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Chapter 1 - Introduction  

1.1 General Overview  

Prestressed concrete dates back to 1872 Nawy (1996), however, the use of prestressed 

concrete was not a common practice in Europe until the 1950s and it was not until 1963 that 

prestressed concrete application was first introduced in the ACI building code (Bondy, 2006). 

Since then, prestressed concrete construction has evolved and is now a common practice in 

the construction of high-rise residential, commercial buildings and other structures in the 

United States. Prestressed concrete is produced by either stressing the tendon before placing 

the concrete or stressing the tendon after placing the concrete; the latter is commonly referred 

to as post-tensioning. Post-tensioning is the process of producing prestressed concrete by 

applying internal forces in concrete, after the concrete has been placed and has hardened, to 

counteract the effect of the self-weight and reduce flexural cracking when the structure is in 

service. With the increasing need for commercial, high rise and residential building 

developments, post-tensioned flat plates have been a preferred choice for floor systems 

because of the numerous advantages such as reduced slab self-weight, as well as crack and 

deflection control compared to conventional reinforced concrete slabs (Bondy, 2006).  

The design of a post-tensioned flat plate in the United State is done according to the 

requirements set forth by the American Concrete Institute (ACI) Committee 318 Building 

Code and Commentary (ACI 318, 2019).  Unlike conventional reinforced concrete, post-

tensioned flat plate design is governed by stresses rather than strength and ACI 318 provides 

stress requirements as well as the minimum amount of bonded reinforcement required in the 

positive and negative moment regions.  In Chapter 8, ACI 318 stipulates that prestressed 

slabs shall be designed as Class U, uncracked, with maximum permissible tensile stress of 

φ Ὢ (ACI 318, 2019) Table 8.6.2.3 of the ACI 318 building code also stipulates that 

minimum bonded reinforcement must be provided in positive moment regions where the 
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tensile stress in the slab exceeds ςὪ. Minimum reinforcement is also required in the 

negative moment region, where the required minimum is 0.00075 times the cross-sectional 

area of the beam-slab strip along the column line (ACI 318, 2019). 

The addition of steel fibers to concrete provides better crack control, smaller crack 

width, and increased flexural stiffness compared to unreinforced concrete (Löfgren, 2005). It 

has also been shown that adding fibers to concrete provides better ductility, toughness and 

improved shear resistance compared to unreinforced concrete (Døssland, 2008) as well as 

reduced costs of construction. However, the use of fiber in slabs has been limited to slabs on 

ground because there are no code allowances for the use of fibers in load carrying concrete 

structures. However, for prestressed concrete to maintain its competitiveness and economy of 

cost in the future, more efficient design techniques with improved performance need to be 

developed. Currently, the ACI 318 code contains the provision that for beams containing 

steel fibers, that meets code requirements, the minimum area of shear reinforcement Av,min is 

not required if the height of beam is less than 24 in. and the factored shear is less than 

‰ς ὪὦὨ.  This is twice the level of shear for which Av,min is required for beams without 

steel fibers.  There are no such modifications to two-way slab provisions to take advantage of 

steel fibers in the concrete. 

The prestressing tendons in post-tensioned flat plates are typically mono-strand, 

unbonded tendons. These tendons consist of seven wire strands which have been greased, 

spun together in a helical form and sheathed. There are numerous possible tendons 

arrangements in a two-way floor system and all these tendon arrangements are considered to 

provide the same flexural strength, for the same numbers and eccentricity of tendons 

(Aalami, 1999). The tendons can be arranged in a several combinations of banded and 

uniform distribution. In the United States, two-way post-tensioned  flat plates were typically 

prestressed in both directions with different spacing of tendons in column strips and middle 
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strips until 1968 (Bondy, 2006).  The column strip and middle strip tendon arrangement 

means that some tendons are closely spaced along column line (column strip) and more 

widely spaced away from the column line (middle strip), in both directions forming a basket-

weave. Laying out the tendons requires experience and skills because the drape and elevation 

of each tendon must be replicated in the field as given in the design drawings.  

Detailing and laying out a basket-weave tendon arrangement is a tedious process for 

designers and contractors, because tendons must be laid out in sequence with a typical slab 

having about 30-40 sequences. If there is any mistake in the sequencing process, tendons 

have to be taken out and reinstalled, since tendons are running in both direction in a parabolic 

form, the high points are at the center of each column with the low point at the mid-spans, 

there is also the possibility of tendonsô elevations clashing at tendon crossings, these 

problems made this type of tendon arrangement time consuming and labor intensive.  

Two-way post-tensioned flat slab construction and design has evolved over time and 

there have been great improvements in this unique system. One such improvement was the 

introduction of the banded-distributed tendon arrangement in the ACI 318-77 building code, 

shown in Figure 1.1 (ACI 318, 2019; Bondy, 2001).  

 

Figure 1.1-Banded-Uniform Tendon Arrangement 

The banded-distributed tendon arrangement means that the tendons in one direction 

are placed along the column line, forming a narrow band connecting columns as shown in 
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Figure 1.1. With this introduction of banded-distributed tendon arrangement, it was easy to 

follow the load path all the way to the support like in a one-way beam and slab system. The 

banded tendons are like hidden beams where the distributed tendons carry load to banded 

tendons along column lines and the load is transferred by the hidden beam to the columns. 

There is no weaving of tendons as in the case of distributed tendon arrangement. However, 

there are still some issues, like the difficulty in creating allowance for future openings, 

maintenance and drilling post-construction holes or simple modifications in post-tensioned 

slabs because of the concern about cutting unbonded tendons during drilling operations. All 

these concerns make post-tensioned slabs not marketable to some owners. Also, 

constructability is an issue in some irregular structures where columns do not line up in both 

directions. It is believed that a banded-banded tendon arrangement will further simplify the 

issues, save cost, save construction time and labor, making them more advantageous than 

current designs. 

1.2 Objectives and Scope 

Considering the above information, the objective of this research is to perform tests to 

gather data to provide justification for provisions in the ACI 318 code which would allow 

designers to take advantage of steel fibers in the design of two-way post-tensioned flat plates 

and also allow the use of the banded-banded tendon arrangement.  The specific objectives of 

this research are as follows: 

1) To perform experimental tests and gather data to determine if there is justification to 

increase the permissible tensile stress in steel fiber reinforced concrete (SFRC) post-

tensioned slabs from φὪ to possibly χȢυ Ὢ. This will give rise to provisions in the 

ACI 318 building code that would allow designers to take advantage of steel fibers in 

the design of two-way post-tensioned flat plates.   
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2) To determine if the requirement of minimum bonded reinforcement in positive 

moment regions of two-way flat plates where the maximum tensile stress in the slab 

exceeds ςὪ can be relaxed when steel fiber is used in the concrete.  It is also 

possible that this limit can be increased for SFRC. 

3) To determine if the requirement of minimum bonded reinforcement in negative 

moment regions is necessary with the addition of fibers in the concrete. The current 

required minimum is 0.00075 times the cross-sectional area of the beam-slab strip 

along the column line.  This requirement might also be relaxed with the addition of 

steel fibers. 

4) To investigate the strength and behavior of two-way post-tensioned flat plates with 

SFRC and a banded-banded tendon arrangement. Also investigate behavior of two-

way post-tensioned flat plates with normal concrete and a banded-banded tendon 

arrangement. Presently, ACI 318 does not permit a banded-banded tendon 

configuration as Section 8.7.2.3 limits the maximum spacing between a tendon or 

group of tendons in at least one direction to the lesser of 8h or 5 ft (ACI 318, 2019). 

The scope of this research involves experimental testing of four one-third scale model 

post-tensioned flat plates. The first specimen T1, has a banded-uniform tendon layout with 

conventional reinforcement and normal concrete. This is the control specimen as it adheres to 

all AC1 318 requirements. The second specimen T2, has a banded-uniform tendon layout 

with steel fiber reinforced concrete. The third Specimen T3, has a banded-banded tendon 

layout with conventional reinforcement and normal concrete, while the fourth Specimen T4, 

has a banded-banded tendon layout with steel fiber reinforced concrete. 

The investigation for each specimen focused on measuring cracks, concrete strains, steel 

strains, deflections, reactions and tendon stress. The experimental results from Specimen T1 

and Specimen T3 are compared to analytical results from RAM concept. RAM Concept is a 
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software application for the structural analysis and design of conventionally reinforced and 

post-tensioned concrete floors. It enables the engineer to design post-tensioned slabs by using 

a finite element model of the entire slab. However, RAM Concept cannot model steel fiber 

reinforcement, hence analytical results cannot be obtained for Specimen T2 and Specimen 

T4. The scope of this document is limited to just Specimen T1, Specimen T3 and Specimen 

T4 because Specimen T2 had been tested and presented in an earlier research study by 

Rosenthal (Rosenthal, 2019). However, comparisons to Specimen T2 are made. 

1.3 Organization 

Chapter 1 introduces the project and discusses the objectives. Chapter 2 provides 

background information on prestressed concrete and steel fiber reinforced concrete, as well as 

literature about related post-tensioned flat plate and SFRC slab research projects. Chapter 3 

provides information about the methods, testing program and procedures that were used in 

completing this research project. Chapter 4 through Chapter 6 provides the testing results 

obtained from the testing of Specimen T1, Specimen T3 and Specimen T4, focusing on the 

performance of the slab at service-level loads, factored-level loads, and at the ultimate 

loading. Chapter 7 provides comparison of analytical results and experimental results of 

Specimen T1 and Specimen T3 that were obtained from the testing.  Chapter 8 provides 

flexural strength analysis of Specimens T1, T2, T3 and T4. Chapter 9 provides comparisons 

of behavior of test specimens. Chapter 10 provides summary of Specimens T1, T2, T3 and 

T4, conclusion as well as recommendations based on the results obtained. The Appendices 

provide design drawings, data acquisition wiring diagrams, supporting calculations, and other 

relevant information.   
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Chapter 2 - Literature Review 

This literature review provides a discussion of the key aspects of post-tensioned flat 

plate design, overview of steel fiber reinforced concrete as well as important studies that have 

been completed involving slabs with unbonded tendons and steel fibers. A brief discussion is 

also provided on analytical studies on post-tensioned flat plates and a summary of the 

literature review is then presented with gaps in literature highlighted. 

2.1 Overview of Prestressed Concrete, Post-Tensioned Flat Plate  

 Prestressing is an application of longitudinal forces in concrete structures prior to the 

application of service loads. Concrete is typically strong in compression but weak in tension, 

and due to the low tensile strength of concrete, flexural cracks develop and propagate at low 

load levels. In order to prevent these flexural cracks from developing at low load level, a 

compressive force is applied in the longitudinal axis of the concrete section which 

compresses the concrete in those regions that will be subjected to tensile stresses during 

service. Unlike normal reinforced concrete, where the reinforcement does not exert any force 

on the structure, prestressing steel creates permanent stresses on the concrete before the 

application of full dead and live loads. This allows cracking and deflection to be recoverable 

in prestressed concrete at service load (Nawy, 1996).  

Prestressed concrete structures typically have better crack and deflection control, 

compared to non-prestressed structures, because of an initial camber that is created by the 

prestressing steel as shown in Figure 2.1 below. This compressive stress is applied using 

tendons, which can be bonded or unbonded to the concrete. In bonded systems, the tendons 

are bonded to the concrete and full concrete-to-steel strain compatibly is typically assumed. 

Conversely, the tendons are not bonded to the concrete in unbonded systems, which makes 

them free to slip relative to the surrounding concrete, so concrete-to-steel strain compatibly 
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cannot be assumed. For unbonded systems in flat plates, the tendons are typically coated with 

grease and encapsulated in plastic. The tendons are then stressed after the concrete had been 

placed and achieved required strength.   

 

Figure 2.1- Principle of Post-Tensioning (BBR, 2010) 

2.1.1 Load Balancing 

 Since the development of prestressed slabs in the middle of twentieth century, they 

have quickly become popular due to many improvements made to the technology. The most 

important single advancement made was the introduction of the load balancing approach by 

T.Y Lin in 1963 (Lin, 1963b). The load balancing approach for design made prestressed 

concrete easy to design just like non-prestressed concrete. This development encouraged the 

selection of post-tensioned systems as a preferred structural system. The principle of load 

balancing for statically indeterminant structures is based on balancing the effect of induced 

stresses due to externally applied loads with prestress stresses (Lin, 1963b). This is done by 

placing the tendon in a parabolic profile similar to the bending moment diagram of the 

external loads, in the case of members subjected to uniform loads. For parabolic tendons, the 
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prestressing tendons will try to straighten out under applied force but will not be able to, 

because of the surrounding concrete, this will cause vertical forces to act in opposite direction 

to the applied external load as shown in Figure 2.2.  

 

Figure 2.2-Load Balancing Design Approach of Prestressed Concrete (Lin, 1963b) 

The percentage of external load balanced with prestressing depends on the engineer as 

the ACI 318 building code does not give requirements regarding this. However, common 

load balancing percentage range is 65% - 80% of dead load. The engineer needs to balance a 

percentage that will limit cracks and deflection based on the usage of the structure 

(Trygestad, 2005). 

2.1.2 Equivalent Frame Method 

Currently, the ACI 318 code provides only one method for designing prestressed 

slabs, which is the equivalent frame method. The equivalent frame method idealizes a three- 

dimensional frame into a series of two-dimensional frame systems in both orthogonal 

directions and then each two-dimensional frame is analyzed with load applied in the plane of 

the frame. A representation of a two-dimensional exterior and interior frames are shown in 

Figure 2.3. 
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Figure 2.3-Representation of Equivalent Frame (ACI 318, 2019) 

The equivalent frame method assumes the distribution of bending moment across any 

given section of the equivalent frame is uniform and hence this method typically 

underestimates the maximum negative moment at the support. Consequently, an ad hoc 

committee of joint ACI-ASCE 318, committee 423 drafted a tentative recommendation for 

prestressed concrete flat plates in 1974 (ACI/ASCE Committee 423, 1974).  This document 

provided extra guidelines and directions on many expect of the design of prestressed slabs 

that were not clear in ACI 318-71 code. Specifically, the committee recommended that the 

maximum permissible tensile stress in post-tensioned slabs designed with equivalent frame 

method should be φὪ (ACI/ASCE Committee 423, 1974). This was a significant reduction 

from ρςὪ  which was the maximum permitted tensile stress in the ACI 318-71(ACI 318, 

1971; ACI/ASCE Committee 423, 1974). This reduction by the committee was because the 

maximum negative moments calculated from equivalent frame method are usually less than 

the actual maximum negative moments around the columns. The reduction in the maximum 

permissible tensile stress in prestressed slabs was reflected in subsequent ACI 318 codes after 

the recommendations by the ad hoc committee. 
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2.1.3 Minimum Bonded Reinforcement 

 Based on recommendations of Joint ACI-ASCE Committee 423 in 1971, ACI 318 

provides minimum requirements for bonded non-prestressed reinforcement in prestressed flat 

plates. Minimum bonded non-prestressed reinforcement of 0.00075 times the area of the 

beam-slab strip is required in maximum negative moment regions. This amount is based on 

research by Scordelis et al (1959), Gerber and Burns (1971), Smith (1972), Changwatchai 

(1973) (Scordelis et al., 1959; Gerber & Burns, 1971; Smith, 1972; Changwatchai, 1973). All 

these research projects are discussed later in a subsequent section of this document. 

Additionally, it was concluded from the research projects above that minimum bonded 

reinforcement proportioned as above provided enough ductility and reduced crack width.  

 ACI 318 also provides requirements for minimum bonded non-prestressed 

reinforcement in positive moment regions where the tensile stress under service loads 

exceeds ςὪ . The amount required is based on a modification made in the recommendation 

by the Joint ACI-ASCE Committee 423 of in 1971. This modification is based on the 

research by Scordelis et al (Scordelis et al., 1959) where positive and negative yield lines 

fully formed in specimens without non-prestressed bonded reinforcement, at moments that 

were greater than the design moments. The main purpose of the minimum reinforcement is to 

limit crack width and spacing at service load when concrete tensile stresses exceed the 

modulus of rupture, and to ensure adequate flexural performance (ACI 318, 2019). 

2.1.4 Tendon Distribution     

The constructability of post-tensioned flat plates is very important as well as the 

strength and serviceability of a post-tensioned slab project. ACI 318 provides requirements 

for distributing tendons in both orthogonal directions. Section 8.7.2.3 states that the 

maximum spacing between tendons or groups of tendons in at least one direction shall be the 

lesser of 8h and 5ft, where h is the slab depth (ACI 318, 2019). This requirement means that 
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the tendons must be uniformly distributed in one direction, if they are banded along the 

column lines in the other orthogonal direction. However, it was not until 1977 that the 

allowance for banded tendon arrangements first appeared in the ACI 318 code based on 

experience with the Watergate apartments in Washington, D.C, which was the first building 

to use this system in the United State (Bondy, 2001). This tendon layout system radically 

increased the use of post-tensioned slabs in the United State because it reduced labor cost by 

25% and it was easy to visualize load paths (Bondy, 2001). Some tests have since been 

performed to investigate the behavior and performance of this system which are discussed 

later in this chapter. The ultimate strength of a post-tensioned flat plate is controlled primarily 

by the total number of tendons in each orthogonal direction (ACI/ASCE Committee 423, 

1974). 

2.2 Overview of Fiber Reinforced Concrete 

The use of fibers in concrete to improve the tensile strength of concrete dates to 

ancient days when sun-baked clay bricks were strengthened by adding fibers, in the form of 

straw (Bentur & Mindess, 2006). Since then, fibers have been used to reinforced different 

materials like ceramics, plastics and epoxies. Nonetheless, it was not until 1960 that fiber was 

introduced to concrete and the use of fiber in concrete has evolved overtime (Brandt, 2008). 

However, the use of fiber has been limited to applications like controlling of shrinkage cracks 

rather than for structural purposes in suspended floor systems. The use of fiber is typically 

common in applications such as slab on grades, fiber shotcrete and precast members 

(Löfgren, 2005).   

Despite the numerous advantages of using fibers in concrete, which are shown in 

various research projects discussed later, the use of fiber in concrete slabs has been limited 

because most building codes and the ACI 318 building code have not regulated the use in 

concrete slabs. This is also due to the fact that the ACI 318 building code is primarily based 
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on concrete strength at peak loads and does not consider toughness in post peak behavior; 

which is the region in which fiber is most effective (Löfgren, 2005). The main reason for 

using fiber in concrete is to bridge cracks, limit crack width and reduce crack spacing as 

shown in Figure 2.4. 

 

Figure 2.4-Effect of Fiber on Structural Behavior (Löfgren, 2005). 

In the ultimate load limit state, fiber in concrete improves the overall ductility of the system 

as well as improves shear and punching performance (Löfgren, 2005). It should be noted that 

addition of fibers in concrete does not improve concrete compressive strength except when 

the fiber volume is high, rather it increases the post peak load carrying capacity of the 

concrete or toughness (Bentur & Mindess, 2006). 

2.2.1 Types of Fiber 

 A fiber is classified based on the material it is made of and the composition, which 

affects its properties and behavior in fiber reinforced concrete. These fibers vary in size, color 
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and shape, and each type is made for a specific purposed based on the desired property in 

concrete. The fundamental types used in the construction industries are: 

¶ Steel fiber 

¶ Synthetic fiber 

¶ Glass fiber 

¶ Natural fiber 

Generally, fibers can be altered to improve the bond between the fiber and the concrete 

matrix. Hence, fibers can be twisted, smooth, paddles, buttons, deformed or bow shaped as 

shown in Figure 2.5.  

 

Figure 2.5-Some Fiber Geometries (Löfgren, 2005) 

Of all the types of fibers listed above, steel fibers are the type most commonly used for load 

carrying structures in concrete and for this research study, steel fiber is used. Hence, the 

mechanical properties discussed in the next section are only applicable to steel fiber 

reinforced concrete.  

2.2.2 Mechanical Properties 

The mechanical properties of steel fiber reinforced concrete depends on the fiber shape, 

size, aspect ratio, orientation and distribution (Bentur & Mindess, 2006). The American 
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Society for Testing of Materials (ASTM A820/A820M, 2006) specifies requirements for steel 

fibers to be small enough to be dispersed in concrete. This standard also defines five types of 

steel fibers as follows: 

¶ Pieces of smooth and cold drawn wire 

¶ Mill -cut or modified cold drawn wire 

¶ Smooth or deformed cut sheet 

¶ Pieces of deformed cold drawn wire 

¶ Melt extracted fibers 

Under loading, fibers and the concrete matrix carry the load until the onset of cracking, once 

cracking begins the load is carried by the fiber, by bridging the crack. Consequently, fibers 

are effective in resisting shear, tensile, flexure, impact and fatigue loading but less effective 

in compressive loading (Bentur & Mindess, 2006). 

2.2.2.1 Compressive Strength 

 When normal concrete is subjected to compressive stress, it behaves elastically until 

the stress reaches about 30% of its compressive strength and then it experiences gradual 

softening up to the compressive strength of the concrete. After the maximum compressive 

stress is reached, the concrete experiences strain softening till failure occurs by concrete 

crushing.  

Addition of steel fibers to the concrete improves the resistance to longitudinal crack 

growth and generally does not affect the pre-peak properties. After the compressive strength 

is reached, the FRC exhibit more ductile behavior compared to normal concrete matrix as 

shown in Figure 1.7, without increase in strength (Löfgren, 2005). Hence, adding steel fibers 

to concrete increases the post-cracking ductility and toughness of concrete matrix. Increasing 

the aspect ratio of the steel fibers also increases the compressive toughness and also increases 

the compressive strength (Fanella & Naaman, 1985). 
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Figure 2.6-Behavior of Plain Concrete and SFRC in Compression (Jenlen, 2013) 

2.2.2.2 Tensile Strength 

 The tensile behavior of FRC is like its compressive behavior in that, the fibers in the 

matrix do not really increase the tensile strength of the matrix. However, it has been shown 

that fibers that are carefully aligned in the direction of the tensile stress may increase the 

direct tensile strength. On the other hand, if the fibers are randomly dispersed in the mix, they 

do not really affect the ultimate tensile strength.  However, for normal strength concrete, 

adding fibers to the mix will increase the tensile fracture behavior and the fracture energy 

(Löfgren, 2005). The stress -strain behavior of FRC and plain concrete are shown in Figure 

2.7. For FRC, when the concrete matrix reaches its peak tensile strength and it cracks, the 

curve steadily decreases to a point where the fiber is effective in bridging and carrying the 

tensile stress across cracks. The stress then increases again and the matrix exbibits a good 

amount of ductility, with approximately constant stress value at the end of the curve unlike 

plain concrete which goes to zero. 
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Figure 2.7-Behavior of Plain Concrete and SFRC in Tension (Jenlen, 2013) 

2.2.2.3 Flexural Strength and Toughness 

Steel fibers have a considerable effect on the flexural strength of concrete compared 

to its effect on compressive and tensile strengths. In some cases, this effect is an increase of 

up to 100% of its actual flexural strength. The flexural strength is influenced by the aspect 

ratio and the volume of the fibers in the matrix, with higher aspect ratio leading to larger 

increase in flexural strength (Bentur & Mindess, 2006). The flexural behavior of an FRC can 

either be deflection softening or hardening as shown in Figure 2.8 (a-b), depending on the 

toughness of the material and dimension of the specimen (Löfgren, 2005). For a thin 

specimen, the behavior may be deflection softening and as the thickness increases, its 

behavior may change to deflection hardening. As shown in Figure 2.8, the deflection 

hardening of FRC is characterize by formation of multiple cracks while on the other hand, 

deflection softening is characterised by localization of a single crack.  
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a) Deflection Hardening of FRC 

 

b) Deflection Softening of FRC 

Figure 2.8- Flexural Behavior of FRC (Löfgren, 2005) 

    As discussed earlier, the toughness of SFRC is of primary importance to the flexural 

strength and the flexural toughness is defined as the total area under the load-deflection curve 

up until failure. The flexural toughness also depends on the aspect ratio and the dosage of 

fiber added, which is often expressed as weight percent of fibers. The higher the aspect ratio 

and the weight percent of fiber, the higher the flexural toughness. Additionally, the flexural 

toughness of SFRC also depends on the bond characteristics as FRC with deformed steel 

fibers exhibits better flexural toughness compared to FRC with smooth steel fibers, with the 

same volume of steel fibers (Bentur & Mindess, 2006). The addition of fibers can drastically 

increase the post-cracking strength and toughness of concrete. The flexural behavior of FRC 

can be characterized as softening and hardening, the behavior is influenced mainly by the 
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dosage of fiber used in the concrete. An FRC with low fiber dosage typically exhibit 

softening while high fiber dosage exhibit hardening (Marcalikova et al., 2020). Based on load 

vs crack mouth opening displacement (CMOD) curve, as the fiber dosage increases the 

residual strengths of the concrete can increase substantially with the curve exhibiting 

hardening behavior (Faconni et al. 2021; Monfardini et al 2019). The quantity of fiber in the 

mix influences the shape of the load-deflection curve. An increase in the fiber dosage can 

increase the tensile strength and toughness of the FRC (Marcalikova et al., 2020; Cajka et al., 

2020) The test methods for measuring the performance of FRC are outlined in ASTM C1609 

(ASTM, 2019) and EN14651 (CEN, 2005). The parameters obtained from these tests are used 

with stress-strain models to calculate the flexural strength of the FRC. The different models 

and these tests are described in detail in Chapter 8 of this document.  

2.2.2.4 Shear Strength                                                                                                         

Many research projects have been conducted to evaluate the influence of steel fibers on plain 

concrete. Several researchers in their studies found that there is an increase in the shear 

strength of concrete when fiber is added to the matrix. (Mirsayah & Banthia, 2002; Sun et al., 

1999). Conversely, another study found that the shear strength of concrete is independent of 

the fiber content (Barr, 1987). The dowel action and shear friction of conventionally 

reinforced concrete increases with the quantity of reinforcement crossing the shear plane, this 

is also true for FRC. Barragán (2002) in his study on residual shear stresses at different slip 

planes, found out that the dowel action of fibers increased with an increase in fiber volume 

fraction. 

2.3 Previous Experimental Testing of Post-Tensioned Flat plate   

The design recommendations for post-tensioned flat plates in the ACI 318 building 

code are based on early research done in 1950s through 1980s. One of such research was 

performed by Scordelis et al., in 1956. The study investigated the elastic and ultimate 
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strength behavior of a two-way prestressed slab. In this study, the researchers tested a square 

specimen with overall dimensions of 15 ft x 15 ft x 5 in. thick and the slab was supported at 

the four corners simulating a lift flat slab. The columns were spaced 15 ft in both orthogonal 

directions with a rocker and roller below the columns that allowed necessary rotations and 

horizontal movement. The researchers post-tensioned the slab with ten 3/4 in. diameter 

uniformly spaced tendons in each direction, these tendons were placed at the mid-depth of the 

slab in the north-south direction and alternated in the east-west direction with one below and 

one above the north-south tendons. The test specimen also had bonded reinforcement, which 

consisted of No. 3 bars, 3 ft long at 9 in. centers, placed in both directions over the columns 

to reduce the likelihood of local failure and distribute loading during lifting of the slab.  The 

design concrete strength was 5000 psi and the effective prestressing in the strands was 

128,000 psi. The slab was loaded with a uniformly distributed load by applying pressure 

through an air bag which was placed against a steel frame.  

Scordelis et al., reported that there was good agreement between measured and 

theoretical deflection results within the elastic range. The measured deflections beyond the 

elastic range were higher than those predicted by elastic theory based on an uncracked section 

analysis. It was also reported that the ultimate strength of the slab was developed at a stress of 

210,000 psi in the tendons, which indicated that contrary to general belief, that the tendons 

were not entirely free to slip because frictional forces limited the slippage. Consequently, it 

was concluded that prior to cracking, elastic theory can predict the deflections, bending 

moments across the slab and the cracking load. (Scordelis et al., 1956). 

 In continuation of their investigation and to fully understand the behavior of a post-

tensioned flat plate in practice, Scordelis et al., 1959 reported the test of a 15 ft x 15 ft x 3 in., 

one-third scale model of a four-panel continuous post-tensioned flat plate. The main aim of 

the study was to investigate if elastic theory is valid up to cracking, predicting the cracking 
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load and physical behavior of a continuous flat slab through the plastic range. The test slab 

was supported on columns which were spaced 7 ft on centers in both orthogonal directions 

and the columns sat on rollers that allowed rotations and displacements with no restraint. The 

slab was post-tensioned with twelve uniformly spaced tendons in both orthogonal directions 

with the same drape profile. Two layers of wire mesh, covering an area of 18 in. x 18 in., 

were used as bonded reinforcement over the columns to prevent local failure. 

The slab was cast in place on forms, the 28-day design strength of the concrete was 5000 psi 

with an effective prestressing of 140,000 psi per tendon. The slab was loaded by introducing 

air pressure into an air bag placed on each panel and the testing program investigated the 

distribution of moments, deflections and behavior under different loading conditions.  

It was reported that the slab behaved elastically up to a load of 160 psf and the first 

tensile crack occurred over interior column. The measured moments and theoretical moments 

showed good agreement. The ultimate failure occurred in flexure at a live load of 362 psf 

followed by punching shear failure at the center column. Consequently, Scordelis et al., 

concluded that elastic theory can satisfactorily predict the behavior of prestressed slabs in the 

elastic range, the first cracking is localized at region of high moments, hence prestressed 

slabs can sustain more load before spreading of cracking. Additionally, they recommended 

that when using beam theory for design of prestressed slabs, the total negative moment 

calculated based on beam theory should be distributed based on 75 percent to the column 

strip and 25 percent to the middle strip. The total positive moment should be distributed 

based on 60 percent to the column strip and 40 percent to middle strip (Scordelis et al., 1959). 

Several tests were sponsored by American BBR Research Association to evaluate the 

adequacy of post-tensioned flat plates in the latter part of 1965, but these tests were not 

reported until 1971 by Gerber and Burns. The authors reported tests on ten post-tensioned flat 

plate specimens which were evaluating the shear and flexural strength of cast-in-place and lift 
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slab post-tensioned specimens. In this study, the test specimens were 7 in. thick, 12 ft square, 

supported at the center on a 12 in. square precast column. Six specimens simulated lift slab 

construction while four specimens simulated cast-in-place construction. 

The amount and configuration of reinforcement were also varied. All the specimens 

were post-tensioned in both directions with six unbonded tendons each, with the exception of 

one specimen that was constructed with grouted tendons. The specimens represented a 

portion of a full building slab with a span of 24 ft in both directions over an interior column 

and the average compressive stress in concrete was 250 psi. The specimens were loaded on 

all four edges and it was reported that the primary failure in each specimen was a 

combination of flexure and shear. All the specimens were able to sustain a post failure load 

higher than the design load of 94,000 lbs and the shear stress varied from τȢρὪ to φȢςὪ. 

The shear capacity of all the specimens was reached before the flexural capacity. 

Additionally, supplementary reinforcing over the columns limited cracking and the 

specimens with welded wire fabric performed better than some of the specimens with 

reinforcing bars in terms of the crack width. The authors concluded that special forms of 

supplementary reinforcing steel configuration can be used to increase the transfer of load to 

columns in post-tensioned flat plates and increase the structureôs ductility. The shear design 

practice at the time of the tests was conservative, which resulted in a safety factor in the range 

of 2.9 to 4.5, depending on supplementary reinforcing used (Gerber & Burns, 1971).  

A series of similar studies was performed at the University of Texas, Austin and 

spearheaded by Burns.  In 1974, Smith et al. investigated the behavior of post-tensioned flat 

plate-to-column connections by testing three isolated panels that were 9 ft x 9 ft x 2 ¾ in. 

thick post-tensioned flat plates, with an 8 in. square column stub at the center. The specimens 

represented a one-third scale model of a portion of an interior column of a continuous slab. 

The specimens were identical in dimension, tendon profile and tendon layout but the 
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quantities of supplementary reinforcing bars in the top of the slab varied from none for 

specimen 1, 5-No. 2, in both directions for specimen 2 and 8 -No. 2 in both directions for 

specimen 3. Specimen 2 contained the minimum amount of supplementary reinforcement of 

0.15% of cross-sectional area of the column strip in the top of slab, recommended by ACI-

ASCE 423 at the time. All specimens were post-tensioned with 18-¼ in. diameter uniformly 

distributed draped tendons in each direction. The average effective prestressing was 325 psi 

with concrete strength of 4000 psi. The researchers reported that the behavior of all the 

specimens was similar in the elastic range and the deflections were fully recovered when 

unloaded. The specimens with the supplementary reinforcement were more ductile than the 

specimen without supplementary reinforcement. All the specimens failed with a combination 

of flexure and shear and ultimately by punching shear.  Consequently, they concluded that 

bonded reinforcement improved flexural behavior and crack distribution and as the quantity 

of bonded reinforcement increased, the behavior of the specimens improved. The ultimate 

shear stresses varied from τȢτυὪ to υȢρφὪ which were slightly higher than the predicted 

values in ACI-ASCE Committee 423 recommendations. (Smith et al., 1974) 

 In the next phase of the series of tests at the University of Texas at Austin, Burns and 

Hemakom conducted one-third scale model post-tensioned flat plate tests. The first test 

reported was a one-third scale model post-tensioned flat plate in 1977. The main aim of the 

study was to investigate the physical behavior of a prestressed flat plate structure over both 

elastic range and inelastic range. This scale model simulated actual behavior of a complete 

indeterminate structure, unlike the isolated panels that were used in previously discussed 

tests. The one-third scale specimen had nine bays and an overhang on two sides of the slab, 

with each bay having dimensions of 10 ft x 10 ft x 3 in. thick. The specimen was post-

tensioned with 68-¼ in. draped tendons in both directions and the tendons were distributed 

70% in column strips and 30% in middle strips. Bonded reinforcement consisted of No. 2 
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deformed bars, which were provided at the top of the slab over the columns in both 

directions. The average effective prestressing was 325 psi, concrete strength was 3850 psi at 

stressing and 4900 psi when the specimen was tested. Dead load compensation blocks were 

placed on top of the slab prior to stressing of the tendons to account for the reduction in dead 

load due to scaling. The slab was loaded with various patterned loads ranging from half of 

service to collapse load by pulling downwards with a whiffle tree system. 

 When loaded with 50% of the design load, the slab behaved elastically, load 

deflection curves were linear, and the deflection recovered completely after unloading. The 

researchers reported that the first cracking was observed at the face of interior columns and it 

became excessive at factored load with no bottom cracks. The slab showed nonlinear 

behavior at 90 psf of applied load and the tendon stress increased rapidly as the load 

approached ultimate load. The mode of failure of the slab was punching failure, however, 

they reported that the slab exhibited flexural distress prior to punching failure. The failure 

load was higher than the design factored load and the ACI equation for stress increase 

overestimated the tendon stress. They concluded that bonded reinforcement effectively 

controlled distribution of flexural cracking and the placement over the column provided good 

performance. Additionally, the shear strength exceeded the value recommended by 

ACI/ASCE committee 423 (1974) and the shear strength of the slab was affected by concrete 

strength, amount of bonded reinforcement and tendon arrangement. (Burns & Hemakom, 

1977). 

In the continuing study, Burns and Hemakom conducted tests of a one-half scale 

model post-tensioned flat plate in 1985. The main aim of the study was to observe the 

strength and behavior of a scale specimen with a banded-uniform tendon arrangement. Note 

that the banded-uniform tendon arrangement had just been introduced in the ACI building 

code in 1977, based on experience at the Watergate apartments in Washington, DC. Hence, 
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this was the first experimental test conducted to examine the behavior of the banded-uniform 

tendon system. The test slab had nine bays; each bay was 10 ft x 10 ft x 2.75 in. thick with 

columns 8 in. x 8 in. spaced at 10 ft on center in both directions. The tendons were distributed 

uniformly across the slab in one direction and banded together close to the column center line 

with no tendon in the middle strip in this direction. The slab was post-tensioned with 23-1/4 

in. tendons in the uniform direction and 24-1/4 in. in the banded direction. The slab was 

designed with a low effective prestressing of 135 psi which was lower than 150 psi 

recommended by ACI/ASCE Committee 423 (1974). Deformed No. 2 bars were provided as 

bonded reinforcement at the top of the slab in the immediate vicinity of the columns in both 

directions to increase the ultimate strength of the slab. The slab was loaded with different 

pattern loads by pulling downward with a whiffle tree system which was part of the dead load 

compensation of the scale specimen.  

The behavior of the slab was elastic under service load and the slab carried the 

factored load without serious cracking. It was found that the panels in the direction of the 

banded tendons were stronger than the panels in uniform direction, hence yield lines cut 

across the uniform tendon direction. The general behavior of the slab was described to be 

ductile with primary failure mode in flexure and followed by punching shear failure. The 

tendon stress increased very little at service load and increased rapidly as the failure load was 

approached. The researchers recommended that bonded reinforcement should be placed in 

regions of high negative moments in vicinity of columns and as many tendons as possible 

should pass through the columns in each direction, with minimum of two tendons (Burns & 

Hemakom, 1985). 

In the same year, Kosut et al. reported test of a one-half scale model four-panel post-

tensioned flat plate. The primary objective of the test was to examine the tendon stress 

increase, and the flexural performance of exterior slab panels. The test specimen was 20 ft 
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square, 2.75 in. thick and the columns were spaced 10 ft on center in both directions. The slab 

was post-tensioned with 1/4 in. tendons, uniformly distributed in one direction and banded 

together through the column strip in the other direction. The effective prestressing ranged 

from 173 psi in the interior strip of the banded tendons to 184 psi in the other strips. Top 

bonded reinforcement was provided in the slab as required by ACI 318 and stirrups were 

provided at three slab-column regions to observe the behavior against torsional cracks. The 

concrete strength was 3000 psi and 3950 psi at prestressing and testing of slab, respectively.  

Like the previous tests performed by Burns, concrete blocks were placed on the slab 

to satisfy similitude requirements and the slab was loaded with a whiffle tree that pulled the 

slab downward. The slab was loaded with thirteen load cases which included four 

concentrated load cases used to obtain the shear strength of the slab-column connection, and 

nine uniformly distributed load cases for flexural behavior. The authors observed that the slab 

behavior was elastic and symmetrical under service load conditions, hence the banded 

tendons did not affect the symmetrical behavior of the slab in the elastic range. First cracks 

were observed on the top of the slab extending from the center column at a load a little above 

the service load and these cracks were hairline in nature. At factored load, the researchers 

reported that no bottom cracks were observed but new cracks formed at the interior columns 

and some formed at the interior edge columns. Cracks began to grow, and additional cracks 

formed as the load reached the ultimate load of 210 psf leading to a punching shear failure at 

one of the interior edge columns. Consequently, they concluded that the bonded 

reinforcement effectively controlled cracks. The banded tendon layout was able to sustain 

load higher than the designed factored load and the measured tendon stress increase was 10 -

16% lower than the ultimate stress predicted by ACI 318. Additionally, the shear strength of 

the column slab-column connection was higher than the ultimate shear strength obtained with 

ACI 318 building code equation (Kosut et al., 1985). 
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Like Burns and Hemakom (1985) and Kosut et al (1985), Kim and Lee investigated 

the flexural behavior of post-tensioned flat plates with different tendon layouts. The 

researchers tested two post-tensioned slabs and one non-prestressed concrete slab as a control 

specimen. All specimens were 9 ft-10 in. (3000 mm) x 9 ft-10 in. 3000 mm x 9.8 in. (250 

mm) thick.  The post-tensioned slabs had five tendons spaced 13.8 in. (350 mm) in only one 

direction for one specimen and five tendons spaced 13.8 in. (350 mm) in each orthogonal 

direction for the other specimen. The same amount of bonded reinforcement was provided in 

all specimens to limit cracking at service. The specimens were all loaded at the center with a 

19.7 in. (500 mm) square loading plate that transferred the load from a hydraulic jack to the 

specimen. The specimens were simply supported along the four sides. The post-tensioned 

slab with tendons in both directions performed better and had approximately 5% more load 

carrying capacity than the post-tensioned specimen that had tendons in only one direction. 

Flexural cracks were evenly spread out in the specimen that had tendons in both directions, 

while the cracks in the specimen with tendons in one direction were very deep. Consequently, 

the researchers concluded that tendon layout does not have effect on the load carry capacity 

of the specimen tested. However, the placement of tendons in two directions is effective for 

better crack control (Kim & Lee, 2016). 

Punching shear resistance of post-tensioned flat plates is also of great importance 

because there is concern about the slab-column connections due to the thickness of post-

tensioned slabs compared to reinforced slabs. Post-tensioned flat plates allow the use of large 

spans with thin cross-sections, thus there is concern about the ability of the slab to resist the 

combination of high shear and flexural stresses. Several studies have been conducted to 

specifically study the punching shear behavior of flat plates. In one of the earliest tests 

performed in 1982 by Franklin and Long, the punching behavior of a continuous post-

tensioned slab with tendons running in one direction was investigated. The researchers tested 
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seven one-third scale model post-tensioned flat slabs with internal columns and banded 

tendons in one direction. It was reported that banding of tendons through the column lines 

helps to improve the punching shear resistance of post-tensioned flat plates. Additional 

reinforcement is also required in critical locations of peak negative moments to improve 

ductility and performance (Franklin & Long, 1982).  

Gardner and Kallage studied the punching shear strength of a continuous post-

tensioned concrete flat plate. The researchers tested to failure a four-bay continuous post-

tensioned slab designed according to ACI 318 but without supplementary reinforcement. The 

test slab was 18 ft-8 in. (5.69 m) square, 3.5 in. (90 mm) thick supported on nine columns 

spaced 9 ft (2.74 m) on center in both directions. The slab was post-tensioned with 20- 1/2 in. 

diameter (13 mm) tendons in each direction, the tendons were uniformly distributed in one 

direction and banded in the column strip in the other direction. The 28-day concrete strength 

was 4850 psi (30 MPa) and the slab was post-tensioned 60 days after the concrete was placed 

with an average effective prestressing of 500 psi (3.5 MPa) in both directions. The slab was 

loaded by pulling down with 40-point loads spaced at 3 ft (0.914 m) in each direction. The 

first flexural crack was observed at the interior column and as the load was increased, 

torsional cracks extended from the interior corners of the edge columns to the free edge. The 

failure mode of the slab was punching shear in one of the edge column slab connections. The 

researchers noted that the failure was violent with no warning and there was a maximum 

stress increase of 25% in two tendons that passed through a column. The measured shear 

strengths of all the columns were lower than the values obtained from the AC1 318 building 

code. They concluded that the flexural behavior of post-tensioned flat plates is very good, 

with the ability to sustain large load before cracking becomes excessive. Conversely, 

punching shear failure is brittle so there is need to use more conservative strength reduction 

factors (Gardner & Kallage, 1998). 
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A similar study published by Silva et al. in 2007 discussed the treatment of punching 

shear of post-tensioned flat plates by building code requirements and compared the result to 

actual experimental studies that had been performed. The building codes evaluated were ACI 

318-02, Eurocode 2 and FIP recommendations. The authors compared results obtained from 

the three codes to experimental results obtained from tests previously conducted by one of the 

authors, Ricardo Silva. Silva tested sixteen slabs that were all 6 ft-6 in. (2 m) square, 4.9 in. 

(125 mm) thick and supported on thick steel plate and hydraulic jack. The test slabs were 

loaded upward at the center with a hydraulic jack. The slabs were post-tensioned with 0.5 in. 

(12.7 mm) diameter tendons and uniformly spaced deformed bars provided at the top and 

bottom of the slab. The variables were the numbers of tendons in each direction, arrangement 

of the tendons and the size of the support plates on the jack. The study showed that the 

increase in tendon stress was greatest in the tendons that directly pass over the support. The 

stress increase was also greater as the applied load reached the flexural capacities of the slab. 

Consequently, the stress increased as the loading area increased and as the area of prestressed 

steel reduced. The primary failure mode in all the specimens tested was punching. The 

researchers compared punching strength results obtained from the tests conducted by Silva to 

results obtained by the various codes mentioned above. They concluded that all three code 

methods gave a satisfactory result compared to those obtained from the experimental tests. 

The authors also discussed weakness related to each code in estimating the shear strength of 

post-tensioned flat plates. For instance, the ratio of experimental to calculated strength in ACI 

318 decreased as the ratio of support size to the slab thickness increased (Silva et al., 2007). 

It has been shown that tendons running through the columns can improve the 

punching failure resistance of post-tensioned flat plates. A study on post-punching shear 

behavior of prestressed concrete flat slabs, published by Ramos and Lucio in 2008, reported 

results from experimental testing of six reduced scale slabs. The specimens were 7.9 ft (2.3m) 
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square, 3.9 in. (100 mm) thick and these models represented a section near an interior 

column. All specimens were prestressed with four unbonded tendons in both orthogonal 

directions, except one which was not prestressed with any tendons. Top and bottom 

reinforcement were provided in the slab in both orthogonal directions. They were loaded 

vertically upward at the center by a hydraulic jack, which had a 11.8 in. (200 mm) square 

plate on top that simulated an interior column. The model slabs were loaded up to failure to 

evaluate the punching strength and later loaded again to study the post-punching shear 

behavior. The measured tendon stress increase ranged from 40% - 75% in the specimens 

where tendons passed through the columns and almost remained the same in the other 

specimens. Additionally, the post-punching failure resistance of the specimens that had 

tendon running through the columns was on average 25% higher than the test punching load 

while for the other specimens, it was about 65% of the punching load. (Ramos & Lucio, 

2008).  

2.4 Review of Analytical Research on Post-Tensioned Flat Plates  

Several studies have used different computer programs to predict the performance of 

two-way post-tensioned flat plates. However, only a few of them have examined the strain 

distribution, flexural behavior and effect of tendon layout on flat plate behavior. Hence, only 

the relevant studies as regards to the mentioned areas are summarized.  

Schokker et al. (2002) investigated the effect of different tendon arrangements on the 

performance of two-way flat plates using the finite element program, Sap 2000. The 

analytical study was based on applying tendon equivalent load on the models without 

modelling the tendons explicitly. The slab models were nine panels, each bay was 9.8 ft x 9.8 

ft (3m x 3m) with a 2.6 ft (0.8m) overhang on two sides. The slab models were supported on 

sixteen columns with rollers at the base. Note that this was the same as the specimen tested 

by Burns and Hemakom (1985). A parametric study was conducted on a typical isolated 
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interior panel of the test slab which was modelled in Sap 2000 using plate elements and 

subjected to gravity loads and equivalent loads from tendons. The different tendon 

arrangements examined in the study were banded-banded, banded-uniform, uniform-uniform 

and 75% tendon in column line with 25% in middle strip. The deflection results showed that 

the layout that resulted in the largest upward camber at panel center points is a banded-

banded tendon arrangement while the uniform-uniform layout had the smallest camber. 

Schokker et al. (2002) stated that the moment distribution along the slab panels may vary 

significantly at critical locations with different tendon layouts. The net moment intensity due 

to self-weight and prestressing was observed to be smallest for uniform-banded layout and 

highest for uniform-uniform layout. Consequently, they concluded that the most effective 

tendon layout for two-way action was uniform-banded layout (Schokker et al., 2002). 

However, the isolated panels used in this study may not effectively account for the two-way 

action as they cannot adequately predict the behavior of a full indeterminate structure.  

Similarly, Abd-El-Mottaleb and Mohamed (2018) conducted an analytical study to 

examine the behavior of post-tensioned flat plate based on finite element analysis. The 

researchers conducted a parametric study to evaluate the effect of concrete strength, slab 

thickness, different values of jacking force and effective prestressing on the performance of 

flat slabs with and without PT system, using RAM software. The analytical model was a full 

scale sixteen panel two-way concrete slab, and the overall dimension was 164 ft x 147 ft 

(50m x 45m) and it was supported on columns. The model had an opening at the center of the 

slab to investigate the effect of opening on the performance. The model was discretised in 

RAM and the analysis result showed that the total moment distribution along a select column 

line was 57.5% higher for the slab without PT compared to slab with PT. The average 

deflection for slab without PT was 78% higher compared to slab with PT. The effect of slab 

stiffness was investigated for slabs with and without PT for different thickness of flat plate, 
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and the thickness ranged from 9.4 in. (240 mm) to 13 in. (320 mm). It was reported that 

generally, the maximum deflections were higher for slabs without PT compared to the slab 

with PT. The maximum deflection decreased as the slab thickness increased for slabs with the 

PT system. The researchers also investigated the effect of concrete pre-compression by 

varying the value of P/A (Jacking force/ area of concrete) from 0.15 psi (1 kPa) and 0.29 psi 

(2 kPa) in increments of 0.07 psi (0.5 kPa). The maximum vertical deflection decreased as the 

P/A increased, however, for the slab thickness of 13 in. (320 mm), the value of the maximum 

deflection was almost the same for P/A equal to 0.15 psi (1 kPa ) and 0.29 psi (2 kPa). 

Consequently, Abd-El-Mottaleb and Mohamed (2018) concluded that a PT system with 

adequate thickness is effective in deflection control, the P/A ratio is more effective in slabs 

with small thickness as the effect is negligible as the slab thickness increased (Abd-El-

Mottaleb & Mohamed, 2019). 

2.5 Research on Steel Fiber Non-Prestressed Concrete Slabs 

The addition of fibers in concrete has been shown to significantly increase ductility 

and improve post cracking behavior of steel fiber reinforced concrete slabs (SFRC). Tan and 

Paramsivan evaluated the punching shear strength of SFRC. The researchers loaded 14 

square slabs that were simply supported along all four edges to failure, subjected to a 

concentrated load over a square area at the center. The span to effective depth ratio, volume 

fraction of fiber, thickness of slab, concrete strength and the width of the loading area were 

varied. The concrete strength ranged from 5076psi (35 MPa) to 9427psi (65 MPa), width of 

loading area ranged from 3.9 in. (100 mm) to 7.9 in. (200 mm), slab thickness ranged from 

1.38 in. (35 mm) to 2.76 in. (70 mm), volume fraction of fiber ranged from 0.31% to 2% and 

the span effective to depth ratio ranged from 20.5 to 65.2. Welded steel fabric was used as the 

main reinforcement. Generally, the specimens exhibited a load deflection curve with distinct 

regions of initial elastic, crack development, post-yielding and post peak behavior. It was 
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reported that the cracking load, ultimate load and ductility of the specimens increased with 

increase in the volume fraction of fibers of SFRC slabs. Similarly, ductility and ultimate load 

also increased with increased slab thickness (Tan & Paramasivam, 1994)  

Barros and Figueiras performed tests on SFRC slab strip specimens to evaluate the 

benefits of SFRC under bending. The fiber contents of the specimens ranged from 0 to 60 

kg/m3.  The slab strips were 71 in. (1800 mm) x 20 in. (500 mm) with average thickness of 

2.8 in. (71.5 mm). The slab strips had wire mesh on the tensile side of the specimens in both 

orthogonal directions. The test results showed that the average crack spacing decreased as the 

fiber dosage increased. Also, the failure load and energy absorption capacity of the specimens 

increased as the fiber content increased. The average failure load of the slab strip with 60 

kg/m3 fiber dosage was 2.1 times the average failure load of the concrete slab strip reinforced 

with wire mesh only (Barros & Figueiras, 1996).  

In another test evaluating the design recommendations for steel fiber reinforced 

composite slabs performed by Ackermann and Schnell, the test results showed that steel fiber 

reinforced concrete can go through large rotations before failure. The researchers completely 

replaced conventional reinforcement and tested four full scale continuous composite slabs. 

The crack distribution was favourable, and the load could be increased after the first hinge 

formed until the system ultimate strength was reached. They concluded that steel fiber 

reinforced continuous slabs are an efficient and economic floor system (Ackermann & 

Schnell, 2011).  

Michels et al. examined the bearing capacity of flat slabs with fibers by performing 

experimental tests on octagonal shaped specimens under symmetrical loading, around a 

column. All specimens tested had eight columns around the edges with fiber as the only 

reinforcement and a fiber dosage of 100 kg/m3. The researchers varied the column 

dimensions and plate thickness which ranged from 7.9 in. (200 mm) to 15.7 in. (400 mm). 
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One of the specimens had openings around the column to increase the shear load in the 

column area. They intentionally reduced the span lengths to increase the likelihood of 

punching shear failure, but all the specimens failed in flexure. The results of the test indicated 

a ductile behavior in all specimens and the maximum bearing load of the specimen increased 

with increasing plate thickness. It was also observed that the specimen with the opening 

around the column had lower bearing load compared to the same type of specimen without 

opening (Michels et al., 2012). 

Fall et al. investigated the load redistribution and load carrying capacity of fiber 

reinforced concrete two-way slabs. The test slabs were one-panel octagonal shaped slabs 

spanning 7.2 ft (2.2 m) in both directions and 3.1 in. (8cm) thick. One of the specimens had 

conventional reinforcement, another had both fiber and conventional reinforcement while the 

third specimen had only fiber. The specimens were designed to resist load in two directions 

and those with conventional reinforcement were reinforced twice as much in one direction as 

the other direction. The loading of the specimens was deformation controlled and it was 

observed that that the specimen with conventional reinforcement showed elastic behavior up 

to cracking and this was followed by bending hardening i.e., the applied load increased 

beyond cracking load with increase in deflection. The specimen with only steel fiber did not 

exhibit bending hardening, however, the residual capacity of the specimen contributed by the 

fibers was significant and it had higher ultimate capacity compared to the other two 

specimens. The numbers of cracks were larger, and the width was smaller for the specimen 

with fiber. It was concluded that steel fibers improves the ductility of flat slabs and the slabs 

can go through considerable inelastic deformation. Additionally, fibers can improve the load 

redistribution of flat plates (Fall et al., 2014). This experimental study further showed that 

adding fibers to concrete controls cracks and improves post cracking behavior. 
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In the same year, 2014, Parmentier et al. published results from tests of a full-scale 

steel fiber reinforced concrete slab. The researchers examined the flexural behavior of a 

SFRC slab and compared the flexural capacity to results obtained from the fib Model Code 

2010. The specimen tested had nine-bays, each bay was 19.7 ft (6 m) x 19.7 ft (6 m) x 0.6 ft 

(0.2 m) thick with sixteen circular columns, at one of each of the corners of the bays. No 

conventional reinforcement was used and the fiber dosage was 70 kg/m3. The flexural 

behavior of the slab was evaluated by applying a uniformly distributed load and 

subsequently, a concentrated load was applied at the center of select bays. In the first phase of 

loading, two corner panels were loaded with a water tank and it was reported that the load 

deflection curves were linear up to cracking load of 4 kPa. The cracking load was kept on the 

slab for one full day and it was observed that the deflections had increased significantly the 

next day. The ultimate capacity and post cracking behavior of the slab were studied by 

applying a concentrated load on one center, edge and corner bay consecutively. Bottom 

cracks formed in both orthogonal directions with top cracks around the four surrounding 

columns. The post cracking behavior was quite ductile as it showed significant plastic 

potential of the SFRC at peak load (Parmentier et al., 2014). 

Salehian and Barros (2015) performed tests to assess the performance of steel fiber 

self-consolidating concrete (SFRSCC) in elevated slabs. The main purpose of the study was 

to evaluate the ability of SFRCC to develop into an important material for elevated slabs. The 

researchers tested a one-quarter scale prototype of a residential building. The test structure 

consisted of an elevated SFRSCC supported on twelve columns and a SFRCC that was 

directly below it on soil. The elevated slab had six-panels; each panel was 47.2 in. (1200 mm) 

x 39.4 in. (1000 mm) x 3 in. (75 mm) thick with no conventional reinforcement. In the first 

phase of loading, the slab was loaded by placing cement bags uniformly on some bays of the 

slab to evaluate the service behavior. Salehian and Barros (2015) stated that no cracks were 



36 
 

visible in the loaded bays at service level load and the maximum deflection was significantly 

below the code requirements. The ultimate limit state behavior of the slab was ductile, the 

slab showed a post peak residual strength and the ultimate deflection was 3.6 times the 

deflection at peak load (Salehian & Barros, 2015).  

Khanlou et al. investigated the crack width of composite slabs due to shrinkage and 

effect of gravity load. Ten two-span full-scale composite slabs were investigated; 

conventional wire mesh was used in some of the specimens while others had steel fibers. The 

bond between the concrete and deck was also varied. The test slabs were 4 ft (1.2 m) wide x 

20.7 ft (6.3 m) long with a span length of 9.8 ft (3 m). The fiber contents used in the 

specimens ranged from 20 kg/m3 to 60 kg/m3. The slabs were loaded by four-point bending 

setup and the specimen with 60 kg/m3 of fiber showed improved crack width control 

compared to the specimen with lesser dosage of fibers and the specimen with no fibers. 

Additionally, the improvement in crack width control was also higher than the best specimen 

reinforced with mesh reinforcement. No significant improvement was observed in terms of 

crack width control for specimens with fiber dosage less than 60kg/m3. The load carrying 

capacity of the specimen was also examined and it was reported that the specimen with fibers 

performed similarly and better than the control specimen with no reinforcement (Khanlou et 

al., 2016). 

Blanco et al. investigated the influence of the type of fiber on structural response and 

design of fiber reinforced slabs (FRC). The main objective of the full-scale test was to assess 

the repercussion of using a common design philosophy for fiber reinforced concrete slabs. 

The researchers tested six FRC slabs with different slab width and fiber type. The test 

specimens were 9.8 ft (3 m) in length, 0.66 ft (0.2 m) thick and the width ranged from 4.9 ft 

(1.5 m) to 9.8 ft (3 m). Some of the specimens were cast with steel fibers while the others 

were cast with plastic fibers. The test slabs were simply supported on steel frames along their 
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edges and they were loaded with a uniformly distributed load. The failure mode of all 

specimens tested was pure bending and it was reported that the specimen reinforced with 

steel fibers had more secondary cracks than the specimen reinforced with plastic fibers. This 

is because steel fibers bonds well with the concrete matrix, hence they have higher capacity 

to transmit stresses across the cracks. Specimens reinforced with steel fibers also showed 

better redistribution of forces consequently, the load sustained increased significantly after 

cracking compared to the specimen with plastic fibers. Additionally, the maximum total load 

resisted by the specimens decreased as the width of the specimen increased (Blanco et al., 

2016). 

Abdel-Rahman et al. (2016) from the University of Cairo examined the punching 

shear behavior of SFRC flat slabs. The main aim of the study was to investigate ways to 

improve the punching shear strength of SFRC flat slabs. The researchers tested fourteen full 

scale slab-column connections to failure in two phases. In the first phase, they tested ten 

interior square slabs that were axially loaded and in the second phase, they tested four 

eccentrically loaded specimens to study the effect of moment transfer on the punching shear 

failure of the slabs. The test specimens were 67 in. (1700 mm) x 67 in. (1700 mm) x 6 in. 

(150 mm) thick, with a 7.9 in. (200 mm) square column at the center and the fiber volume 

fraction ranged from 0% to 1.5%. A constant mild reinforcement ratio of 1.2% was provided 

in the top and bottom of the specimens. The mode of failure of all the specimens tested in 

phase 1 was punching shear and it was brittle in nature. The researchers stated that even 

though failure was brittle in nature for all specimens, ductility improved with increase in the 

ratio of fibers. The area of projected punching failure cone also increased with increased fiber 

volume. In the eccentric loading phase, as the fiber volume increased, the ultimate load 

carrying capacity of the specimens increased. Fiber volume of 1.5% increased the ultimate 

load carrying capacity by 24%. Abdel-Rahman et al. (2016) concluded that increasing the 
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fiber volume does not affect the general behavior of the slab and the failure mode. However, 

it increases the ultimate load carrying capacity of the slab (Abdel-Rahman et al., 2018). 

 Steel fibers can replace conventional reinforcement completely or partially to improve 

performance of bridge decks. In an experimental study conducted at Texas A&M University, 

College station by McMahon and Birely (2018), it was stated that steel fibers can be used to 

reduce the amount of conventional reinforcement and increase spans without more 

conventional reinforcements in a bridge deck. The researchers tested ten slab strips of a 

prototype bridge deck to study the interaction of conventional bars with steel fibers. The test 

specimens were 18 in. wide, 8 ft long and six of the specimens had a thickness of 7.5 in while 

four had a thickness of 9 in. A constant fiber volume of 0.5% was used in all specimens 

tested. The conventional reinforcement ratio varied from 0.165% to 0.86% and the location of 

the reinforcement also varied from bottom to middle of the specimen. The specimens were 

loaded by four-point bending and it was observed that the formation of primary cracks started 

at lower deflection for slabs with low reinforcement ratios. Concrete crushing was less severe 

for specimens with smaller steel reinforcement ratios compared to specimens with higher 

reinforcement ratios. Specimens with higher reinforcement ratios located at the bottom 

sustained higher loads. Based on the results of the test, McMahon and Birely (2018) 

concluded that steel fibers are efficacious in controlling the width of cracks before large 

deformations. Steel fibers were beneficial for service limit state performance as they 

increased the allowable service moment for the specimens tested (McMahon & Birely, 2018). 

Marcalikoya et al. (2019) evaluated the mechanical properties of different types of 

dramix fibers and dosages. For the study, Dramix OL13/20 and Dramix 3D 55 30BG steel 

fibers in dosage of 40 and 75 kg/m3 were used. Three-point bending test was performed on 

concrete samples and it was reported that the curve of the load deflection diagram for both 

dosages is very similar, for a particular fiber. There was slightly greater residual flexural 
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strength in the higher dosages of fibers (Marcalikoya et al., 2019). The bending tensile 

strength of FRC with hooked Dramix fibers have also be shown to increase significantly 

compared to straight fibers (Marcalikoya et al., 2020). 

2.6 Previous Related Research to this Testing Program 

Three distinct but related studies have been completed since 2017 when this research 

program started. The following studies have been completed and they are summarized below.  

2.6.1 Design of Loading System and Preliminary Analysis of One-Third Test Scale 

Model of Post-Tensioned Flat Plate (Inerkar, 2018). 

The study carried out preliminary analysis of the specimens using the equivalent frame 

method. Also, the loading techniques used in this research program were developed in this 

study. The analysis of the dead load compensation arrangement and verification of the 

whiffle tree loading system to simulate a uniformly distributed load was also carried out in 

this study. It was concluded that the whiffle tree loading system approximates the uniform 

distributed load. In addition, the study involved construction and testing of a 10 ft x 10 ft trial 

slab to determine the wobble coefficient and coefficient of friction of tendons used in this 

research program. The coefficient of friction obtained from the tests conducted on the trial 

slab was 0.17 per radian while the wobble coefficient with straight tendon profile was 0.0009 

per foot 

 2.6.2 Equivalent Frame Analysis of one-third Scale Mode of Post-Tensioned Flat Plate 

and Comparison of the Model and Full-Scale Prototype (Li, 2019). 

This study built upon Inerkarôs study by carrying out detailed design checks of the 

one-third scale model and a full-scale prototype of Specimen T1. The study examined the 

similitude between the scale model and prototype by checking the stresses at stressing and 
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service and comparing the results. Note that the original design performed by the oversite 

committee was done using RAM Concept while Li used the traditional equivalent frame 

method. The study also carried out punching shear capacity and demand calculations for full 

scale column supports as well as flexural calculations. Results from the study showed that 

there is similitude and similar stresses were obtained for the scale model and the full-scale 

prototype. Also, since columns were sized larger than typical, punching shear was not 

predicted to occur prior to factored load. 

2.6.3 Strength and Performance of Steel Fiber Reinforced Concrete Post-Tensioned 

Flat Plates (Rosenthal, 2019). 

The second slab, referred to as Specimen T2, in this research program was tested in 

this study. The main objective of this study was to examine the behavior and performance of 

fiber reinforced post-tensioned flat plates. Specimen T2 had nine bays; each bay was 10 ft x 

10 ft x 3 in. thick with fourteen 11 in. x 11 in. and two 12 in. x 12 in. columns, spaced at 10 ft 

on center in both directions. The tendons were distributed uniformly across the slab in one 

direction and banded together close to the column center line in the other direction. The slab 

was post-tensioned with 16-5/16 in. unbonded monostrand tendons in the uniform direction 

and 17-5/16 in. in the banded direction. The slab had two conventional bonded reinforcing 

bars in both directions over two interior columns. 84.3 lb/yd3 of Bekaert RC-80/30-BP fibers 

were added to the concrete mixture. Dead load blocks were provided on the slab prior to 

stressing and the slab was loaded by pulling downward with a whiffle tree system, which was 

also part of the dead load compensation of the scaled specimen.  

The behavior of the slab was elastic under service load and the deflections were fully 

recovered on unloading of the slab. The deflections of all the bays at service load was well 

below the ACI service load deflection limit of L/360. The maximum crack width at service 
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load was 0.28 mm (0.011 in.). The tendon stress increased very little at service load but 

increased rapidly as the failure load was approached. Yield lines formed at the bottom and 

top of the slab in both directions and the general behavior of the slab was described to be 

ductile with primary failure mode in flexure and concrete crushing. Generally, the 

performance of the slab was very satisfactory, and it was concluded that positive moment 

reinforcement is not necessary if the tensile stress does not exceed 4ãὪǋὧ. Detailed test results 

of Specimen 2 are provided and compared with other specimens in this research program in 

discussion section of this document.  

2.7 Literature Review Summary   

The minimum requirements for the design of two-way, post-tensioned concrete flat plates 

are dictated by the American Concrete Institute (ACI) Committee 318 Building Code and 

Commentary (ACI 318, 2019).  The sections relating to allowable stresses, minimum 

amounts of bonded non-prestressed reinforcement, and detailing were originally developed in 

the ACI Committee 423 report ñTentative Recommendations for Prestressed Concrete Flat 

Platesò which was published in 1974 (ACI/ASCE Committee 423, 1974). The design is 

governed primarily by tensile stress and the maximum allowable tensile stress as dictated by 

the ACI 318 building code is φὪ , which is a 50%  reduction from the value of 12Ὢ 

required under section 18.4 of  ACI 318-71.  This reduction was because the negative 

moments calculated using the equivalent frame method are less than the actual negative 

moment in the immediate vicinity of the columns. The recommendation for minimum bonded 

reinforcement in the negative and positive moment regions where the tensile stress is higher 

than 2 Ὢ were based on experimental studies by Scordelis et al (1959), Burns and 

Hemakom (1977), Gerber and Burns (1971), Burns and Smith (1972), Chaiwat (1973). The 
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recommendation for tendon spacing not to exceed lesser of 8h and 5 ft in at least one 

direction was arbitrarily determined based on experience and satisfactory field performance.  

As shown in the previous sections, many experimental studies have investigated the 

flexural and punching shear behavior of indeterminate post-tensioned flat plate systems. The 

majority of these studies involved the study of a scale model which can simulate a full-scale 

prototype, with or without conventional reinforcements. The performance of steel fiber 

reinforced concrete slabs has also been investigated by many researchers and it was shown 

that fiber improves ductility, tensile fracture behavior as well as toughness by bridging 

cracks, thus transferring stresses after the concrete matrix cracks. However, there is a need 

for research in SFRC post-tensioned flat plates. Incorporating fibers in PT slabs may allow 

designers to take advantage of the benefits of steel fibers in the design of two-way post-

tensioned flat plates and improve performance.  It may be possible to increase the maximum 

allowable tensile stress limit and eliminate the requirements for minimum conventional 

reinforcement in the positive and negative moment regions with the inclusion of steel fibers 

in PT slabs. Additionally, it is possible for a banded-banded tendon arrangement system to be 

incorporated in the ACI 318 code as this will save design and construction time as well as 

cost.  This current research seeks to gather test data to address all the above requirements and 

make provisions in the ACI 318 code where possible. 
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   Chapter 3 - Description of Test Experimental Setup  

3.1 Introduction 

 This chapter describes the experimental testing, test setup, specimen details, 

equipment used and prestressing technique. The overall test program involved experimental 

testing of four one-third scale model post-tensioned flat plates. The specimens had the same 

dimensions, but the tendon layout and method of reinforcing were varied to examine the 

effect of these variables on performance of the slab. The naming convention of the 

Specimens are based on the type of tendon distribution in both orthogonal directions. 

ñBanded - Uniformò means that the tendons are banded together in one direction along 

column lines and uniformly distributed in another direction. ñBanded - Bandedò means that 

the tendons are banded together in both orthogonal directions along column. The research 

programs as well as the specimens constructed and tested are as shown in Figure 3.1: 

 

Figure 3.1- Research Workflow 

 Specimen T2 was previously tested and details of the test can be found in Rosenthal 

(2019). The determination of the wobble and friction coefficient of the post-tensioning 

strands and a test of the loading system used in this research program were previously 
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performed and the details can also be found in Rosenthal (2019) and Inerkar (2018). This 

chapter presents the design, and test setup for Specimen T1, T3 and T4.  

3.2 Design of Prototype Slab and One-Third Scale Model Specimens 

The prototype slabs are nine-bay, two-way post-tensioned flat plates that are 94.5 ft x 

99.75 ft. Each bay is 30 ft x 30 ft, which is a span length typically found in high rise 

construction. The prototype slabs have sixteen columns, out of which fourteen columns are 

33 in. x 33 in. in dimension and two corner columns are 36 in. x 36 in. The corner columns 

were made larger to prevent early failure due to punching shear. There is a cantilever on one 

side that is 7.5 ft wide and the thickness of the slab is 9 in. The plan view of the prototype is 

as shown in Figure 3.2.  The design conforms to all current ACI design requirements, except 

that the prototype for Specimen T3 (banded - banded with conventional reinforcement) does 

not conform to ACI 318-19 section 8.7.2.3. This provision allows banded tendons in one 

direction, but a tendon spacing of not greater than the lesser of 8h or 5 ft in the other direction 

is required. This implies that the tendons can only be banded in one direction and must be 

uniformly distributed in the other direction. Specimen T4 (banded - banded with fiber 

reinforcement) does not conform to either ACI 318-19 section 8.7.2.3 or 8.6.2.3. Section 

8.6.2.3 requires minimum bonded conventional reinforcement in both positive and negative 

moment regions, the ACI 318-19 code has not codified the use of fiber in post-tensioned flat 

plates. 

 The designs of the prototype slabs were developed by an oversight committee using 

commercially available software, RAM Concept and Adapt. The designs were also performed 

independently by the VT research team using the equivalent frame method.  To determine the 

behavior of the prototype slabs with different tendon arrangements and reinforcing types, a 

one-third scale model of the prototype was developed as shown in Figure 3.3. The design 
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superimposed dead load  was 20 psf and design live load of 40 psf , reduced to 24 psf per 

IBC provisions (IBC, 2018) 

 

Figure 3.2- Typical Prototype for Specimens 

 

Figure 3.3- Typical One-Third Scale Model 



46 
 

3.2.1 One-Third Scale Model Specimen T1  

 The one-third scale model of prototype slab T1 referred to as Specimen T1 is a nine-

bay, two-way post-tensioned flat plate with overall dimension of 33 ft x 31.5 ft x 3 in. Each 

bay is 10 ft by 10 ft and there is an overhang on one side that is 2.5 ft wide. The plan view of 

Specimen T1 is shown in Figure 3.4. This specimen is the control specimen of this research 

program as it conforms to all AC1 318-19 design requirements for post-tensioned flat plates. 

The design of specimen T1 is based on balancing 60% of the total self-weight and the dead 

load compensation. The tendon drape is based on 1/12th span reverse parabola with high 

points at the center of the columns as shown in Figure 3.5 (a-b). 1/12th span reverse parabola 

means that the curvature of the tendons reverses near the columns at 1/12 times the span 

length, measured from the center of the columns. The slab has a uniform-banded tendon 

layout with a final effective force of 9 kips per tendon in each direction. The tendon was 5/16 

in. diameter GR 250 low relaxation greased & sheathed.  There are sixteen tendons in the 

uniform direction (E-W) spaced at 2ft, while there are seventeen tendons in the banded 

direction (N-S). The interior column lines have five tendons in the band, the overhang 

column line has four tendons while the exterior column line has three tendons.  

 

Figure 3.4- One-Third Scale Model Specimen T1 
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a) Typical N-S (Banded) Direction Tendon Profile with Inflection point at 1/12th span 

 

b) Typical E-W (Uniform) Direction Tendon Profile with Inflection point at 1/12th span 

Figure 3.5 - Typical Tendon Profile 

Specimen T1 is supported with 12 in. x 12 in. exterior corner columns, and 11 in. x11 

in. interior columns and edge columns. The column stubs extended 13.5 in. below and 12 in. 

above the slab. The column stubs above the slab do not provide any flexural stiffness to the 

slab but they are for development of the column reinforcement. Minimum bonded mild 

reinforcement was provided in the positive and negative moment regions, as required by the 

ACI 318-19  code Article 8.6.2.3, in both orthogonal directions. The full design drawings of 

the one-third scale models are provided in Appendix A. A similitude analysis is presented at 

the end of this chapter. 

3.2.2 One-Third Scale Model Specimen T3  

Specimen T3 is a one-third scale model of the prototype and has the same dimensions 

as Specimen T1, but the tendon arrangement is the banded arrangement in both orthogonal 

directions as shown in the plan view, in Figure 3.6. This specimen does not have steel fibers 

but does have the same amount of minimum mild reinforcement provided in Specimen T1 

provided in the top and bottom of the slab. This allows a direct comparison between the two 
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specimens to examine the effect of tendon layout on the performance. For the banded-banded 

system, due to the high points of the tendons in both directions conflicting at the four interior 

columns, the tendon drape in the E-W direction was reduced at the four interior columns as 

shown in Figure 3.7 compared to Specimen T1 profile in the same direction shown in Figure 

3.5b. Consequently, the prestressing of Specimen T3 balances slightly less than T1, which 

balanced 60% of the total self-weight and the dead load compensation. There are sixteen 

tendons in the banded E-W direction, while there are seventeen tendons in the banded N-S 

direction. The interior column lines in both directions have five tendons in the bands, the 

overhang column lines have four tendons while the exterior column lines have three tendons. 

The support conditions for Specimen T3 are the same as described for Specimen T1. 

 

Figure 3.6- One-Third Scale Model Specimen T3 

 

Figure 3.7- Typical E-W Direction Tendon Profile with Inflection Point at 1/12th Span 
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3.2.3 One-Third Scale Model Specimen T4  

Specimen T4 is a one-third scale model of the prototype and has the same dimensions 

as Specimen T1, the same tendon layout as Specimen T3, but with fibers and no mild 

reinforcement. This allows a direct comparison between Specimens T3 and T4 to examine the 

effect of fiber on the performance of the slab. The tendon profile is the same as Specimen T3 

in both directions. The support conditions for Specimen T4 are as described for Specimen T1 

and the plan view is shown in Figure 3.8. The full design drawings of the one-third scale 

model are provided in Appendix A. Summary of the prototype and all the specimensô 

properties are shown in Table 3.1. 

 

Figure 3.8- One-Third Scale Model Specimen T4 

3.2.4 One-Third Scale Model Specimen T2  

A complete description for Specimen T2 can be found in Rosenthal thesis (Rosenthal, 

2019). Concisely, T2 has the same tendon layout as T1, but fibers instead of mild 

reinforcement except at two interior columns.  
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Table 3.1- General Properties of One-Third Scale Specimens and Prototype  

Description Prototype 

One-third 

model 

Specimen 

T1 

One-third 

model 

Specimen 

T2 

One-third 

model 

Specimen 

T3 

One-third 

model 

Specimen 

T4 

Slab dimension, ft 99.75 x 94.5 33.25 x 31.5 33.25 x 

31.5 

33.25 x 

31.5 

33.25 x 

31.5 

Thickness, in 9 3 3 3 3 

Overhang length, ft 7.5 2.5 2.5 2.5 2.5 

Bay Size, ft 30 x 30 10 x 10 10 x 10 10 x 10 10 x 10 

Interior/Edge 

columns, in 

33 x 33 11 x11 11 x11 11 x11 11 x11 

Exterior corner 

columns, in 

36 x 36 12 x12 12 x12 12 x12 12 x12 

Column height, ft 10 1.5 1.5 1.5 1.5 

Number of columns 16 16 16 16 16 

Number of panels 9 9 9 9 9 

Tendon size, in 1/2 Dia 5/16 Dia 5/16 Dia 5/16 Dia 5/16 Dia 

Tendon size (in2) 0.153 0.058 0.058 0.058 0.058 

Mild 

Reinforcement, in 

No. 4 Bar- 

0.5 Dia 

D5 Bar- 

0.252 Dia 

- D5 Bar- 

0.252 Dia 

- 

Fiber type - - Bekaert 

RC-80/30-

BP 

- Bekaert 

RC-80/30-

BP 

Fiber dosage (pcy) - - 84.3  84.3 

Max aggregate size, 

in 

1.125 0.375 0.375 0.375 0.375 

Number of tendons 

N-S direction  

E-W direction  
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17 

16 

 

17 

16 

 

17 

16 

 

17 

16 

Design reduced 

Live load, psf 

24 24 24 24 24 

Dead Load, psf 112.5 37.5 37.5 37.5 37.5 

Superimposed dead 

load, psf 

20 20 20 20 20 

Dead load 

compensation, psf 

- 72.5 72.5 72.5 72.5 

Design Steel fy, ksi 60 70 70 70 70 

Design tendon fpu, 

ksi 

270 250 250 250 250 

Design effective 

force, kips 
- 9 9 9 9 

Design concrete 

strength, psi 
5000  5000 5000 5000 5000 
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Several checks were performed to determine the appropriate fiber dosage shown in 

Table 3.1. Flexural tests on beam samples with different fiber dosage were performed 

according to EN14651 (CEN, 2005). The flexural residual strength (fR4) required to replace 

the prescriptive mild conventional reinforcement as stipulated by ACI 318 (ACI 318, 2019) 

was calculated. The equivalent required fiber dosage was then determined from the EN14651 

test data for the given fiber type. In FRC, the residual stress fR3 and fR4, depending on the 

method of design and application, are critical for ultimate limit state checks. The residual 

strength fR3 and fR4 are as defined by the testing standard EN14651. Note that the scaling of 

the specimen involved scaling the FRC matrix geometrically, however the residual stresses 

need to be the same in the full-scale and one-third scale model. Consequently, the dosage of 

83.4 pcy of RC 80/30BP fiber in the one-third scale specimen was meant to simulate the 

response of a commensurate full-scale FRC matrix of 51 pcy of 5D fiber. Detail framework is 

presented in section 9.5.  

3.3 Construction of One-Third Scale Model Specimen and Support System 

The one-third scale model specimens were supported on precast columns which were 

placed on pedestals.  The following section outlines the construction sequence of the test 

structure and the one-third scale model specimens. 

3.3.1 Pedestals and Columns 

The pedestals were used to elevate the specimens to provide room to install the 

loading system beneath the slab. The pedestals were spaced 10ft center-center and anchored 

to the strong floor beams in the high bay of the structureôs lab. However, the spacing of the 

floor beams in the strong floor is only 8ft, so 5/8in. steel plates were used to offset the 

exterior pedestals, 3ft from the center of the exterior floor beams and the interior pedestals 1ft 

from the interior floor beams. Four shear studs were welded to the steel plates to anchor and 

create adequate bond between the concrete and the plate as shown in Figure 3.9. The 20in. x 
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20in. x 48-7/8 in. pedestals were cast on the base plates at each of the sixteen column 

locations. An elevation view of the specimen support configuration is shown in Figure 3.9.   

 

Figure 3.9- Pedestal Configuration on Strong Floor Beams 

 After the pedestal concrete was placed and the concrete had cured, the forms were 

removed. To ensure that the slabôs columns were located exactly 10ft center to center on the 

pedestals, the exact centers of the pedestals were marked and a grout pad was cast on the 

pedestals to support the precast columns. Two different grout pad thickness were used for the 

column pedestal assembly. Note that of the 16 columns, 8 were on load cells & 8 were on 

swivel heads. Pedestals that support columns that had load cells below them required 

different thickness of grout pad from pedestal that support columns with swivel heads. Small 

forms were made, placed and aligned at the center of the pedestals. A steel plate with circles 

milled out to provide small lateral restraint for the swivel head and load cell was then placed 

on the forms and held by four 1/4in. diameter rods, which were anchored into the pedestal. A 

laser level was used to level the top of the plate to ensure the correct elevation of the plate 

was achieved. Grout with compressive strength of 5000 psi was then cast in the forms. The 
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column pedestal assemblies are shown in Figure 3.10. Note, regardless of support, distance 

from bottom of slab to point where column can rotate is the same (see similitude analysis). 

 

Figure 3.10- Details of Column Pedestal Assemblies 

 The precast columns contained two steel base plate wielded together, shear studs and 

steel reinforcements. Circles were milled out at the bottom surface of the lowest base plates 

to provide small lateral restraint for the swivel heads and load cells. Four shear studs were 

then welded to the base plate to anchor the plate and the column concrete together. The 

reinforcement used in the precast columns consisted of four- No. 5 vertical bars in the 11in. x 

11in. columns and four-No. 6 bars in the 12in. x 12in. columns. The four bars were tied 

together with D5 deformed wire ties at 4in. spacing and then placed in forms. The column 

reinforcement extended above the slab about 12in to provide adequate development length as 

shown in Figure 3.11, which represents the columns below the slab were cast and the top 

column stubs were cast after the slab concrete was placed. 



54 
 

 

Figure 3.11- Precast Column in Forms 

The connections below the columns were designed as pins, so a swivel head (Enerpac 

CAT-100-cylinder saddle) was used at eight column locations and a Transducer Techniques® 

CLC-50k load cell was used at select column locations beneath them. The load cells and 

swivel heads fit inside the milled-out circle in the base plate placed on the grout pads, and the 

milled-out circle in the steel plate attached below the columns. These assemblies allowed the 

necessary rotations below the columns. The locations of these load cells are shown in Figure 

3.17. The thickness of the steel plate and the column concrete make up the total column 

height of 13.5in., which is the clear height to underside of the slab. The required height for a 

one-third scale model was determined from dimension analysis of the prototype column 

stiffness. It was determined that the stiffness of a one third-scale model would be 1/27 the 

stiffness of the prototype column. It should be noted that the boundary conditions of the 

columns in a full indeterminate prototype system are fixed at the top and bottom and the 

column height is 10 ft. Therefore, accounting for this difference in boundary condition, the 

required length of the one-third scale model column was 15in. measured from the center of 
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the slab. All sixteen columns for each specimen were cast at once and the results of the 

compressive strength tests are shown in Table 3.2.  

Table 3.2- Concrete Strength for Precast Columns 

Specimen Placement Date 28-day Strength (psi) 

T1 06/13/2019 4620 

T3 10/24/2019 5440 

T4 02/14/2020 5040 

 

3.3.2 Construction of Scaffolding 

The slab forms consisted of 3/4 in. plywood, 2 x 6 and 2 x 4 lumber. The plywood 

with the 2 x 4s. was used to form panels by supporting the plywood with the 2 x 4s while 

double 2 x 6 whalers were used as the girders. The 2 x 6 whalers were supported by 4 x 4 

posts with Simpson Strong-Tie JP44 jacks connecting both together. The Simpson Strong Tie 

JP44 jacks can be used to adjust the final elevation of the slab panels. Allowance was created 

between each column to allow for easy removal of the panels after the concrete had cured. 

The 4 x 4 posts were braced with an X-brace in both directions to increase the lateral stiffness 

of the scaffolding. Plywood strips with 3in. width were cut to make the slab side forms which 

were nailed around the perimeter of the slab. The typical slab formwork with precast columns 

in place and without the side boards is shown in Figure 3.12 All design details and drawings 

of the formwork and scaffolding can be found in Rosenthal, (2019).  
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Figure 3.12- Typical Slab Formwork with Precast Columns in Place 

 After completion of the slab formwork, the precast columns were carefully placed on 

the pedestals with the swivel head or load cell below them. The jacks on the 4x4 posts were 

then used to raise the formwork by twisting the nut on the JP44 jacks. The level of the panels 

and the columns were made to be flush with each other, and no precast column extended 

above the panels to ensure that the slab would not fail prematurely due to punching shear. 

The final elevation of the formwork was always within ±3/8in. of the theoretical elevation of 

the bottom of slab. The precast columns were levelled vertically with a water level, shims 

were placed at the gaps between the slab panels and the columns to ensure the columns 

remained vertical during placement of concrete. Construction plastic was laid on the panels to 

allow for easy removal of the formwork after the concrete had cured and to prevent water 

from seeping out from the formwork. 
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3.3.3 Tendon and Reinforcements Layout 

This section describes the tendon and reinforcement layout of the specimens as well 

as the placement sequence. 

3.3.3.1 Specimen T1 

The locations of the tendonôs chairs and the reinforcement were marked as given on 

the design drawings, prior to laying the thin construction plastics on the plywood panels. 

When there were conflicts between a reinforcement and tendon, the tendon was given priority 

and the reinforcement was adjusted to ensure there was adequate cover between tendon and 

reinforcement. The E-W uniform tendons over the columns were placed first and they were 

supported on specially fabricated bar chairs as shown in Figure 3.13. The chairs were 

purchased in four standard sizes and they were hammered to required heights, to get the 

tendon profile as given in the design drawings (see Appendix). The chairs were nailed down 

into the plywood to hold them in place. The N-S bottom steel was placed after the E-W 

uniform tendons, and all bottom bars consisted of D5 bars that were supported at three points 

with small pieces of 5/16in. threaded rod along their lengths. The N-S bottom reinforcing 

bars were concentrated along the column lines and spaced at 4in. as shown in Figure 3.13. 

The 5/16in. threaded rods were nailed down and then tied to the D5 bars to hold them in 

place. Note that the cover is not exactly scaled to 1/3. The aggregate in scaled concrete 

mixture had 1/4 in. max aggregate size, so 5/16 in. is approximatively 1.25 times max 

aggregate. 



58 
 

 

Figure 3.13 ï A section of the Specimen T1 with Uniform - Banded tendon layout and 

Reinforcement 

The E-W bottom bars were placed after the N-S bottom bars and they were uniformly 

distributed across the spans unlike the N-S bottom steel as shown in Figure 3.13. The E-W 

top bars were placed on D5 bars that spanned between slab chairs and were tied to securely 

hold them in place. The N-S banded tendons were supported on D5 bars spanning between 

two slab chairs as shown in Figure 3.13. When the actual elevation of the tendons could not 

be achieved with D5 bars or slab chairs, a combination of D5 bar and 3/8 in. or 5/16 in. 

threaded rods were used. After the N-S banded tendons had been placed, the N-S top bars 

were placed in the same plane and supported on the D5 bar that spanned between slab chairs. 

The remaining E-W uniform tendons were placed last on slab chairs. All tendons passed 

through 3.5 in. x 2.5 in. x 0.5in. thick anchor plates that were attached to the slab side forms. 

(See Inerka, 2018 for plate design) 

 Back-up bars were also provided behind the tendon anchor plates as required by ACI 

318 section 25.9. These bars are to prevent crushing of the concrete in the immediate vicinity 

of the anchor plate during stressing of the tendons. The bars consisted of D5 deformed wire 
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and they were attached directly to the top and bottom of the tendons. The bars extended 4 in. 

beyond two tendons in the E-W uniform direction as shown in Figure 3.14 while they 

extended 4 in. beyond the edge tendons for each band of tendons.  

Whiffle tree block-out pipes were also installed prior to placement of concrete. The 

block-out pipes consisted of 3/4 in. PVC pipe which was 3 in. high and bolted down as 

shown in Figure 3.14. This prevents the pipe from displacing during concrete placement. The 

main purpose of the PVC pipe was to block out the concrete and create a hole through which 

the loading system was attached to the slab.  

 

Figure 3.14-Typical Back-Up Bars on E-W Uniform Tendons and Whiffle Tree Block-Out 

Pipe 

3.3.3.2 Specimen T3 

The construction of Specimen T3 followed the same general process and sequence as 

Specimen T1 but with a few differences. Just like Specimen T1, the locations of the tendonôs 

chairs and the reinforcement for Specimen T3 were marked as given on the design drawings, 

prior to laying the thin construction plastic on the plywood panels. The tendons were given 
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priority when there was any conflict between tendon and reinforcement, the reinforcement 

was adjusted to ensure there was adequate cover between tendon and reinforcement. Unlike 

Specimen T1, the tendon layout for Specimen T3 was banded in both orthogonal directions. 

Additionally, the bottom reinforcing bars for Specimen T3 were uniformly distributed along 

the bays in both directions (Fig. 3.15 and Fig 3.24), while the bottom reinforcing bars in the 

N-S direction of Specimen T1 were concentrated along the column lines (Fig. 3.13 and Fig. 

3.18).  Although the arrangement differed, the two specimens had equal areas of 

reinforcement. The E-W banded tendons were placed first and they were supported on D5 

bars spanning between two slab chairs. The E-W bottom bars were placed after the E-W 

banded tendons and they were supported at three points with small pieces of 5/16in. threaded 

rod along their lengths. The N-S bottom bars were placed next directly on top of the E-W 

bottom steel and where they did not sit directly on the E-W bottom steel, they were supported 

on 5/16in. threaded rods as shown in Figure 3.15.   

 

   Figure 3.15- A section of Specimen T3 with Banded - Banded Tendons and Reinforcement 

Layout 
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The E-W top bars were placed next in the same plane as the banded tendons in the E-

W direction and supported on D5 bars that spanned between two slab chairs. The N-S banded 

tendons were placed and supported on D5 bars that spanned between two slab chairs as 

shown in Figure 3.15. When the actual elevation of the tendons could not be achieved with 

D5 bars or slab chairs, a combination of D5 bar and 3/8 in. or 5/16 in. threaded rods were 

used. After the N-S banded tendons had been placed, the N-S top bars were placed in the 

same plane and supported on D5 bars that spanned between slab chairs.  

All tendons passed through 3.5 in. x 2.5 in. x 0.5in thick anchor plates that were 

attached to the slab side forms. Back-up bars were also provided behind the tendon anchor 

plates. The bars extended 4 in. beyond the edge tendons for each band of tendons. Whiffle 

tree block outs were also installed prior to placement of concrete.  

3.3.3.3 Specimen T4 

The tendon layout for Specimen T4 was a banded-banded arrangement with no minimum 

mild reinforcement, as shown in Figure 3.16. The construction process, tendon profile and 

placement sequence of tendons were the same as described for Specimen T3 in section 

3.3.3.2. The fiber was added to the concrete before placing the concrete.  
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Figure 3.16- A section of the Specimen T4 with Banded - Banded Tendons  

3.3.4 Placement of Concrete and Curing 

Prior to placement of concrete for all specimens, a mark was made 3in. above the 

formwork on the interior columnsô reinforcement to provide the contractors a reference point 

to ensure uniform slab thickness finish and also the 3 in. tall PVC blockouts to guide them in 

achieving correct slab thickness. Concrete was delivered from a local ready-mix plant in two 

trucks containing 6yd3 each. When the trucks arrived at the lab, a slump test was performed 

with a target slump of 5 in., for ease of placement. If  the slump was less than 5 in., either 

additional water or additional HRWR was added. The concrete mixture proportions are 

shown in Table 3.3. The split column for actual HRWR is the dosage for each of the two 

trucks for each slab. The concrete was transported from the truck to the slab formwork area 

using a bucket attached to an overhead crane. For Specimen T4, 84.3lb/yd3 of fibers were 

added to the mix and mixed thoroughly for uniform distribution at the batching plant. 

Specimen T1 and T3 had the same mixture proportions as T4, except there were no fibers in 



63 
 

the mixtures. Note that this was identical to Specimen T2 presented in Rosenthal, (2019). For 

Specimen T1, there was a significant difference in the properties between Truck 1 and Truck 

2.  This was because the slab was cast on a warm day in July 2018 and it was requested that 

the mix water be chilled.  For the first truck it was not, so HRWR was needed to get the 

required slump.  The second truck had chilled water and arrived with the correct slump, so no 

additional HRWR was added.  For Specimen T3, the slump was adjusted by adding water to 

the truck at the lab.  The same amount of water was added to both trucks.  

The concrete was placed, spread, vibrated and screeded with a steel angle until the top 

of the slab flushed with the 3in mark at the interior columns and the top of the whiffle tree 

PVC block-out pipe. The section of the slab cast with each truck is provided in Appendix B 

as well as detail concrete test results. Concrete cylinders, prisms and beams were made for 

compressive strength, shrinkage, creep and flexural tests from each truck. The 6in. x 12in. 

cylinders were made for compressive and creep tests while 4in. x 8in. were made for modulus 

and to monitor strength gain up to 28-day strength. Table 3.4 shows the summary of the 

concrete tests for all the specimens. Additionally, six flexural beams were made and sent to 

TEC service for flexural testing based on ASTM C1609 and EN14651 guidelines. The result 

summary from the flexural tests is provided in Appendix C. 

Table 3.3-Mixture Proportion for Specimens 

Constituent 
T1  

Weight (lbs) 

T3  

Weight (lbs) 

T4         

Weight (lbs) 

Portland Cement 714 714 714 

#9 Aggregate 1571 1571 1571 

Natural Sand 1285 1285 1285 

Fibers (Bekaert RC-80/30-BP) - - 84.3 

Water 371 371 386 

Design HRWR 4 oz/cwt 4 oz/cwt 4 oz/cwt 

Actual HRWR 

oz/cwt 
8 4 4 4 6 6 

Design w/c ratio 0.52 0.52 0.54 

Actual w/c 0.52 0.54 0.54 
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Table 3.4- Compressive Strength Results at 28-day and Testing Day 

Slab Truck 28-day Strength, psi Strength on Test Day, psi 

T1 
Truck 1 6070 

5640 
6360 

5630 
Truck 2 5210 4900 

T2* 
Truck 1 7770 

7610 
7710 

7670 
Truck 2 7440 7620 

T3 
Truck 1 5770 

5850 
5860 

5910 
Truck 2 5930 5960 

T4 
Truck 1 6290 

6170 
6290 

6170 Truck 2 6040 6040 

*Data from Rosenthalôs thesis (Rosenthal, 2019) 

3.3.5 Data Acquisition and Instrumentation Plan 

This section describes the instrumentation used for each specimen in this research 

program. Data were collected during stressing of the tendons and at each loading phase of 

each specimen. Three independent data acquisition systems were used for the test and several 

sensor types were employed. The data acquisition systems used during the testing program 

were the Campbell Scientificôs CR5000, CR9000X and Bridge Diagnostic Inc (BDI) system. 

The CR5000 was used for the long-term measurements while the CR9000X and BDI system 

were used during the actual testing of the Specimens. All the sensors connected to these 

systems are outlined in the following sections. There are a few differences between the 

locations and number of sensors used for each specimen due to differences in the tendon and 

reinforcing layouts.  

3.3.5.1 Specimen T1 

Load cells were attached to the dead and live end of one tendon in each direction to 

monitor stresses during jacking and seating as well as long term losses. The load cells were 

permanently attached to monitor the tendon force from the time of stressing to testing day. 

Load cells were also placed below eight select columns to measure the reactions during 

testing. Vibrating wire gages were used to measure the longitudinal concrete strain at the 
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mid-depth of the slab by embedding them in the concrete. The locations and labels of these 

gages are shown in Figure 3.17.  

 

Figure 3.17- Layout of Load Cells and Vibrating Wire Gages 

 

The vibrating wire gages were carefully placed at the mid-depth of the slab and 

attached to the formwork prior to placement of concrete. The load cells under the columns, 

on the post-tensioning and the Vibrating Wire Gages (VWGs) were all connected to the 

CR5000 and started recording data just prior to the beginning of stressing tendons. The load 

cells were all calibrated using the Forney compression testing machine, with the load cells 



66 
 

connected to the CR5000.  The calibration factors for the VWGs were provided by the 

manufacturer.   

The CR9000X data acquisition system was used only during the load tests. Two 

Pressure transducers, thirty-two electrical resistance strain gages, twelve string 

potentiometers and three LVDTs were connected to the CR9000X data acquisition system.  

Electrical resistance gages were mounted on the reinforcing bars which were embedded in the 

concrete to measure the steel strains. Twelve of the electrical resistance strain gages were 

mounted on some of the embedded bottom reinforcing bars. The gages were approximately at 

the middle of the bars and the locations of these bars are shown in Figure 3.18. The 

remaining twenty strain gages were mounted on the embedded top reinforcing bars at three 

select columns. These gages were at the face of the columns, the locations and designations 

are shown in Figure 3.19.   

A total of twelve string potentiometers were used to measure the mid-span deflection 

of the bays. They were calibrated immediately prior to testing using a height gage and they 

were attached to the underside of the slab prior to testing. The location of the string 

potentiometers and bay designation are shown in Figure 3.20. Three LVDTs were also used 

to monitor the vertical movement of the portal frames to which the string potentiometers were 

attached. The LVDTs were attached at the portal frames below bays 2, 3 and 4 and the 

recorded data from these bays were used to analyze the deflection results of other similar 

bays. The details of the portal frame will be discussed later in Section 3.2.8 

The CR9000X system also recorded data from two pressure transducers which 

monitored gage pressure on the two hydraulic pumps used with twelve hydraulic rams to load 

the slab. The rams were each calibrated with the pressure transducers in the Forney test 

machine to get an accurate relationship between line pressure and applied load. One pressure 

transducer was attached to the hydraulic system that loaded the three overhang bays, while 
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the second pressure transducer was attached to the hydraulic system that was used to load the 

nine standard bays. 

 

Figure 3.18- Location and Designations of Electrical Resistant Gages Mounted on Bottom 

Reinforcing Steel 
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Figure 3.19- Location and Designations of Electrical Resistant Gages Mounted on Top 

Reinforcing Steel 

 The wiring diagrams and program codes used for the CR5000 and CR9000 data 

acquisition systems are provided in Appendix D.  
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Figure 3.20- Location of String Potentiometer and Bay Numbering 

 Concrete strains were measured with surface mounted strain transducers that were 

bonded to the top of the slab along one column line and at the bottom of the slab along the 

mid-span in both directions. The transducer layout for the top of slab and bottom of slab with 

designations are shown in Figure 3.21 and Figure 3.22 respectively. The strain transducers 

used were manufactured by Bridge Diagnostics Inc (BDI) and they have a full Wheatstone 

bridge using four bonded strain gages. The configuration allows the gages to compensate for 

thermal output and reduce the effect of the length of cable compared to a standard quarter 

bridge bonded strain gage. The gages were calibrated by the manufacturer and the 
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measurements obtained are accurate to within 2% of the actual value. There were 19 

transducers on top of the slab, and they were placed along one columns line in each direction, 

at the face of the columns where the highest strains were expected. The strain transducers on 

top of the slab were attached prior to stressing of the tendons to obtain the strain distribution 

at the end of stressing. After stressing they were removed to allow for casting of the upper 

part of the column stubs and placed back at the end of casting of the upper column stubs. A 

total of 13 transducers were attached to the underside of the slab and all the strain gages were 

connected wirelessly to the base station which collected all data.  

 

Figure 3.21- Layout of BDI Gages on Top of Slab 
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Figure 3.22- Layout of BDI Gages on Bottom of Slab 

3.3.5.2 Specimen T3 

The instrument layout for Specimen T3 was similar to Specimen T1, but with some 

few differences. The prestressing forces in the tendons were measured with the same load 

cells used for Specimen T1. However, because the tendon layout was different from 

Specimen T1, the location of the load cells was different and is as shown in Figure 3.23. The 

column reactions were also measured in the same manner as Specimen T1, the location of the 

load cells and designations are shown in Figure 3.23. Unfortunately, Load cell 8 (LC8) was 

not functioning properly prior to loading of Specimen T3, therefore it didnôt give any useful 
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data during loading. All load cells were connected to the same CR5000 used for Specimen T1 

in the same manner. Vibrating wire gages were not used for Specimen T3 because they didnôt 

give any useful data during load testing of Specimen T1, hence the research team felt they 

were not necessary.  

 

Figure 3.23- Layout of Column and Tendon Load Cells 

A total of 40 electrical resistance strain gages were used and they were mounted on 

the reinforcing bars which were embedded in the concrete to measure the steel strains. 

Twenty of the electrical resistance strain gages were mounted on some of the embedded 

bottom reinforcing bars in the same manner as Specimen T1 and the locations of these bars 

are shown in Figure 3.24. The remaining 20 strain gages were mounted on the same 
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embedded top reinforcing bars as shown in Figure 3.19 of Specimen T1. These gages were at 

the face of the columns, the locations and designations are shown in Figure 3.19 of Specimen 

T1. The vertical deflections during load testing were measured with the same string 

potentiometers and LVDTs as described for Specimen T1. 

 

Figure 3.24- Location and Designations of Electrical Resistant Gages Mounted on Bottom 

Reinforcing Steel 

The CR9000X system was setup in the same way for Specimen T1 and it recorded 

data from two pressure transducers which monitored gage pressure on the two hydraulic 

pumps used with twelve hydraulic rams to load the slab. Concrete strains were measured in 

the same manner as Specimen T1 and the surface mounted strain transducers were bonded to 

the top of the slab along one column line and at the bottom of the slab along the mid-span in 
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both directions. The layout and designation of the gages are shown in Figure 3.25 and Figure 

3.26. 

 

Figure 3.25- Layout of BDI Gages on Top of Slab 
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Figure 3.26- Layout of BDI Gages on Bottom of Slab 

3.3.5.3 Specimen T4 

The instrumentation plan for Specimen T4 was the same as for Specimen T3 apart from 

electrical resistance foil strain gages. Electrical foil strain gages were not used since 

Specimen T4 was reinforced with fiber and not conventional reinforcement. The prestressing 

force along the tendon, the column reactions and the vertical deflection during load testing 

were measured with the same sensors and in the same way as described for Specimen T3. 

The locations of the load cells and string potentiometer with their designation are as shown in 

Figure 3.23. BDI gages were used to measure concrete strains in the same manner as 
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described for Specimen T1. The layout and designation of the gages are shown in Figure 3.27 

and Figure 3.28. 

 

Figure 3.27- Layout of BDI Gages on Top of Slab 
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Figure 3.28- Layout of BDI Gages on Bottom of Slab 

3.3.6 Dead Load Compensation 

As previously mentioned, to fully understand the behavior of the prototype slabs, one-

third scale models were developed, constructed and tested. The scaling down of the prototype 

by a factor of three resulted in significant reduction in the self-weight compared to the 

prototype slabs. The scaling down of the prototype from 9in. thick to scale model of 3in. 

thick resulted in a loss of 6in. thickness of concrete self-weight. As a result, the total weight 

that needs to be compensated for was 72.5 psf. which is equivalent to the weight of a 6in. of 

concrete. Consequently, the loss in self-weight was compensated for by placing extra dead 
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load blocks on the test models prior to stressing of the tendons to satisfy model similitude 

requirements. The blocks were placed three days after the slabs had been moist cured. The 

whiffle tree loading system, which is described later in this document, provided 

approximately 10.5 psf of the dead load compensation while the blocks contributed 62 psf. 

Solid masonry blocks were purchased locally and arranged on the flat one-third scale model. 

The blocks were arranged uniformly to simulate a uniformly distributed load. For typical 

standard bay, 12in x 12in. x 8in. blocks weighing about 80 lbs each were used and arranged 

as shown in Figure 3.29. Figure 3.30 shows the dead load blocks in place on Specimen T1. 

 

Figure 3.29-Layout of Dead Load Compensation Blocks for Typical Standard Bay 

 

Figure 3.30- Specimen T1 with Dead Load Blocks 
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For the overhang bays, twenty-five 16in.x 8in. x 8in. blocks weighing 60 pounds each 

were used. It was envisioned that the negative moment yield lines would form at the column 

lines. Therefore, as shown in Figure 3.29, the blocks were arranged in such a way that the 

column lines were visible. Note, analysis by Inerker, (2018) confirmed moments from block 

arrangement were close to uniformly distributed load.   

3.2.7 Prestressing Operation 

The stressing operations for all specimens followed the same process and sequence 

described below. The N-S tendons were stressed first followed by the E-W tendons. All 

specimens were stressed after placing all the dead load compensation on the slabs and 

approximately 8 days after placing the concrete, slab still supported on forms and shoring. 

The minimum design compressive strength at stressing was 3000 psi, consequently the 

stressing operation began when the strength was above the required strength. Table 3.5 shows 

the strength at stressing of all the specimens. 

Table 3.5- Compressive Strength at Stressing 

Specimen 
Strength at Stressing (psi) 

Truck 1 Truck 2 Average 

T1 5784 4448 5115 

T2 6932 6572 6752 

T3 5183 4776 4980 

T4 6290 6040 6170 

The stressing setup consisted of a stressing chair, P-3500 Strain Indicator, load cell, 

actuator and a hydraulic pump. The stressing chair was fabricated with HSS members which 

consisted of two HSS 2.5x1.5x 3/16in. welded to an HSS 3x2.5x1/4in. section as shown in 

Figure 3.31. The tendon design effective force after all losses in both directions was 9 kips, 

however, to compensate for short and long-term losses, the jacking forces for the tendons in 

the N-S and E-W directions were 10.79 kips and 10.90 kips respectively. The jacking force 



80 
 

for the E-W direction tendons was more because more losses were expected in the tendons 

due to their longer lengths compared to the tendons in the N-S direction.  The jacking force 

 

Figure 3.31- Stressing Chair 

was monitored with a temporary load cell which was connected to the P-strain Indicator. The 

temporary load cell was calibrated with the strain indicator prior to stressing to establish the 

correlation between the reading from the strain indicator and actual applied load. One tendon 

in each direction had two permanent load cells on it with one load cell on the dead end and 

the other on the live end. These permanent loads cells were used to monitor the change in 

prestressing force from time of stressing to testing day. Consequently, two stressing setups 

were used, and these are shown in Figure 3.32. 
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Figure 3.32- Typical Stressing Operation Setups 

The stressing operation began by pushing the wedges into the chuck body at the dead 

end of the tendon and making a mark so that the movement of the wedges could be monitored 

and measured. Next, the wedge and chuck on the live end was pushed onto the tendon, and 

the stressing chair and the ram were set in place as shown in Figure 3.33. Also placed the 

load cell, spacers and stressing chuck/wedge. The reading on the strain gage indicator was 

zeroed and the actuator was pumped to 1.5 kips to stiffen and straighten the whole setup.   

 

Figure 3.33-Stressing of a Typical Tendon without Permanent Load Cells in Progress 
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 Due to the short stroke of the actuator, the stressing of each tendon involved two 

stages. At the first stage, the initial 1.5 kips was added to the system and the wedges at the 

live end were pushed into the chuck as far as possible with a hammer to hold the force in the 

tendon. Once the wedge had been pushed into the chuck, the force in the actuator was 

released. At the next stage of stressing, a spacer was added between the steel plate and the 

temporary load cell close to the actuator.  About 1.5 kips of load was applied to stiffen and 

straighten the assembly again. Once the assembly was deemed good and concentric, the 

wedge seating distance on the dead end and jacking end were measured and recorded. The 

piston extension and the length of the tendon from the edge of the slab to the end of the chuck 

near the load cell was also measured and recorded. The reference points for all these 

measurements are as shown in Figure 3.34.   

 

 

Figure 3.34-Stressing Elongation Measurement Reference Points 
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After taking all measurements, the load was increased to 5 kips and all the measurements 

described above were taken and recorded. Then the load was increased to 8 kips and 

measurements recorded. Finally, the load was increased to the final jacking loads and all 

measurements recorded. For the N-S tendons, the final load was 10.79 kips while for the E-W 

tendons, the final load was 10.90 kips. The final elongations were compared to the predicted 

elongations after stressing of each tendon. Then the wedges were pushed into the chuck body 

and hammered to hold the force in the tendon. Once the wedges were fully in the chuck as far 

as possible, the piston was retracted to reduce the load to about 1 kip, the piston extension, 

wedge seating distance on both the dead and jacking end were measured and recorded. These 

measurements were used to calculate the actual seating loss of the tendon. All the 

measurements taken during stressing of each tendon were recorded in a pre-made excel 

spreadsheet for each tendon, which are provided in Appendix E. The stressing of all the 

tendons for each specimen took approximately two days to complete after which the forms 

were removed to allow for installation of the whiffle loading system. 

3.3.8 Loading System 

To satisfy model similitude requirements, the reduction in self-weight after the scaling 

down of the prototypes was compensated by dead load on the slabs prior to stressing and the 

whiffle tree loading system. The whiffle trees weigh approximately 13 psf. Note that the 

whiffle tree weight and the dead load compensation blocks altogether was 72.5 psf, which is 

equivalent to 6 in. of concrete. The slabs were loaded by pulling down with 16-point loads in 

each bay and four-point loads on each overhang to simulate a uniformly distributed load. 

Note preliminary analysis by Inerker, (2018) showed moments were very similar. 

 The whiffle tree loading system is based on transfer of a single point load onto 

sixteen load points over the area of the slab. This was accomplished using an underslung 

whiffle tree system shown in Figure 3.35, for one bay. The lowest beam of the system ran 
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through a portal frame that was attached under each bay. The portal frame was attached to a 

W10x49 section which ran perpendicular to and was bolted to the laboratoryôs strong floor 

beams. The layout of the strong floor and the W10x49 sections are shown in Figure 3.36. The 

lowest part of the whiffle tree system shown in Figure 3.34 was pushed down with a 25-ton 

actuator that was attached under the beam of the portal frame. The details of the portal frame 

are shown in Figure 3.37. The center of each portal frame was directly below the center point 

of each bay. 

The whiffle tree system consisted of four levels which were fabricated from hollow 

sections, W sections and double channels sections. The details of the whiffle tree components 

are shown in Figure 3.38. 

 

Figure 3.35-Schematic of the Whiffle Tree Loading System 
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Figure 3.36-Layout of the Strong Floor with W Sections Running Across 

 

Figure 3.37-Details of Portal Frame under Each Bay 
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Figure 3.38-Details of Components of the Whiffle Tree 

The lowest level of the whiffle tree consisted of a single W8x40 beam that was 

connected to two double channels with a 24,000lbs capacity shackles and 30000lbs master 

links. The double channels were connected to the HSS 5x3x1/4in. with 10000lbs capacity 

shackles and 12300lbs master links. The 5x3x1/4in. HSS sections were then connected to the 

top level HSS 4x2x1/4in with 4000lbs capacity shackles. Eyebolts were passed through the 

slab at 16 points in each bay, these eyebolts were then connected to the HSS 4x2x1/4in. 

sections with 2000lbs capacity shackles. 6in. x 6in. x 3/8in. bearing plates were provided at 

each eyebolt location to spread the load and prevent stress concentration at the points of 

attachment of the slab.  

For the overhang bays, the whiffle tree components were different from the ones used 

for the standard bays. The overhang whiffle tree consisted of only two levels. The lowest 

level was a W8x40 spreader beam that was below the actuator and it passed through the 

portal frame. Two threaded rods connected the W8x40 to the top HSS 4x2x1/4in. that was 
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attached to the slab. The HSS 4x2x1/4in. was then connected in the same manner as the main 

bays to the slab. The full whiffle tree for the overhang is shown in Figure 3.39. 

 

Figure 3.39-Typical Overhang Bay Whiffle Tree 

Additionally, the whiffle tree design of Bay 9 was different from the other main bays. 

This is because there was a reaction block from another project that extended below the slab 

at the laboratory. Consequently, the whiffle tree under Bay 9 had to be modified to 

accommodate this reaction block. The concept of the whiffle tree was still the same, however, 

it consisted of two levels below the slab and two level above the slab. The lowest level 

consisted of a W8x40 that was connected to the double channels with two threaded rods. 

Threaded rods were then used to connect the double channels directly to the two top levels 

placed above the slab. The third level consisted of HSS 4x2x1/4in. that supported the top 

HSS 5x3x1/4in sections. The full details of this assembly are shown in Figure 3.40. 
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Figure 3.40-Whiffle Tree for Bay 9 

 The load was applied to the center of the all the bottom-most spreader beams, and the 

load was spread out to the sixteen points of attachment to the slab, at each main bay. The nine 

hydraulic rams for the full bays were connected to one pump, so all were operating under the 

same line pressure and had approximately the same applied load.  The three rams for the 

overhangs were operated with a separate pump, since they only had one fourth of the load on 

the main bays. The manifold for the overhang and bays were equipped with a pressure 

transducer each to monitor the gage pressure on the two hydraulic pumps and the transducers 

were connected to the CR9000X data acquisition system. Figure 3.41 shows the dead load 

compensation blocks and whiffle tree after installation below the slab. 
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Figure 3.41ςTypical Test Slab with Dead Compensation Blocks and Whiffle Tree. 

3.3.9 Materials 

¶ D5 Deformed Bars 

The bonded reinforcement used for this research project consisted of D5 deformed 

wire with cross-sectional area of 0.05 in2 and diameter of 0.25 in. The theoretical yield 

strength was 70ksi. However, coupon tests performed on three samples which were 20in. 

long showed that the average yield strength of the three samples tested was 82ksi, modulus of 

27190ksi and ultimate strength of approximately 92ksi. The stress-strain relationship for the 

samples are shown in Figure 3.42. 

¶ Strands 

The strands were grade 250ksi encapsulated with an area of 0.058in2 and the diameter 

was 5/16in. The strands were encapsulated in plastic sheathing filled with specially 

formulated grease to reduce friction and protect the steel from corrosion. Coupon tests 

performed on two samples which were 2 ft long showed that the average yield strength of the 
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two samples tested was 228ksi based on 0.01 strain and average modulus of 27630 ksi. The 

coupon test was stopped before ultimate in other not to damage the extensometer and since 

the ultimate strength of the tendons were not reached during actual slab testing, the ultimate 

strength was not of high importance. The ultimate strength of will obviously be greater than 

250 ksi. The stress-strain relationship for the samples are shown in Figure 3.43. 

 

Figure 3.42ςStress-Strain Relationship for D5 Rebars 

 

Figure 3.43ςStress-Strain Relationship for Strands 
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3.3.10 Dimension Analysis 

Similitude is an important concept in testing of engineering models. Care must be 

taken to properly scale the model so that there is geometric (shape) and dynamic (stresses) 

similarity between the full-scale prototype and the model. There is a need to have geometric 

similarity between the model and the prototype without altering the boundary and loading 

conditions. The purposes of the dimensional analysis are to generate nondimensional 

parameters that helps in the design of the experimental setup and to obtain scaling laws so 

that the behavior of the prototype can be predicted from the scaled model behavior. The proof 

of similitude of the prototype and scaled model is shown below. The parameters considered 

for this analysis are listed below. 

¶ ♬: Stress 

¶ q: Distributed load 

¶ l: Slab panel length 

¶ t: Slab thickness 

¶ Kc: Column stiffness 

¶ ŭ: deflection 

¶ E: Elastic modulus 

¶ m: Equivalent distributed Mass 

The fundamental quantities considered are; 

¶ L: Length 

¶ M: Mass 

¶ T: Time 
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The parameters in terms of dimensional quantities are; 

 

 

 

 

 

 

 

 

The corresponding dimensionless parameters are as follows and the subscript ñdò 

means dimensionless; 
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Hence from the above equations, the similitude ratios for a one-third scale model and 

prototype are shown below. Subscript ñmò means model and ñpò means prototype.   

For a one-third scale model,  

 

 

 

 

 

 

From above, the uniformly distributed load and stresses (See Equations 19 and 21) 

would be the same for the model and prototype. The deflection and column stiffness of the 

model is one-third and one-twenty seventh (See Equations 18 and 20) of the deflection and 

column stiffness of the prototype respectively. The scaled model dimensions were obtained 

from dimension analysis shown above. Figure 3.44 shows the prototype and model column 

configurations.  
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                       Prototype                                                                            Model 

Figure 3.44- Column Configurations 

From above,  

 

 

 

 

Where: 

¶ bm is one dimension of the square model column

¶ bp is one dimension of the square prototype column

¶ lp is the height of the prototype column 

¶ lm is the height of model column 

Using Equation 24, the column height of a one-third scaled model with pin far end 

column type will be 15 in. measured from the center of the column-slab connection. 
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Chapter 4 - Experimental Behavior of Specimen T1 and Discussion 

The following sections discuss results from stressing of Specimen T1 as well as load 

test results, up to ultimate failure of the slab. This is the baseline specimen with banded-

uniform tendon arrangement and bonded mild reinforcement as required by ACI 318 (ACI 

318, 2019). 

4.1 Stressing Results 

 The stressing of the tendons started on July 16, 2019 and was completed on July 17, 

2019. Stressing sheets were made for each tendon and these are provided in Appendix E. The 

stressing sheets were computed with a friction coefficient of 0.12 and wobble coefficient of 

0.00009/ft which were determined from trial slab testing. The results of the trial slab testing 

can be found in Rosenthal (2019).  

4.1.1 Tendon Force 

Using the predetermined friction coefficient and wobble coefficient from the trial 

slab, the average measured tendon elongation was 0.7% less than the expected elongation. 

However, to accurately determine the actual average tendon force of the tendons, a corrected 

friction coefficient of the tendon was back calculated using a solver, by changing the 

measured elongation until it was equal to the expected elongations at the end of the stressing 

of the tendon. This process was repeated for all thirty-three tendons and the average corrected 

friction coefficient was 0.17. Note that the wobble coefficient used was the same value from 

the trial slab testing and this was held constant for all tendons. 

The average jacking forces for the tendons in the banded direction (N-S) was 

determined to be 10.78 kips while the average jacking force in the uniform direction (E-W) 

was 10.86 kips. Using the jacking forces, the average corrected friction coefficient, average 

measured seating loss and wobble coefficient, the average tendon forces in each orthogonal 

direction was determined. The average force in a tendon in the banded direction (N-S) and 
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uniform direction (E-W) after seating was 9.92 kips and 9.93 kips respectively. The measured 

seating losses for all tendons ranged from 0 to 1/8 in. Figures 4.1 and 4.2 shows the force 

distribution along the slab length in the banded and uniform direction respectively. Note that 

all tendons have the same profile in a given direction except for the two tendons that passed 

through the interior columns, in the E-W direction. 

 

Figure 4.1-Average Force Distribution in Uniform Tendon (E-W) immediately after Stressing 

 

Figure 4.2-Average Force Distribution in Banded Tendon (N-S) Immediately after Stressing 
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As expected, the tendon force is not constant along the length of the tendons, it is 

higher at the jacking end and lower at the dead end of the tendon before seating losses. This 

is because of the friction generated between the sheath and the tendons which resulted in 

losses during stressing. Pulling the tendons during stressing resulted in friction loss that 

varied and increased with the distance from the live end. Conversely, the tendon force at the 

jacking end is lower than the force at the dead end immediately after seating losses, for both 

directions as shown in Figures 4.1 and 4.2. The likely reason for this is because of the short 

length of the slab, hence short length of tendon. Note that the design assumed final effective 

force was 9 kips. 

4.1.2 Measured Concrete Strain and Stress at Mid -Depth of the Slab 

The vibrating wire gages were used to measure the longitudinal concrete strains at the 

mid-depth of the slab, at select bays during stressing. The strains were converted to stresses 

using the modulus of elasticity determined from testing of concrete cylinders. For reference, 

the designation of the gages is shown in Figure 3.16 and the modulus measured strains with 

corresponding stresses are shown in Table 4.1. 

Table 4.1- Concrete Strains at Mid-depth of slab 

Gage Change 

in 

Strains at 

the end 

of 

Stressing 

on Day 1 

(µstrain) 

Change in 

Strains 

Overnight, 

end of day 

1 to 

beginning 

of day 2 

(µstrain) 

Change 

in 

Strains at 

the end 

of 

Stressing 

on Day 2 

(µstrain) 

Modulus 

(ksi) 

Stress from 

Instantaneous 

Strain (psi) 

VWG1 -30 -12 5 3870 -116 

VGW2 -14 -9 -13 3500 -94.5 

VGW5 -30 -13 3 3500 -116 

VGW3 6 5 -31 3500 -109 

VGW4 2 -11 -29 3500 -102 

VGW6 4 -12 -29 3870 -112 
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Proper interpretation of the results in Table 4.1 depends largely on understanding the 

stressing sequence of the tendons in both directions and the orientation of the gages shown in 

Figure 3.16. Referring to Figure 3.16, the banded tendons (N-S direction) along column lines 

B, C and D were stressed on the first day and the orientation of gages VGW1, VGW5 and 

VGW2 is parallel to banded tendons. Gages VWG1 and VWG5 were closest to the stressed 

banded tendons compared to gage VGW2. Consequently, the closest gages to the stressed 

tendons measured higher compressive strains as shown in Table 4.1. However, the gages that 

have their orientation perpendicular to the stressed tendons (3, 4 & 6) measured tensile strains 

due to Poisson effect. On the second day, the fourth banded tendons along column line A and 

the uniform direction tendons were stressed. Stressing began with the banded tendons along 

column line A and gage VGW2 is the closest gage to this column line, which is why it 

measured compressive strain. At the end of stressing on the second day, the gages whose axes 

were parallel to the stressed tendons measured compressive strains while gages perpendicular 

measured tensile strains due to Poisson effect. The gages were left to record data from end of 

stressing on first day to beginning of stressing on the second day and as shown in Table 4.1, 

the change in strain overnight is likely due to creep and shrinkage and this phenomenon was 

apparent in most of the gages. The measured strains with no Poisson effect across the banded 

and uniform direction tendons are shown in Figures 4.3 and 4.4. 

 

Figure 4.3-VWG Measured Strains across Banded Direction (N-S) after Stressing 
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Figure 4.4-VWG Measured Strains across Uniform Direction (E-W) after Stressing 

The measured strains were less than the strains determined using equivalent frame 

method (EQF) considering just the effect of the prestressing. However, the measured strains 

are in general agreement with the EQF strains. The average measured strain from VGWs is 

approximately -31 ɛŮ while the predicted strain from equivalent frame is -38 ɛŮ (obtained by 

converting stress to strain using measured modulus), assuming the slab does not take any of 

its self-weight since the shores are still in place when stressing. 

4.1.3 Measured Concrete Strain and Stress on Surface of Slab after Stressing 

BDI gages were used to monitor the concrete strains along one critical column line in 

each direction. These gages were mounted on the top surface of the slab along column lines B 

and 2 (Refer to Figure 3.21 for the location of these gages). The concrete strains were plotted 

for gages along a specific line to illustrate the strain distribution. The strain distribution along 

the uniform tendon direction (Column line 2) and banded tendon direction (Column line B) at 

the end of stressing are shown in Figure 4.5 and Figure 4.6 respectively. The predicted strains 

from the equivalent frame method considering self-weight and prestressing only are also 

shown in both graphs. As shown in both plots, the measured strains and the predicted strains 

from equivalent frame considering just prestressing are in general agreement. However, the 

measured strains are higher in the immediate vicinity of the columns compared to the 

predicted strains from equivalent frame. This is because the equivalent frame is an 
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approximate method which assumes the strains distribution across a strip is uniform which is 

not true. General observation of the plots show that the slab is in compression since the 

shores are still in place and the slab has not taken any of its self-weight. 

 

Figure 4.5-Strain Distribution at Top of Slab along Column Line 2, at End of Stressing 

 

Figure 4.6-Strain Distribution at Top of Slab along Column Line B, at End of Stressing 
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4.1.4 Deflections Prior to Load Testing 

Deflections of the slab were measured after stressing of the tendons and removal of 

shores.  This was performed using a laser level permanently mounted on a steel column and a 

ruler with increments of 1/32 in.  The zero position was after the slab had been moist cured 

for 7 days, and all the dead load compensation blocks had been placed, but the slab was still 

fully supported on the forms and shoring towers.  The other times of deflection measurement 

were after stressing, after the shoring towers were lowered and the forms removed. 

Deflections were not measured after the whiffle trees were in place because of change in 

position of the reference point, of the laser level due to human error. Table 4.2 presents the 

deflection change relative to the zero after stressing the tendons and after lowering the forms.  

The positive sign indicates upward camber while negative sign indicates downward 

deflections. The bay numbers are as shown in Figure 3.19. 

Table 4.2.  Deflections Prior to Testing 

Bay Number After Stressing (in.) After Lowering Forms (in.) 

1   + 1/16 - 1/8 

2   + 1/16 -1/8 

3 0       - 1/8 

4   + 1/16 -1/32 

5   + 1/32 -1/16 

6   + 1/16 -1/16 

7 0       - 1/8 

8 0       0 

9   + 1/16 -3/32 

10 0       - 1/8 

11 0       -1/8 

12   + 1/16 0 
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4.1.5 Cracks after Stressing and Removal of Formwork 

 Cracks were monitored after stressing and after the shores were lowered. The crack 

map after stressing and removal of formwork is shown in Figure 4.7. The black cracks were 

observed after the stressing operation was completed. Most of the cracks observed after 

completion of stressing were hairline in nature with a width Ò 0. 1mm (Ò 0.004 in.) except for 

cracks at column B3. The width of the cracks at this column are approximately 0.25 mm 

(0.01 in.). and most of the cracks started from the face of the columns and propagated 

outwards. The grey cracks were observed after the shores had been completely lowered and 

removed. All cracks formed were hairline in nature and were Ò 0.1 mm (Ò 0.004 in.). In 

summary, cracks were only observed at the four interior columns where the moments are 

highest, and no bottom cracks were present. 

 

Figure 4.7-Crack Map after Stressing and Removal of Shores 
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4.2 Load Test Results 

On the first day of loading, the slab was accidentally loaded in increments of 50 psf 

instead of 5 psf due to a factor of 10 in the data acquisition system, the error was detected at 

100 psf.  At this point bottom cracks were noticed, and the slab was unloaded. After 

unloading, the slab was loaded in increments of 5 psf to the full-service load value which is 

44 psf of applied load plus 72.5 psf in self-weight compensation and 37.5 psf of slab-self 

weight. The design loads are shown in Table 4.3a and the concrete properties at testing are 

presented in Table 4.3b for reference. At each load increment cracks were marked, measured 

and fully documented, reactions were recorded at select columns, tendons stress increases 

were measured using load cells on both live and dead end at select tendons. Deflections were 

measured at the center of each bay and reinforcement strains were measured in the positive 

and negative moment regions at select locations. In total, the slab was subjected to three 

loading and unloading cycles on the first day. On the second day, the slab was subjected to 

three loading and unloading cycles before loading to ultimate failure. Figure 4.8 shows the 

loading cycle for the two days over a period of about 10 hours. 

 

Figure 4.8-Loading history 
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Table 4.3a-Design Load 

Design Loads (psf) 

Self-Weight 37.5 

SDL 20 

Dead Load Compensation 72.5 

Reduced Live Load (RLL) 24 

Applied Service Load (SDL+RLL) 44 

Service Load (DL+LL) 152.5 

Factored Load (1.2DL + 1.6LL) 191 

Applied Factored Load  84.4 

 

Table  4.3b: Concrete Properties 

Property Truck 1 Truck 2 Average of Trucks 

Compressive Strength (psi) 6360 4900 5630 

Splitting Tensile Strength (psi) 520 500 510 

Modulus of Elasticity (ksi) 4000 3415 3710 

Modulus of Rupture (psi) 895 785 835 

 

4.2.1 Average Effective Tendon Forces 

Two load cells were permanently placed on the dead and live ends of one tendon in 

each direction to monitor the long-term losses before load testing. The average loss in each 

direction is based on the change in prestress force on the dead and live end load cells. Table 

4.4 summarizes the average force per tendon after seating, long-term losses (between 

stressing and testing day) and the average force per tendon on the testing day.  The average 

force immediately after stressing was determined based on measured stressing forces and 

elongations as described in section 4.1.1 of this document. 
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Table 4.4.  Forces in Post-Tensioning Tendons 

 

 

 

 

 

The average precompression prior to testing in the banded direction and uniform direction 

are 126.4 psi and 126 psi respectively. These values are just above the ACI minimum of 125 

psi in section 8.6.2.1 of ACI 318-19 (ACI 318, 2019). 

4.2.2 Service Load Performance 

The service load deflections measured with string potentiometers, for all the bays are 

shown in Figure 4.9a through Figure 4.9c. The bay designations are also shown on these plots 

and these deflections were measured on the second application of load to service load of 44 

psf in increment of 5 psf. The deflections measured at the first application of 50 psf were 

approximately the same as the deflections at the second application of load to service load of 

44 psf. The deflections shown in Figures 4.9a-c are only due to applied load and do not 

include the deflections due to dead load reported in Table 4.2. The load deflection curves at 

service were linear and when unloaded the deflections were fully recovered for all bays. The 

tie rods installed at the edge columns to control lateral movements were also very loose at 

service level loads. This showed that they had no influence on the performance of the slab at 

service level loading. 

General observation of the slab showed that the exterior bays deflected more than the 

interior bays. This is because the interior bays have more bending restraint due to 

surrounding bays compared to the exterior bays, hence the interior bays are stiffer than the 

 Stress (ksi) 

Average Force per Tendon 

Immediately after Seating 

(kips) 

Banded 9.92 171 

Uniform 
9.93 

171 

Average Loss per Tendon 

(kips) 

Banded 0.82 14 

Uniform 0.87 15 

Average Effective Force per 

Tendon Immediately prior to 

Testing (kips) 

Banded 9.10 157 

Uniform 
9.06 

156 
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exterior panels. The deflection limit given by ACI 318 (ACI 318, 2019) for live load 

deflection is L/360, this is equal to 0.33 in. for the main bays and 0.167 in. for the overhangs. 

As shown in Figure 4.9, no bay deflection exceeded this limit even though the service-level 

loads also include deflections due to superimposed dead loads.  

 

Figure 4.9a-Service Load Deflection of Bays 1-4 

 

Figure 4.9b-Service Load Deflection of Bays 5-8 
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Figure 4.9c-Service Load Deflection of Bays 9-12 

Figure 4.9-Service Level Load Deflection Curves 

Reinforcement strains were also monitored at service level load and the maximum 

strain at service was 363 µstrain (11 ksi) in top reinforcement at Column C3. There was no 

sign of yielding in any of the reinforcement monitored at service load. Cracks were 

extensively measured and documented prior to loading and at every 10 psf increment of 

applied load up to the point where the slab was deemed safe to climb upon. As mentioned 

previously, top cracks were observed at the faces of the four interior columns after removal of 

formwork. These cracks were due to self-weight of the slab and dead load compensation. 

Some new cracks formed due to the applied load while the previous cracks that formed due to 

dead load grew in width at service load. 

Table 4.5 presents the width of the maximum cracks observed at the face of the four 

interior columns while Figure. 4.10 shows the location of all the cracks that were observed at 

the service-level loading condition, this includes the cracks observed prior to application of 

load. The crack measurement used for service load condition was the first application of 

accidental 50 psf, since this was close to the actual service load of 44 psf and both 
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measurements were approximately the same. The only cracks that were observed were 

located at the top of the slab around the columns where the anticipated tensile stresses were 

highest. There was no indication of continuous cracks beginning to form and there was no 

reinforcement yielding at this point. At accidental 100 psf of applied load, narrow bottom 

cracks formed, and the bottom cracks were wider near mid-bay and smaller along column 

line. This is because the bottom reinforcement perpendicular to these cracks was concentrated 

along the column lines in that direction and they restrained formation of cracks. The bottom 

cracks were generally narrow, and they completely closed after unloading when the error was 

detected. The bottom cracks that formed did not have significant effect on the performance of 

the slab as there was no significant residual deflection after unloading the slab.  

 

Figure 4.10-Crack Map at Service Level Load 
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Table 4.5: Top Crack Width at Face of Columns, at Service Level Load 

 

 

 

 

 

(Note: 1mm = 0.0394 in.) 

Referring to Table 4.5, the mean crack width was the average width of the crack along 

its length while the characteristic crack width is the crack width of same crack that was wider 

than approximately 90% of the remainder of the crack length. The maximum crack width at 

service level load was 0.25 mm (0.0098 in.) and this occurred at column B2. All cracks were 

measured with crack card. 

BDI gages were used to measure the strain distribution along two column lines on top 

of the slab and along two midspan sections at the underside of the slab. The locations of these 

gages are shown in Figures 3.21 and 3.22. The strain distribution at the top of the slab along 

column line 2 and column line B are shown in Figures 4.11 and 4.12 respectively. The strains 

shown are based on the second application of load after accidentally loading the slab and they 

are only due to the applied load in increment of 10 psf up to service load. As stated 

previously, the slab was first accidentally loaded in increments of 50 psf instead of 5 psf due 

to a factor of 10 in the data acquisition system, the error was detected at 100 psf.  At this 

point, bottom cracks were observed, and the slab was unloaded. After unloading, the slab was 

Type 

Applied Load 

(psf) 

Width 

B2 

(mm) 

B3 

(mm) 

C2 

(mm) 

C3 

(mm) 

Mean 

Characteristic 

0 0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

Mean 

Characteristic 

10 0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

<0.10 

<0.10 

Mean 

Characteristic 

20 0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

Mean 

Characteristic 

30 0.15 

0.20 

0.10 

0.15 

0.15 

0.20 

0.10 

0.10 

Mean 

Characteristic 

40 0.20 

0.25 

0.10 

0.15 

0.15 

0.20 

0.10 

0.10 

Mean 

Characteristic 

44 (Service 

load) 

0.20 

0.25 

0.15 

0.15 

0.20 

0.20 

0.10 

0.10 
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loaded in increments of 5 psf to the full-service load value which is 44psf of applied load plus 

72.5 psf in self-weight compensation and 37.5 psf of slab-self weight. In Figures 4.11 and 

4.12, the first application of 50 psf is also shown and there is a difference in column line 2 

strain distribution at column B2 and C2. The likely cause of this is because the bottom crack 

formed near mid-span, parallel to column line 2 and this crack probably reduced the strains at 

the peak regions. For column Line B, the strain distribution at second application of service 

load and the accidental 50 psf are comparable and similar in magnitude. The bottom strain 

distribution along a mid-span section in E-W direction, across the banded tendons is shown in 

Figure 4.13. Figure 4.14 shows the bottom strain distribution along a mid-span section in N-S 

direction, across the uniform tendons. The location of the line where the gages are located 

across the slab is also shown in each plot. 

 

Figure 4.11- Strain Distribution at the Top of the Slab along Column Line 2 
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Figure 4.12- Strain Distribution at the Top of the Slab along Column Line B 

 

 

Figure 4.13- Strain Distribution at Underside of the Slab, along Mid-Span in E-W Direction 
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Figure 4.14- Strain Distribution at Underside of the Slab, along Mid-Span in N-S Direction 

 Generally, the strains are higher at the immediate vicinity of the columns than at the 

mid-span locations. This is consistent with expected behavior discussed in literature and the 

strain profiles observed during stressing. This non-uniform distribution of strains necessitated 

the inclusion of top reinforcement in the immediate vicinity of the columns to limit cracks at 

peak stress regions. Overall, the service level performance was good with no sign of yielding 

of reinforcements and there was no significant increase in the tendon stress. Note that the 

strain to cause crack is 137 µstrain which is the ratio of splitting tensile strength and 

measured modulus on testing day. 

4.2.3 Factored Load Performance 

After loading to service load on the first day, the slab was unloaded and loaded 

slightly beyond factored load. The controlling factored load was 1.2D + 1.6L, which 

consisted of 45 psf of factored self-weight, 24 psf of factored superimposed dead load, 87 psf 

of factored dead load compensation and 38.4 psf of factored live load which made a total of 

197.4 psf of factored load. Hence the load to reach this factored load was 84.4 psf of applied 

load. The factored load deflections for all the bays are shown in Figure 4.15a through Figure 
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4.15c. Figure 4.15a shows the factored load deflection for Bay 1 ï Bay 4, Figure 4.15b shows 

the factored load deflection for Bay 5 ï Bay 8 and Figure 4.15c shows the factored load 

deflection for Bay 9 ï Bay 12 

 

Figure 4.15a-Load-Deflection at Factored Load for Bays 1 - 4 

 

Figure 4.15b-Load-Deflection at Factored Load for Bay 5 - 8 
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Figure 4.15c-Load-Deflection at Factored Load for Bay 9 ï 12 

Figure 4.15-Factored Load Deflection Plots 

Due to the problem with the data acquisition system which led to accidentally loading 

the slab a little beyond factored load, bottom cracks across Bays 1-4, Bays 9-12 and top 

cracks around the cantilever were noticed at 100 psf of applied load.  These cracks were 

narrow and completely closed after unloading of the slab as previously stated. However, 

plotting the load deflection curve of the first application of applied load shows that the first 

bottom crack formed at 83.2 psf of applied load across Bays 10 and 11, which is a little below 

the applied factored load. Additionally, because this was not the first application of loading 

and the slab had been loaded suddenly to 100 psf, the point where nonlinearity began could 

not be obtained in Figure 4.15.  

At factored load, the behavior of the slab was generally symmetric with similar 

exterior bays deflecting approximately the same amount. However, the maximum deflection 

at factored load was about 0.16 in. which occurred at the middle of Bay 11. The interior bays 

had less deflection than the exterior bays.  
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The top of slab crack pattern at factored applied load of 84 psf is shown in Figure 

4.16. At this point, a top crack already had formed at the cantilever due to accidental 100 psf 

load. There was also potential beginning of continuous crack at the cantilever. However, this 

is not so obvious at the four interior columns. At factored load, new cracks were noticed at 

the faces of the four interior columns, previous cracks grew in length and width. No cracks 

were noticed along column line D, this was expected since the moment at this column line is 

small. Table 4.6 presents the progression of the top of slab maximum crack widths up to 

factored load. 

 

Figure 4.16-Top of Slab Crack Pattern at Factored Load 

Table 4.6: Top Crack Width at Face of Columns, at Factored Load 
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(Note: 1mm = 0.0394 in.) 

Figure 4.17 shows the bottom crack pattern at factored load. Table 4.7 presents the 

progression of the bottom of slab cracks width from the first accidental 100 psf, unloading 

and loading to factored load. 

 

Figure 4.17-Bottom of Slab Crack Pattern at Factored Load 

 

Type 

Applied Load 

(psf) 

Width 

B2 

(mm) 

B3 

(mm) 

C2 

(mm) 

C3 

(mm) 

Mean 

Characteristic 

60 0.25 

0.25 

0.15 

0.15 

0.20 

0.20 

0.10 

0.15 

Mean 

Characteristic 

70 0.25 

0.30 

0.20 

0.20 

0.20 

0.20 

0.15 

0.20 

Mean 

Characteristic 

80 0.25 

0.30 

0.20 

0.20 

0.20 

0.20 

0.20 

0.20 

Mean 

Characteristic 

84.4(Factored 

Load) 

0.25 

0.30 

0.25 

0.25 

0.20 

0.25 

0.20 

0.25 
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Table 4.7: Bottom Crack Width at Factored Load 

 

 

 

 

 

 

 

 (Note: 1mm = 0.0394 in.) 

Referring to Figure 4.17 and as shown in Table 4.7, Crack 1 and 2 were noticed after 

the slab had been accidentally loaded in increment of 50 psf up to 100 psf. The width of crack 

1 was 0.5 mm (0.020 in.) at the mid-bays and 0.3 mm (0.011 in.) along the column lines. For 

crack 2, the width was 0.2 mm (0.0079 in.) at the mid-bays and 0.1 mm (0.0029 in.) along the 

column lines. The cracks were generally narrow at the column line due to the presence of 

concentrated mild conventional reinforcement in that direction. After unloading, the cracks 

closed and increased gradually after reloading. The bottom crack width at factored load was 

approximately the same for Crack 1 at the accidental 100 psf load.  

The load cells on the tendons at the dead and live ends indicated insignificant increase 

in force at factored load. This is because deflections were small, the number of cracks were 

limited, and crack widths were generally still small at this point. At factored load level, there 

was no yielding of the top and bottom reinforcements. Figure 4.18 and Figure 4.19 show the 

plots of load versus reinforcement strains while Figures 3.18 and 3.19 show the location and 

designation of the gages. Note that the top gauges were placed at the immediate faces of the 

select columns, on all four sides of the columns.  

Type 
Applied Load 

(psf) 

 

Crack 1 (mm) Crack 2 (mm) 

Mean 

Characteristic 

Accidental 

100psf 

0.40 

0.50 

0.1 

0.2 

Mean 

Characteristic 
0 

0.20 

0.30 

0.1 

0.2 

Mean 

Characteristic 
60 

0.30 

0.40 

0.15 

0.30 

Mean 

Characteristic 
70 

0.35 

0.50 

0.20 

0.40 

Mean 

Characteristic 
80 

0.35 

0.50 

0.25 

0.40 

Mean 

Characteristic 

84.4(Factored 

Load) 

0.35 

0.50 

0.25 

0.40 
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a) Column D1                                                    b) Column A2 (North and East Faces) 

        

b) Column A2 (South and West Faces)               d) Column C3 (South and West Faces) 

 

      e) Column C3 (North and East Faces) 

Figure 4.18- Factored Load Strains at Top Reinforcement 
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a) West-East Bottom Reinforcement                    b) West-East Bottom Reinforcement 

 

c) North-South Bottom Reinforcement 

Figure 4.19- Factored Load Strains at Bottom Reinforcement 

The load-strain plots up to service loads and factored load for all the gages, were 

linear which indicated that cracks did not affect the rate of strain increase. The maximum 

strain was approximately 350 µstrain (10 ksi) and this occurred at the top reinforcement in 

column C3. This was expected because tensile stresses are greatest at regions of high 

negative moments, which is at the immediate vicinity of the interior columns. All strain 

gauges reading at factored load indicated that the reinforcement strains were less than the 

yield strain. 
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Column loads at eight select columns (column lines B and 2 as well as corner column 

D1) were monitored at every load increment during testing.  Figure 4.20 through Figure 4.24 

show the measured column loads up to 100 psf of applied load, at select columns that had 

load cells. A plot of estimated column load assuming elastic behavior, using the area of slab 

tributary to the columns is also shown for comparison. The tributary areas used to estimate 

the column reaction at each load increment are 100 ft2 for interior column, 50 ft2 for edge 

column, 25 ft2 for corner column and 75 ft2 for edge column next to overhang. The column 

designations are as shown in Figure 3.17. 

 

Figure 4.20-Measured and Estimated Load for Interior Columns 

 

Figure 4.21- Measured and Estimated Load for Edge Columns 
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Figure 4.22-Measured and Estimated Load for Corner Columns 

 

Figure 4.23-Measured and Estimated Load for Column A2 (Overhang) 
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Figure 4.24-Sum of Measured and Estimated Column Load along Column Line 2 

As shown in Figures 4.19 through 4.24, there was reasonable agreement between the 

measured column loads at select columns and the estimated column loads based on tributary 

areas, except for corner column D1. The measured load at corner column D1 was lower than 

the estimated load as the applied load increased. This is likely due to more loads going to the 

interior columns which resulted from unsymmetrical deflection of the exterior bays, in 

continuous systems. 

The comparisons of the sums of expected load based on columns tributary areas for 

column lines B and 2, and the total measured loads are shown in Table 4.8. The sum of all the 

estimated loads of column lines 2 and B are based on 325 ft2 and 300 ft2 tributary areas 

respectively. For both column lines B and 2, the sums of measured load are in general 

agreement with the sums of expected loads at various applied load levels.  

The comparisons of the total expected load based on column tributary areas and the 

total measured load is shown in Table 4.9.  In Table 10, all columns load, and other identical 

columns were summed up and compared to the total expected load. Since not all columns had 

load cells to measure the reactions, the following assumptions about columns load were made 

to estimate the total load on the slab:  

0

5

10

15

20

25

30

35

0 20 40 60 80 100 120

S
u

m
 o

f 
C

o
lu

m
n
 R

e
a
c
ti
o

n
s
, 

k
ip

s

Applied Load, psf
All column line 2 Total Trib Area



123 
 

1) Corner column D1 = D4  

2) Edge columns B1=C1=B4=C4 

3) Column line 2 = Column line 3 

4) A1/B1 = A2/B2.  Since B1, A2 and B2 are known, A1 was solved for and assumed 

that A1=A4. 

As shown in Table 4.9, the total measured load is 8 percent less than the total 

expected load. However, the total measured load is in reasonable agreement with the total 

expected load, at different load levels.   

Table 4.8: Comparison of Measured Load on Column Lines B and 2 with Expected Load 

Applied 

Load 

(psf) 

Sum of 

Measured 

Loads on 

Column 

Line 2 

(psf) 

Sum Using 

Tributary 

Areas for 

Column 

Line 2 (psf) 

% 

Measured 

for 

Column 

Line 2 

Sum of 

Measured 

Loads on 

Column 

Line B 

(psf) 

Sum Using 

Tributary 

Areas for 

Column 

Line B (psf) 

% 

Measured 

for 

Column 

Line B 

0 0 0 0 0 0 0 

10 3.36 3.25 1.04 3.03 3 1.01 

20 6.69 6.50 1.03 6.24 6 1.04 

30 9.92 9.75 1.02 9.13 9 1.01 

40 13.01 13.00 1.00 12.05 12 1.00 

50 16.13 16.25 0.99 14.99 15 1.00 

60 19.58 19.50 1.00 18.10 18 1.01 

70 23.02 22.75 1.01 21.24 21 1.01 

80 26.45 26.00 1.02 24.33 24 1.01 

90 29.66 29.25 1.01 27.06 27 1.00 

100 32.84 32.50 1.01 30.11 30 1.00 
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Table 4.9: Comparison of Total Measured Load with Expected Load 

Applied 

Load 

(psf) 

Sum of 

Two 

Corner 

columns 

(assumed 

D1=D4) 

(psf) 

Sum of 

Loads on 

Column 

Lines 2 

and 3 

(Assumed 

column 

line 

2=Column 

line 3) 

(psf) 

Sum of 

Loads on 

Four 

Edge 

columns 

(assumed 

B1=C1, 

B4=C4) 

(psf 

Sum of 

Loads on 

Overhang 

Columns 

(psf) 

Total 

Column 

Load 

(psf) 

Total 

Load 

based on 

Tributary 

Area 

(psf) 

% 

Measured 

0 0 0 0 0 0 0 0 

10 0.44 6.73 1.62 0.49 9.27 9.75 0.95 

20 0.67 13.38 3.47 0.95 18.47 19.50 0.95 

30 1.07 19.84 5.02 1.49 27.43 29.25 0.94 

40 1.32 26.06 6.59 1.94 35.91 39.00 0.92 

50 1.71 32.26 8.30 2.42 44.69 48.75 0.92 

60 1.94 39.17 10.03 3.01 54.15 58.50 0.93 

70 1.97 46.03 11.75 3.54 63.28 68.25 0.93 

80 2.54 52.90 13.50 4.17 73.12 78.00 0.94 

90 2.64 59.33 15.01 4.76 81.73 87.75 0.93 

100 3.03 65.69 16.70 5.21 90.63 97.50 0.93 

 

4.2.4 Ultimate Load Performance 

Specimen T1 was subjected to six loading and unloading cycles throughout the two 

days of testing before loading to ultimate, with three loading and unloading cycles on the first 

day and three loading and unloading cycles on the second day. The ultimate load that was 

reached was 211.2 psf of applied load, for a total slab load, including self-weight, of 323.7 

psf. The load versus deflection plots for the final day of testing up to the final unloading of 

Specimen T1 are provided in Figure 4.25.  Note that not all the plots start at zero deflection, 

which reflects the residual deflections accumulated from the first day. Thus, these load -

deflection plots represent the three loading and unloading cycles on the second day of testing 

and accounted for residual deflections from the previous day of testing.  
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a) Bay 1                                                            b) Bay 2 

   

c) Bay 3                                                              d) Bay 4 

e) Bay 5                                         f) Bay 6 

Figure. 4.25-Load Deflection at Ultimate Load 
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f) Bay 7                                                               g) Bay 8 

h) Bay 9                                                               i) Bay 10 

j)  Bay 11                                                               k) Bay 12 

Figure 4.25 contôd- Load Deflection at Ultimate Load 
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The slab was first loaded in increments of 10 psf to 44 psf, and then unloaded. The 

deflections were fully recovered upon unloading. It was loaded to 100 psf and then unloaded. 

Upon reloading, slightly above 100 psf, the slab began to exhibit non-linear behavior.  At 190 

psf, the slab was unloaded, the amount of residual deformation for the panels ranged from 0.2 

in. to 0.7 in. General observation of the load-deflection curves in Figure 4.25 shows a 

reduction in stiffness of the slab as the applied load increased.  Overall, the outer panels 

deflected more than the interior bays. These observed relative deflection magnitudes of the 

bays were as anticipated. Upon reloading, Specimen T1 was able to achieve 211.2 psf of 

applied load when the load suddenly dropped, and the deflections increased significantly.  

After unloading, it was discovered that a punching shear failure had occurred at Column B4, 

the edge column between Bays 10 and 11. The influence of punching failure can be seen in 

the load-deflection plots of Bays 10, 11 and 12, as these panels deflected excessively as soon 

as the load dropped.   

The crack patterns at the top and bottom of the slab at ultimate failure are shown in 

Figure 4.26 and Figure 4.27 respectively. On the second day of testing, at 120 psf of applied 

load, the cracks on the top of the slab started to grow in length at Column C2 and C3 running 

along the uniform tendon direction. Some cracks along column line 3 at the top surface of the 

slab were also observed running in the uniform tendon direction. At 150 psf of applied load, a 

continuous crack appeared, running from Column B2 to B4. Some diagonal cracks were also 

noticed at 155 psf around Column B4 and subsequently around Columns A4, C4, D4, and D1 

at 189 psf of applied load.         
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Figure 4.26-Top of Slab Crack Pattern at Ultimate Load 

 

As stated earlier, bottom crack 1 and 2 were observed at accidental 100 psf of applied 

load. These cracks formed across the full length of the slab, were narrow and completely 

closed after unloading of the slab. Based on the load deflection curve, the first bottom crack 

most likely formed at 83 psf of applied load across Bays 10 and 11 (a portion of crack 2). At 

120 psf of applied load, Crack 3 started to form across Bays 3,7 and 11. At 150 psf of applied 

load, Crack 3 had propagated across the full length of the slab.  
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Figure 4.27-Bottom of Slab Crack Pattern at Ultimate Load 

Ultimately, the slabôs behavior was ductile, with considerable amount of deflection 

and cracking prior to ultimate failure.  Continuous cracks or yield lines formed in both 

negative and positive moment regions as shown on the crack maps in Figure 4.26 and Figure 

4.27. There was some concrete crushing on the top surface of the positive moment yield line 

in Bay 12 (Crack 2) as shown in Figure 4.28. It was believed that this concrete crushing 

happened between applied load of 189 psf and ultimate load of 211.2 psf since observation of 

the slab for cracks was stopped at 189 psf due to safety concerns. As stated earlier, specimen 

T1ôs failure mode was a combination of shear and moment transfer failure at column B4 as 
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shown in Figures 4.29 and 4.30, which caused the excessive deflections of the surrounding 

bays (Bay 10, 11 and 12) after the load dropped.  

 

Figure 4.28-Concrete Crushing in Bay 12 

 

Figure 4.29-Plan View of Punching Shear Failure at Column C1 



131 
 

 

Figure 4.30-Side View of Punching Shear Failure at Column B4 

Tendon stress was monitored throughout the duration of testing of the slab, with load 

cells on both live and dead ends of one tendon in each direction. The tendonsô stress increase 

for Specimen T1 are shown in Figures 4.31a and 4.31b, for the whole duration of the loading 

history. There was no significant increase in the stress in the tendons for Specimens T1 until 

about 120 psf of applied load.  As noted earlier, the factored load was achieved with an 

applied load of 84.4 psf. 

The stress in the banded tendon started to increase rapidly at about 140 psf of applied 

load due to large deflections and wide bottom cracks in Bays 9, 10, and 11 (Crack 2) running 

perpendicular to the tendon. This behavior was also observed in the uniform tendon at about 

160 psf of applied load due to bottom cracks in Bays 3, 7 and 11, perpendicular to the 

uniform tendons. The stress increase at ultimate varied from 17 ksi to 35 ksi and it is 

dependent on the amount of cracking and width of crack that the tendon passed through.   

The comparisons of the increase in stress at ultimate for the slab is in good agreement 

with the increase predicted by ACI 318-19 , Table 20.3.2.4.1 equations for unbonded 

tendons. Using the equations in this table, the change in stress is calculated to be 30 ksi.  
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Fig. 4.31aïBanded Tendon Stress Increase  

 

Figure-4.31bïUniform Tendon Stress Increase 

Figure-4.31ïTendon Stress Increase   

The banded tendon stress increase is significantly higher than the uniform tendon stress 

increase as shown in Figure 3.31. This is because the width of Cracks 1 & 2 running 
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perpendicular to this tendon is quite wide as the applied load approached ultimate load, these 

wide cracks resulted in large increase in the banded tendon stress.  

 The plots of the applied load versus bonded reinforcement strains throughout the 

loading history are shown in Figure 4.32a through Figure 4.32j. The strains and rate of 

change of strains differ considerably at various locations across the slab. The locations and 

designation of these gages are as shown in Figures 3.18 and 3.19.  

a) Column D1                                                       b) Column A2 (North and East Faces) 

 

c) Column A2 (South and West Faces)              d) Column C3 (North and East Faces) 

Figure 4.32- Applied Load versus Bonded Reinforcement Strain at Ultimate 

 

 



134 
 

 

      e) Column C3 (South and West Faces)         f) Bottom Reinforcement (Uniform Direction)                 

 

       g) Bottom Reinforcement (Banded Direction)                            

Figure 4.32 Contôd-Applied Load versus Bonded Reinforcement Strain at Ultimate 

        As shown in Figures 4.32d and 4.32e, the top reinforcements at the south face of column 

C3 experienced large strains (gages C3_5 and C3_6). This is because the south face of C3 

was facing the bottom yield line that cut across bays 9, 10, 11 and 12. As the applied load 

approached ultimate, the rotation at this column increased due to large deflections at this 

yield line. The bonded reinforcement strains at the faces of the columns show nonlinear 

behavior at an applied load of 140 psf and the rate of change in strain increased rapidly as the 

applied load approached ultimate. Most of the bonded steel gages at negative moment regions 

exceeded the yield strain at ultimate load (See Figures 4.32 (a -e)). For the bottom 

reinforcement in the uniform direction, the measured strain is higher than the bottom 
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reinforcement in the banded direction because Crack 4 shown in Figure 4.27 crossed the 

bottom reinforcement in the uniform direction while no crack crossed the banded direction 

bottom reinforcement. 

4.2.5 Summary of Behavior of Specimen T1 

Specimen T1 was tested and loaded to service and ultimate failure on August 20 and 

21, 2019 respectively. The slab was subjected to six loading and unloading cycles throughout 

the two days of testing before loading to ultimate, with three loading and unloading cycles on 

the first day and three loading and unloading cycles on the second day. After stressing and 

removal of formwork, cracks were observed at the four interior columns where the stresses 

are highest, and no bottom cracks were present. Most of these cracks were hairline in nature. 

The camber due to stressing range from 0 in. to 1/16 in. while the deflection due to dead load 

and self-weight compensation range from 0 in. to 1/8 in.  

The performance of the slab at service and factored load was very good and met ACI 

criteria for deflections and strength. Deflection at each center of panel was linear at service 

and fully recovered when unloaded. The maximum deflection at service due to applied load 

only was 0.085 in. at Bay 3. There was no yielding of reinforcement at service load. 

However, some new cracks formed due to the applied load while the previous cracks that 

formed due to dead load grew in width. The maximum crack width at service level load was 

0.25 mm (0.0098 in.) and this occurred at Column B2. Note that presently there is no code 

specified crack width except in older version of the ACI 318 that specified a cracks width of 

< 0.016 in. at service. Also, it is hard to directly relate crack widths in scale model to full 

scale. The tendon stresses remained unchanged until beyond the factored load.  

The first bottom crack was observed at 82.3 psf of applied load just prior to factored 

load. There was substantial cracking around the four interior columns. The maximum top 

crack width was 0.30 mm (0.012 in.) at Column B2 while the maximum bottom crack was 
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0.50 mm (0.020 in.). No yielding of bonded steel was observed and the maximum strain of 

363 µstrain (11 ksi) was observed in the top reinforcement at Column C3, at factored load. 

There was no significant increase in the tendon stress until about 100 psf of applied load. The 

load-deflection and load-steel strains curves remained linear at factored load. At about 110 

psf, the slab showed nonlinear load-deflection behavior in some of the bays 

Yield lines formed in both negative and positive moment. The negative moment yield 

lines formed in both directions with diagonal flexural cracks around the corner columns A1, 

A4 and edge columns C1, B1 and D1. There was some concrete crushing on the top surface 

of the positive moment yield line in Bay 12. It was believed that this concrete crushing 

happened between applied load of 189 psf and ultimate load of 211.2 psf since observation of 

the slab for cracks was stopped at 189 psf due to safety concerns. Ultimately, the slab failed 

as a result of a combination of shear and moment transfer failure at column B1, which caused 

excessive deflections of the surrounding bays (Bay 10, Bay11 and Bay 12) after the load 

dropped. The ultimate load that was reached was 211.2 psf of applied load, for a total slab 

load, including self-weight, of 323.7 psf. Additional comparison of slab measured behavior to 

calculated behavior is presented in Chapter 8 and Chapter 9. 

 

 

 

 

 

 

 

 

 



137 
 

Chapter 5 - Experimental Behavior of Specimen T3 and Discussion 

The following sections discuss results from stressing of Specimen T3 as well as load 

test results, up to ultimate failure of the slab. This specimen has a banded-banded tendon 

arrangement and bonded mild reinforcement. 

5.1 Stressing Results 

 The stressing of the tendons started on Dec 18, 2019 and was completed on Dec 19, 

2019. Stressing sheets were made for each tendon and these are provided in Appendix E. The 

stressing sheets were computed with a friction coefficient of 0.12 and wobble coefficient of 

0.00009/ft which were determined from trial slab testing. The tendons were stressed in the 

same sequence and manner as the tendons in Specimen T1.  

5.1.1 Tendon Force 

The average tendon force for Specimen T3 was determined in the same manner as 

Specimen T1. Using the predetermined friction coefficient and wobble coefficient from the 

trial slab, the average measured tendon elongation was 0.1 percent less than the expected 

elongation. The average corrected friction coefficient was 0.17. Note that the wobble 

coefficient was the same value used for Specimen T1 which was obtained from the trial slab 

testing and this was held constant for all tendons in Specimen T3. 

The average jacking forces for the tendons in the N-S direction was determined to be 

10.78 kips while the average jacking force in the E-W direction was 10.93 kips. The average 

tendon forces in each orthogonal direction were determined in the same manner as Specimen 

T1. The average force in a single tendon in the N-S direction and E-W direction after seating 

was 9.92 kips and 10.0 kips respectively. The measured seating losses for all tendons ranged 

from 1/16 in. to 1/8 in. The forces distribution along the slab length in the N-S and E-W 

direction are presented in Figures 5.1 and 5.2 respectively. Note that the N-S tendon profile is 
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exactly the same as Specimen T1 and slightly different in the E-W direction due to conflicts 

at interior columns  

 

Figure 5.1-Average Force Distribution in Banded Tendon (E-W) immediately after Stressing 

 

Figure 5.2-Average Force Distribution in Banded Tendon (N-S) immediately after Stressing 

Similar to what was observed for Specimen T1, the tendon forces are not constant 

along the length of the tendons, they are higher at the jacking end and lower at the dead end 
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of the tendon before seating losses. As stated earlier, this is because of the friction generated 

between the sheath and the tendons resulted in losses during stressing. Pulling the tendons 

during stressing resulted in friction loss that varied and increased with the distance from the 

live end. The tendon force at the jacking end is lower than the force at the dead end 

immediately after seating losses, in both orthogonal directions as shown in Figures 5.1 and 

5.2. The likely reason for this is because of the short length of the tendons in the one-third 

scale model. The design assumed final effective force in the tendon was 9 kips. 

5.1.2 Measured Concrete Strain and Stress on Surface of Slab after Stressing 

BDI gages were used to monitor the concrete strains along one critical column line in 

each orthogonal direction. These gages were mounted on the top surface of the slab along 

column lines B and 2 (Refer to Figure 3.25 for the location of these gages). The concrete 

strains were plotted for gages along a specific line to illustrate the strain distribution. The 

strain distribution across the banded tendon E-W direction (Column line 2) and banded 

tendon N-S direction (Column line B) at the end of stressing are shown in Figure 5.3 and 

Figure 5.4 respectively. The predicted strains from equivalent frame method considering self-

weight and prestressing only are also shown in both graphs. As shown in both plots, 

measured strains are in general agreement with predicted from equivalent frame with 

prestress only. However, like the strain distribution that was observed for specimen T1, the 

measured strains are higher in some regions along the column lines compared to the predicted 

strains from equivalent frame. As stated earlier, this is because the equivalent frame method 

assumes the strains distribution across a strip is uniform. After the stressing operation, cracks 

were noticed around the interior columns. The slab is in compression due to prestressing 

since the slab was still supported on shores immediately after stressing, assuming the slab 

does not pick up much of its self-weight until shores were lowered. 
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Figure 5.3-Strain Distribution at Top of the Slab along Column Line 2, at End of Stressing 

 

Figure 5.4-Strain Distribution at Top of the Slab along Column Line B, at End of Stressing 

 

-200

-150

-100

-50

0

50

100

0 5 10 15 20 25 30 35

S
tr

a
in

 (
µ

s
tr

a
in

)

Slab Location (ft) Measured

EQ Frame Prestress +Self Wt

EQ Frame Prestress Only

C
o

lu
m

n
  

A
2 

C
o

lu
m

n
  

B
2 

C
o

lu
m

n
  

C
2 

C
o

lu
m

n
  

D
2 

-200

-150

-100

-50

0

50

100

0 5 10 15 20 25 30 35

S
tr

a
in

 (
µ

s
tr

a
in

)

Slab Location (ft) Measured
EQ Frame Prestress + Self Wt
EQ Frame Prestress Only

C
o

lu
m

n 
B

1
 

C
o

lu
m

n
 B

2 

C
o

lu
m

n
 B

3 

C
o

lu
m

n
 B

4 



141 
 

5.1.3 Deflections Prior to Load Testing 

Deflections of the slab were measured after stressing of the tendons and after removal 

of shores.  This was performed in the same manner as described for Specimen T1.  The zero 

position was after the slab had been moist cured for 9 days, and all the dead load 

compensation blocks had been placed, but the slab was still fully supported on the forms and 

shoring towers.  The other times of deflection measurement were after stressing, after the 

shoring towers were lowered and the forms removed.  The deflection changes relative to the 

zero reading after stressing the tendons and after lowering the forms are presented in Table 

5.1.  The positive sign indicates upward camber while negative sign indicates downward 

deflections. The bay numbers are the same as for Specimen T1 and are shown in Figure 3.19. 

Table 5.1: Deflections Prior to Testing 

Bay Number After Stressing (in.) After Lowering Forms (in.) 

1 0 - 1/8 

2 + 1/16 -1/8 

3 0 - 1/8 

4 + 1/32 -1/32 

5 0 -1/16 

6 0 -3/32 

7 0 - 1/8 

8 0 -1/32 

9 0 -1/8 

10 0 - 1/8 

11 0 -3/16 

12 + 1/32 0 

5.1.4 Cracks after Stressing and Removal of Formwork 

 Cracks were observed after stressing and after the shores were lowered. The cracks 

map after stressing and removal of formwork is shown in Figure 5.5. The black cracks were 

observed after the stressing operation was completed. Most of the cracks observed after 

stressing were hairline in nature with a width Ò 0.1 mm (Ò 0.004 in.).                               

Cracks were only noticed at column B3 and the cracks started from the face of the columns 
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and propagated outwards. The grey cracks were observed after the shores had been 

completely lowered and removed. All cracks formed were hairline in nature and were Ò 0.1 

mm (Ò 0.004 in.). Cracks were also noticed at the edge of the slab, close to the midspan of 

most bays as shown by the grey coloured cracks in Figure 5.5. Some of these edge cracks 

were noticed when the slab was still supported on shores. These cracks were visible on top 

and bottom of the slab at each edge location. The edge cracks were likely shrinkage 

differential or edge tension cracks and had no structural significance on the performance of 

the slab during testing.  

 

Figure 5.5-Crack Map after Stressing and Removal of Shores 
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5.2 Load Test Results 

On the first day of testing, the slab was loaded in increments of 5 psf to the full-

service load value, which is 44 psf of applied load plus 72.5 psf in self-weight compensation 

and 37.5 psf of slab-self weight. The design load is the same as Specimen T1 and they are 

presented in Table 4.3a. At each load increment, cracks were marked, measured and fully 

documented. At service, the slab was unloaded to check that the sensors were reading 

correctly and then loaded in increments of 10 psf to factored load value and 100 psf. In total, 

the slab was subjected to two loading and unloading cycles on the first day.  

On the second day of testing, the slab was subjected to three loading and unloading 

cycles before loading to ultimate failure. At each loading stage, reactions were recorded at 

select columns, cracking was documented, tendons stress increases were measured using load 

cells on both live and dead end at select tendons. Deflections were measured at the center of 

each bay and reinforcement strains were measured in the positive and negative moment 

regions at select locations. The loading cycle for the two days, over a period of about 10 

hours is shown Figure 5.6 and the concrete properties at testing are presented in Table 5.2. 

 

Figure 5.6-Loading History 



144 
 

Table 5.2: Concrete Properties at Testing 

Property Truck 1 Truck 2 Average of Trucks 

Compressive Strength (psi) 5860 5960 5910 

Splitting Tensile Strength (psi) 560 560 560 

Modulus of Elasticity (ksi) 3175 3330 3250 

 

5.2.1 Average Effective Tendon Forces 

The average force in each tendon immediately after stressing in each direction was 

determined based on measured stressing forces, seating losses and elongations as described in 

section 5.1.1 of this document.  One tendon in each direction was equipped with a load cell at 

each end. This enabled the confirmation of the wobble and friction coefficients used for all 

tendons.  The load cells on the tendons were monitored from the time of stressing until 

testing to determine prestress loss. Table 5.3 summarizes the average force per tendon after 

seating, long-term losses (between stressing and testing day) and the average force per tendon 

on the testing day.   

Table 5.3.  Forces in Post-Tensioning Tendons 

 

 

 

 

 

The average precompression in the banded N-S direction and banded E-W direction 

prior to testing are 126.5 psi and 125 psi respectively. These values meet the minimum 

effective precompression of 125 psi stated in section 8.6.2.1 of ACI 318-19 (ACI 318, 2019). 

5.2.2 Service Load Performance 

The service load deflections measured with string potentiometers, for all the bays are 

shown in Figure 5.7a through Figure 5.7c. The bay numberings are also shown on these plots 

 Stress 

Average Force per Tendon 

Immediately after Seating 

(kips) 

Banded (N-S) 9.92 171 

Banded (E-W) 10.0 
172 

Average Loss per Tendon 

(kips) 

Banded (N-S) 0.88 15 

Banded (E-W) 0.89 15 

Average Effective Force per 

Tendon Immediately prior to 

Testing (kips) 

Banded (N-S) 9.04 156 

Banded (E-W) 
9.11 

157 
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and these deflections were measured on the first application of load to applied service load of 

44 psf in increment of 5 psf. The deflections shown in Figures 5.7a ï 5.7c are due to only 

applied load and do not include the deflections due to dead load reported in Table 5.1.  The 

load deflection curves at service showed elastic behavior, they were linear for all bays and 

when unloaded the deflections were fully recovered for all bays. There were no noticeable 

columns rotation at service. Consequently, the tie rods installed at the edge columns to 

restraint lateral movements were very loose at service level loads, hence no tension in the tie 

rods. This showed that the tie rods had no influence on the performance of the slab at service 

level loading. 

From the load-deflection curves in Figure 5.7, the rate of deflection is higher for the 

outer panels compared to interior panels. The observed relative deflection magnitudes of the 

bays were as anticipated for the slab. The maximum deflection at service due to applied load 

only was 0.09 in. which occurred at panel 3, while the minimum deflection was 

approximately 0.01 in. at panel 8. As stated earlier, the deflection limit given by ACI 318 

(ACI 318, 2019) for live load deflection is L/360, this is equal to 0.33 in. for the main bays 

and 0.167 in. for the overhangs. As shown in Figure 5.7a through Figure 5.7c, no panel 

deflection exceeded this limit even though the service-level loads also include deflections due 

to superimposed dead loads.  
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Figure 5.7a-Service Load Deflection of Bays 1-4 

 

Figure 5.7b-Service Load Deflection of Bays 5-8 
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Figure 5.7c-Service Load Deflection of Bays 9-12 

Figure 5.7-Service Level Load Deflection Curves 

Bonded reinforcement strains were monitored and the strains in the bonded 

reinforcement were in the elastic range at service level load. The maximum strain was 239 

µstrain (7 ksi) in top reinforcement at the south face of Column C3. The strains in the bottom 

bonded reinforcements monitored were negligible. There was no sign of yielding in any of 

the reinforcement monitored. 

Cracks were extensively measured and documented prior to loading and at every 10 

psf increment of applied load up to the point where the slab was deemed safe to climb upon. 

As mentioned previously, top cracks were observed at the faces of the four interior columns 

after removal of formwork. These cracks were due to self-weight of the slab and dead load 

compensation. The location of all the cracks that were observed at service load are shown in 

Figure 5.8 while the width of the maximum cracks observed at the face of the four interior 

columns are presented in Table 5.4. Note that Figure 5.8 includes the cracks that were 

observed prior to application of load. The only cracks that were observed at service were 
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located at the top of the slab around the columns where the tensile stresses were anticipated to 

be highest.  

At service level load, the edge cracks observed at the middle of each bay after 

removal of formwork did not grow in length nor increase in width. This implies that the 

cracks were likely shrinkage differential or edge tension cracks and did not affect the 

behavior of the slab. However, new cracks formed around the interior columns and some of 

the cracks that formed due to slab self-weight and dead load compensation, noticed prior to 

application of load grew in length at service level load. No crack was observed at the bottom 

of the slab at service level load. All cracks were measured with crack cards that had smallest 

increments of 0.10 mm (0.004 in.). 

 

Figure 5.8-Crack Map at Service Level Load 
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Table 5.4: Top Crack Width at Face of Columns, at Service Level Load 

 

 

 

 

 

 

(Note: 1mm = 0.0394 in.) 

Referring to Table 5.4 and as stated earlier, the mean crack width was the average 

width of the crack along its length while the characteristic crack width is the crack width of 

same crack that was wider than approximately 90% of the remainder of the crack length. The 

maximum crack width at service level load was 0.20 mm (0.0079 in.) and this occurred at 

column C2.  

BDI gages were used to measure the strain distribution along two column lines on top 

of the slab and along two midspan section at the underside of the slab. The locations of these 

gages are shown in Figures 3.25 and 3.26. The strain distribution at the top of the slab along 

column line 2 and column B are shown in Figures 5.9 and 5.10 respectively. The strains 

shown are based on the first application of load and they are only due to the applied load in 

increment of 10 psf up to service load (44 psf). The bottom strain distribution along a mid-

span section in E-W direction, across the banded N-S tendons is shown in Figure 5.11. Figure 

5.12 shows the bottom strain distribution along a mid-span section in N-S direction, across 

Type 

Applied 

Load (psf) 

Width 

B2 

(mm) 

B3 

(mm) 

C2 

(mm) 

C3 

(mm) 

Mean 

Characteristic 

0      <0.10 

0.10 

0.10 

0.10 

<0.10 

0.10 

    <0.10 

0.10 

Mean 

Characteristic 

10      <0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

     <0.10 

0.10 

Mean 

Characteristic 

20 0.10 

0.10 

0.10 

0.15 

0.10 

0.10 

0.10 

0.10 

Mean 

Characteristic 

30 0.10 

0.12 

0.10 

0.15 

0.10 

0.10 

0.10 

0.10 

Mean 

Characteristic 

40 0.10 

0.12 

0.10 

0.15 

0.20 

0.20 

0.15 

0.20 

Mean 

Characteristic 

44 (Service 

load) 

0.10 

0.12 

0.15 

0.15 

0.20 

0.20 

0.15 

0.20 
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the banded E-W tendons. The location of the line where the gages are located across the slab 

is also shown in each plot. 

 

Figure 5.9- Strain Distribution at the Top of the Slab along Column Line 2 

 

Figure 5.10- Strain Distribution at the Top of the Slab along Column Line B 

Using the measured modulus of elasticity and splitting tensile strength, a strain of 172 

µstrain is expected to cause crack. 
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Figure 5.11- Strain Distribution at Underside of the Slab, along Mid-Span in E-W Direction 

 

Figure 5.12- Strain Distribution at Underside of the Slab, along Mid-Span in N-S Direction 

 Generally, the strains are higher at the immediate vicinity of the columns, at the top of 

the slab than at the mid-span locations. The behavior of the slab was similar and symmetrical 

in both orthogonal directions, as evident in the strain distribution presented in Figures 5.9 
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through 5.12. The average strain across the slab is approximately the same in both directions. 

However, the rate of change of strain at column B2 was higher compared to other columns 

monitored. This is likely due to some small cracks passing through the BDI gage at the face 

of the column. Overall, the service level performance was good with no sign of yielding of 

reinforcements, no bottom cracks and there was no significant increase in the tendon stress.  

5.2.3 Factored Load Performance 

After loading to service load on the first day, the slab was unloaded and loaded to 

slightly beyond factored load. The controlling factored load was 1.2D + 1.6L, which 

consisted of 45 psf of factored self-weight, 24 psf of factored superimposed dead load, 87 psf 

of factored dead load compensation and 38.4 psf of factored live load which made a total of 

197.4 psf of factored load. Hence the applied load to reach this factored load was 84 psf of 

applied load. The factored load deflections for all the bays are shown in Figure 5.13a-5.13c. 

Figure 5.13a shows the factored load deflection for Bay 1 ï Bay 4, Figure 5.14b shows the 

factored load deflection for Bay 5 ï Bay 8 and Figure 5.13c shows the factored load 

deflection for Bay 9 ï Bay 12. 

 

Figure 5.13a-Load-Deflection at Factored Load for Bays 1 - 4 
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Figure 5.13b-Load-Deflection at Factored Load for Bay 5 - 8 

 

Figure 5.13c-Load-Deflection at Factored Load for Bay 9 ï 12 

Figure 5.13-Factored Load Deflection Plots 

Specimen T3 was able to carry the full factored load without serious distress. As 

shown in Figures 5.13 (a-c), the load-deflection curves for all bays were proportional to the 

applied load up to about 80 psf of applied load. At 80 psf of applied load, most of the bays 



154 
 

deflected considerably with no increase in load. At this point, cracks were discovered at the 

bottom of the slab between Bays 3 and 7, and Bays 9, 10 and 11. These cracks caused the 

bays to deflect with no increase in load and on the other hand caused Bays 6 and 8 to camber. 

Consequently, the maximum deflection at factored load was about 0.36 in. which occurred at 

the middle of Bay 3. The interior bays had less deflection than the exterior bays. The 

deflection plots do not show serious sign of loss of stiffness after cracking, the slopes of the 

curves before cracking are very similar to the slopes after first bottom crack. 

The top and bottom of slab crack pattern at factored applied load of 84 psf are shown 

in Figure 5.14 and Figure 5.15 respectively. There was no sign of negative moment 

continuous cracking forming at the cantilever or at the column lines. On the other hand, there 

were bottom cracks in both orthogonal directions, potentially forming a continuous crack. At 

factored load, new cracks were observed at the faces of the four interior columns, previous 

cracks grew in length and width. However, it was observed that the number of cracks was 

small, and the cracks were distributed at factored load level. No cracks were observed at the 

exterior column lines and this was because the moments at these column lines were smaller. 

Table 5.5 presents the progression of the top of slab maximum crack widths up to factored 

load. The slab did not show any serious distress and it was still capable of carrying more load 

at factored load. 

The bottom crack pattern at factored load is shown in Figure 5.15. Table 5.6 presents 

the width of bottom of slab cracks at factored load and 100 psf of applied load. Referring to 

Figure 5.15 and as shown in Table 5.6, cracks formed in both orthogonal directions at the 

bottom of the slab. The first set of bottom cracks were Crack 1 and Crack 3, and these cracks 

formed at 80 psf of applied load. At 84 psf of applied load, the cracks continued to grow in 

length and Crack 2 was observed running in the E-W direction.  
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Figure 5.14-Top of Slab Crack Pattern at Factored Load 

Table 5.5: Top Crack Width at Face of Columns, at Factored Load 

Type 
Applied Load 

(psf) 

Width 

B2 

(mm) 

B3 

(mm) 

C2 

(mm) 

C3 

(mm) 

Mean 

Characteristic 
60 

0.10 

0.12 

0.15 

0.15 

0.20 

0.20 

0.15 

0.20 

Mean 

Characteristic 
70 

0.15 

0.15 

0.15 

0.15 

0.20 

0.20 

0.15 

0.20 

Mean 

Characteristic 
80 

0.15 

0.15 

0.20 

0.20 

0.20 

0.20 

0.15 

0.20 

Mean 

Characteristic 

84.4(Factored 

Load) 

0.15 

0.15 

0.20 

0.20 

0.20 

0.20 

0.15 

0.20 

(Note: 1mm = 0.0394 in.) 
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Figure 5.15-Bottom of Slab Crack Pattern at Factored Load 

Table 5.6: Bottom Crack Width at Factored Load 

Type 
Applied Load 

(psf) 

 

Crack 1 (mm) Crack 2 (mm) Crack 3 (mm) 

Mean 

Characteristic 

84.4(Factored 

Load) 

0.20 

0.40 

0.25 

0.40 

0.15 

0.20 

Mean 

Characteristic 
100 

0.25 

0.40 

0.25 

0.40 

0.20 

0.30 

(Note: 1mm = 0.0394 in.) 

The bottom surfaceôs widest crack was 0.4 mm (0.0157 in.) at factored load. 

However, the cracks were wider close to the mid-span of the bays and thinner at the column 

lines where the banded tendons were located. The load cells on the tendons at the dead and 

live ends indicated insignificant increase in force at factored load. There was no yielding of 
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the top and bottom reinforcements. Figures 5.16 and Figure 5.17 show the plots of factored 

load versus reinforcement strains while Figures 3.19 and 3.24 show the location and 

designation of the gages. Note that the top gages were placed at the immediate faces of the 

select columns, on all four sides of the columns.  

        

d) Column D1                                                    b) Column A2 (North and East Faces) 

        

e) Column A2 (South and West Faces)               d) Column C3 (South and West Faces) 

Figure 5.16- Factored Load Strains at Top Reinforcement. 

 


