digital Image Correlation (DIC) system was installed to monitor the 

tendency of the studs to buckle, and capture the relative moment between wooden frame and 

UHPC layer. For the first two wall panels, the DIC system focused on the middle area, as 

highlighted in Figure 5.19 (b). Based on the failure modes observed in initial tests, the DIC area 

of interest was adjusted to the top portion of the wall in later tests, and an additional linear 

potentiometer was added at the top of middle stud, as shown in Figure 5.19, since this area was 

found to be more critical in terms of failure.  

 

  

Figure 5.19: Axial Test Instrumentation for (a) AXP-01 and AXP-02 (b) AXP-03. 

(a) (b) 
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Axial Loading Procedure  

The axial specimens were subjected to a static load of 6000 lbf, were then unloaded, and 

were then reloaded to failure, the panel were checked at each 6000 lbf increment of load, which 

was equivalent to 2000 lbf per hydraulic cylinder.  

 

5.3.3. Flexural Tests 

To assess the flexural capacity of the proposed wall system, a four-point bending test was 

conducted with a span of 9 feet and a spacing of 3 feet between load application points. The UHPC 

layer was tested on the tension side, representing the most critical scenario for both the UHPC 

resisting mechanism, and the most severe loading condition which simulates wind suction on the 

leeward side of a wall. The test setup consisted of a base fixture attached to the strong floor, with 

a roller support and a pin support mounted on top to achieve a simply supported condition. The 

load was applied via a wooden frame using loading fixture tubes positioned above the wall panel. 

Four hydraulic cylinders, two at each load application point, applied the load. These cylinders were 

anchored against the strong floor by a through bar secured by nuts and plates at each end as shown 

in Figure 5.20. To avoid clamping the connections between UHPC layer and wood studs at the 

concentrated support reactions, the UHPC layer was cast 6ò short of each support, allowing for 

direct contact between the support and the wooden frame. In this manner, all connections between 

UHPC and wood studs were subjected to at least some moment, and no connections benefited from 

clamping action at the supports. 
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Figure 5.20: Flexural Test Setup. 

 

Flexural Instrumentation 

To characterize the overall behavior of the flexural specimens, two load cells were 

installed, one at each loading fixture, to measure the applied load. Two string potentiometers, 

labeled Delta 1 and Delta 2 with a range of 12ò, were positioned at mid-span on each edge of the 

wall and measured vertical deflection from the middle of the wooden stud. To capture the relative 

vertical movement between the UHPC and the wooden frame, three linear potentiometers, labeled 

as V1, V2, and V3, each with a range of 4ò, were installed at the center of each stud. Additionally, 

two linear potentiometers, labeled as SL and SR, with a range of 4ò, were placed horizontally at 

the left and right ends of the panel to measure the relative horizontal movement (slipping) between 

the UHPC layer and the wooden frame. To further capture the strain action in both the wooden 

frame and the UHPC layer, a Digital Image Correlation (DIC) device was installed, as illustrated 

in Figure 5.21. 
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Figure 5.21: Flexural Test Instrumentation. 

 

Flexure Loading Procedure  

The flexure specimens were subjected to a static load of 400 lbf per load point to seat them 

into the test setup. They were then unloaded and then reloaded slowly to failure. The specimens 

were investigated routinely during the loading process prior to and after failure.  

 

5.3.4. Racking Shear Test 

To conduct the racking shear test on each wall panel, a test setup was constructed following 

the recommendations outlined in ASTM-E72, as depicted in Figure 5.22. The setup comprises a 

loading fixture connected to a hydraulic cylinder, which, in turn, is affixed to the top plates of the 

wall panel to transfer applied load via 1/2ò bolts spaced at 24ò. The wall panel itself is secured to 

the base fixture using 1/2ò bolts spaced at 24ò, and a stop angle at the end of the wall is included 

to prevent sliding, simulating connection with a foundation. The base fixture is anchored to the 
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strong floor through post-tensioned bars to ensure fixity of the wall base. Additionally, a lateral 

guide is installed at the top of the wall to restrain any out-of-plane movement, mimicking 

diaphragm action in a typical field application. Furthermore, hold-down rods are positioned at the 

loaded edge of the wall to counteract uplift forces created by the overturning moment of the applied 

load ï as would normally be an effect provided by the gravity loads at the top of the wall. These 

hold-down rods were tightened with a maximum force of 20 lb each prior to the start of the test, 

and attached to a cross tube resting on the loading fixture. To confine the action of the hold-down 

rods solely to the vertical direction, a roller condition was implemented at the top of the rod. This 

was completed by inserting a Teflon pad and a polished and greased stainless steel plate between 

the cross tube and the loading fixture, as illustrated in Figure 5.22. 

 

 

Figure 5.22: Racking Shear Test Setup. 
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Figure 5.22: Racking Shear Test Setup. (Continued) 

 

Racking Instrumentation: 

To comprehensively evaluate the overall behavior of the wall under racking shear force, 

both the total horizontal movement of the wall and the movement at the supports were measured, 

along with the applied load. As shown in Figure 5.23, Delta 2, 3, and 4 represent any measured 

support movements, while Delta 1 represents the total horizontal movement of the wall. For this 

purpose, three string potentiometers, each with a range of up to 12ò, were positioned at locations 

where significant displacements were anticipated, two dedicated to Delta 1 and one to Delta 2. 

Furthermore, two linear potentiometers with a range of up to 2ò each were installed at locations 

where minor displacements were anticipated, one for each Delta 2 and Delta 4, to capture any 

support movements that developed accurately. 
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Moreover, to capture the relative movement between the wooden frame and the UHPC 

layer, an additional four linear potentiometers, each with a range of 4ò, were installed at each 

corner: top right, top left, bottom right, and bottom left.   

 

 

Figure 5.23: Racking Shear Instrumentation. 

 

Loading Procedure for Racking Test: 

The three wall panels underwent testing under static loading conditions to failure. Loads 

were applied slowly to minimize any dynamic effects. Loads were applied to failure after an initial 

load cycle with complete unloading to assess the relative recovery after a service level loading. 

The loading procedure, outlined below, included an additional cycle administered to the first panel. 

Loading Procedure for the First Panel: 

Å Load to 3000 lbs, Hold Load to investigate the panel, Unload 
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Å Load to 6000 lbs, Hold Load to investigate the panel, Unload 

Å Reload to Failure 

Loading Procedure for the Second, Third, and Control Panels: 

Å Load to 3000 lbs, Hold Load to investigate the panel, Unload 

Å Reload to Failure 
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CHAPTER 6.  STRUCTURAL TEST RESULTS AND DISCUSSIONS 

 

6.1. Phase 1 Test Results 

The behavior of individual connectors embedded in thin UHPC plates was tested in this 

phase to determine connector capacity under both punching and pullout actions. Since all the plates 

were tested over the course of two days and all were cast from the same batch of UHPC, three 

companion cylinders were sufficient to determine the compressive strength of the tested plates. An 

average compressive strength of 16.15 ksi was measured, as shown in Table 6.1. 

 

Table 6.1: Material Compressive Strength at Testing Day of Phase 1 Plates Specimens. 

Plate ID 

Compressive Strength 

(ksi) 

Average Compressive 

Strength 

(ksi) 

All = PL01ï Comp. through 

PL06 ï Comp. and 

PL01ï Ten. through PL06 ï 

Ten. 

15.74 

16.15 
16.08 

16.64 

 

6.1.1. Wooden Screw Connector (PL01 to PL03) 

The punching and pullout tests on screw connectors were performed over a 22ò span, where 

the plates were sufficiently strong to resist flexural stresses, enabling cone failure to develop 

accompanied by global plate bending and cracking with cracks distributed on plate tension surface 

as shown in Figure 6.1. The cone angle for punching forces ranged between 34 and 58 degrees for 
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both central and edge connectors. In contrast, for pullout forces, the cone angle ranged from 36 to 

76 degrees for edge connectors and 46 to 60 degrees for central connectors. The differences in 

behavior between pullout and punching forces is attributed to the fiber distribution throughout the 

section as discussed in section 4.3. The acute failure angle is due to the limited thickness of the 

UHPC and the small bearing area of the screw head. 

 

  
 

 

   
 

  

Figure 6.1: Wooden Screw Connector Failure Mode under Punching/Pullout Force (a) PL01-

Comp. (b) PL02-Comp. (c) PL03-Comp. (d) PL01-Ten. (e) PL02-Ten. (f) PL03-Ten. 

(a) (d) 

(b) (e) 
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Figure 6.1: Wooden Screw Connector Failure Mode under Punching/Pullout Force (a) PL01-

Comp. (b) PL02-Comp. (c) PL03-Comp. (d) PL01-Ten. (e) PL02-Ten. (f) PL03-Ten. 

(Continued) 

 

In addition to full cones developing at the midpoint test locations, full cones also developed 

at all edge locations with the screw connectors as shown in Figure 6.2. However, despite the edge 

connectors developing full cones that were not visually altered by the edge conditions, their load 

capacities at failure were lower than comparable midpoint tests. 

 

  

Figure 6.2: Concrete Cone (a) Pullout Edge Cone (b) Pullout Center Cone (c) Punching Edge 

Cone (d) Punching Center Cone. 

(a) (b) 

(f) (c) 
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Figure 6.2: Concrete Cone (a) Pullout Edge Cone (b) Pullout Center Cone (c) Punching 

Edge Cone (d) Punching Center Cone. (Continued) 

 

In viewing the first cracking loads listed in Table 6.2 for both the punching and pullout 

tests, center connectors consistently show higher average performance. In the punching tests, 

center connectors had an average first cracking load of 230 lbf, while edge connectors had an 

average of 145 lbf, reflecting a 37% reduction for edge connectors compared to center ones. 

Similarly, in pullout tests, center connectors have an average first crack load of 333 lbf, whereas 

edge connectors average 267 lbf, representing a 20% decrease in performance for edge connectors. 

This difference can be attributed to the edge discontinuity, which reduces the effective width of 

the resisting section. While this reduced resisting section may not directly intersect with the 

punching cone immediately surrounding the screw head, it likely enables higher global stresses 

from UHPC plate bending to develop around the cone, potentially lowering cone capacity. 

Additionally, the center connector at the midpoint of each plate was tested first, when the specimen 

was still fresh and uncracked. This first test initiated cracks that could have impacted the 

performance of the subsequently tested edge connectors. Figure 6.3 shows a sample the specimen 

status after testing the center connector. 

(c) (d) 
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Figure 6.3: Cracks Generated during the Central Connector Test. 

 

To further this point, Table 6.2 highlights that the first edge tested in a given plate (Edge1) 

consistently exhibited better resistance to initial cracking than did the second edge tested on the 

same plate (Edge2) in both the pullout and punching configurations. This difference is likely due 

to damage accumulating in the plate during testing, as Edge1 was tested before Edge2. In the 

pullout tests, connectors at the Edge1 locations had a notably higher average first cracking load of 

307 lbf, compared to 238 lbf for connectors at Edge2 locations, a 29% drop. Similarly, in the 

punching tests, connectors at Edge1 recorded an average first cracking load of 154 lbf, compared 

to connectors at Edge2 cracking at an average 131 lbf, a 15% drop. 
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Table 6.2: Individual Screw Connector Force Capacity in 5/8ò Thick UHPC. 

Plate ID - Connector 

Location 

Test Type 

First Crack Load 

(lbf) 

Ultimate Load 

(lbf) 

PL01-Comp. -Center 

Punching  

(Screw in 

Compression) 

212 325 

PL03-Comp. -Center 248 387 

PL01-Comp. -Edge1 140 277 

PL02-Comp. -Edge1 135 322 

PL02-Comp. -Edge2 112 327 

PL03-Comp. -Edge1 187 304 

PL03-Comp. -Edge2 150 337 

PL01-Ten. -Center 

Pullout  

(Screw in Tension) 

327 490 

PL02-Ten. -Center 371 407 

PL03-Ten. -Center 300 388 

PL01-Ten. -Edge1 323 409 

PL01-Ten. -Edge2 274 343 

PL02-Ten. -Edge1 294 410 

PL02-Ten. -Edge2 203 299 

PL03-Ten. -Edge2 237 326 

* PL02-Comp.-Center, PL01-Comp.-Edge 2, and PL03-Ten.ïEdge 1 data were lost due to 

an issue with the data recording system. 
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Load-deflection plots of each individual screw connector test are shown in Figure 6.4 

through Figure 6.7. The extensive post-cracking behavior in each test confirms that the PVA fibers 

effectively engaged in resisting the punching and pullout action. This engagement shifted the 

failure mode from brittle to ductile, and enabled the observed increase in capacity from the point 

of first cracking to the ultimate load. A defined point of first cracking corresponding to a distinct 

change in load-deflection curve slope is more pronounced for the center location tests than the 

edge location tests. Lack of clearly defined cracking point in the edge location tests is attributed to 

the cracks from prior center location tests that were pre-existing for edge tests, as was discussed 

earlier. 

 

 

Figure 6.4: Behavior of Center Location Screw Connectors in Punching. 
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Figure 6.5: Behavior of Edge Location Screw Connectors in Punching. 

 

 

Figure 6.6: Behavior of Center Location Screw Connectors in Pullout. 
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Figure 6.7: Behavior of Edge Location Screw Connectors in Pullout. 

 

The test data above relate to the capacity of the screw connector head embedded in the thin 

UHPC. As the threaded end of each screw connector will be installed in the wooden studs in the 

real panel, it is possible that the capacity of each connector could be controlled by the capacity of 

the threads in the wooden stud. To check this, the connection capacity of the screw threads in wood 

was calculated determined NDS-2018 guidelines, with adjustment factors applied as outlined in 

Chapter 11 of the NDS. It is proposed that the tension or compression force on any individual 

screw should not exceed to the rated withdrawal capacity of the screw per the NDS code. 

Calculations were based on SPF No. 2 wood studs with a specific gravity of 0.42, a screw diameter 

of 3/16ò, a moisture content below 19%, and temperatures under 100°F. The screws were assumed 

installed perpendicular to the grain, and a load duration factor of 1.6 for wind was applied. 
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7 7 # # #  #   #                  (Eq.6.1.1-1) 

7 ρψππ 'Ⱦ$Ⱦ                  (Eq.6.1.1-2) 

7ȡ Withdrawal load per inch of threaded penetration (139.6 lbf/in). 

#  : Load duration factor = 1.6 

#  : Wet service factor = 1.0  

# : Temperature factor = 1.0  

#  : End grain factor = 1.0  

#  : Toe nail factor = 1.0 

' : Specific gravity = 0.42 

D: Lag screw diameter = 3/16ò 

The chosen structural screw (HeadLOK HLGM334) has an effective threaded length of 

1.6ò, yielding a modified withdrawal capacity of 357 lbf. This safe working capacity of the screw 

threads in the wooden stud exceeds the average failure capacity of the screw head in the in the 

UHPC layer for both central and edge connectors. Thus, the capacity of the screw connector heads 

in UHPC will control the overall behavior. 

 

6.1.2. Metal Plate Connector (PL04 to PL06) 

Metal Plate Connection Punching Results: 

For the metal ñfinger plateò style connectors, recall that an initial test was conducted with 

a clear span of 22ò between supports, but the observed failure mode was primarily global flexure 

failure of the UHPC plate rather than a local failure of the connection (see Figure 6.8). To assess 

the punching capacity of the finger plate connector, the span was reduced to 9ò in order to increase 

the flexural capacity. However, even at this reduced span, the connection proved stronger than the 

flexural capacity of the UHPC plate, resulting in another global flexure failure of the UHPC plate. 
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Both UHPC plates were damaged following these tests (Figure 6.8), so their edge connectors could 

not be evaluated for punching shear. An important detail to note is the orientation of the metal 

connector plates relative to the span of the UHPC plate. The midpoint connector was intentionally 

oriented in the expected worst-case orientation (parallel to the flexure cracks), and still have 

sufficient capacity to fail the UHPC plate in flexure. 

While the finger plates did not fail locally, the global flexure failures in the UHPC plates 

they triggered developed at forces lower than anticipated, as judged from calculations and prior 

material-scale tests. These low capacity global flexure failures are primarily due to stress 

concentrations created the interfaces between the metal finger plate and the surrounding UHPC, 

where the metal connection plate disrupted fiber distribution and acted to initiate cracking. The 

UHPC plate exhibited its first flexure crack at an applied load of approximately 170 lbf for the 22ò 

span. Based on a design flexural strength of the UHPC of 1000 psi, the UHPC plate was not 

expected to crack until the load at its central point exceeded 260 lbf (for 22ò span). The effect of 

the stress concentration was more pronounced in the test with the larger span, likely because the 

relative moment demand was higher. In the shorter 9ò span, two separate tests of a finger plate 

connection at the midpoint of a UHPC plate performed better, cracking at around 630 lbf of applied 

load, which is close to the prediction. Ultimate capacity of the metal connection plate at the 

midpoint of a 9ò span UHPC plate significantly exceeded the cracking load in both cases. 

However, with the real wall system requiring the UPHC cladding to span up to 24ò between 

adjacent studs, the stress concentration effect created by the metal finger plate would need to be 

factored in, as illustrated by the load-deflection behavior of all tests shown in Figure 6.9. 
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Figure 6.8: Metal Plate Connector Failure Mode under Punching Force (a) PL04 -22ò Span (b) 

PL05-9ò Span (c) PL05-9ò Span.  

 

(c) 

(b) 

(a) 
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Figure 6.9: Metal Plate Connector Punching Force Test Results. 

 

Metal Plate Connection Pullout Results:  

Similar to the punching tests, the first pullout test on a metal plate connection at the 

midpoint of a UHPC plate began with the UHPC supported on a 22ò simple span. With the 

connection subjected to a tension load, the observed failure mode was global flexure of the UHPC 

plate rather than local pullout of the metal connection, as shown in Figure 6.10. Consequently, the 

span of the UHPC plate was reduced to 9ò, which was sufficient to induce pullout failures of the 

midpoint and edge connection plate on subsequent tests. The pullout failures were evidenced by 

the formation of cones around the connection plate, with angles ranging from 24 to 34 degrees for 
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central connectors and 34 to 43 degrees for edge connectors, as shown in Figure 6.11. Unlike the 

punching test that applied compression to the connector, pullout failure was achievable with the 

9ò span and tension on the connector likely because the failure plane of the pullout cone intersected 

with the metal plate itself which interrupted fiber distribution. The tension face of the UHPC plates 

were their top as-cast surfaces, which, as previously mentioned, should exhibit exhibited higher 

capacity due to the concentration of fiber on the top as casting face. The effect of interrupting fiber 

at the metal connection plate is likely significant.  

  

 

Figure 6.10: Metal Plate Connector Pullout Failure Mode with a 22ò Span. 

 

  


































































































