
 

 

Abstract 

BOTROS, AMIR WAGIH. Behavior and Design of Dapped Ends of Prestressed Concrete 

Thin-stemmed Members. (Under the direction of Dr. Sami Rizkalla) 

Precast double tee beams with thin stems are widely used in parking structures and other 

buildings. One detail often used for double tee beams in parking garages is the dapped end 

detail.  A dapped end is created by notching the web or the stem of the beam at the bottom 

corner, therefore the stem relies on the reduced section to carry the reaction. The end 

supports are dapped such that the bottom of the double tee is level with the bottom of the 

inverted tee or ledger beam on which it is supported. The dapped end connection is especially 

useful at crossovers between spans in parking structures in order to minimize the overall 

floor to floor height.  While dapped connection details have generally performed well, the 

frequent occurrence of unsightly crackings at such connections is a concern. Extensive 

repairs are often required to address the cracks. In many cases, the cracking is attributed to 

poor design details and construction practices.  Unlike bottom-supported members, 

compression from the bearing reaction is not available to help resist longitudinal splitting due 

to bursting from development of pretensioning strand. Design of a dapped end can be further 

complicated by the presence of prestressing strands below the nib or through the nib. 

 

The research reported in this thesis investigated reinforcement details and parameters 

believed to affect the behavior of dapped ends of thin-stemmed prestressed concrete 

members. This study included an extensive analysis using 3D nonlinear finite element 

modeling and a comprehensive experimental program using full scale prestressed dapped end 



 

 

specimens. The analytical study was used to determine the parameters that have significant 

effect on the behavior and to identify the most effective reinforcement schemes to design the 

experimental program. The experimental program consisted of two phases. The first phase 

included testing of eight specially designed lap splice specimens to determine the lap length 

required to develop the yield strength of mild reinforcing bars spliced to prestressing strands 

within the prestress transfer zone. The second phase consisted of testing twenty full scale 

forty feet long  dapped end beams to examine the performance of six selected reinforcement 

schemes for the dapped ends and to study the influence of six parameters that have shown to 

have significant effect on the behavior. 

 

The six reinforcement schemes investigated in the experimental program were the vertical L-

shape, inclined L-shape, vertical Z-shape with corner angle, Custom Welded Wire 

Reinforcement (WWR), vertical C-shape and CZ scheme. The experimental program also 

examined the influence of several parameters believed to affect the behavior such as 

prestressing the nib, concrete strength, web shear reinforcement, nib height, length of 

horizontal extension of hanger reinforcement and pocket nib detail.   

 

The research findings from the analytical study and experimental program were used to 

develop design recommendation for the dapped ends of thin-stemmed prestressed concrete 

members. These recommendations address the issues of strength, cracking behavior at 

service load and reinforcement details. 
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1. Introduction 

1.1 Background 

Precast concrete construction provides several advantages especially when the speed of 

construction is a concern.  Precast concrete construction also provides better quality control 

than traditional cast in place concrete construction due to the controlled environment during 

casting and curing process.  The advantage of precast concrete is the increased of 

construction by using large members of buildings. Prestressing the concrete structural 

members enables longer spans and carrying higher loads compared to traditional reinforced 

concrete members.  

 

Precast double tees with thin stems are widely used in floor systems of parking structures and 

other buildings. A typical double tee beam lifted by a crane to be used in a parking structure 

is shown in Figure  1-1. One detail often associated with double tee beams used in parking 

garages is dapped end.  A dapped end is created when the web or the stem of the beam is 

notched at the bottom corner, therefore the beam relies on the reduced section to carry the 

reaction. Typically the end supports are dapped such that the bottom of the stem of the 

double tees is leveled with the bottom of the supporting ledge beam. The notch itself is 

known as the ñdapò and the reduced concrete section remaining above the dap is referred to 

as the nib, as shown in Figure  1-2.  The dapped connection detail is especially important at 

crossovers between spans in parking structures since the overall depth of the double tee need 
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to be flush with the supporting ledge beam. A typical double tee beam-to-ledge connection 

using a dapped end is shown in Figure  1-3. 

 

 

Figure  1-1: Typical Double Tee Beams in Parking Structures 

 

Figure  1-2: Double Tee Beam to Ledge Connection with and without Dapped Ends 
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Figure  1-3: Typical Dapped End Connection in a Parking Structure 

1.2  Problems Associated with Dapped End Beams 

While dapped reinforcement details have generally provided adequate strength, undesirable 

cracks are often observed even at service loading conditions which could lead to extensive 

repairs to address these cracks when they exceed the limitation specified by the code. In 

many cases, the cracks may be attributed also to poor design and/or construction practices. 

The design and detailing of a dapped end connection require consideration of the severe 

stress concentration that typically develops at the re-entrant corner of the dap. In general, 

cracks are commonly seen at the re-entrant corner location as shown in Figure  1-4 (a). 

Inclined shear cracks on the web face, shown in Figure  1-4(b), are also very common due to 

poor detailing or inadequate shear reinforcement in the web. Longitudinal splitting cracks 

may also occur along the bottom of the web due to high splitting forces generated by 

inadequate development of the bars lap spliced with the prestressing strands in the narrow 

web as shown in Figure  1-4 (c).  

Dapped End Beam 

Ledge Beam 
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                                     (a)                      (b) 

 

  (c)   

Figure  1-4: Cracking Problems in Dapped End Beams                        

Dapped ends are often subjected to high bearing reactions that must be properly transferred 

from the reduced cross-section of the nib into the full depth section of the beam. 

Overstressing the nib cross-section may lead to concrete crushing as shown in Figure  1-5. 

 

Re-entrant Corner 
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Figure  1-5: Diagonal Concrete Crushing in the Nib Section 

 

In thin-stemmed dapped prestressed double tee beams, prestressing strands, web shear 

reinforcement, and mild reinforcement must be placed in the thin stem, that is about 4 inches 

wide, with appropriate concrete cover. The reinforcement arrangements must be carefully 

detailed and constructed to avoid interferences and to ensure placement within acceptable 

tolerance. One of the objectives of this research is to identify the most appropriate 

reinforcement details that are both effective in crack control, strength and constructability. 

 

In addition, to the reinforcement details, the forces in the mild steel reinforcement must be 

also transferred to the prestressing strands using adequate splice length. The required splice 

length of the mild steel to prestressing strands within the prestress transfer zone is also an 

important issue which could greatly affect the behavior of the dapped end. 

 

Concrete Crushing 
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Currently, the design of dapped end beams typically follows the provisions of the PCI Design 

Handbook; however, dapped end reinforcing details are not standardized within the industry.  

This thesis presents a research program conducted at the Constructed Facilities Laboratory at 

North Carolina State University in conjunction with the Prestressed Concrete Institute (PCI) 

to investigate the behavior of various dapped end reinforcement details in precast prestressed 

double-tee beams.  Multiple dapped end reinforcement details were examined for strength 

and service level performance. 

1.3 Objective 

The primary research objectives of this research can be summarized as follows: 

1. Study the behavior of current and proposed reinforcement details for dapped ends of 

thin ïstemmed prestressed members 

2. Determine analytically and experimentally relevant design parameters 

3. Study the bond mechanism of conventional steel to the prestressing strands within the 

transfer length of the strand at the end of the beam. 

4. Develop design recommendations for dapped ends of thin ïstemmed prestressed 

concrete members. 
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1.4 Research Scope 

The combination of experimental and analytical work outlined below was undertaken to 

achieve the research objectives. 

 

1. A literature review was conducted to explore the background and previous 

researches related to thin stemmed dapped end beams. The review included also 

current industry practice in terms of the reinforcement details used in dapped 

ends and other parameters. 

2. Perform nonlinear finite element analysis to investigate the performance of 

various reinforcement schemes for the dapped ends in addition to examining 

effects of relevant parameters on the behavior. 

3. Examine experimentally the splice length of mild steel to prestressing strands 

within the transfer zone of the strands. Lap splice specimens were designed to 

simulate the condition of typical end zone of dapped end thin stemmed 

prestressed concrete members. 

4. Based on the finite element analysis, perform an experimental program using 

full -scale prestressed dapped end to examine the performance of various 

reinforcement schemes for the dapped ends in addition to other parameters 

believed to affect the behavior.  

5. Use the analytical and experimental results to develop practical design 

recommendations for dapped ends of thin ïstemmed prestressed concrete 

members. 
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2. Literature Review 

Several studies have been reported regarding analysis, design, and testing of dapped end thin-

stem members. The literature indicates that testing and analysis of dapped end thin-stem 

members has been performed and used to develop the current design guidelines and 

reinforcement details recommended by PCI. Several reports have also been published, 

presenting evaluation of specific reinforcement schemes, performance of the splice between 

the prestressing strand and reinforcing steel, and design concepts including development of 

strut and tie models (STM). This chapter briefly reviews the current design procedure and 

detailing of dapped end beams and some of the notable published research work related to 

dapped end beams. 

2.1 Current Design Practice 

The methodology provided in the current PCI Design Handbook, 7th edition, for designing 

dapped end beams is based on classical shear and shear friction theory. The method is based 

on maintaining equilibrium of forces acting across potential failure planes. The procedure 

conservatively treats the dapped end details as reinforced concrete by ignoring the 

prestressing effect, and the reinforcements within the nib region are determined based on the 

assumption that nib behaves as an inverted corbel. Cracking and potential failure planes that 

have been observed in dapped double tee beams, including distress in the nib above the 

bearing, as well as horizontal and inclined cracking in the full depth section are shown in 

Figure  2-1(a). 
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(a) 

 

(b) 

Figure  2-1: (a) Potential Failure Modes for a Dapped End and (b) Required Reinforcement for  

a Dapped End      

According to the PCI Design Handbook (2010), there are five possible failure modes for a 

dapped end connection, as shown in Figure  2-1(a): (1) Flexure and axial tension in the nib, 

crack 1; (2) direct shear at the junction of the nib and the full depth section of the beam, 
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crack 2; (3) diagonal tension emanating from the re-entrant corner, crack 3; (4) diagonal 

tension in the nib, crack 4; and (5) diagonal tension in the full depth section, crack 5.  

 

The bars labeled Ash, in Figure  2-1(b), are referred to as óhanger reinforcementô with 

anchorage provided by the horizontal extension (Aôsh) bent toward the full depth section of 

the beam. The hanger reinforcement serves to transfer the vertical reaction at the nib to the 

full section of the beam and to resist the diagonal tension cracking from the re-entrant corner 

(crack 3) and in the full depth section (crack 5), shown in Figure  2-1(a). The bars labeled As 

in Figure  2-1 (b) are referred to as ónib flexural reinforcementô and are required for resisting 

the cantilever bending and axial tension in the nib. As indicated in Figure  2-1(b), the PCI 

Handbook requires the As and Aôsh reinforcement to be extended past the critical diagonal 

crack failure plane indicated as crack 5 a distance not less than the development length of the 

bars, ld. The bars labeled Ah and Av in Figure  2-1(b) are required for resisting the diagonal 

tension cracking in the nib indicated as crack 4. 

 

Current design equations for proportioning the dapped end reinforcement are provided in 

section 5.6.3 of the 7
th
 edition of the PCI Design Handbook (2010). The PCI design method 

specifies hanger reinforcement, Ash, to resist the diagonal crack emanating from the re-

entrant corner. The required hanger reinforcement can be determined using the following 

equation: 

  ═▼▐ █ɲ◐
 ╥◊                           Eq.2-1 (PCI Design handbook, 2010) 
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Where: 

 Vu is the factored vertical dap reaction, █y is yield strength of the mild steel and ꜚ  is the 

capacity reduction factor which is 0.75 due to the brittle nature of the failure. 

  

The nib flexural reinforcement, As, is determined in a manner similar to that for column 

corbels using the following equation: 

 

═▼ █ɲ◐
 ╥◊ 

╪

▀
 ╝◊ 

▐

▀
       Eq.2-2 (PCI Design handbook, 2010) 

 

Where: 

a is the shear span, measured from load to center of Ash, d is the distance from top to center 

of reinforcement As, h is the depth of component above dap and N◊ is the factored 

horizontal dap reaction. 

 

The nib vertical shear reinforcement, Av, is required to resist the diagonal tension cracking in 

the nib. This reinforcement can be determined using the following equation: 

 

 ═○ █◐
 
╥◊ ╫▀ ⱦ Ѝ█ᴂ╬         Eq.2-3 (PCI Design handbook, 2010) 

 

Where:  
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b is the width of component above dap, █ᴂ╬ is the specified compressive strength of 

concrete, ⱦ is the modification factor for density of concrete.  

 

The nib shear friction reinforcement, Ah, is required to resist direct shear at the junction of the 

nib and the full depth section of the beam. It also resists the diagonal tension cracking in the 

nib. This reinforcement can be determined using the following equations: 

   

═▼  
 ╥◊

█◐ Ⱨ▄
  
╝◊

 ɲ█◐
     Eq.2-4   (PCI Design handbook, 2010) 

 

                     ὃ  πȢυ ὃ   ɲ
    Eq.2-5   (PCI Design handbook, 2010) 

 

Where:  

         ‘ ÃÁÎ ÂÅ ÃÁÌÃÕÌÁÔÅÄ ÕÓÉÎÇ  
 ɲρπππ‗ὦὬ‘

ὠ
 

 µ is the coefficient of friction used in shear friction calculations.  

 

The thin stems of prestressed tee members are usually too tight to accommodate hanger 

reinforcement in the shape of closed stirrups shown in Figure  2-1(b). Therefore, a bar bent as 

C-shape commonly known as C-bar is used as a common alternative as shown in Figure  2-2. 

The C-shaped hanger reinforcement detail shown is commonly used by the industry. The bar 

is anchored at the upper end by extending its upper leg in the compression zone while the 

lower end is anchored by extending it along the bottom of the web.  
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Figure  2-2: C-bar Alternative for Hanger Reinforcement  

                               

According to the PCI Design Handbook, an axial tension force should be considered in the 

design of dapped ends. The PCI Design Handbook recommends applying a horizontal force 

(Nu) assumed as 20 percent of the sustained vertical load, Vu due to the applied ultimate load. 

The vertical loads are due to dead and live loads. The applied horizontal force can be induced 

due to possible friction of the bearing pads. It also accounts for possible forces induced due 

to temperature and volume changes. The ratio of axial force to the vertical load has been 

debated in design of bearing connections and several values were proposed. (Raths, 1984) 
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The American Concrete Institute Code, ACI318-14 permits using the strut and tie method 

(STM) for designing structural members at disturbed (discontinuity) regions such as changes 

in member geometry or at concentrated loads locations. The dapped end connection is 

considered a discontinuity region, where the assumption of plane sections remaining plane is 

not valid. The STM model chosen should be consistent with the reinforcement details of 

dapped ends to model the flow of forces developed in the dapped end. The development of 

cracks in concrete is typically perpendicular to the orientation of tension forces in the 

member. Therefore, compression forces are generally in alignment with the cracks. The ACI 

provisions do not account for the prestressing force in the STM model. Since the prestressing 

force is not fully transferred in the dapped end region, so designing without considering 

prestressing is usually considered conservative. Figure  2-3 shows one of the possible STM 

models for a dapped end connection. Struts shown by dotted lines are typically parallel to the 

diagonal tension cracks while ties should coincide with the location of mild reinforcement. 

  

 

Figure  2-3: STM for a Dapped End  
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2.2 Research Studies 

Wener and Dilger (1973) conducted research on posttensioned concrete stepped beams 

known today as dapped end beams. Wener and Dilger tested five prestressed beams with 

overall length of 7 feet and 8 in. and rectangular cross section 6.75 x 13 in. The main 

variables of the study were the type and amount of shear reinforcement. They also examined 

the effect of horizontal reaction in conjunction with the vertical reaction using an inclined 

plate with a roller at one end and a pinned reaction at the other end. This inclination resulted 

in an applied outward horizontal reaction equal to 50% of the vertical dap reaction. This 

research also studied the shear force required to cause first crack at the re-entrant corner and 

if this shear force can be considered the concrete contribution to shear strength of the dapped 

end. Some of their test specimens exhibited premature failures at the anchorage regions of 

the post-tensioning bars and had to be externally reinforced in those regions. One of the test 

beams exhibited a flexure failure due to concrete crushing at the midspan section of the 

beam. Wener and Dilger recommended that the horizontal bars at mid depth (As steel in 

Figure  2-1) must extend at least a distance equal to the beam depth beyond the re-entrant 

corner and should be provided with downward hooks to ensure anchorage.  

 

Hamoudi, Phang, and Bierweiler (1975) tested eight prestressed dapped end beams with Tee 

cross sections. The study investigated the effect of various parameters on the behavior and 

mode of failure such as geometry of dapped regions, types of web reinforcement, prestress 

level, length of shear span and amount of prestressed reinforcement. The beams had a span of 

30 feet with various cutouts at the bearing areas. The research results indicated that the shear 
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cracking load was the ultimate capacity for dapped ends with post-tensioned rods only, while 

dapped ends reinforced with mild steel, the web reinforcement carried loads beyond shear 

cracking. The results also showed that prestressing the dapped zones prevent shear cracking 

of the dapped ends at service loads. 

 

Mattock and Chan (1979) conducted an experimental investigation on reinforced concrete 

dapped end beams subject to vertical load only and to combinations of vertical and horizontal 

loads. Based on their test results and using equilibrium conditions, a design procedure for 

reinforced and prestressed dapped end beams was proposed which was later formulated and 

used as the design procedure currently specified by the PCI Handbook. Mattock and Chan 

considered the nib of a dapped end as an inverted corbel and that the vertical reaction must 

be resisted by a tension force in the stirrup reinforcement placed close to the full depth end 

face of the beam.  They recognized that the critical failure planes of a dapped end were a 

diagonal crack originating from the re-entrant corner, crack 3 in Figure  2-1(a) and the bottom 

corner of the web, crack 5 in Figure  2-1(a). Mattock and Chan investigated the design 

method for dapped end beams by testing beam specimens with varying amount of dap 

reinforcement. Eight dapped ends were tested, four subjected to vertical load only and the 

remaining four were subjected to combination of vertical and horizontal loads. The beam 

specimens were 10 feet long and all the nibs were 8 in. long and 12 in. deep. The dapped 

ends were tested individually by testing one end then turning the beam around to test the 

other end.  
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Mattock and Chan (1979) recommended that the reduced depth part of the dapped end (nib) 

may be designed as a corbel with a shear span ñaò, shown in Figure  2-1(b), equal to the 

distance from the vertical load to the center of gravity of the hanger reinforcement Ash.  The 

researchers also recommended using a group of closed stirrups that should be provided close 

to the end face of the full depth beam to resist the vertical component of the inclined 

compression force in the nib. The main nib reinforcement, labeled As in Figure  2-1(b), should 

extend into the beam beyond the point where intersected by a diagonal tension crack 

originating at the bottom corner of the beam a distance not less than the development length. 

The research provided design equations for proportioning the various components of dapped 

end reinforcement shown in Figure  2-1(b).  

 

Mattock and Theryo (1986) conducted research in conjunction with the Prestressed Concrete 

Institute (PCI) to attain better understanding of the behavior of dapped ends in thin stemmed 

members and develop reinforcing schemes that combines both simplicity of application and 

economy of fabrication. The experimental research investigated the behavior of five dapped 

end reinforcement schemes for thin stemmed prestressed concrete members. Figure  2-4 

shows the reinforcement details tested by Mattock and Theryo. The study tested five different 

hanger reinforcement details, including vertical and inclined hanger details. The experimental 

program involved subjecting full scale beams 16 feet long to a combination of shear and 

outward tension at the bearing plate.  
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Figure  2-4: Reinforcement Schemes for Dapped End Beams (Mattock and Theryo, 1986) 

Based on the behavior of the five reinforcing schemes, Mattock and Theyro, concluded that 

the inclined hanger reinforcement detail performed better than the vertical hanger detail 

schemes in regards of strength and crack control. Test results also indicated that using a 180 

degree loop at the top of the hanger bar provide good anchorage for the hanger reinforcement 
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and this was evidenced by developing the yield strength of the hanger reinforcement before 

failure. The research indicated also that orientation of the loop is critical, since it can act as 

an effective anchorage if compressive stresses in the concrete act across the plane containing 

the loop.  

 

Mattock and Theyro also examined the effect of passing prestressing strands through the nib 

section. This was done by testing specimens with half of the prestressing strands drapped 

through the nib and specimens with no strands in the nib. Test results indicated that draping 

half of the prestressing strands through the nib resulted in reducing the stresses in the 

reinforcements and reduce the width of crack at service loads. Based on this result, the 

researchers recommended that not less than half of the prestressing strands be draped through 

the nib. However, locating strands higher in the section, such as in the nib, decreases the 

bending strength and flexural efficiency at mid-span. This can be avoided by harping strands 

near midspan but this requires additional hardware and can be critical operation to perform 

on tensioned strands in the form work.  

 

Mattock and Theyro also recommended that the horizontal extension of the hanger 

reinforcement in the bottom of the web should not be less than 1.7 times the specified 

development length for the reinforcing bars used in order to develop the yield strength of the 

hanger reinforcement.  
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Mattock and Theryo also suggested that the shear strength, Vn, of the full depth web located 

adjacent to the dapped end can be taken equal to Vc, where Vc is equal to lesser of Vci and 

Vcw, calculated for the section distance h/2 from the end of the full depth web. They also 

recommended that the buildup of prestress along the beam and the effect of the tension force 

acting on the dapped end should be considered when calculating Vci and Vcw.  

 

More recently, Nanni and Huang (2002) conducted an experimental validation for an 

alternative reinforcing detail for the dapped ends of prestressed double tees. Figure  2-5 shows 

the alternative reinforcement detail proposed by Nanni and Huang. The experimental 

program consisted of two prestressed double tee beams with 3 prestressing strands located 

below the nib and four strands above the nib. Test results indicated that the alternative Z bar 

reinforcement detail was suitable for use in the dapped end region.  

 

 

Figure  2-5: Alternative Z Bar Reinforcement Detail (Nanni and Huang, 2002) 
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Nagrodzka-Godycka & Piotrkowski (2012) conducted an experimental study to investigate 

the effect inclined loads as compared to vertical loads only. The objective of the study was to 

gain better understanding of the state of stresses, cracking, and load carrying capacity of 

dapped ends. The experimental program consisted of testing 12 dapped ends as both ends of 

six beams. The researchers tested specimens in pairs, one with only a vertical load and the 

other an additional outward horizontal load equal to 50% of vertical. 

 

A test stand was designed to induce an outward horizontal tension load, acting 

simultaneously with the vertical load. The angle of inclination of the stand was adjusted to 63 

degrees to the horizontal to induce a horizontal component that is 50% of the vertical 

component. The test setup used is shown in Figure  2-6. 

 

Figure  2-6: Test Stand for Dapped End Beam Subjected to Inclined Load  

(Nagrodzka-Godycka & Piotrkowski, 2012) 

 



22 

The researchers observed that crack patterns for the dapped end subjected to inclined load 

was different from those loaded with vertical load only. For the dapped ends subjected to 

inclined loads, cracking initiated at lower load level as compared to those subjected to 

vertical loads only. Test results of the study indicated that imposing a horizontal load equal to 

50% of the vertical load resulted in 25% decrease in the load capacity of a dapped end. 

Inspection of crack patterns indicated that the crack width exceeded 0.012 in. in dapped end 

beams under service loads. 

 

Mattock (2012) suggested a simplified Strut and Tie truss model that is more consistent with 

the actual behavior of the dapped end as compared to other models.  He examined the model 

provided by FIP Recommendations (FIP Commission 3 "Practical Design", 1996), which is 

reproduced herein as Figure  2-7, and concluded that this model predicted forces in the hanger 

reinforcement that were inconsistent with the test results. The FIP model implies that the 

total tension in Tie AD must be resisted at Node D by the horizontal component of Strut CD 

acting with Tie DF as a Truss. Tie AD continues past node D by a sufficient length to 

develop the yield strength of Tie AD. The force in Tie AD builds up over this development 

length instead of suddenly at Node D as shown in Figure  2-7.  Hence, there is no need for Tie 

DF to act in conjunction with Strut CD to resist the force inTie AD. 
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Figure  2-7: Strut and Tie Model Truss given in the FIP Recommendations 

 

Mattock suggested instead a simplified Strut and Tie model with an anchorage force (P1) 

resisting Tie AD and an inclined compressive force (P2) resisting Strut CD shown in 

Figure  2-8.  He assumed that the inclined compressive force (P2) is part of the overall truss 

action in the full depth beam consisting of the concrete at the top of the stem and in the 

flange of the tee beam. The anchorage force (P1) is provided by the extension the reinforcing 

steel of Tie AD through node D.  
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Figure  2-8: Simplified STM for a Dapped End (Mattock, 2012) 

 

Forsyth (2013) tested four 30 feet long prestressed dapped end beams at the Constructed 

Facilities Laboratory at North Carolina State University. The four beams enabled study of 

eight reinforcing schemes that were developed to examine various selected parameters 

affecting the performance and strength of dapped end beams. The specimens were configured 

to study variables believed to have a significant effect on performance. Five parameters were 

selected for studying including: inclination of hanger reinforcement, radius of the bend in the 

hanger reinforcement, inclusion of an additional shear reinforcement basket, passing one 

strand through the nib, and a held back flange. Figure  2-10shows a specimen with inclined 

hanger configuration tested by Forsyth (2013). The same test procedure was applied to each 

specimen, and a comprehensive test design was conceived to include cyclic loading and a 

normal force due to bearing friction in addition to the main vertical reaction. 
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Figure  2-9: Specimen L3B (Forsyth, 2013) 

 

Results of the experimental program indicated that failure of all specimens occurred through 

the full depth of the section across a critical diagonal crack.  The results also indicated that 

inclined hanger detail performed better than the vertical hanger detail in regards of strength 

and crack control. The inclined hanger steel increased the capacity of the dapped end beams 

by nearly 30% as compared to similar specimens with vertical hanger steel.  Observation of 

the cracking patterns during the tests indicated that the onset of cracking was delayed in 

specimens using inclined hanger reinforcement. Forsyth also investigated the effect of 

passing one strand into the nib on the behavior of dapped end beams. The results indicated 

that passing one strand through the nib improved cracking performance, as compared to an 

identical specimen without strands in the nib. 
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Forsyth investigated the performance of  the vertical and inclined hanger bars anchored at the 

top end using a 180 degree loop transverse to the longitudinal axis of the beam. Test results 

indicated that looping the hanger steel with a 180° bend provides enough effective positive 

anchorage to yield #4 reinforcing bars.  Yielding of the hanger bars was evidenced by the 

measurements of strain gages installed on the bars. Forsyth suggested two strut and tie 

(STM) models that can be used to design dapped end beams with vertical and inclined hanger 

reinforcement details. The STM models matched the observed cracking and behavior of the 

specimens.  

2.3 Splice Length of Mild Steel to Prestressed Strand   

The PCI design handbook recommends anchoring the hanger reinforcement by extending the 

hanger bars along the bottom of the web.  This detail creates a splice between the horizontal 

extension of the hanger reinforcement bars (Aôsh in Figure  2-1b) and the prestressing strands 

in the bottom of the web. Mattock and Abdie(1988) conducted an experimental program to 

study the transfer of force between reinforcing bars and  prestressing strands when lap 

spliced. They recommended that the horizontal extension of the hanger reinforcement should 

extend not less than 1.7 times the specified development length in order to develop yield 

strength of the reinforcing bars.  

 

Mattock and Abdie tested prestressed concrete prisms with two reinforcing bars of equal 

length protruding out one end of the prism shown in Figure  2-10. Tension was applied to the 

protruding bars while the concrete prism was restrained by an embedded steel fixture. 
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Mattock and Abdie pre-tensioned each strand to 50% of yield prior to casting and transferred 

the prestressing force gradually to the concrete. Their experimental program consisted of 

eleven specimens cast in pairs with variation of the size of the reinforcing steel and the lap 

length of the reinforcing bars to the strand. They concluded that as the lapped length of the 

bars increased, the ultimate capacity of the splice increase. They provided an equation to 

calculate the lap length required to develop the yield strength of small diameter reinforcing 

bars. Using this equation, Mattock & Abdie showed that the required lap length to cause 

yielding in two #4 bars grade 60 steel spliced to one pretensioned strand, is 55 inches, much 

longer than the development length specified by ACI code.  

 

 

Figure  2-10: Lap Splice Specimens, Mattock and Abdie (1988) 
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Forsyth (2013) tested eight lap splice specimens with a configuration similar to those tested 

by Mattock and Abdie. The lap length of the splice between the reinforcing bars and the 

strands was varied in the specimens to determine the required length to develop the yield 

strength of the mild reinforcing bars. Lap lengths equal to 1, 1.6, 2.3, 3.6 and 4 times the 

standard bar development length, ld, as specified by ACI 318-14 were examined in the 

program. 

 

Three different failure modes were observed during the tests including: loss of strand bond, 

rebar pull out and rebar rupture. Specimens with short lap lengths exhibited rebar pullout 

failures while specimens with longer splices achieved higher ultimate capacity and yielding 

of the reinforcing bars. Forsyth concluded that a lap length of 1.7 times the value specified by 

ACI318-14 appears sufficient to yield a #4 bar in a bar-to-strand splice typical of those found 

in the bottom of dapped end members.   
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2.4 Challenges to Current Practice 

Based on the literature review presented in this chapter, the design and construction of 

dapped double tees could be challenging due to the following reasons:  

 

1. The dapped end connection is a discontinuity region, where the assumptions of plane 

sections remaining plane do not apply.  

2. Cracking should be expected given relatively high stress levels, notch effects, and 

section changes in the dap region. In particular, inclined cracking emanating from the 

re-entrant corner upwards towards the web flange junction. 

3. Inclined shear cracks in the full depth section are very common under service loads 

owing to design or construction deficiency. 

4. Longitudinal splitting cracks along the bottom of the web are also common due to the 

high splitting forces generated from development of the mild reinforcing bars and 

prestressing strands in addition to insufficient confinement by the very tight space of 

the stem width. 

5. Pretensioning strand, web shear reinforcement, and intersecting mild reinforcement 

are all competing for space in stems that are only about 4.0 inches wide.  

6. Unlike bottom-supported members, compression from the bearing reaction is not 

available to help resist longitudinal splitting due to bursting from development of 

pretensioning strand and mild reinforcement bars.  

7. The reinforcing arrangements must be carefully detailed and constructed to avoid 

interferences and to enssure accurate placement within acceptable tolerance. 
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8. Since the double tee stems are not wide enough to accommodate closed stirrup 

reinforcement, the C-shaped bars, shown in Figure  2-2, can be used as an alternative 

reinforcement; however, it is believed that the top leg of the C bar should extend 

outward over the bearing rather than inward towards mid-span to more effectively 

engage possible diagonal tension cracking in the nib section. 

9. Force transfer between the horizontal extension of the hanger reinforcement and the 

pretensioned strands at the bottom of the web provides the horizontal force required 

to equilibrate the inclined strut that transfers the shear force at the end of the beam. 

The lap length between the hanger reinforcement and the prestressing strand should 

be sufficient to develop the yield strength of the hanger reinforcement bars. 
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3. Finite Element Analysis 

Non-linear finite element analysis was used to model the behavior of the dapped end of thin 

web of typical double tee members to study the effects of various parameters believed to 

affect the behavior and to identify the most promising reinforcement schemes that can be 

used for further evaluation by testing. This chapter summarizes the methodology and results 

of the analysis.  

3.1 Finite Element Program 

This section presents a brief description of the fundamentals of the selected nonlinear finite 

element program commercially known as  ñATENAò used to model the prestressed dapped 

end beams considered in this study. The ATENA program is specifically tailored for non-

linear analysis of concrete structures offering constitutive models and tools to model both 

reinforced and prestressed concrete members and structures. This chapter describes the 

calibration process used to calibrate the finite element program based on reported measured 

experimental results from the literature.   

3.1.1 Concrete Material  

The concrete material was modeled using a predefined material model in ATENA known as 

ñCC3DNonLinCementitious2.ò This model is a fracture plastic model based on the classical 

orthotropic smeared crack formulation and crack band model. It employs Rankine failure 

criterion, exponential softening, and it can be used as a rotated or fixed crack model. The 

model is based on smeared crack approach where cracks are assumed to be uniformly 

distributed within the concrete volume. The cracks are developed when the principal stresses 
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exceed the tensile strength of concrete. The shear strength of cracked concrete is determined 

using the Modified Compression Field Theory proposed by Vecchio & Collins (1986). A 

reduction of the concrete compressive strength is also considered in the direction parallel to 

the cracks. Another feature of ATENA's model is its capability to simulate the contribution 

of the cracked concrete to the stiffness of the reinforcement, which is defined as tension 

stiffening. More details of the material properties are available in the manual published by 

Cervenka Consulting (2011a). The concrete model was defined by specifying the 

fundamental properties such as the elastic modulus, Poissonôs ratio, tensile strength, 

compressive strength and fracture energy of the concrete.  

The ATENA finite element library includes tetrahedral, brick and wedge-shaped 3D solid 

elements. A 20-node brick element, shown in Figure  3-1, was selected to model the concrete 

in this research.   

 

 

Figure  3-1: 20 Node Brick Element (Cervenka Consulting, 2011a) 
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3.1.2  Steel Material  

The steel material for the reinforcement bars and prestressed strands was modeled using a 

bilinear stress-strain relationship as shown in Figure  3-2. The steel material model was 

defined by specifying the elastic modulus, yield strength and the plastic modulus.   

 

 
 

Figure  3-2: Bilinear Stress Strain Law for Reinforcement (Cervenka Consulting, 2011a)  

 

The reinforcement bars and prestressing strands were modeled using discrete segmental truss 

elements. Perfect bond between the reinforcement bars and the concrete elements was 

assumed for all models.  

 

Development of the prestress force over the transfer length of the strands was modeled by 

meshing each strand as a series of coincident reinforcement bars. For a given 7-wire strand, 7 

reinforcement bars were meshed, each bar being 1/7
th
 of the total area of the strand, and each 

bar starting 1/7
th
 further away from the end of the specimen than the previous one. The first 

bar starts at the end of the beam, and the last bar starts at the end of the theoretical strand 
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transfer length. This meshing is illustrated in Figure  3-3. The effective prestress stress level 

after losses was applied to all meshed bars. Using this modeling approach, the prestress force 

was gradually built up in seven increments over the transfer length.  

 

 

 

 

 

Figure  3-3: Modeling of Prestressing Strand 

 

3.1.3 Analysis Solution Technique 

The Newton-Raphson method was implemented in ATENA to converge the solution. The 

method, schematically illustrated in Figure  3-4, is an iterative solution method used to 

determine the nonlinear response of the structure subjected to prescribed load or 

displacement increments up to failure. Load control method was used in this study, wherein 

the load was increased monotonically in a series of discrete steps. At each load step, the 

Newton-Raphson method was applied, and the program iteratively changed the model 

displacements until the model equations were satisfied within an acceptable convergence 

criteria. If the program was unable to converge within a specified number of iterations, the 

structure was deemed unstable, and the analysis was terminated.  

Transfer Length 

Strand 

Diameter Each segment has 1/7 of the 

total strand area 



35 

 

Figure  3-4: Full Newton Raphson method (Cervenka Consulting, 2011a) 

  

3.2 Calibration of Finite Element Models 

The mesh, material, and solution parameters of the FE models were calibrated using reported 

test data of beam specimens tested by Forsyth (2013).  The following sections describe the 

reported data used in the calibration process.  

3.2.1 Measured Data used in the Calibration  Process 

The measured data used to calibrate the models were based on test specimens tested by 

Forsyth (2013). Typical test specimen used in the calibration of the FE models is shown in 

Figure  3-5. The tested beams were 30-foot long, 30 inches deep and 5-foot wide single tee 

beam configuration. The experimental program included four specimens with dapped ends 

and each end was tested individually, resulting in a total of 8 tests. The beams were loaded 

with two concentrated loads positioned at 6ô 4ò and 10ô 5ò feet from the end as shown in 

Figure  3-5. The tested dapped end was loaded in a manner that simulated realistic loading 

conditions of a full-scale 60-foot double tee member. 
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Figure  3-5: Typical Test Beam used in Calibration of FE Models (Forsyth, 2013) 

 

The load was increased incrementally to service load level, after which the beam was 

subjected to cyclic loading ranging from load equivalent to dead load level to a load 

equivalent to service load level of a typical 60 feet long single tee beam. The load was 

increased incrementally to the factored load level and finally to failure. To account for the 

effect of the horizontal tension force transmitted through dapped ends, the beams were 

supported by a pin from one end and an inclined link support at the other end as shown in 

Figure  3-5. The link support was inclined by 11 degrees from the vertical plane in order to 

induce a horizontal reaction that was approximately equal to 20 percent of the vertical 

reaction. The pin was located 5 feet away from the other dapped end, and provided resistance 

to the horizontal and vertical reactions at that location.  Four dapped ends were designated as 

Pin Support Inclined link  Support 

30ô 0ò 
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ñMò series, and the other four dapped ends were designated as ñLò series. The M series 

specimens had vertical L-shaped dap reinforcement as shown in Figure  3-6. The L series 

specimens had inclined L-shaped dap reinforcement as shown in Figure  3-7.  

 

Figure  3-6: Dapped End Region Reinforcement Details for M series Specimens (Forsyth, 2013) 

 

Figure  3-7: Dapped End Region Reinforcement Details for L Series Specimens (Forsyth, 2013) 
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The hanger reinforcement in both types of specimens was terminated with a loop at the top. 

The horizontal flexural steel consisted of two #4 or #5 bars that were welded to the bearing 

plate. Some of the specimens had strands in the nib.  The M series beams were cast using 

concrete with an average measured compressive strength of 6500 psi, and the L series beams 

had an average measured concrete strength of 7900 psi. The yield strength of the steel 

reinforcement used in the beams varied between 69 ksi and 76 ksi. 

  

3.2.2 Calibration Methodology 

Finite element model was used to model each tested specimen tested by Forsyth (2013) using 

ATENA program as shown in Figure  3-8. The dap reinforcement was modeled to match each 

reinforcement detail as shown in Figure  3-9. The basic material properties of concrete and 

the reinforcement were input in the model based on the average measured values. Perfect 

bond was assumed between the steel elements and the concrete.  

The inclined link support at the tested end of the double tee was modeled by rotating the 

local axis of the supporting line at the base of the end bearing plate by 11 degrees. The other 

end of the beam was restrained in the global horizontal and vertical directions. The loads 

were applied at two concentrated loads acting on loading plates that were positioned and 

spaced to simulate the test setup. 
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Figure  3-8: Typical Layout and Mesh of Test Specimen 

 

 

Figure  3-9: Steel Reinforcement in the Dap Region for M Series Beams 

t 

t 

Inclined link support Beam Cross section 
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In this analysis, typically, failure of a dapped end occurred when the principal compressive 

strain in the concrete strut regions located between diagonal cracks was equal to or exceeded 

a limiting value of 0.002, as shown in Figure  3-10.  A principal compressive strain of 0.002 

was considered by several researchers as the strain level at which the concrete is crushed 

between the shear cracks along the diagonal struts (Vecchio and Collins, 1986; Bentz et al., 

2006). Such failure criterion was also used in finite element modeling of the L-shaped beams 

by Hassan et al. (2007) 

Figure  3-10 illustrates this condition. In Figure  3-10, black lines represent the diagonal 

cracks, and the region shaded in red is the portion of the beam with compressive strains equal 

to or exceeded 0.002 strain.  

 

 

Figure  3-10: Distribution of the Principle Compressive Strains at Failure for L3B 



41 

Test results of the beam specimens tested by Forsyth (2013) were used to calibrate key 

parameters required for the finite element models. Those parameters were adjusted based on 

comparing the response predicted by the FE model to the measured behavior of the beam 

specimens. The parameters and their final calibrated values are given in Table  3-1. 

 

Table  3-1: Calibrated FE Model Parameters 

Parameter Calibrated Value Note 

Element Type 
20-node quadratic 

brick element 
Performed better than linear brick element 

Fracture Energy 10.4e-4 kip/inch 
Material property defining post-cracking 

behavior of concrete 

Mesh Size 4 inches Dimension of finite elements 

Load Increment 1.5 kips Value of each load step 

 

3.3 Validation of Finite Element Models 

This section compares the results of the analysis, using the calibrated finite element models, 

to the measured values of the beam specimens tested by Forsyth (2013). The comparisons 

between the analytical and test results are presented in terms of load-deflection behavior, 

ultimate loads and width of cracks at service limit state. 

3.3.1 Behavior of Test Specimens 

Behavior of most of the dapped end specimens tested by Forsyth (2013) followed almost the 

same pattern. Typically the first crack appeared in the dapped-end region at the re-entrant 

corner. This initial crack propagated gradually by increasing the applied load. In most 

specimens except for those with strands in the nib region, this crack started to become visible 

at load equivalent to the service load level. The measured crack width ranged from 0.005 to 
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0.01 inches for the L-series beams and from 0.01 to 0.02 inches for the M-series beams. The 

ultimate failure occurred as a result of a major diagonal crack extending from the bottom 

corner of the stem to the stem-flange junction as shown in Figure  3-11. All failures were 

relatively sudden and without warning. This abrupt diagonal tension crack was accompanied 

by flexural cracks near the bottom of the stem, suggesting possible bond failure of the bottom 

strands. Strand slip was observed concurrent with formation of the failure crack implying that 

the failure of the L and M-series specimens was triggered by slipping of the prestressing 

strands. The L series specimens, which have inclined hanger reinforcing steel, performed 

better than the M series with the vertical hanger reinforcement in terms of strength and crack 

control. 

 

It has been premised that ultimate failure occurred due to bond slip between the prestressing 

strands and the bottom reinforcing steel, as evidenced by the vertical cracking in the bond 

region as shown in Figure  3-11. Bond between the prestressing strand and the bottom 

reinforcing steel is necessary to provide the tie mechanism required to equilibrate the 

horizontal component of the diagonal compression strut.  
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Figure  3-11: Beam L3B after Failure (Forsyth, 2013) 

  

3.3.2 Prediction of the FE Analysis 

In general the FE model was able to predict the behavior, minor cracks initiated at the re-

entrant corner of the dap at very low load levels which gradually propagated with increasing 

of the applied load as shown in Figure  3-12(a). The predicted crack widths at service-load 

levels varied between 0.005 and 0.018 inches. As the load increased beyond service load, 

cracks developed in the full depth section starting from the bottom corner of the web and 

eventually propagated upwards to the web-flange junction as shown in Figure  3-12 (b). 

Those cracks had an inclined angle ranged between 30 to 45 degrees from the horizontal. 

Some vertical cracks were also observed at the bottom of the stem in the end region prior to 

failure. 

Cracks potentially 

indicating bond failure 
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(a) 

 

(b) 
Figure  3-12: Crack Pattern Prediction at Different Loading Levels for L3B 

3.3.3 Comparison of Analytical Predictions to Measured Values 

The following sections show the comparison between the behavior and failure mode 

predicted by the FE analysis to that measured for specimens L3B, L3D, and M4D tested by 

Forsyth (2013).  

3.3.3.1 Specimen L3B 

Specimen L3B was designed to have the inclined L reinforcement scheme with additional U 

shaped welded wire reinforcement placed close to the re-entrant corner of the dapped end. A 

comparison of the load-deflection behavior of specimen L3B, as predicted by FE analysis 

and the measured values is shown in Figure  3-13. Figure  3-14 shows the contours of the 

principle compressive strains at failure where the red zones indicate the regions that were 

Service Load 

26 kips 

Failure Load 

65 kips 

Re-entrant 

corner cracks 
 

Diagonal 

Tension cracks 
 

Bond cracks 
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equal to or exceeded 0.002. The predicted failure load was 65 kips, which is 3 percent less 

than the measured value. 

 

 

Figure  3-13: Predicted vs. Measured Displacements for L3B 

 

Figure  3-14: Principle Compressive Strains at Failure for Specimen L3B 
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3.3.3.2 Specimen L3D 

Specimen L3D was identical to specimen L3B except that the flange was held back from the 

end the beam. The top flange of the tee was not extended to the end of the nib but was 

terminated eight inches away from the end. A comparison of the load-deflection behavior of 

specimen L3D, as predicted by FE analysis and the measured values is shown in Figure  3-15. 

Failure of the beam was predicted at 67 kips, which is 1 percent less than the measured value. 

Figure  3-16 below shows the contours of the principle compressive strains at failure, where 

the red zones indicate the regions that were equal to or exceeded the 0.002 limiting value. 

 

 

Figure  3-15: Predicted vs. Measured Displacement for L3D 
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Figure  3-16: Principle Compressive Strains at Failure for Specimen L3D 

 

3.3.3.3 Specimen M4D 

Specimen M4D was designed to have the vertical L reinforcement scheme with additional u 

shaped welded wire reinforcement placed close to the re-entrant corner of the dapped end. A 

comparison of the load-deflection behavior of specimen M4D as predicted by FE analysis 

and the measured values is shown in Figure  3-17. Failure in the beam was predicted at 53 

kips, which is 1 percent less than the measured value. Figure  3-18 below shows the principle 

compressive strain contours at failure. 

 

 

 

 



48 

 

Figure  3-17: Predicted vs. Measured Displacement for M4D 

 

 

Figure  3-18: Principle Compressive Strains at Failure for specimen M4D 
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3.3.4 Results of the Calibration 

Table  3-2 provides a comparison of the failure load predicted by analysis, based on the 0.002 

strain failure criterion, to the measured values for all tested specimens tested by Forsyth 

2013. In general, the failure loads predicted by the FE models were slightly less than the 

measured failure loads. However, the difference between the predicted and measured values 

for thedap capacity was less than 9 percent for all tested specimens. 

 

The last two columns of Table  3-2 show a comparison between the measured and predicted 

values for the re-entrant corner crack width at service load level. The values predicted by the 

analysis are close to those measured from the experimental program.   

 

Table  3-2: Analytical Predictions vs. Experimental Results 

Specimen 

Dap Vertical Reaction  

at  

Failure 

(kips) 

Analysis / 

Test 

Re-entrant Corner Crack 

Width at 

Service Load Level  

26 kips 

(in) 

Measured Analysis Measured Analysis 

L3A 63 59 0.93 0.010 0.012 

L3B 67 65 0.97 0.005 0.009 

L3C 73 70 0.96 0.005 0.004 

L3D 68 67 0.99 0.005 0.008 

M4A 49 48 0.98 0.015 0.017 

M4B 50 48 0.96 0.020 0.018 

M4C 59 54 0.91 0.010 0.008 

M4D 53.3 53 0.99 0.010 0.011 
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The comparisons between the predicted and measured values provided confidence in the 

ability of the FE model to predict the behavior of the dapped end beams up to failure, both in 

terms of the load deflection behavior, ultimate loads and width of cracks at service load level. 

The results validated also the use of the 0.002 strain as the failure criterion. 

3.4 Current Design Procedure of Dapped Ends 

The research was initiated by reviewing the current practice of the geometry and 

reinforcement schemes of the dapped end by the PCI Design Handbook (2010). The study 

investigated the height limitation of the dap that necessitates the use of supplemental dapped 

end reinforcement. It also examined the current design approach for the various components 

of dapped end reinforcement required by the PCI Design Handbook. Summaries of these two 

studies are presented in the following sections. 

3.4.1 Height of the Dap  

A series of models were performed to study the effect of the height of the dap cutout as 

percentage of the total height of single Tee beam. All the beams considered in the study were 

prestressed by five strands place in one vertical column spaced two inches apart starting from 

the bottom of the tee and a welded wire mesh w6xw6@6ò in the stem. Table  3-3 below 

summarizes the geometry of the models and their behavior when loaded to failure. The dap 

height was varied in the analysis starting from 0 to 9 inches as shown in Table  3-3. 
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Table  3-3: Dap Height Analysis Results 

Model 

Dap 

Height 

(in) 

Dap 

Height/Tee 

Height 

Ultimate 

Failure 

Load 

(kip) 

Failure Mode 

Dap-1 0 0% 67 

Flexure 

away from 

end 
 

Dap-2 3 10% 64 

Flexure 

away from 

end  

Dap-3 5 17% 55 

Nib 

shear/flexure 

away from 

end  

Dap-4 7 23% 43 Nib shear 

 

Dap-5 9 30% 34 Nib shear 

 

 

Results of the analysis indicated clearly a transition from flexural failure of the full-section to 

a shear failure of the dapped-end at a dap height ranging from 17 to 23% of the total height. 

The study indicated also that the relative strength of the full section versus the dapped end 

depends on the geometry of the stem, prestressing scheme, and the main beam reinforcement, 

It was clear that there is a significant reduction of the strength of the dapped end as the height 

of the dap cut out is increased beyond 23% of the total height. This confirms the PCI Design 

Handbook requirement that dapped end reinforcement should be used where the dap cutout 

height is greater than 20% of the total height.   
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3.4.1 Reinforcement of the Dapped End 

The purpose of this study was to determine the effectiveness of the various types of dapped-

end reinforcement currently recommended by the PCI Design Handbook. All beams in this 

study had a 15-inch nib height (50% of total height), five prestressing strands spaced two 

inches apart starting from the bottom of the tee and located in a single column, and nominal 

mesh reinforcement in the stem.  The dapped-end reinforcement utilized a C-shape layout 

similar to the detail shown in Figure  2-2. Table  3-4 shows the six beams that were analyzed 

in this study.  The analyzed models included also a beam without dapped end reinforcement, 

B1 in Table 3-4, along with beams with various combinations of the main components of the 

dapped end reinforcement, B2 to B6 in Table 3-4,  and finally a beam after inclusion of all 

PCI dapped end reinforcing steel, B6 in Table 3-4.  The dapped end reinforcement used for 

each beam and the results of the study in terms of capacity and failure mode for each case are 

also given in Table  3-4. 

  

The study indicate that the hanger reinforcement, Ash, flexural reinforcement, As, and shear 

friction reinforcement, Ah, are necessary to realize the full capacity of the dapped end and 

adequately restrain the cracks to the limited value. The hanger and flexural steel are the most 

important reinforcement components. The vertical reinforcement in the nib, Av, does not 

contribute to the ultimate strength or crack control. However, this steel may be necessary to 

restrain vertical or inclined cracks emanating from the bearing plate due to uneven bearing. 

These results generally confirm the PCI requirements for all components of dapped end 

reinforcement. 
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Table  3-4: Dapped End Reinforcement Analysis Results 

Beam 

Dapped-End Reinforcement  Crack 

Width 

at 

Service 

Loads 

(in) 

Failure 

Load 

(kip) 

Failure Mode 
Ash As Ah Av Aôsh 

B-1      NA 21 
Nib shear, 

45 degrees 
 

B-2 1-#6    1-#6 0.90 24 

Nib shear, 

more 

vertical  

B-3  2-#4    0.35 28 

Nib shear, 

more 

horizontal  

B-4 1-#6  2-#4  1-#6 0.13 30 Nib shear 

 

B-5 1-#6 2-#4   1-#6 0.025 36 Nib shear 

 

B-6 1-#6 2-#4 2-#4  1-#6 0.021 45 
Full 

section 
 

B-7 1-#6 2-#4 2-#4 2-#4 1-#6 0.021 45 
Full 

section 
 

 

These results also indicate that there are generally two types of failure modes: cracking 

through the nib from the re-entrant corner and cracking from the bottom corner of the web 

through the full section of the beam. The type of failure mode that occurred varied and 

depend on the reinforcement of the dapped-end. It was also concluded that the hanger 

reinforcement and shear friction reinforcement restrain the horizontal or inclined cracks 

emanating from the re-entrant corner. Flexural reinforcement and shear friction 

reinforcement restrained vertical cracks emanating from the re-entrant corner. Hanger 
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reinforcement and the bottom reinforcing steel restrained cracks emanating from the bottom 

corner of the web and propagating through the full section. 

3.5 Studied Reinforcement Schemes 

This section presents a study conducted to investigate the performance of six different 

reinforcement schemes for dapped ends using finite element modeling. These reinforcement 

schemes included the vertical L shape, C shaped, inclined L shape, vertical Z shape, inclined 

Z shape and finally the custom welded wire reinforcement scheme. The following sections 

describe the reinforcement details for each scheme. The reinforcement schemes were 

designed to have same amount of hanger reinforcement, nib flexural reinforcement, shear 

friction and same strand pattern to allow fair comparison of the performance of different 

details. A comparison showing the performance of the six reinforcement schemes in terms of 

ultimate strength and crack control is presented at the end of this section. 

 

3.5.1 Vertical L Shape Reinforcement Scheme 

The vertical L shape reinforcement scheme provides reinforcement details that can be easily 

constructed and enable the use of symmetrical arrangement of the hanger reinforcement.  The 

scheme consists of vertical L shape bars used as hanger steel. In this scheme the upper end of 

the hanger reinforcement is anchored by 180 degrees loop, with a bend diameter eight times 

the bar diameter. The lower end of the hanger steel is bent and extended horizontally in the 

bottom of the web. The nib flexural reinforcement bars are welded to the end plate. Shear 

reinforcement of the nib is provided by two horizontal U bars and two vertical bars that are 
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welded to the end plate. A welded wire mesh, w6xw6@6ò, was used as the web shear 

reinforcement for the beam. Details of the vertical L shape scheme considered in the study 

are shown in Figure  3-19.  

 

 

Figure  3-19: Reinforcement Details for Vertical L -shape Scheme (Control Beam) 

                                Note: Welded wire mesh not shown for clarity 

 

3.5.1 C Shape Reinforcement Scheme 

This scheme uses a C shaped bar as the hanger reinforcement for the dapped end. The bar is 

anchored at the upper end by extending its upper leg in the compression zone while the lower 

end is anchored by extending it along the bottom of the web. The nib flexural reinforcement 

is welded to the end plate. The nib shear reinforcement is provided in the form of two 

horizontal U shaped bars and vertical bars welded to the end plate. A welded wire mesh of 
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w6xw6@6ò was used as web shear reinforcement for the beam. Figure  3-20 show the 

reinforcement details for the C shape scheme considered in this study.  

 

 

Figure  3-20: Reinforcement Details for C-shape Scheme (Control Beam) 

                                      Note: Welded wire mesh not shown for clarity 

 

3.5.2 Inclined L Shape Reinforcement Scheme 

The inclined L shape scheme is distinctive as it provides positive location for the hanger 

reinforcement in the dap region. This scheme employs inclined L shape bars as hanger 

reinforcement. The angle of inclination of the hanger reinforcement was 60 degrees to the 

horizontal.  The hanger bar is anchored at its upper end by 180 degrees loop and the tails are 

extended horizontally along the bottom of the web. The nib flexural reinforcement is welded 
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to the end plate. The nib shear steel is provided as two U shaped horizontal bars and vertical 

bars welded to the plate. A welded wire mesh of w6xw6@6ò was used as web shear 

reinforcement for the beam.  Figure  3-21 shows the reinforcement details for the inclined L 

shape scheme considered in this investigation.  

 

 

Figure  3-21: Reinforcement Details for Inclined L -shape Scheme (Control Beam) 

                                      Note: Welded wire mesh not shown for clarity 

 

3.5.3 Vertical and Inclined Z Shape Schemes 

The Z shape reinforcement schemes provide a good alternative for the dapped end 

reinforcement due to its ease of construction. These schemes provide an important advantage 

in reducing the reinforcement congestion in the nib therefore provide better placing and 

compaction of concrete in the nib easier. Both vertical and inclined Z shape schemes were 

considered in this study. The vertical Z scheme utilizes a Z shape bar as hanger 
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reinforcement. The hanger bar is hooked at its upper end and welded to the end plate while 

its lower end is anchored by extending the tail within the bottom of the web. The nib flexural 

reinforcement is welded to the end plate. A welded wire mesh of w6xw6@6ò was used as 

web shear reinforcement for the beam. Reinforcement details for the vertical Z scheme are 

shown in Figure  3-22.  

 

 

Figure  3-22: Reinforcement Details for  Vertical Z-shape (Control Beam) 

                                      Note: Welded wire mesh not shown for clarity 

 

The main distinction between the inclined and vertical Z schemes is that the inclined Z 

scheme utilizes inclined hanger reinforcement instead of vertical hanger bars. The angle of 

inclination of the hanger reinforcement is highly dictated by the geometry of the beam and 
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was selected to be 55 degrees to the horizontal in this study. Reinforcement details for the 

inclined Z scheme are shown in Figure  3-23.  

 

 

Figure  3-23: Reinforcement Details for Inclined Z Shape (Control Beam) 

                                      Note: Welded wire mesh not shown for clarity 

 

3.5.4 Custom Welded Wire Reinforcement Scheme 

This section investigate the effect of one welded wire mesh that can be placed as one unit in 

the beam thus facilitating and speeding the fabrication process of dapped end beams. 

Figure  3-24 shows the reinforcement details for the welded wire fabric scheme.  
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Figure  3-24: Reinforcement Details for Welded Wire Reinforcement Scheme 

 

3.5.5 Comparison of Reinforcement Schemes 

Table  3-5 presents a comparison of the performance of the six reinforcement schemes 

described in the previous sections. The reinforcement details for each of these schemes are 

similar except for the configuration of the hanger reinforcing steel. The second column of the 

table gives the predicted vertical reaction at the dapped end at failure for each reinforcing 

scheme. The fourth column of the table gives the predicted crack width at the re-entrant 

corner for each scheme. 
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Table  3-5: Comparison of Reinforcement Schemes Studied 

Reinforcement Scheme 

Dap 

Reaction 
% 

Re-entrant 

Corner 
Hanger 

Reinforcement 

Yielding 
(Kips) Crack 

width (in)  

C-shaped 47 100 0.014 No 

Vertical L-shape 48 103 0.012 No 

Inclined L-shape 58 125 0.008 Yes 

Vertical Z-shape 49 105 0.012 No 

Inclined Z-shape 54 115 0.011 Yes 

Welded wire reinforcement 50 106 0.023 No 

 

In general, schemes with vertically-oriented hanger reinforcing steel, C-shape, Vertical L, 

Vertical Z, custom welded mesh,  performed similarly  and the schemes with inclined hanger 

reinforcing steel, inclined L-shape and inclined Z-shape,  performed similarly  both with 

respect to ultimate strength and crack control. Test results given in Table  3-5 indicate that the 

schemes with the inclined hanger steel exhibited 15 to 25% increase in ultimate strength and 

up to 35% decrease in crack widths compared to their counterparts with vertically oriented 

hanger reinforcing steel. The inclined L shaped reinforcement performed best. This is 

attributed to the fact that the inclined hanger steel was able to better control the diagonal 

cracks that originate from the re-entrant corner and bottom corner of the web. Of the vertical 

reinforcement schemes, the C-shape showed the worst performance. The WWF scheme 

showed the worst performance of all schemes in terms of crack control at service load. 
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Figure  3-25 shows the predicted load deflections behavior for the six reinforcement schemes. 

Figure  3-26 shows the predicted re-entrant corner crack width at service load for the six 

reinforcement schemes. 
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Figure  3-25: Predicted Load Deflection for Six Reinforcement Schemes 

 

Figure  3-26: Crack Width at Service Load (26 kips) for Six Reinforcement Schemes 
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3.6 Parametric Study 

This section presents a parametric study conducted using the calibrated finite element 

modeling approach to investigate the effect of thirteen different parameters that are believed 

to affect the behavior of dapped end beams. Those parameters include the amount of 

different types of reinforcement for dapped end, nib prestressing, concrete strength, nib 

height, web shear reinforcement and other construction details. Those parameters were 

examined using six different reinforcement schemes. These reinforcement schemes included 

the vertical L shape, C shaped, inclined L shape, vertical Z shape, inclined Z shape and 

finally the custom welded wire reinforcement scheme. In this section the parameters are 

described and discussed in detail for the vertical L shape reinforcement scheme only, which 

is described in section 3.5.1, the results of the parametric study for the other reinforcement 

schemes are presented in Appendix A of the thesis. The parametric study is outlined in 

Table  3-6. The cells marked by X in Table  3-6 indicate that the selected parameter was 

studied for the particular reinforcement scheme.  
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Table  3-6: Parametric Study Outline 

  

 Parameter 

Reinforcement Scheme 

Vertical 

L  

Inclined 

L  

C 

Shape 

Vertical 

Z 

Inclined 

Z 
WWF 

1. Prestressing Level x x x    

2. Amount of Hanger Reinforcement, Ash 
x x x   x 

3. Amount of Shear Friction Reinforcement, Ah 
x x x    

4. Amount of Vertical Reinforcement, Av 
x x x    

5. Amount of Flexural Reinforcement, As 
x x x   x 

6. Nib Prestressing x x x x x  

7. Length of Hanger Reinforcement Steel 

Extension, Ashô 
x x x    

8. Concrete Strength, fôc 
x x x x x  

9. Shear Reinforcement in Web x x x x x x 

10. Nib Height x x x    

11. Flange Hold Back x x x    

12. Debonded Length of Strands x x x    

13. Corner Angle Construction Details x x x x x  
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The parametric study was carried using beams with span 24 feet and 30 inches deep. The 

flange was 6 feet wide and 4 inch thick for all models. Half of the beam was modeled to take 

advantage of symmetry. The beams were simply supported at its end by bearing plates and 

restrained from horizontal translation at its plane of symmetry. Each beam was loaded with a 

concentrated load that was positioned 10 foot away from the dapped end and a horizontal 

load equivalent to 20% of the dap reaction applied at the end bearing plate to simulate the 

pad friction. The mesh size was selected to be 4 inches and the load was increased by 1.5 

kips increments. Schematic of the typical beam, used in the parametric study, is shown in 

Figure  3-27. The effect of the selected thirteen parameters is discussed in the following 

sections. 

 

 

Figure  3-27: Typical Finite Element Mesh for Dapped End Beam used in Parametric Study 

Mesh Size 4 in 

P = 1.5 kips/step 

Horizontal load   
To simulate pad 

friction Vertical support 

Plane of 

symmetry 

10 foot 
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3.6.1 Prestressing Level 

To evaluate the influence of prestressing level on the behavior of dapped end beams, three 

beams were modeled using different number of strands. The analysis was performed for 

beams with 3, 5 and 7 strands as shown in Figure  3-28. The predicted load deflection 

relations for the three cases are shown in Figure  3-29. Table  3-7 presents a summary of the 

results in terms of the ultimate capacity and the crack widths obtained by the FE analysis for 

the three cases. The behavior indicates small differences between the two beams with 5 and 7 

strands; however, decreasing the number of strands to 3 had a significant effect on the 

response and reduced the ultimate capacity. The results indicate that increasing the 

prestressing level increases the capacity of the dapped end, delays the initiation of cracks, 

and reduces their width. The orientation of the failure cracks was flatter for the lower levels 

of prestressing. All failures occurred in the full section.  

 

 

Figure  3-28: Different Cases for Prestressing Level 
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Figure  3-29: Effect of Prestressing Level 

 

 

Table  3-7: FE Results for Different Prestressing Levels  

Model Parameter 

Dap 

Reaction  

at  

Failure 

(kips) 

% Increase 

Or 

Decrease* 

Re-entrant 

Corner 

Crack Width  

at Service 

Load  

(in) 

Hanger 

Reinforcement 

Yielding 

Control  7 Strands 48 -- 0.0120 No 

VL-1 5 Strands 46   -4%  Ҩ 0.0116 No 

VL-2 3 Strands 43 -11%  Ҩ 0.0126 No 

     *Percentages increase or decrease are calculated with respect to the control beam 
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3.6.2 Hanger Reinforcement, Ash    

The amount of hanger reinforcement in the dap region is considered to be one of the most 

important parameters that affect the behavior of dapped end beams.  Such reinforcement is 

required to resist the diagonal tension cracking that initiates at the re-entrant corner of the 

dap. To evaluate this parameter, three models were analyzed using different areas of hanger 

reinforcements. The amount of hanger steel was varied by changing the number of bars and 

the bar diameter as shown in Figure  3-30. The beam with 4 #4 hanger bars was considered 

the control beam for the other three beams.  The predicted load deflection relations for the 

four beams are shown in Figure  3-31.  

 

Figure  3-30: Hanger Reinforcement L Bars 

 

Results of the analysis indicate that decreasing the hanger reinforcement in the dapped end to 

2 #4 reduced the ultimate capacity by 11% and increased width of the re-entrant corner crack 

significantly. The results indicate also that increasing the steel amount to 4 #6 bars, which is 

220% higher than 4 #4 bars, increased the ultimate capacity by 7% only however, reduced 

the crack width significantly. The results of the analysis are presented in Table  3-8. It should 

Hanger Reinforcement, Ash 

4 #4 (control) 

2 #4 

4 #6 
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be noted that the hanger steel reinforcement developed yielding before failure for the case of 

the beam with 2 #4 bars only. Results of the analysis indicate that increasing the hanger steel 

Ash, increase the capacity of the dapped end and reduce the width of the re-entrant corner 

crack, however the increase is not proportional to the percentage increase of Ash. 

 

 

Figure  3-31: Effect of Hanger Steel Amount 

 

Table  3-8: FE Results for Different Hanger Steel Amounts 

Model 
Hanger 

Rft., Ash 

Area 

(in
2
) 

Dap 

Reaction 

at 

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant Corner 

Crack Width  

at Service Load 

(in) 

Hanger 

Reinforcement 

Yielding 

Control  4  #4 0.8 48 -- 0.012 No 

VL-3 2  #4 0.4 43 -11%  Ҩ 0.019 Yes 

VL-4 4  #6 1.76 51 7%   ҧ 0.006 No 
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3.6.3 Shear Friction Reinforcement, Ah 

Shear friction reinforcement has two functions in a dapped end beam; it resists the flexure 

and shear acting on the nib section as well as resisting diagonal tension in the nib section. 

The shear friction reinforcement was modeled in the form of two horizontal ñuò shaped bars. 

The effect of this parameter was evaluated using two beams with different amounts of shear 

friction reinforcement varying from 2 #3 to 2 #5 as shown in Figure  3-32. The predicted load 

deflection relations are shown in Figure  3-33. Slight increase in the capacity is obtained for 

increasing the shear reinforcement amount. Table  3-9 presents the FE results for the two 

cases. In general, the effect of the nib shear friction steel on the capacity was not significant 

since the failure took place in the full depth section. 

 

 

Figure  3-32: Different Cases for Shear Friction Steel 

 

2 x 1 #3 (control) 

 

2 x 1 #5   
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Figure  3-33: Effect of Shear Friction Steel Amount 

 

 

 

Table  3-9: FE Results for Different Shear Friction Reinforcement Amounts 

Model 

Shear 

Friction 

Rft., Ah 

Area 

(in
2
) 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-

entrant 

Corner 

Crack 

Width  

at Service 

Load 

(in) 

Hanger 

Reinforcement 

Yielding 

Control  2  x 1 #3 0.2 48 -- 0.012 No 

VL-5 2 x 1 #5 0.6 49 2% ҧ 0.012 No 
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3.6.4 Vertical Shear Reinforcement, Av   

The vertical Shear reinforcement in dapped end beams is essential to resist the diagonal 

tension in the nib section. This reinforcement is provided in the section in the form of vertical 

bars that are welded to the end plate. Three models were carried to investigate the effect of 

such reinforcing bars on the behavior. The amount of vertical shear reinforcement was varied 

in the models by changing the number of the bars as shown in Figure  3-34.  The predicted 

load deflection relations for the three models are shown in Figure  3-35. Slight increase in the 

capacity is obtained for increasing the amount of vertical reinforcement. The results of the 

analysis are illustrated in Table  3-10. Results showed that increasing the vertical shear 

reinforcement Av slightly increased the capacity and had no effect on the crack width. It is 

premised that the effect of the nib vertical shear steel on the capacity was not significant 

since the failure took place in the full depth section. 

 

 

Figure  3-34: Cases for Vertical Shear Steel 
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Figure  3-35: Effect of Vertical Shear Steel Amount 

 

 

Table  3-10: FE Results for Different Vertical Shear Steel Amounts 

Model 

Vertical 

Shear 

Reinf. , 

Av  

Area 

(in
2
) 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack Width  

at Service 

Load 

(in) 

Hanger Reinf. 

Yielding 

Control  2  #4 0.4 48 -- 0.0120 No 

VL-6 4  #4 0.8 49 2% ҧ 0.0120 No 

VL-7 6  #4 1.2 49 2% ҧ 0.0120 No 
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3.6.5 Nib Flexural Reinforcement, As   

The horizontal flexural reinforcement in a dapped end beam is used to resist the flexural and 

axial tension acting on the nib section. This reinforcement is provided in the form of two bars 

that are welded to the end plate. The effect of the amount of flexural reinforcement on the 

behavior was investigated by analyzing three beam models with different flexural 

reinforcement amounts as shown in Figure  3-36. 

 

 

Figure  3-36: Horizontal Flexural Steel 

 

 

The predicted load deflection relations for the three models are shown in Figure  3-37. The 

results indicate that increasing the amount of flexural reinforcement had only slight effect on 

the dapped end beams capacity; however, it reduced the crack width. The results for the 

analyzed models are given in Table  3-11. 
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Figure  3-37: Effect of Horizontal Flexural Steel Amount 

 

 

Table  3-11: FE Results for Different Horizontal Flexural Steel Amounts 

Model Parameter 
Area 

(in
2
) 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack Width  

at Service 

Load 

(in) 

Hanger 

Reinf. 

Yielding 

Control 2  #4 0.4 48 -- 0.0120 No 

VL-8 2  #5 0.6 48 0% 0.0103 No 

VL-9 2  #6 0.88 49 2% ҧ 0.0094 No 
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3.6.6 Nib Prestressing  

To examine the effect of adding prestressing in the nib, three models were studied with 

different numbers of strand in the nib as shown in Figure  3-38 and were compared with the 

control beam having no strands in the nib. The total number of strands in each model was 

held constant at seven. The predicted load deflection relations are shown in Figure  3-39.  

  

 

Figure  3-38: Different Cases for Nib Prestressing 

 

The results indicated that nib prestressing increased the ultimate capacity by 13% for the case 

of 1 strand in the nib, 21% for 2 strands in the nib and finally 25% for 3 strands in the nib. 

This significant increase in the capacity is due to the fact that providing strands in the nib 

increase the shear strength of the full-depth section by providing prestressing across the 

critical crack extending from the web flange junction to the bottom corner of the full section.  

Table  3-12 presents the FE results for the analyzed models. It should be noted that 

prestressing the nib almost eliminated the re-entrant corner crack at service load level. 
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Figure  3-39: Effect of Nib Prestressing 

 

Table  3-12: FE Results for Models with Strands in the Nib 

Model Nib Prestressing 
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at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack Width  

at Service Load 

(in) 

Hanger 

Reinforcement 

Yielding 

Control  No Strands in Nib 48 -- 0.012 No 

VL-10 1  Strand in Nib 54 13% ҧ 0.003 No 

VL-11 2  Strands in Nib 58 21% ҧ 0.001 No 

VL-12 3  Strands in Nib 60 25% ҧ 0.001 No 
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3.6.7 Length of Horizontal  Extension of the Hanger Reinforcement, Ashô 

The main objective of examining this parameter is to determine the lap splice length required 

to develop the yield strength of the horizontal extension of the hanger reinforcement. Three 

different lap splice lengths of 21ò, 33ò and 45ò, corresponding to 1.6, 2.5 and 3.5 times the 

bar development length (ld), respectively, were investigated in this study as shown in 

Figure  3-40. The predicted load deflection relations for the three cases are shown in 

Figure  3-41. The analysis showed that the length of the horizontal tail of the hanger steel has 

no effect of the capacity or the crack width. However, it should be mentioned that the FE 

program assume perfect bond model between the steel and concrete. It should be noted that 

further experimental investigation on this parameter are presented in Chapter 4. The results 

of auxiliary lap splice tests conducted to determine the required development length, ld, of 

mild steel bars when lap-spliced to prestressing strands are reported in Chapter 4. Table  3-13 

gives the FE results of three cases.  

 

         

Figure  3-40: Hanger Reinforcement Splice Length 

 

Ashô 

Ashô= 2.5 ld    (Control) 
 

Ashô= 1.6 ld 
 

Ashô= 3.5 ld 

 
 
 

  



80 

 

Figure  3-41: Effect of Hanger Steel Tail Length 

 

Table  3-13: FE Results for Different Hanger Steel Tail Lengths 

Model 

Length of 

Hanger Rft. 

Extension, 

Ashô 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack Width  

at Service Load 

(in) 

Hanger 

Reinforcement 

Yielding 

Control 2.5 ld     48 -- 0.012 No 

VL-13 1.6 ld 46 -4% Ҩ 0.014 No 

VL-14 3.5 ld 49 2% ҧ 0.012 No 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

V
e

rt
ic

a
l 
D

a
p
 R

e
a
c
ti
o

n
 (

k
ip

s
) 

Displacement under Load (in.) 

Ash' 2.5 Ld (Control)

Ash' 1.6 Ld

Ash' 3.5 Ld



81 

3.6.8 Concrete Strength, fôc 

To examine the effect of the concrete strength on dapped end beam strength, three different 

concrete strengths varying from 6000 to 10000 psi were used. The load deflection diagram 

indicating the variations between the behaviors for the three cases is shown in Figure  3-42. 

The FE results for the three cases are summarized in Table3-14. As expected, increasing the 

concrete strength resulted in increasing the ultimate capacity as well as reducing the crack 

width at service load level. It should be noted that the increase in ultimate capacity was in 

proportion to the square root of the change in concrete strength. This suggests that ultimate 

failure occurred due to inclined tension cracking in the concrete. 

 

 

 

Figure  3-42: Effect of Different Concrete Strength 
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Table  3-14: FE Results for Different Concrete Strengths 

 

3.6.1  Shear Reinforcement of Web 

Based on the observed behavior in most of the analyzed cases, failure occurred typically as a 

result of a diagonal tension crack that extended from the bottom corner of the web up to the 

web flange junction. Therefore, use of additional shear reinforcement in the full depth section 

should result in significant increase of the ultimate capacity and controlling the re-entrant 

corner crack width as well. The effect of using additional shear reinforcement in the web was 

investigated in this study through analyzing three different cases with various reinforcement 

configurations as described in Figure  3-43. For the first case, increasing the web shear 

reinforcement was achieved through replacing the stem mesh w6xw6@6ò by a more 

condense mesh w6xw6@3ò i.e. reducing the vertical and horizontal spacing between the 

welded wire bars. For the second case, the web reinforcement composed of additional shear 

reinforcement in the form of three U shaped wire bars spaced at 2ò in addition to the stem 

mesh w6xw6@6ò. Finally for the third case, the additional shear reinforcement was extended 

2 feet long with stem mesh being eliminated in this zone. Details of the additional 

reinforcement adopted in the second and third cases are shown in Figure  3-44.   

Model Parameter 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack Width  

at Service Load 

(in) 

Hanger Reinf. 

Yielding 

Control 8000 psi 48 -- 0.0120 No 

VL-15 6000 psi 42 -13% Ҩ 0.0180 No 

VL-16 10000 psi 54  12% ҧ 0.0096 No 
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(a) Condenser Welded Wire Mesh W6xW6@3ò 

      

(b) Additional Shear Reinforcement and Welded Wire Mesh W6xW6@6ò 

 

(c) Extended Additional Shear Reinforcement and Welded Wire Mesh W6xW6@6ò 
 

Figure  3-43: Different Cases for Additional Shear Reinforcement in the Web 
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Figure  3-44: Details of Additional Shear Reinforcement used in the Web 

 

All the three cases were compared to the control beam with conventional stem mesh of 

w6xw6@6ò. The load deflection relations for all cases are shown in Figure  3-45. The results 

indicated that increasing the web shear reinforcement for the full depth section had a 

significant effect in terms of increasing the ultimate capacity and controlling the service 

cracks widths.  The additional reinforcement effectively restrained the main diagonal tension 

crack that resulted in failure. Table  3-15 summarizes the FE results for all the cases described 

above. 
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Figure  3-45: Effect of Additional Shear Reinforcement in Web 

 

Table  3-15: FE Results for Models with Additional Shear Reinforcement in Web 

Model 
Shear Rft. in 

Web 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack Width  

at Service Load 

(in) 

Hanger 

Reinforcement 

Yielding 

Control  W6xW6 @ 6ò 48 -- 0.012 No 

VL-17 W6xW6 @ 3ò 52 9% ҧ 0.010 No 

VL-18 

W6xW6 @6ò & 

Additional Shear 

Rft. 
54 13% ҧ 0.008 No 

VL-19 

Additional Shear 

Rft. Extended  2 

feet 
61 27% ҧ 0.008 No 
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3.6.2  Nib Height 

The main objective of studying this parameter was to examine whether decreasing the height 

of the nib has an effect on changing the failure mode from a full depth section failure to a 

failure within the nib. The PCI Design Handbook recommends that the height of the dap cut 

out should not be greater than 50% of the full height of the Tee. Three different heights for 

the nib section were examined 12ò, 15ò and 18ò which correspond to 40, 50 and 60 % of the 

full depth section, respectively. To evaluate this parameter, three models with different nib 

depths, shown in Figure  3-46, were analyzed. The load deflection relations are shown in 

Figure  3-47. The analysis showed that all failures occurred in the full depth section and slight 

difference in the behavior was observed when increasing the nib depth from 15ò to 18ò, 

however the 12ò nib reduced the ultimate capacity by 13%.  Table  3-16 presents the FE 

results for the three studied cases. 

 

 

Figure  3-46: Different Cases for Nib Height 
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Figure  3-47: Effect of Different Nib Heights 

 

 

Table  3-16: FE Results for Models with Different Nib Heights 

Model Nib Height 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack Width  

at Service 

Load 

(in) 

Hanger 

Reinforcement 

Yielding 

Control  15ò 48 -- 0.012 No 

VL-20 12ò 42 -13% Ҩ 0.015 No 

VL-21 18ò 49 2%  ҧ 0.011 No 
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3.6.3  Flange Cut Back 

Two models were carried to investigate the effect of cutting back the flange on the behavior 

of dapped end beams as shown in Figure  3-48. Figure  3-49 shows the load deflection 

predictions for both cases. Cutting back the flange had minimal effect on the ultimate 

strength of the section and cracking at service loads. The mode of failure did not involve the 

portion of the flange that was cut back. The FE results are given in Table  3-17.  

 

 

           (a) Flange extended to end of beam                                             (b) Flange cut back 

Figure  3-48: Different Cases for Cut Back Flange 
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Figure  3-49: Effect of Cut Back Flange 

 

Table  3-17: FE Results for Models Cut Back Flanges 

Model 
Flange Cut 

Back 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack 

Width  

at Service 

Load 

(in) 

Hanger 

Reinforcement 

Yielding 

Control  
No Cut Back 

Flange 
48 -- 0.012 No 

VL-22 
Cut Back 

Flange 
46 -4% Ҩ 0.013 No 
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3.6.4  Debonded Length of Strands 

The main objective of studying this parameter is to investigate the effect of de-bonding of the 

prestressing strands in the dap region on the ultimate capacity of the beams. This parameter 

accounts for the possibility of debonding of strands. Five de-bonding lengths 4ò, 8ò, 12ò, 16ò 

and 20ò, shown in Figure  3-50, were selected and compared to the control beam with no de-

bonding. Figure  3-51 shows the load deflection predictions for all the cases. The results 

indicate a significant decrease in the capacity as the de-bonding length increase. The results 

showed also a significant increase in the re-entrant corner crack width at service Load level. 

These results confirm the influence of prestressing on the capacity as well as controlling 

crack width. Table  3-18 summarizes the FE results for all the studied cases. In addition, as 

the length of debonding increases, the region of shear failure moves and expands out toward 

the middle of the beam. The analysis clearly indicated that the shear strength of the full 

section is highly dependent on the effective prestress force in the concrete.  

 

 

Figure  3-50: De-bonded Length of Prestressing Strands 
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Figure  3-51: Effect of De-bonded Length of Strands 

 

 

Table  3-18: FE Results for Different Debonded Lengths for Strands 

Model Parameter 

Dap 

Reaction  

at  

Failure 

(kips) 

% Increase 
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Re-entrant 

Corner 

Crack Width  

at Service Load 

(in) 
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Reinforcement 

Yielding 

Control  
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 0ò 48 -- 0.0120 No 

VL-23 4ò 46 -4%   Ҩ 0.0172 No 

VL-24 8ò 41 -15% Ҩ 0.0187 No 

VL-25 12ò 36 -25% Ҩ 0.0281 No 

VL-26 16ò 31 -36% Ҩ 0.0692 No 

VL-27 20ò 31 -36% Ҩ 0.0734 No 
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3.6.5  Corner Angle Construction Details 

In an attempt to introduce new construction details for the dapped end region to improve the 

strength and the cracking behavior of the beams, the end plate at the beam end was replaced 

with a steel angle and the vertical hanger reinforcement welded to the vertical leg of the 

angle as shown in Figure  3-52 (a). The horizontal flexural steel and vertical shear steel are 

welded to the horizontal leg of the angle similar to the end plate detail.  Three different cases 

were analyzed using the corner angle details as described in Figure  3-52. Figure  3-52 (b) and 

(c) show combining the corner angle details with the additional web shear reinforcement and 

the extended additional reinforcement respectively. The results for the three cases are 

compared with the control beam with end plate details. 
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(a) Corner Angle Welded to Hanger Reinforcement 

            

(b) Corner Angle Details and Additional Shear Reinforcement 

 

(c) Corner Angle Details and Extended Additional Shear Reinforcement 

Figure  3-52: Different Cases using Corner Angle Details 
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The load deflection relations of the analyzed beams are shown in Figure  3-53. The results 

showed an increase in the ultimate capacity ranging from 14% to 34% for the various cases 

with corner angle details when compared to the control beam with end plate details. It should 

be noted that using the control angle reduced the re-entrant corner crack width significantly 

for all the cases. Table  3-19 summarizes the FE results for the studied cases with the corner 

angle detail. 

 

 

Figure  3-53: Effect of Corner Angle Details 
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Table  3-19: FE Results for Models with Corner Angle Details 

Model Parameter 

Dap 

Reaction  

at  

Failure 

(kips) 

% 

Increase 

Or 

Decrease 

Re-entrant 

Corner 

Crack Width  

at Service 

Load 

(in) 

Hanger 

Reinforcement 

Yielding 

Control  End Plate Details 48 -- 0.0120 No 

VL-28 
Corner Angle 

Details 
55 14% ҧ 0.0011 No 

VL-29 
Corner Angle 

& Add. Shear Rft 
58 21% ҧ 0.0011 No 

VL-30 

Corner Angle 

& Extended Add. 

Shear Rft 
64 34% ҧ 0.0011 No 
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3.7 Summary 

Based on the results of this parametric study, the most effective parameters that significantly 

influence the behavior of dapped end beams in terms of strength and crack control were nib 

prestressing, concrete strength, shear reinforcement in web and corner angle construction 

details. Other parameters investigated showed minimal effect on ultimate strength and crack 

control. Increasing the various types of steel reinforcement in the dap region did not result in 

a proportionate increase in the dap strength. The nib height, length of flange cut back, and 

length of the hanger reinforcement extension also had little effect on the strength of the 

dapped end. The mode of failure of the dapped ends in the most of the analyzed cases was 

shear failure in the full section, evidenced by diagonal cracking and high principal 

compressive strains in the compression strut emanating from the bottom corner of the web. 

The parameters found to have significant influence on the dap strength all directly affect the 

shear strength in the full section. Nib prestressing directly influence the effective 

compression stress acting on the full section which directly relates to the concrete diagonal 

cracking strength and shear strength. Concrete strength and shear reinforcement in the web 

contribute directly to the full section shear strength.  

 

Results of the parametric study for the C-shape scheme, presented in Table  10-1and 

Table  10-2 in Appendix A, indicated that the capacity of the dapped end for the C-shape 

scheme is in general less than the vertical L-shape scheme, and the width of the cracks are 

higher. The effects of the studied parameters have the same influence reported for the 

Vertical L Shaped Scheme. 
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Results of the parametric study for  the inclined L scheme, presented in Table  10-3and 

Table  10-4 in Appendix A, indicated that the inclined hanger reinforcement provides a 

significant increase in the ultimate capacity and better control of cracking when compared to 

C-shape and vertical L-shape schemes. The increase is attributed to better utilization of the 

hanger bars, which now cross the main diagonal cracks more normal to the crack. As a result, 

the hanger reinforcement yielded in most of the analysis cases, unlike the C and vertical L-

shape schemes. The effects of the investigated parameters also showed same trends presented 

for the other reinforcement schemes.  

 

Results of the analysis for the Z shape scheme, presented in Table  10-5and Table  10-6 in 

Appendix A, indicated that the use of the Z scheme provided higher capacity than both the C 

and vertical L shaped schemes. Use of inclined Z scheme enhanced the capacity and reduced 

the cracks in comparison to the vertical Z scheme.  

 

Finally, results of the custom welded wire reinforcement scheme, presented in Table  10-7 in 

Appendix A, indicated that increasing the vertical shear reinforcement by reducing the 

spacing between the bars increase the overall capacity. This reinforcement scheme showed 

the least performance of all schemes in terms of crack control at service load.  
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4. Experimental Program 

The experimental program consisted of two phases. The first phase was designed to 

determine the lap splice length required to develop the yield strength of mild reinforcing bars 

spliced to prestressing strands within the transfer zone. The second phase consisted of testing 

a total of ten full scale dapped end beam specimens to examine the performance of six 

different reinforcement schemes for the dapped ends and study the influence of six 

parameters that have shown to have significant effect on the behavior, based on the analytical 

study. The following section describes the two phases of the experimental program. 

4.1 Phase 1: Lap Splice Study 

A series of prestressed concrete lap splice specimens were produced and tested to determine 

the lap splice length of mild steel reinforcing bars when they are spliced to prestressing 

strand within the transfer zone. A total of eight tests were performed to characterize the 

transfer mechanism of a tension force applied from a mild steel bar to a pretensioned strand.  

4.1.1 Background 

The force from the hanger reinforcement typically used for dapped end reinforcement detail 

must be transferred to the prestressing strands located within the web of the beam within the 

transfer zone as shown in Figure  4-1(b).  A specially designed lap splice specimen replicating 

such a detail is shown in Figure  4-1(b).  Mattock and Abdie (1988) showed that the required 

splice length to develop the yield strength of the mild reinforcing steel is considerably greater 

than the standard development length required by ACI 318-14 for mild steel reinforcement 
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bars. The purpose of this testing is to determine the required lap lengths to develop the yield 

strengths of the mild reinforcing steel. 

 

 

(a)  

 

 

(b) 

Figure  4-1: (a) Splice of the Hanger Reinforcement to the Prestressed Strands in Typical 

Dapped End Beam, (b) Lap Splice Specimen 
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4.1.2 Test Specimens 

Eight specimens were fabricated and tested to understand the force transfer mechanism of 

reinforcing bars lap spliced to prestressing strands within the transfer zone. The concrete 

section dimensions, reinforcing bar sizes and lap lengths were selected to mimic typical 

conditions of a splice within the end region of typical dapped end beam.  

 

Details of the eight lap splice specimens are shown in Figure  4-2. Specimens, 1, 2, 3 and 4, 

consisted of 2 #4 mild steel reinforcement bars lap-spliced to two fully-tensioned 0.5 inch 

diameter strands within a concrete block. Specimens, 5 and 6, consisted of two #6 mild steel 

reinforcement bars lap-spliced to two 0.5 inch diameter strands in a similar configuration. 

Finally, specimens 7 and 8, consisted of one #8 bar lap spliced to two 0.5 inch diameter 

strands. The first six specimens were designed to replicate the case where the hanger bars are 

located on either side of the strand while the last two specimens, 7 and 8, replicate the 

condition of a single hanger bar used with a staggered configuration of strands. The 

specimens were fabricated with the mild steel bars protruding from one end of the block. An 

HSS steel embedment section which was cast outside the test zone was used to apply tension 

to the specimen as shown in the top and bottom views of Figure  4-2.  
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Figure  4-2: Details of Lap Splice Specimens  

 

 

The test matrix of the testing program is given in Table  4-1. The program included different 

bonded lengths of the mild steel to determine the lap-length required to develop the yield 

force of #4, #6 and #8 mild steel bars spliced to two 
 
  inch seven wire strands within the 

transfer zone. The bonded lengths used for the mild steel bars varied from 0.8 to3.3 times the 

standard bar development length, ld, specified by ACI 318-14, as given in Table  4-1. The 
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reinforcement bars were de-bonded for the first 2ò or 10ò from the face of each specimen to 

ensure that the lap-splice is representative of a typical dapped end detail. De-bonding was 

achieved by using a plastic tube to prevent bonding of the bar to the concrete at the end of the 

specimen. The mild steel used for all specimens was Grade 60 deformed reinforcement bar. 

Specimens were designed for a nominal compressive strength of 6000 psi and 3500 psi 

specified strength at release. Mild steel bars diameter, debonded length at the end of the 

specimen, ratio of the bonded length to the transfer length as well as the development length, 

ld, are given in Table  4-1. 

 

Table  4-1: Testing Matrix for Lap Splice Specimens  

Specimen 

# 
Bar Size 

De-

bonded 

Length 

(in) 

Bonded 

Length 

(in) 

Bonded 

Length 

/ 

Transfer 

Length* 

Development 

Length** , ld 

per ACI318-

14 

(in) 

Bonded Length 

/ 

Development 

Length, ld 

1 

2 #4 
2 

12 0.5 

12 

1.0 

2 20 0.8 1.6 

3 40 1.6 3.3 

4 10 12 0.5 1.0 

5 
2 #6 

2 

24 1 
30 

0.8 

6 54 2.2 1.8 

7 
1 #8 

28 1.1 
24 

1.2 

8 56 2.2 2.3 

*Transfer length assumed to be 25 in. or 50 times the strand diameter 

** Development length, ld was calculated using Eq. 25.4.2.3 a in ACI 318-14 using the measured 

material properties for steel and concrete presented in section 4.1.5 

 

4.1.3 Fabrication of Specimens 

The test specimens for the lap splice program were fabricated in a precast plant. The wooden 

forms for the lap splice specimens were built and arranged in one line between two fixed 
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abutments, as shown in Figure  4-3 (a). Two   inch diameter strands were pulled between the 

two fixed abutments and tensioned to a force of 28.9 kips, which corresponds to 70% of the 

ultimate strength of the prestressing strands. The reinforcing bars were inserted between the 

prestressing strands at the front faces of the specimens. The bars were kept in place by tying 

them firmly to the prestressing strands using steel wires. All eight specimens were cast 

simultaneously from the same batch of concrete. Figure  4-3 (b) shows the lap splice 

specimens after casting the concrete. The strands were cut using a torch to allow sudden 

shock of the live end which is a typical process after casting the prestressed concrete dapped 

end thin web prestressed concrete members. 

 

       

                            (a)                                                                     (b) 

Figure  4-3: Fabrication of Lap Splice Specimens (a) Prior to Casting (b) After Casting of 

Concrete 
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4.1.4 Test Setup and Instrumentation  

The typical test setup is illustrated in Figure  4-4. It was configured such that load could be 

applied to the protruding rebar without interfering with the lapped region of the specimen. 

This was achieved by using the embedded square steel tube. Load was applied by pulling the 

projecting mild steel bars and reacting against the steel tube.  This arrangement placed the 

portion of the specimen between the tips of the steel bars and the steel tube in tension. The 

remainder of the specimen beyond the square steel tube was in compression, serving to 

anchor the opposite ends of the prestressing strands.  Pulling on the rebar was achieved by 

welding a steel plate to the ends of the two mild steel bars and the load was applied to the 

plate using two high-strength threaded rods.  The two threaded rods were loaded by a single 

large diameter threaded bar through a small spreader beam. The test specimens were 

supported on plastic rollers along its entire length to allow elongation of the specimen and to 

minimize friction. A spherical bearing surface was used at the connection between the large 

threaded and the small spreader beam to ensure equal distribution of the applied tension 

forces to the two threaded rods.  
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Figure  4-4: Typical Lap Splice Test Setup 

 

Each specimen was instrumented with a load-cell and electronic linear potentiometers to 

measure displacement of the strand and bar relative to the specimen concrete face.  

Figure  4-5 shows the locations of the linear potentiometers at the front face of the specimen. 

As shown in Figure  4-5, two linear potentiometers were installed on each reinforcing bar to 

measure the tension force in each bar. 
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Figure  4-5: Typical Instrumentation of Lap Splice Specimen 
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4.1.5 Material Properties at Time of Release and Testing 

Concrete properties were measured at the time of release, 3 days after casting, and at the time 

of testing (28 days) using 4ò x 8ò concrete cylinders. Properties of the mild reinforcing steel 

were also measured using samples of the bars used. Concrete and steel material properties are 

presented in Table  4-2 and Table  4-3, respectively. 

 
Table  4-2: Measured Concrete Properties 

Days after 

Casting 

Average 

Compressive 

Strength (ksi) 

Density 

(lb/ft
3
) 

Tensile Strength 

Strength 

(psi) 

ft / 

6ã(f'c) 

3 4.8 N/A N/A N/A 

28 7.0 139 626 1.24 

 

 

Table  4-3: Measured Steel Reinforcement Bar Material Properties 

Bar size 
Elastic Modulus 

E (ksi) 

Yield Stress 

Fy (ksi) 

Ultimate Stress 

Fu (ksi) 

4 24094 65.5 94.8 

6 24401 63 93.7 

8 23696 61.4 92.4 
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4.2 Phase 2: Full Scale Dapped End Beams 

The following sections describe the experimental program undertaken to examine the 

behavior of full scale dapped end beam specimens. The specimens were designed to examine 

the behavior of different reinforcement schemes and the effect of selected parameters on the 

performance and strength of dapped end prestressed thin-stemmed beams. 

 

The testing program consisted of ten single tee forty feet long prestressed beam with different 

reinforcement scheme for the dapped ends. All beams had a cross section representing one 

half of a 30 in. deep, 12 ft. wide double tee. The beams were tested such that after testing one 

end of a beam, the test setup was rotated to test the other end. The tests at each end of the 

same beam were independent since the damage from the tested end was confined within the 

end regions. Cross-section and dap dimensions of typical test specimen is shown in 

Figure  4-6. 

 

 

Figure  4-6: Dapped End Elevation and Cross-Section of Representative Beam Specimen with 

Single Column of Strands  
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The detailed dimensions used for all tested specimens are summarized in Table  4-4. 

Table  4-4: Geometry and Design Parameters for Beam Specimens 

Characteristic Dimension or Criteria 

Overall width of section 6 feet 

Overall depth of section 30 inches 

Flange thickness 4 inches 

Stem width 
Top        6.25 inches 

Bottom  4.5 inches 

Nib Height 15 inches typical 

Dap length 8 inches 

Concrete fôc = 6000 psi  

Prestressing Strands 
6 - 9/16ôô (14.3 mm) single column configuration 

6 - 0.5ò    (12.7 mm) staggered configuration 

Mild Reinforcement A615 Grade 60 

Bar bend radii Minimum per ACI 318-14 

 

4.2.1 Test Matrix   

Details of the tested dapped ends were selected to examine the performance of six different 

reinforcement schemes and to examine the influence of six parameters that have shown to 

have significant effect on the behavior. The reinforcement schemes were selected based on 

the results of the analytical study presented in chapter 3. The six schemes are the vertical L-

shape, inclined L-shape, vertical Z-shape, Custom Welded Wire Reinforcement (WWR), 

vertical C-shape and CZ shape. 

 

The test specimens were designed using two different target strengths: the first target strength 

was selected to duplicate the strength typically used for designing dapped end beams in 

parking structures, and the second strength was selected to represent an upper bound strength 

which could be used in case of excessive live loads that may occur in parking structures. 
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A test matrix of the experimental program is summarized in Table  4-5. The table illustrates 

the reinforcement schemes used and the special characteristics studied for each specimen. 

The program comprised of ten 40 foot long single tee dapped end beams. Each dapped end 

was tested to failure in a separate test. Thus, the total number of tests was twenty. Twelve 

dapped ends were designed to carry moderate loads used in the design of a typical 60 feet 

double tee in a parking structure, while the remaining eight ends were designed to resist high 

load level.  

 

The beam specimens were produced by two different manufacturers.  For better performance 

and practical construction, a single column of strand was selected for the vertical and 

inclined L-shape reinforcement schemes such that the hanger reinforcement is located on one 

side of the strand. For the other reinforcement schemes; vertical Z-shape, Welded Wire 

Reinforcement, CZ-Shape and vertical C-shape, the staggered arrangement of strands was 

adopted such that the hanger bars or the Welded Wire Reinforcement can be inserted 

between the strands. The experimental program was designed to examine also the effect of 

prestressing the nib, concrete strength, web shear reinforcement, nib height, length of 

horizontal extension of hanger reinforcement and pocket nib detail. The studied parameter is 

highlighted for each specimen as given in Table  4-5. 
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Table  4-5: Test Matrix for Experimental Program  

No. Parameter 
Design 

Loads 

Dap  

Reinforcing 

Scheme 

Strand  

Pattern 

Strands  

in  

Nib 

Concrete 

Strength 

(psi) 

Stem Mesh in  

Full Section 

Nib  

Height 

(in.) 

Corner 

Angle 

Hanger 

Steel 

Extension 

Length 

(in.) 

1A Control  Moderate Vertical L  Single Column 0 6000 W 4 @ 6 15 No 36 

1B 
 

High Vertical L  Single Column 0 6000 W 6 @ 4 15 No 36 

2A 

Reinforcement 

Scheme 

Moderate Vertical Z  Staggered 0 6000 W 4 @ 6 15 Yes 36 

2B High Vertical Z  Staggered 0 6000 W 6 @ 4 15 No 36 

3A Moderate Inclined L  Single Column 0 6000 W 4 @ 6 15 No 36 

3B High Inclined L  Single Column 0 6000 W 6 @ 4 15 No 36 

4A Moderate WWR Staggered 0 6000 W 4 @ 6 15 No 45 

4B Moderate Vertical C  Staggered 0 6000 W 4 @ 6 15 No 36 

5A 
Nib Prestress 

Moderate Vertical Z  Staggered 2 6000 W 4 @ 6 15 Yes 36 

5B High Vertical Z  Staggered 2 6000 W 6 @ 4 15 No 36 

6A 
Concrete Strength 

High Vertical Z  Single Column 0 10,000 W 6 @ 4 15 No 36 

6B High Vertical L  Single Column 0 10,000 W 6 @ 4 15 No 36 

7A Web Shear 

Reinforcement 

High WWR Single Column 0 6000 W 8 @ 4 15 No 45 

7B High Vertical C  Single Column 0 6000 W 8 @ 4 15 No 36 

8A 
Nib Height 

Moderate Vertical L  Single Column 0 6000 W 4 @ 6 12 No 36 

8B Moderate None Single Column 4 6000 W 4 @ 6 24 No 36 

9A A
sh

 Splice  

Length 

Moderate Vertical L  Single Column 0 6000 W 4 @ 6 15 No 60 

9B Moderate Vertical L  Single Column 0 6000 W 4 @ 6 15 No 15 

10A 
Reinforcement 

Scheme 
Moderate CZ Shape Staggered 0 6000 W 4 @ 6 15 No 36 

10B Pocket nib detail Moderate Vertical Z  Staggered 0 6000 W 4 @ 6 15 No 36 
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Specimens, 5A and 5B, in Table  4-5 were designed to have two prestressing strands passing 

through the nib to examine the influence of prestressing the nib on strength and crack control 

at service loads. Specimens, 6A and 6B were designed with a higher concrete strength of 

10000 psi compared to the remaining specimens to investigate the effect of the concrete 

strength on the behavior. Specimens, 7A and 7B, were designed to have heavier stem mesh 

compared to other specimens to study the effect of over reinforcing the full depth section, 

endeavoring to force a nib failure. Specimens, 8A and 8B, were designed to have different 

nib heights to investigate the effect of the nib height on the general behavior and mode of 

failure. Specimens, 9A and 9B, were designed to have different lengths of the horizontal 

extension of the hanger steel in the web compared to control specimen, 1A. The lengths were 

varied between 1 and 4 times the development length required for the hanger steel bars.  The 

purpose of testing these two specimens was to investigate the effect of the splice length on 

the performance of the dapped end beams. Specimen, 10B was selected to have a reduced nib 

section, in a configuration referred to as ñpocket nib detailò, to simulate this severe condition 

that may occur in some parking structures. 

 

Detailed description of the six reinforcement schemes along with the selected parameters that 

could affect the behavior are presented in the following sections. 
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4.2.2 Design Loads for  Test Specimens 

The beam specimens were designed using typical loads acting on a 60 feet double tee beam 

in a parking structure. Two different levels of applied loads were used in the design. 

Moderate loads which represent load intensities typically used for parking structures and high 

loads which simulate unexpectedly heavy loads that may occur in a parking deck. The design 

loads used for the specimens are summarized in Table  4-6.  The vertical dap reactions shown 

in Table  4-6 were used as the basis for evaluating performance at service and factored loads. 

A horizontal load equal to 20% of the vertical reaction was considered in the design of the 

dapped ends in accordance with PCI Design Handbook recommendations. 

 
Table  4-6: Design Loads for Test Specimens 

Design Loads  Load  Service*  Factored**  

Moderate 

Dead Load (D) 78 psf 94 psf 

Live Load   (L) 40 psf 64 psf 

Snow Load  (S) 20 psf 10 psf 

Combination 123 psf 168 psf 

Vertical Dap Reaction 21.9 kips 29.5 kips 

Target Nominal Strength 40 kips 

High 

Dead Load (D) 78 psf 94 psf 

Live Load   (L) 80 psf 128 psf 

Combination 158 psf 222 psf 

Vertical Dap Reaction 28 kips 40 kips 

Target Nominal Strength 53 kips 

               *  Service Load Combination    (D +75%L+75%S) or (D+L) 

               **Factored Load Combination (1.2D +1.6L+0.5S) or (1.2D+1.6L) 
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4.2.3 Reinforcement of the Dapped End  

Typical dapped end reinforcement include: hanger steel (Ash), nib flexural steel (As), shear 

friction steel (Ah) and nib vertical steel (Av). Each reinforcement type was proportioned in 

accordance to the design requirements given in Section 5.6.3 of the 7
th

 edition of the PCI 

Design Handbook (2010). The dapped end reinforcement was designed based on target 

strengths of 40 kips for the moderate load case and 53 kips for the high load case. Details of 

the dapped ends reinforcement for each test beam are summarized in Table  4-7.   

4.2.4 Proportioning of Stem Mesh 

The beams were designed for a factored shear force equal to the reaction of the applied loads 

given in Table  4-6.  Flexural shear capacity (Vci) and web shear capacity (Vcw) of concrete 

section were calculated based on ACI 318-14, and the shear capacity of the beam along the 

span was determined by the lesser of these two values. Shear reinforcement was designed to 

meet ACI 318-14 requirements and checked with the minimum reinforcement required. The 

selected stem meshes for the test specimens are summarized in Table  4-7.   
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4.2.5 Proportioning of Deck Mesh 

Flange reinforcement was designed to meet ACI 318-14 requirements in order to control 

possible cracking on the top surface of the flange. Since the tensile stresses at the top fiber of 

the beams exceeded the allowable stress limitation required by ACI 318-14, the 

reinforcement was designed mainly to control the possible cracking expected at prestress  

release. The commentary to the ACI 318-14 suggests that reinforcement should be 

proportioned to resist this tensile force at a stress of 0.6 yield strength, but not to exceed 30 

ksi. Details of deck mesh of the test specimens are summarized in Table  4-7   
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Table  4-7: Reinforcement Details of Beam Specimens 

No. Parameter 
Design 

Loads 

Dapped End Reinforcement 

Stem Mesh Deck Mesh Ash 

(in
2
) 

As 

(in
2
) 

Ah 

(in
2
) 

Av  

(in
2
) 

1A Control Moderate 2 #5 1 #7 2 #4 2 -0.5ò DBA W 4 @ 6 W6xW6@4ò 

1B 
 

High 4 #4 1 #7 2 #4 2 -0.5ò DBA W 6 @ 4 W6xW6@4ò 

2A 

Reinforcement 

Scheme 

Moderate 1 #7 2 #5 2 #4 1 #7 W 4 @ 6 W8xW8@4ò 

2B High 1 #8 2 #5 2 #4 1 #8 W 6 @ 4 W8xW8@4ò 

3A Moderate 2 #5 1 #7 2 #4 2 -0.5ò DBA W 4 @ 6 W6xW6@4ò 

3B High 4 #4 1 #7 2 #4 2 -0.5ò DBA W 6 @ 4 W6xW6@4ò 

4A Moderate 2-D31 2-D31 2-D15 2-D20 W 4 @ 6 W8xW8@4ò 

4B Moderate 1 #7 2 #5 2 #4 2 -0.5ò DBA W 4 @ 6 W8xW8@4ò 

5A 
Nib Prestress 

Moderate 1 #7 2 #5 2 #4 1 #7 W 4 @ 6 W6xW6@4ò 

5B High 1 #8 2 #5 2 #4 1 #8 W 6 @ 4 W6xW6@4ò 

6A 
Concrete Strength 

High 2 #6 1 #7 2 #4 2 #6 W 6 @ 4 W6xW6@4ò 

6B High 4 #4 1 #7 2 #4 2 -0.5ò DBA W 6 @ 4 W6xW6@4ò 

7A Web Shear 

Reinforcement 

High 2-D26 2-D31 2-D15 2-D20 W 8 @ 4 W6xW6@4ò 

7B High 2 #5 1 #7 2 #4 2 -0.5ò DBA W 8 @ 4 W6xW6@4ò 

8A 
Nib Height 

Moderate 2 #5 1 #7 2 #4 2 -0.5ò DBA W 4 @ 6 W6xW6@4ò 

8B Moderate -- 2 #4 -- 2 -0.5ò DBA W 4 @ 6 W6xW6@4ò 

9A A
sh

 Tail Splice 

Length 

Moderate 2 #5 1 #7 2 #4 2 -0.5ò DBA W 4 @ 6 W6xW6@4ò 

9B Moderate 2 #5 1 #7 2 #4 2 -0.5ò DBA W 4 @ 6 W6xW6@4ò 

10A 
Reinforcement 

Scheme 
Moderate 2 #5 2 #5 2 #4 2 -0.5ò DBA W 4 @ 6 W6xW6@4ò 

10B Pocket nib detail Moderate 1 #7 2 #5 2 #4 1 #7 W 4 @ 6 W6xW6@4ò 
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4.2.6 Reinforcement Schemes 

This section presents a brief description of the six reinforcement schemes selected for the 

experimental program. All reinforcement schemes consisted of same amounts for hanger 

steel; nib flexure steel and nib shear reinforcement to provide fair comparison in terms of 

strength and crack control. 

4.2.6.1 Vertical L Scheme 

Details of the vertical L-shape scheme used in specimen 1A are shown in Figure  4-7. The 

vertical L shaped reinforcement scheme consisted of one #5 L-shaped reinforcing bar served 

as the hanger reinforcement. It was anchored at the top by a 180-degree loop with a bend 

diameter 6 times the bar diameter and anchored at the bottom by a bend and horizontal 

extension that lapped with the bottom strand in the web. The nib flexural reinforcement 

consisted of one #7 bar welded to the end plate. Shear friction reinforcement in the nib was 

provided by one #4 horizontal U shaped reinforcing bar. Vertical shear reinforcement in the 

nib consisted of two #4 vertical bars welded to the bearing plate. Stem mesh consisted of W4 

wires spaced at 6 inches on-center. A photograph of the reinforcement with strain gages 

installed is shown in Figure  4-8. It should be noted that specimen 1B was designed to have 

the same reinforcing scheme with a pair of nested #4 L-shaped reinforcing bars as the hanger 

steel and W6 @ 4ò welded wire mesh was used as shear reinforcement for the web. 
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 Figure  4-7: Reinforcement Details for Vertical L scheme, Specimen 1A 

 

 

Figure  4-8: Strain Gages Installed on the Reinforcement, Specimen 1A 
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4.2.6.2 Vertical Z Scheme with Corner Angle 

In an attempt to introduce new construction details for the dapped-end region to improve the 

strength and the cracking behavior of the beam, the end plate at the beam end was replaced 

with a steel angle, referred to as ñcorner angleò, to which the hanger and flexural steel in the 

dapped-end region were welded. Details of the vertical Z-shape scheme with corner angle 

used in specimen 2A are shown in Figure  4-9. The vertical Z-shaped reinforcement scheme 

consisted of one #7 Z-shaped hanger reinforcement bar, anchored at its upper end by 180 

degree bend and welded to the horizontal leg of the corner angle. The lower end of the Z 

shaped bar was anchored by extending the bar along the bottom of the stem. The nib flexural 

reinforcement consisted of two #5 reinforcing bars welded to the horizontal leg of the corner 

angle. The nib vertical shear reinforcement was provided by the vertical leg of the hanger 

steel in the nib that was welded to the corner angle. Shear friction reinforcement of the nib 

was provided by one #4 horizontal U shaped bar. Two 1/2-inch diameter deformed bar 

anchors were assumed to anchor the vertical leg of the angle to the concrete. This reinforcing 

scheme provides an important advantage in reducing the reinforcement congestion in the nib 

thus providing better placing and compaction of concrete in the nib in addition to ease of 

construction. A W4 @6ò mesh was used as shear reinforcement in the web. A photograph of 

the reinforcement with strain gages installed is shown in Figure  4-10. It should be noted that 

specimen 2B was designed to have the same reinforcing scheme but with one #8 bar as 

hanger reinforcement and W6 @4ò was used as shear reinforcement for the web. 
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    Figure  4-9: Reinforcement Details for Vertical Z Scheme with Corner Angle, Specimen 2A 

 

 

Figure  4-10: Strain Gages Installed on the Reinforcement, Specimen 2A 
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4.2.6.3 Inclined L Scheme 

Details of the inclined L-shape scheme used in specimen 3A are shown in Figure  4-11. The 

inclined L-shaped reinforcement scheme consisted of one #5 inclined L shape bar used as the 

hanger steel. The hanger steel was anchored at the top by 180 degree loop with a bend 

diameter 6 times the bar diameter. The lower end of the hanger steel was bent and extended 

horizontally along the bottom of the web to lap with the pretentioned strands. The nib 

flexural reinforcement consisted of one #7 reinforcing bar welded to the end plate. Shear 

friction reinforcement of the nib was provided by one #4 horizontal U shaped reinforcing bar. 

The nib vertical shear reinforcement was provided by two #4 vertical bars welded to the 

bearing plate. A W4 @6ò mesh was used as the shear reinforcement in the web. A 

photograph of the reinforcement with strain gages installed is shown in Figure  4-12. It should 

be noted that specimen 3B was designed to have the same reinforcing scheme but with a pair 

of nested #4 inclined L-shaped reinforcing bars as the hanger steel and W6 @4ò as shear 

reinforcement in the web. 
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Figure  4-11: Reinforcement Details for Inclined L Scheme, Specimen 3A 

 

 

 

Figure  4-12: Strain Gages Installed on the Reinforcement, Specimen 3A 
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4.2.6.4 C Shape Scheme 

The C-shape reinforcement scheme is widely used in the precast industry. Figure  4-13 shows 

the dapped end reinforcement details for the C shape scheme used in specimen 4B. The 

hanger steel comprised of one #7 C-shaped bar. The upper end of the bar was anchored by 

extending the bar to the full depth of the section along the web flange junction while the 

lower end was extended along the bottom of the web to lap with the prestressing strand. 

Shear friction reinforcement of the nib was provided by one #4 u shaped reinforcing bar. The 

vertical shear reinforcement of the nib was provided by two #4 vertical bars welded to the 

bearing plate. A W4 @6ò mesh was used as the shear reinforcement in the web. A 

photograph of the reinforcement with strain gages installed is shown in Figure  4-14. It should 

be noted that specimen 7B was designed to have the same reinforcing scheme but with a stem 

mesh W8 @4ò. 
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Figure  4-13: Reinforcement Details for C Shape Scheme, Specimen 4B 

 

 

Figure  4-14: Strain Gages Installed on the Reinforcement, Specimen 4B 
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4.2.6.5 Custom Welded Wire Reinforcement 

This reinforcement scheme consists of a single custom welded wire reinforcement mesh. 

Such a mesh can be prefabricated and placed as one unit in the beam, thus speeding the 

reinforcement placing process and minimizing errors that could occur during the fabrication 

process. Figure  4-15 shows the reinforcement details for the welded wire reinforcement 

scheme used in specimen 4A. The hanger steel comprised of two vertical deformed D31 

wires anchored at the top and bottom by welding to cross-bars. The nib flexural 

reinforcement and shear friction reinforcing were provided by two D31 wires, and the nib 

vertical shear reinforcement was provided by two D20 wires. W4 wires spaced at 6 inches 

served as the shear reinforcement for the full depth section. All the wires were welded 

together forming one piece of mesh.  A photograph of the reinforcement with strain gages is 

shown in Figure  4-16. It should be noted that specimen 7A was designed to have the same 

reinforcing scheme but with W8 wires spaced at 4 inches as the shear reinforcement for the 

web. 
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Figure  4-15: Reinforcement Details for Welded Wire Mesh, Specimen 4A 

 

 

Figure  4-16: Strain Gages Installed on the Reinforcement, Specimen 4A 
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4.2.6.6 CZ Scheme 

The CZ reinforcing scheme introduces a combination of the Z and C reinforcing schemes. 

Details of the CZ reinforcing scheme are shown in Figure  4-17. The hanger reinforcement for 

this scheme composed of one #5 C shaped bar and one #5 Z shaped bar. The upper end of the 

C shape bar was turned towards the full depth section while the upper end of the Z shape bar 

was turned out towards the nib. The lower ends for both bars were extended along the bottom 

of the stem and lapped with the pretensioned strand. The nib flexural reinforcement consisted 

of two #5 bars welded to the end plate. Shear friction reinforcement of the nib was provided 

by one #4 U shaped reinforcing bar and the nib vertical shear reinforcement consisted of two 

#4 vertical bars that were welded to the bearing plate. A W4 @6ò mesh served as the shear 

reinforcement in the web. A photograph of the reinforcement with strain gages installed is 

shown in Figure  4-18. 
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Figure  4-17: Reinforcement Details for CZ Scheme, Specimen 10A 

 

 

 

Figure  4-18: Strain Gages Installed on the Reinforcement, Specimen 10A 
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4.2.7 Studied Parameters 

The six parameters that were selected for this study are: nib prestressing, concrete strength, 

amount of shear reinforcement in the web, nib height, length of horizontal tail of hanger 

reinforcement and finally the pocket nib detail.  Each parameter is discussed in detail in the 

following sections:   

4.2.7.1 Nib Prestressing 

The analytical study and past research has indicated that performance of dapped end tee 

beams can be significantly enhanced by passing strands through the nib section. Strands in 

this location not only enhance shear and flexural performance of the nib, they increase the 

shear strength of the full-depth section by providing prestressing across the critical crack 

extending to the bottom corner of the full section. In addition, previous research by Mattock 

& Chan (1979) indicated the beneficial effect of passing strands through the nib as an 

effective way to reduce cracking at re-entrant corner and cracks in the full depth section. To 

study this parameter, specimens, 2B and 5B, were designed to be identical in all aspects 

except that specimen 5B had two strands passing through the nib. It should be noted that the 

effect of the nib prestressing can be also investigated by comparing specimens 2A and 5A 

shown in the test matrix. Figure  4-19 shows reinforcement details for specimens 2B and 5B 

used to evaluate this parameter. 
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Specimen 2B without strands in nib             Specimen 5B with 2 strands in nib 

Figure  4-19: Reinforcement Details for Specimens 2B and 5B 

 

4.2.7.2 Concrete Strength 

Test results of the analytical phase of this research indicated that the concrete strength was 

one of the significant parameters that influence the behavior of dapped end beams. This 

parameter was studied by comparing specimens, 1B and 6B, shown in Figure  4-20. 

 

   

                 Specimen 1B                                                    Specimen 6B 

      Concrete strength 6000 psi                                 Concrete strength 10000 psi 

Figure  4-20: Reinforcement Details for Specimens 1B and 6B 

Nib Section  2 strands in Nib 
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4.2.7.3 Shear Reinforcement of the Web 

Results from the analytical study showed that increasing the web shear reinforcement 

resulted in an increase in both the strength and ductility of the member.  To investigate this 

experimentally, the amount of shear reinforcement in the web was varied between the 

moderate and high load specimens, allowing general comparison of behavior. In addition, 

specimens 7A and 7B, were designed to have a heavier stem mesh W8@4 in. compared to 

other specimens to examine the effect of increasing the amount of shear reinforcement in the 

web on the performance in terms of strength and crack control.  Another reason for over 

reinforcing the full section was to force failure to occur in the nib section in an attempt to 

gain better understanding of other possible failure modes for dapped ends.  Figure  4-21 

shows the details for specimens 4B and 7B with different amounts of stem mesh. 

 

                     

    Specimen 4B                                                        Specimen 7B 

             Stem Mesh W4@6 in.                                           Stem Mesh W8@4 in. 

 
Figure  4-21: Details for Specimens 4B and 7B with Different Amounts of Stem Meshes 

  

 

 

W4@6ò 
W8@4ò 
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4.2.7.4 Nib Height 

The main objective of studying this parameter was to examine whether increasing the height 

of the nib section has an effect on changing the failure mode from a full depth section failure 

to a failure within the nib. Furthermore, it is recommended by the PCI Design Handbook 

(2010) that the height of the dap cut-out should not be more than 50% of the overall beam 

depth. To evaluate this parameter, specimens with different nib heights were tested. 

Figure  4-22 shows specimens, 1A, 8A and 8B with nib heights of 15ò, 12ò and 24ò, 

corresponding to 50, 40 and 80 % of the full height of the beam, respectively. As shown in 

Figure  4-22, the hanger reinforcement and nib shear friction reinforcement were omitted in 

Specimen 8B with the largest nib height 24 in. The reason for omitting the dap reinforcement 

in specimen 8B was to examine the hypothesis that dapped end reinforcement is not 

necessary if the height of the dap (recess) is less than or equal to 20% of the full member 

height. This was also indicated by the results from FE models implying a clear transition 

from flexural failure of the full-section to a shear failure of the dapped-end at a dap height 

ranging from 17 to 23% of the total height of the beam. 
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            Specimen 1A                                                                 Specimen 8A 

           Nib Height 15ò                                                              Nib Height 12ò  

 

                                                        Specimen 8B 

                                                                         Nib Height 24ò  

Figure  4-22: Specimens 1A, 8A and 8B with Different Nib Heights 

         

 

4.2.7.5 Length of Horizontal Extension of Hanger Reinforcement  

The PCI design handbook recommends extending the hanger reinforcement into the web 

creating a splice between the hanger reinforcement bars and the prestressing strands. This 

splice length is considered critical in two aspects; first to transfer forces from the hanger bars 

to the strands considered to be the tension chord of the beam in a truss action behavior and 

second the splice length should be sufficient to develop the yield strength of the horizontal 

24ò 

nib 

15ò  

nib 

12ò 

nib 
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extension of the hanger reinforcement. Research done by Mattock and Abdie (1988) 

developed expressions for the required lap length between a pair of #5 bars and a single 1/2 

inch strand, which gives much greater lap lengths then required by ACI 318-14. To examine 

the effect of the splice length on the behavior, specimens 1A, 9A and 9B were designed to 

have different splice lengths of 36, 60 and 15 inches which corresponds approximately to 2, 

3.5 and 0.85 times the development length of #5 hanger steel bar calculated in accordance 

with ACI 318-14, respectively. Figure  4-23 shows specimens, 1A, 9B and 9A with different 

splice lengths. 

 

       

              Specimen 1A                                                          Specimen 9B 

        Splice length 36ò (2.0 ld)                                    Splice length 15ò (0.85 ld)                                                              

 

                                                                   Specimen 9A 
                                             Splice length 60ò (3.5 ld)                                                              

Figure  4-23: Specimens 1A, 9B and 9A with Different Splice Lengths                     

60 in  

36 in  15 in  
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4.2.7.6 Pocket Nib Detail 

In some cases, the depth of the nib section may be reduced to enable the nib to easily slide 

into a pocket spandrel.  Reducing the nib section, as in such case, results in high shear 

stresses within the nib which may cause failure in the nib. This severe condition was 

specifically selected for study in this research program. Figure  4-24 shows specimen 10B 

with the pocket nib configuration. 

 

 

Figure  4-24: Pocket Nib Detail, Specimen 10B 

 

4.2.8 Specimens Fabrication 

The test specimens were fabricated in two precast plants in accordance with industry 

standards. The prestressing strands, used in the experimental program were also prequalified 

for bond prior to casting.  

 

Pocket nib  
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For all test specimens, internal weldable strain gages were installed on the dapped end 

reinforcement at various locations. The strains in the dapped end reinforcement were 

monitored after casting of the concrete and before testing the beams. In most cases, strain 

gages were attached prior to placing the reinforcement into the formwork.  

 

To form the single-tee beams, the casting bed of a double-tee form was separated down the 

middle of the top flange using 4 in. wide foam. The beam specimens were separated by fixed 

steel bulkheads. The distance between the bulkheads was kept as 40 feet. The strands in the 

formwork were tensioned to 70% of their ultimate strength, and then the dapped end 

reinforcing steel was placed along with the stem mesh. Finally, the flange mesh was placed. 

The test beams with stem mesh, and flange reinforcement prior to casting are shown in 

Figure  4-25.  

 

 

Figure  4-25: Test Beams Prior to Casting 
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Production and casting of the test specimens was performed by a professional precast 

fabrication crew. Strain gage wires were held out of the concrete surface at each end of each 

beam, and great care was taken to avoid damaging the strain gages during casting and 

vibration.  After casting and finishing, the specimens were covered with a tarp. Casting of the 

beam specimens in the plant is shown in Figure  4-26. 

 

 

Figure  4-26: Test Beams during Casting 

 

Concrete cylinders were tested to ensure the concrete reached the required strength for 

release. The strands were flame cut in a way to ensure the face of each specimen would be 

shocked equally. Cutting of the strands was done at the steel bulkheads separating the beam 

specimens using torches. The top strand was cut first, followed by the second and so on. Both 

ends of the same strand were cut simultaneously for each line of strand. Through this 

meticulous process, the face of each specimen was shocked upon release. The beam 

specimen with prestressing strands in the nib was casted first before the other specimens to 



138 

allow enough time for the concrete to cure. After the concrete hardened, the two strands 

passing through the nib were cut and removed from the casting bed before casting the 

remaining beam specimens. 

4.2.9 Test Setup 

The single tee test specimens were supported using a pin-link support system and each 

dapped end was loaded separately to failure using hydraulic rams. The beam specimens in 

this program were full scale beams, each forty feet long. The beams were designed such that 

after testing one end of a beam, the supporting test setup was rotated and the other end tested. 

The tests at each end of the same beam were independent since the damage from each test 

was confined to the end regions. An isometric view of the test setup used to test all 

specimens in this program is shown in Figure  4-27.  

 

 

Figure  4-27: Isometric View for the Test Setup 

Laboratory 

strong-floor 

Inclined link 

support 

Loading beams Specimen 
Pin 

Connection 

Hydraulic jacks 
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An inclined link support was utilized at the tested end to resist vertical loads and allow 

rotation, while inducing a known horizontal reaction. This horizontal reaction was resisted at 

the opposite end where the specimen was supported by a pin connection. The inclined link 

support used at the tested end and the pin connection used at the far end are shown in 

Figure  4-28 and Figure  4-29, respectively. The inclined link support was inclined with an 11 

degrees angle with respect to the vertical plane such to produce  horizontal reaction equal to 

20% of the vertical reaction.   

 

The steel pin at the top of the inclined link was welded to the bearing plate cast into the nib 

of each specimen to connect the inclined link support to the specimen. The middle of the 

steel pin was milled flat so that the bearing plate would sit level on the pin and provide a 

large area to weld. The top pin was allowed to rotate within the link and the link itself was 

allowed to rotate about the base to allow the beam to deform freely in the horizontal direction 

and to rotate about the top pin.  After the conclusion of each test, the pin was cut away from 

the bearing plate and the inclined link setup was reused for all twenty tests. 
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                         (a)                                                                 (b) 

 
Figure  4-28: Inclined Link Support at Tested End (a) Side View (b) Front View 

 

The other end of the beam, opposite the inclined link, was held in place by a pinned 

connection which restrained vertical and horizontal movement but allowed rotation of the 

specimen. To facilitate this pin connection, each end of a test specimen was cast with a steel 

sleeve located in the stem of beam.  For testing, a large steel rod was inserted into the sleeve 

and held in place by a support at the pinned end as shown in Figure  4-29. This configuration 

allowed the connection to act as a rotational pin and isolate the non-tested end during the test. 

The design of the pin support enabled the pin to be adjusted to accommodate misalignment 

of the sleeve in any direction.   
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Figure  4-29: Pin Connection at the Far End 

 

Load was applied to the specimen by varying the hydraulic pressure using four hydraulic 

jacks, forcing the jacks to retract and thus apply load to the specimen. The hydraulic jacks 

used for loading the beam are shown in Figure  4-30. All four hydraulic jacks shared the same 

pressure source which ensured a uniform applied load by each jack.  The jacks were operated 

manually with an electric pump to apply load incrementally to failure. The four hydraulic 

jacks were connected to two loading beams which were located across the top of the 

specimen as shown in Figure  4-30. The two loading beams, placed 7 ft. and 10 ft. from the 

end of the beam, were used to apply concentrated loads on the beam by pressing against the 

flange of the test specimen. The locations of these concentrated loads were selected such that 

the induced moment and shear distributions at the dapped end would closely match those 

acting on a 60 feet beam subjected to uniformly distributed loads in a parking structure. The 

performance of the tested end was monitored at selected load levels, given in Table 4-2, 

Steel pin 
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based on the design loads of the beam specimens. Records of crack patterns were taken and 

crack widths were measured at each load level. 

 

 

Figure  4-30: Close View for the Test Setup 

 

4.2.10 Instrumentation  

Deflections, strains, and loads were monitored throughout testing. Photographs, videos, 

observations, and records of crack patterns were taken for each test. All instruments were 

connected to an electronic data acquisition system which recorded data at 2 Hz. Detailed 

measurements of crack width were taken after each step of loading. The applied loads were 

measured using load cells placed at two opposite loading points. A clinometer was attached 

to the inclined link to monitor the initial link angle from the vertical plane and to monitor any 

rotation during loading. 

Steel box sections 

Hydraulic jacks 
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String potentiometers were used to measure the deflection at four selected points along the 

specimen. Slip of the bottom prestressing strand was monitored using a displacement sensor 

installed on the strand on the end face of the specimen. 

Weldable strain gages were installed at various locations on the mild steel reinforcement 

prior to casting of each specimen. The strain gages were placed on the underside of the 

reinforcing steel to minimize any possible damage during casting. Small sections of the steel 

reinforcement were ground smooth to remove mill-scale and to provide a suitable surface for 

attaching gages. The steel strains were monitored during casting, shipping, and throughout 

testing. A typical strain gage attached to a reinforcing bar is shown in Figure  4-31. 

 

  

Figure  4-31: Typical Strain Gage Attached to Reinforcing Bar 

 

Concrete strain measurements were measured using PI gages with gage lengths of 100 mm 

and 200 mm. Three orthogonal pairs of PI gages were applied to one face of the dapped end. 

The first pair of PI gages was positioned close to the re-entrant corner to capture strains 

resulting from the re-entrant corner crack expected to extend upwards towards the web flange 

junction at approximately 45 degrees. The second pair and third pairs were positioned in the 

full depth section to capture strains resulting from diagonal cracking expected to extend from 



144 

the bottom corner of the web upwards to the web flange junction. Typical PI gage locations 

are shown in Figure  4-32. 

 

 

Figure  4-32: Typical PI Gage Locations for a Test Specimen 

In addition to conventional instrumentation, an optical camera system was employed for 

some selected tests to measure the three-dimensional position of infrared targets glued to a 

surface. Figure  4-33 shows a photo for the infrared targets glued to the face of a specimen.  

 

 

Figure  4-33: Opto Track Infrared Targets Installed on the Surface of a Specimen 
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