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ABSTRACT 

Results are reported from 29 large-scale tests of reinforced concrete beams designed to 

investigate the use of Grade 80 (550) steel and headed deformed bars as shear reinforcement, both 

of which are expected to alleviate reinforcement congestion and improve constructability when 

used in heavily reinforced members. The specimens were tested under three-point bending with a 

shear span-to-effective depth ratio of 3. Shear reinforcement consisted of either stirrups or headed 

deformed bars made with Grade 60 or 80 (420 or 550) steel. Headed bars were evaluated both 

engaging and not engaging the longitudinal reinforcement to determine whether such engagement 

is necessary for acceptable performance. Other variables included beam depth, shear reinforcement 

size and spacing, longitudinal reinforcement ratio, and concrete compressive strength.  

Test results showed that when headed deformed shear reinforcement (of diameter db) is 

placed with at least 6db of side cover and having at least one longitudinal bar within the side cover, 

or when headed reinforcement is engaged with longitudinal bars at each end, beam shear strength 

was similar to that of companion specimens with stirrups. Specimens designed for the same 

nominal shear strength, Vn, using either Grade 60 or 80 (420 or 550) shear reinforcement exhibited 

similar shear strengths and crack widths at service-level loads (taken as 0.6Vn). Test results indicate 

there may be cause to reevaluate the ACI Building Code minimum for ȡtfytm of 50 psi (0.34 MPa): 

9 out of 12 specimens with ȡtfytm < 90 psi (0.62 MPa) had measured shear strengths less than Vn 

calculated using measured material properties, whereas only 2 out of 13 specimens with ȡtfytm > 90 

psi (0.62 MPa) did. The statistically significant difference between these groups persisted when Vn 

was based on the number of adequately anchored stirrup legs intercepted by the failure surface.  

Keywords: Crack width, headed bars, headed shear reinforcement, high-strength steel, high-

strength concrete, member depth, shear reinforcement.   
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CHAPTER ONE: 

INTRODUCTION 

1.1 Motivation 

Reinforced concrete members are typically designed so that brittle shear failures do not 

limit their strength or deformation capacity. This frequently requires use of shear reinforcement 

(e.g. stirrups, ties, hoops, or spirals) transverse to the longitudinal axis of the member.  

Shear reinforcement is required by the ACI Building Code (ACI 318-19) to terminate in a 

hook that encloses a longitudinal bar so that the yield stress of the shear reinforcement can be 

developed. In large and heavily reinforced concrete structures like offshore platforms, high-rise 

buildings, and nuclear power plants, placement of hooked shear reinforcement can become 

difficult due to interference with other reinforcement and the size of hooks on large bars. Compared 

with hooked bars, headed reinforcement takes up less space and is therefore easier to place in 

heavily reinforced members. Use of headed bars may therefore reduce reinforcement congestion 

and the time and cost to place shear reinforcement. However, the use of headed bars as shear 

reinforcement is not permitted by the ACI Building Code due to the limited data available.  

The ACI Building Code also limits the yield stress used for design of shear reinforcement 

to 60 ksi (420 MPa) for conventional shear reinforcmeent and 80 ksi (550 MPa) for welded wire 

reinforcement. If higher strength Grade 80 (550) shear reinforcement were permitted for 

conventional deformed bars, the amount of reinforcement needed in construction would be 

reduced, thereby reducing reinforcement congestion, construction time, and overall cost of bar 

placement. However, there is a concern that the use of Grade 80 (550) shear reinforcement may 

result in unacceptably wide inclined cracks. This issue needs to be resolved before Grade 80 (550) 

shear reinforcement can be approved for widespread use.  
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1.2 Objectives 

The primary objectives of this study were to:  

1) Investigate the behavior of members designed to fail in shear and constructed with hooked and 

headed shear reinforcement, including comparisons between members in terms of strength and 

serviceability. The study will also identify details for placement of headed deformed shear 

reinforcement that result in acceptable member behavior. 

2) Compare the behavior of shear-critical members constructed with either Grade 60 or 80  

(420 or 550) shear reinforcement. This included investigations of whether the yield stress is 

reached in Grade 80 (550) shear reinforcement with either headed or hooked ends and whether 

excessive inclined crack widths occur when Grade 80 (550) shear reinforcement is used.  
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CHAPTER TWO: 

LITERATURE REVIEW 

2.1 Shear Transfer Mechanisms 

When reinforced concrete members are subjected to sufficiently large transverse shear 

stresses, inclined (diagonal) cracks develop. These diagonal cracks either initiate near mid-depth 

of the member (web-shear cracks) or result when flexural cracks propagate into the web and 

become inclined (flexural-shear cracks). The diagonal cracks are inclined because of the 

orientation of the principal tension stresses in the web.  

A large number of experiments have been performed to better understand the mechanism 

of shear resistance in reinforced concrete after cracking (ACI-ASCE Committee 426 1973 and 

ACI-ASCE Committee 445 1999). The forces acting at a cracked section, illustrated in Figure 2.1, 

include a) shear in the compression zone (Vcz), b) shear transfer at cracks, often referred to as 

aggregate interlock (Vca), c) dowel action of the longitudinal reinforcement (Vd), d) residual tensile 

stresses at cracks (Vcr), and e) forces in the shear reinforcement (Vst).  

 

Figure 2.1: Free body diagram of cracked reinforced concrete beam 
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2.1.1 Concrete Compression Zone 

The compression zone, which is often uncracked in monotonically loaded members, is 

subjected to both compressive and shearing stresses. The magnitude of the shear force carried by 

the compression zone when the beam reaches its maximum strength depends on the compression 

zone depth and the concrete strength. There is no consensus among researchers about the 

importance of the compression zone contribution to shear strength relative to other mechanisms. 

Some attribute little shear strength to the compression zone (Fenwick and Paulay (1968), and 

Collins et al. (1996)) while others attribute the entire post cracking contribution of concrete to the 

compression zone (Tureyen and Frosch (2003)). 

2.1.2 Shear Transfer at Cracks  

Friction between the rough opposing faces of an inclined crack, sometimes referred to as 

aggregate interlock, provides resistance to slip and allows shear forces to transfer across cracks. 

This contribution to shear resistance is influenced by crack width, size and type of coarse 

aggregate, and other parameters. The contribution of shear transfer at cracks to the total shear 

resistance decreases as the crack width increases and as the aggregate size decreases.  

Shear transfer at cracks is also a function of concrete strength. In normal strength concrete, 

inclined cracks pass around aggregate particles causing the crack surfaces to be rough. Several 

researchers (Elzanaty et al. (1986), Walraven et al. (1987), Johnson and Ramirez (1989), and Bentz 

et al. (2006)) have shown that for high strength concrete, the crack passes through the coarse 

aggregate particles because the matrix strength is greater than or similar to the aggregate strength. 

Inclined cracks in high strength concrete are therefore relatively smooth, causing a reduction in 

the resistance to slip and transfer of shear across cracks. 
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2.1.3 Dowel Action 

Dowel action refers to the resistance to shearing at inclined cracks attributable to the 

longitudinal reinforcement. This contribution to shear resistance is influenced by several factors 

such as reinforcement ratio, concrete cover, and the effectiveness of confinement provided by 

stirrups. Other parameters like bar size and concrete strength may also have an effect on the 

contribution of dowel action to shear strength.  

Several researchers (Acharya and Kemp (1965), Sarkar and Bose (1999), and Panda and 

Gangolu (2017)) have argued it is difficult to determine the relative importance of this mechanism 

to member shear strength because it cannot be easily separated from other shear transfer 

mechanisms. Some have concluded that the contribution of dowel action to member shear 

resistance is marginal because it is limited by the tensile strength of the concrete restraining the 

longitudinal reinforcement close to the tension face of the concrete member�(Fenwick and Paulay 

(1968) and Taylor (1972)). However, others (Acharya and Kemp (1965) and Panda and Gangolu 

(2017)) have indicated that about 60% of the total shear resistance of members without shear 

reinforcement is attributable to dowel action. 

2.1.4 Residual Tensile Stresses  

Tensile stresses in concrete are directly transmitted across cracks through small pieces of 

concrete that bridge the crack near the crack tip. As shown in Figure 2.2, a plot of average axial 

stress versus crack opening displacement, concrete has been shown to transmit more than 50 psi 

(0.35 MPa) of tensile stress across cracks with widths up to 0.0015 in. (0.04 mm). The overall 

contribution of this mechanism is, however, small in full-scale reinforced concrete members, 

where it is common for crack widths to exceed 0.0015 in. (0.04 mm) by a considerable margin. 
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Figure 2.2: Response of plain concrete loaded in uniaxial tension (Gopalaratnam and Shah 
(1985), adopted from ACI-ASCE 445 (1999). 

 

2.1.5 Transverse (Shear) Reinforcement 

In most members, a substantial portion of the shear strength is attributable to shear 

reinforcement (stirrups) placed transverse to the member axis. Although stirrup strains are near 

zero before the formation of inclined cracks, stirrups become engaged after cracking and transfer 

tensile force across cracks. The tensile forces in the flexural and shear reinforcement and 

compression forces in the concrete can be assumed to form a truss that transmits applied loads to 

supports. An example is shown in Figure 2.3, which shows the truss model for one-half of the span 

of a uniformly loaded simply supported beam.  
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(a) Left half of a uniformly loaded simply supported beam 

 

(b) Truss model for the beam in Figure 2.3(a) 

Figure 2.3: Truss model for uniformly loaded simply supported beam with shear reinforcement 
(after Darwin et al. (2016)) 

In addition to this truss action, stirrups help to maintain the contribution of concrete to 

member shear strength, Vc, by influencing several of the mechanisms described in Sections 2.1.1 

through 2.1.3. The stirrups sustain: 

1. The contribution of the compression zone to shear strength by slowing the propagation of 

cracks toward the compression zone,  

2. Shear transfer at cracks by limiting crack widths, and  

3. Dowel action by resisting propagation of longitudinal splitting cracks along the 

longitudinal reinforcement. 
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2.2 Variables Affecting Shear Strength Attributed to Concrete 

2.2.1 Concrete Compressive Strength 

 The effect of concrete compressive strength on shear resistance has received much 

attention from researchers. In 1954, Moody et al. introduced a simple equation for one-way shear 

strength attributable to concrete, 2ඥ ݂
ᇱܾ݀, psi ൫0.17ඥ ݂

ᇱܾ݀, MPa൯, which implies there is a positive 

effect of concrete strength on shear resistance. In this equation ݂
ᇱ is the specified concrete 

compressive strength, ܾ is the beam width, and ݀ is the effective beam depth. This equation has 

been in the ACI Building Code (ACI 318) since 1963. It was derived based on tests conducted on 

members with ݂
ᇱ below 6000 psi (41 MPa). The equation can result in unconservative nominal 

shear strengths when applied to members with high-strength concrete. The lower-than-expected 

shear strength of high-strength concrete members has been attributed to the tendency for cracks in 

high strength concrete to be smoother and wider than in normal strength concrete (as described in 

Section 2.1.2). With smoother crack surfaces and wider cracks, the shear transfer at cracks (i.e. 

aggregate interlock) decreases, which in turn decreases the shear strength attributable to concrete. 

Therefore, ACI 318 limits ݂ᇱ to 10,000 psi (69 MPa) for calculation of shear strength. 

Researchers such as Kani (1966) and Angelakos et al. (2001) have argued that concrete 

compressive strength has an insignificant effect on shear strength. Based on results from tests of 

specimens with three different concrete compressive strengths (2500, 3800, and 5000 psi (17, 26, 

and 34 MPa)), Kani found that concrete compressive strength had a negligible effect on the shear 

strength of test specimens. Angelakos also observed that increasing concrete compressive strength 

by approximately a factor of 4 (from 3000 to 12000 psi (21 to 80 MPa)) had almost no influence 

on the shear strength of test specimens. 
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In contrast to the observations of Kani (1966) and Angelakos et al. (2001), several 

researchers (e.g. Elzanaty et al. (1983),�Roller and Russell (1990), Perera and Mutsuyoshi (2013), 

Walraven et al. (2013), and Frosch et al. (2017)) have concluded that increasing ݂
ᇱ increases 

member shear strength. Walraven et al. (2013) argued that the reduction in shear strength caused 

by the fracture of aggregate particles in high strength concrete (as described in Section 2.1.2) is 

largely offset by shear transferred along contact areas formed between the undulating and irregular 

crack faces. Perera and Mutsuyoshi (2013) concluded that increasing ݂
ᇱ increases the shear 

strength, but that the amount of increase depends on aggregate properties.  

2.2.2 Longitudinal Reinforcement Ratio 

The flexural tension reinforcement ratio has an important effect on the shear strength of 

concrete members (Talbot (1909), Kani (1967), and Shioya (1989)). As the amount of tension steel 

increases, the length and width of flexural cracks reduce. When crack widths are small, the amount 

of shear transfer at cracks is increased. Furthermore, reducing the length of cracks increases the 

depth of the uncracked concrete compression zone. In addition, increases in longitudinal 

reinforcement likely increase the contribution of dowel action to shear strength.  

2.2.3 Member Depth  

The effect of member depth on shear strength has been a controversial topic among 

researchers. According to ACI 318 shear design provisions, shear strength of the concrete section 

is directly proportional to the section depth. However, many tests conducted by several 

investigators (Kani (1964), Shioya (1989), Collins and Kuchma (1999), and Lubell et al. (2004), 

Collins et al. (2015)) have shown that the shear stress at failure decreases as the member depth 

increases, which is often referred to as the size effect. Figure 2.4 illustrates the correlation between 



10�
�

beam depth and the shear stress at failure, normalized by the square root of concrete compressive 

strength. A plausible explanation for this is that when member depth increases, crack widths tend 

to increase. As a result, contributions of from both interfacial shear transfer and the compression 

zone tend to decrease. This explanation is supported by findings reported by Collins and Kuchma 

(1999), which showed that the size effect disappears when beams without stirrups contain well 

distributed longitudinal reinforcement that tends to reduce inclined crack widths.  

 

Figure 2.4: Influence of member depth and aggregate size on shear stress at failure (Adopted 
from Desalegne, (2013)) 

 

Other researchers have argued that the documented reduction in shear strength of test 

specimens is attributable to improper scaling of specimens and not member depth. Taylor (1972), 
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Sneed and Ramirez (2010), and Daluga et al. (2018) showed that geometric scaling affects shear 

transfer mechanisms such as dowel action and shear transfer at cracks. When test specimens are 

properly scaled, including overall member dimensions, effective depth, reinforcing bar size, 

maximum aggregate size, and concrete cover to longitudinal reinforcement, the apparent size 

effect is reduced.  

2.2.4 Shear Span to Depth Ratio (Slenderness) 

The shear strength of reinforced concrete members decreases as the shear span to effective 

depth ratio (av/d) increases. This is illustrated in Figure 2.5, in which the flexural and shear 

strengths of a concrete beam are plotted as a function of the av/d ratio. 

This figure is based on Kani (1967), which showed that the shear span to depth ratio has a 

large influence on the behavior and failure modes of reinforced concrete beams. He indicated that 

there is a clear defined valley, known as “Kani’s Valley of Shear Failures,” bounded by the values 

of reinforcement ratio and shear span to depth ratio within which shear failures dominated, and 

outside which flexural failures dominated. 

The nominal moment (Mn) is plotted as a horizontal line in Figure 2.5b, a plot of moment 

under the point load versus shear span to effective depth ratio (av/d). The moment at which shear 

failure occurs is also plotted in Figure 2.5b. It appears from Figure 2.5b that beams can be divided 

into four types based on shear span: very short, short, slender, and very slender. The shaded area 

in Figure 2.5b indicates beam aspect ratios where shear failures are likely to occur before the beam 

reaches its nominal flexural strength. 
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a) Beam 

 
(b) Moments at cracking and failure 

 

(c) Shear at cracking and failure 

 

Figure 2.5: Effect of av/d ratio on shear strength of beams without stirrups (Wight and 
MacGregor (2016)) 

av av 
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The moment at the point load for a beam loaded as shown in Figure 2.5a is M = Vav. Figure 

2.5b can be replotted in terms of shear strength, as shown in Figure 2.5c, by dividing the values in 

Figure 2.5b by av. Similar to Figure 2.5b, the shaded area in Figure 2.5c indicates beam aspect 

ratios where shear failures are likely to occur before the beam reaches its nominal flexural strength. 

Figure 2.5c shows that shear failure load is roughly constant for specimens with av/d larger than 

about 2.5. For smaller shear spans, it is shown that member shear strength increases substantially. 

2.3 High Strength Shear Reinforcement 

Table 2.1 shows the grades of steel reinforcing bars specified in ASTM standards through 

time. ASTM standards have been modified to accommodate new grades of reinforcement as they 

become available in the marketplace, with a trend towards higher strength steel since 2000.  

Table 2.1: Reinforcement grades accommodated by ASTM standards through time 

Year ASTM A615 (first 
published in 1968) 

ASTM A616 
(replaced in 
1999 with 

A996) 

ASTM A706 
(first 

published in 
1974) 

ASTM A1035 
(first 

published in 
2004) 

1968 

40
 

60
 

75
 

 
 

 

50
 

60
 

 

 

  

1972 

 

1974 

60
 

1987 

75
 

2000 

40
 

2004 

10
0 

2007 

12
0 2009 

80
 

80
 

2015 

10
0 

2018 
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The 1971 ACI Building Code (ACI 318-71) permitted the use of reinforcement that met 

the requirements of ASTM A615 and ASTM A616 (withdrawn in 1999 and replaced with ASTM 

A996), which included Grades 40, 50, 60, and 75 (280, 350, 420, and 520) reinforcement. ASTM 

standards have since been modified to accommodate new grades of reinforcement as they have 

become available in the marketplace. ASTM A1035, which was first released in 2004, 

standardized a reinforcing bar with a yield stress of 80 ksi (550 MPa) corresponding to a strain of 

0.0035 (which was the yield stress definition in ACI 318 at the time), a yield stress of 100 ksi (690 

MPa) according to the 0.2% offset method, and a tensile strength of 150 ksi (1035 MPa). This type 

of bar is now referred to as ASTM A1035 Grade 100 (690). ASTM A1035-07 standardized a Grade 

120 (830) reinforcing bar, with yield stress of 90 ksi (620 MPa) corresponding to a strain of 0.0035, 

a yield stress of 120 ksi (830 MPa) according to the 0.2% offset method, and a tensile strength of 

150 ksi (1035 MPa). Reinforcing bars compliant with ASTM A1035 have a chemical structure 

that is intended to make the reinforcement resistant to corrosion but that also causes the bars to 

exhibit constitutive properties in tension that lack a yield plateau. Note that all reinforcement 

grades and yield stresses are based on the 0.2% offset method unless noted otherwise. Grade 80 

(550) reinforcement (that exhibits a yield plateau) was first introduced in the 2009 versions of 

ASTM A615-09a and A706-09a. The 2015 version of ASTM A615 added requirements for Grade 

100 (690) reinforcement that exhibits a yield plateau. With these reinforcing bars available in the 

marketplace, changes have been made to the ACI Building Code to allow the use of high-strength 

reinforcement. The 2019 ACI Building Code has provisions permitting the use of Grade 80 and 

100 (550 and 690) steel bars in many structural applications; it does not, however, permit use of 

Grade 80 (550) shear reinforcement. 
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There has been limited study of the behavior of reinforced concrete members containing 

high-strength steel as shear reinforcement for non-seismic applications. Sumpter et al. (2009) 

reported results from tests of nine reinforced concrete beams containing either ASTM A615 Grade 

60 (420) or ASTM A1035 Grade 120 (830) shear reinforcement. The specimens were nominally 

12 in. wide by 16 in. deep (310 mm by 410 mm), and had a nominal concrete compressive strength 

of 4000 psi (28 MPa), an effective depth of 11 in. (280 mm), No. 3 (10 mm) bars as shear 

reinforcement, a longitudinal tension reinforcement ratio (As/bd) of 4.4%, a longituidnal 

compression reinforcement ratio (ܣ௦ᇱ /bd) of 2.2%, and shear span to effective depth ratios (av/d) of 

2.6 and 3.1. The specimens were tested under three-point bending. 

Sumpter et al. (2009) reported that direct replacement of conventional Grade 60 (420) 

stirrups with Grade 120 (830) stirrups increased the shear strength of test specimens and enhanced 

serviceability (in terms of distributing cracks and reducing crack widths), although the Grade 120 

(830) stirrups were not able to develop their yield stress. These conclusions are, however, probably 

not generally true. The enhanced serviceability is likely�because�the Grade 120 (830) bars were 

threaded, improving bond relative to the deformed Grade 60 bars. Also, the Grade 120 (830) shear 

reinforcement was not able to develop its yield stress because test specimens failed by crushing of 

the compression zone concrete before reaching the shear strength of the beams due to the large 

longitudinal reinforcement ratio.  

Munikrishna et al. (2011) reported results from eighteen tests conducted on nine large-

scale reinforced concrete beams reinforced with either ASTM A615 Grade 60 (420) or ASTM 

A1035 Grade 100 (690) closed stirrups. The specimens were designed to obtain stresses in the 

stirrups of 60, 80, or 100 ksi (420, 550, or 690 MPa) at shear failure and to have similar shear 

strengths, regardless of reinforcement grade; therefore, fewer stirrups were used when a larger 
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stress was targeted in the stirrups. The overall depth of the specimens ranged from 22 to 28 in. 

(560 to 710 mm) and the width ranged from 16 to 24 in (410 to 610 mm). The specimens had the 

same nominal concrete compressive strength of 4000 psi (28 MPa) and shear span to effective 

depth ratio (av/d) of 3. The longitudinal tension reinforcement ratio (As/bd) was varied from 0.8 to 

2.3% and the longitudinal compression reinforcement ratio (ܣ௦ᇱ /bd) ranged between 0.4 and 1.3%. 

The specimens were tested under three-point bending, with the applied point force located closer 

to one end of the beam to allow for two tests per beam. 

Results reported by Munikrishna et al. (2011) showed that all beams reached at least the 

expected shear strength as calculated according to the ACI 318-05 shear design provisions. The 

strain in the stirrups reached strains consistent with the design stress prior to beam failure by 

crushing of the compression zone. The measured diagonal crack widths at 60% of the nominal 

strength (which was meant to represent service loads) for all specimens reinforced with stirrups 

designed for a stress of 80 or 100 ksi (550 or 690 MPa) were less than 0.016 in. (0.41 mm), a value 

that was used as the basis for crack-control provisions in several ACI Building Codes prior to 

1999. Nevertheless, specimens with shear reinforcement designed for a stress of 100 ksi (690 MPa) 

had slightly wider cracks than specimens designed for stresses of 60 or 80 ksi (420 or 550 MPa). 

Because of the way the specimens were designed, longitudinal reinforcement strains were very 

small (less than 0.001) at the time that crack widths were compared. Inclined cracks are likely 

wider in specimens with larger longitudinal reinforcement strains.  

Lee et al. (2011) reported results from tests of 32 reinforced concrete beams reinforced 

with either conventional Grade 60 (420) or high strength shear reinforcement. The specimens had 

total depths of 14, 18, or 24 in. (360, 460, or 610 mm), widths of 10 or 12 in. (250 or 3010 mm), 

and nominal concrete compressive strengths of 3600 to 7300 psi (25 to 50 MPa). No. 3 (10 mm) 
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bars with fyt of 55 to 109 ksi (380 to 750 MPa) were used as shear reinforcement at varied spacings 

that resulted in shear reinforcement ratios (Av/bs) of 0.15% to 0.5%. Longitudinal reinforcement 

with fy of 77 to 102 ksi (530 to 700 MPa) was provided with longitudinal reinforcmeent ratios 

(As/bd) varying from 2.7% to 4.6%, such that specimens within the same group had approximately 

the same nominal flexural strength. The specimens were tested under three-point bending, with a 

shear span to effective depth ratio (av/d) that varied from 2.5 to 4.0. Specimens within the same 

group had the same av/d, longitudinal reinforcement ratio, and shear reinforcement ratio. 

Lee et al. (2011) concluded that increasing ȡtfyt increased the shear strength of test 

specimens, as expected. The measured crack widths of specimens with larger fyt were similar to 

the measured crack widths of specimens with smaller fyt because a larger number of diagonal 

cracks developed in the web of specimens with larger fyt. The reason for this difference in cracking 

patterns is not clear and is not readily explainable by the difference in grade. It is not known 

whether the high-strength reinforcement used in this study was threaded, although that would more 

likely explain the observed results. These results are not readily applicable to beams in practice 

because of the large longitudinal reinforcement ratios used in this study. Furthermore, because of 

the amount of longitudinal reinforcement, several of the specimens failed by crushing the concrete 

without yielding the stirrups. 

Desalegne and Lubell (2015) reported results from tests of eight shear-critical concrete 

beams reinforced with A1035 Grade 100 (690) steel as longitudinal reinforcement and either 

A1035 Grade 100 (690) steel bars or conventional A615 Grade 60 (420) steel bars as shear 

reinforcement. All the specimens were 12 in. wide by 40 in. deep (310 by 1020 mm) and had a 

nominal concrete compressive strength of 7000 psi (50 MPa), shear span to effective depth ratio 

of 3, and longitudinal tension reinforcement ratios (As/bd) ranging from 0.55% to 1.6%. 
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Companion specimens had similar shear reinforcement spacing, however, the ȡtfyt of the specimens 

with Grade 100 (690) shear reinforcement was 37% larger than that of the specimens with Grade 

60 (420) shear reinforcement. The specimens were simply supported and tested under three-point 

bending.  

Desalegne and Lubell (2015) reported that specimens with Grade 60 (420) shear 

reinforcement exhibited shear-tension failure modes while specimens with Grade 100 (690) shear 

reinforcement exhibited flexure-shear failures (i.e. specimens failed in shear when the strain in the 

longitudinal reinforcement approached its yielding strain). The difference in failure mode is most 

likely due to the specimens with Grade 100 (690) shear reinforcement having a larger ȡtfyt. It was 

reported that the cracks in specimens reinforced with Grade 100 (690) shear reinforcement were 

wider than in companion specimens with Grade 60 (420) shear reinforcement at similar loads. At 

the assumed representative service load (60% of the nominal shear strength), specimens with 

Grade 100 (690) stirrups had inclined cracks that were wider than 0.016 in. (0.41 mm), a value 

that was used as the basis for crack-control provisions in several ACI Building Codes prior to 

1999. Specimens reinforced longitudinally with Grade 100 (690) steel also had wider cracks.  

Lee et al. (2015) reported results from tests of 18 reinforced concrete beams incorporating 

high strength shear reinforcement. The specimens had No. 4 (13 mm) closed stirrups with yield 

stresses of 47.5, 68.3, or 94.9 ksi (334, 480, or 667 MPa). The specimens had nominal cross-

sectional dimensions of 14 by 19 in. (350 by 480 mm), a shear span to effective depth ratio of 2.57, 

a longitudinal tension reinforcement ratio (As/bd) of 3.72%, and a longitudinal compression 

reinforcement ratio (ܣ௦ᇱ /bd) of 1.86%. The specimens were tested under four-point bending.  

Test results indicated that in specimens reinforced transversely with 94.9 ksi (654 MPa) 

shear reinforcement, the shear reinforcement reached its yield stress prior to beam failure. Lee et 
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al. (2015) also found that the amount of shear reinforcement and concrete compressive strength 

had a considerable influence on diagonal crack widths of tested specimens, which is consistent 

with expectations. Additional findings are difficult to deduce because several of the specimens 

exhibited a compression-dominated mode of failure because of the large longitudinal tension 

reinforcement ratio. 

Proestos et al. (2016) reported results from 12 tests of reinforced concrete panel element 

specimens with either Grade 60 (420) or Grade 80 (550) reinforcement and a concrete compressive 

strength ranging from 5100 to 8090 psi (35 to 56 MPa). The specimens had dimensions of 64 by 

14 by 64 in. (1630 by 360 by 1630 mm) measured along the x, y, and z axes, respectively. The 

specimens, which were tested under bi-axial loads applied in the x-z plane, contained 

approximately 1.5 times as much reinforcement in the x-axis direction than in the z-axis direction. 

Specimens with Grade 80 (550) reinforcement had either approximately similar ȡx and ȡz or ȡxfyx 

and ȡzfyz as specimens with Grade 60 (420) reinforcement. The specimens were tested under pure 

shear, biaxial tension and shear, and biaxial compression and shear load. The reinforcement was 

oriented at 45o to the direction of applied load, which is not necessarily the case for most reinforced 

concrete structures.  

Test results showed that specimens with Grade 80 (550) reinforcement that had 

approximately similar ȡx and ȡz as specimens with Grade 60 (420) reinforcement failed at 18% to 

25% larger shear loads than companion Grade 60 (420) specimens. Grade 80 (550) specimens with 

approximately similar ȡxfyx and ȡzfyz as specimens with Grade 60 (420) reinforcement (therefore 

fewer bars) had similar overall load-deformation behavior. For the latter specimens, the measured 

crack widths at a given load level were wider than companion specimens with Grade 60 (420) 

reinforcement. Due to the nature of the test setup, some specimens experienced crushing of the 
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concrete close to their edges before cracks developed throughout the specimens, which reduced 

their shear strengths. 

Lee et al. (2018) reported results from tests of sixteen reinforced concrete beams reinforced 

transversely with closed stirrups made of Grade 60 or 80 (420 or 550) steel. Test specimens had 

nominal overall depths of 24, 34, 44, or 54 in. (610, 860, 1120, or 1370 mm) and a width of 20 in. 

(510 mm). The measured yield stresses of the Grade 60 and 80 (420 and 550) steel bars were 66.6 

and 97.8 ksi (460 and 675 MPa), respectively. The specimens had a longitudinal tensile 

reinforcement ratio (As/bd) of 1.6%, a shear span to effective depth ratio of 2.57, and shear 

reinforcement ratios (Av/bs) of 0.16% and 0.22%. The specimens were tested under four-point 

bending. 

The results showed that even in very large members, stirrups reached their yield stress prior 

to failure. The measured crack widths in specimens with high strength shear reinforcement were 

larger than the crack widths in specimens with Grade 60 (420) stirrups. For specimens with high 

strength shear reinforcement, the crack widths were smaller than 0.016 in. (0.41 mm) when depths 

were less than 24 in. (610 mm), while the cracks were wider than 0.016 in. (0.41 mm) for 

specimens with depths greater than 47 in. (1190 mm). These findings may not, however, be 

applicable to beams used in pracitice because the spacing of shear reinforcement was fixed as the 

member dimension increased. As a result, the stirrup spacing was approximately one-tenth of the 

effective depth in the deepest members, much closer than spacings typically used in practice.  

 Based on findings from prior research, specimens with high strength steel shear 

reinforcement are able to reach their design strengths when the amount of longitudinal and shear 

reinforcement is reduced in inverse proportional with yield stress. At service load levels, the crack 

widths of inclined shear cracks reported by Sumpter et al. (2009), Munikrishna et al. (2011), and 
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Lee et al. (2011), (2015), and (2018) were narrower than 0.016 in. (0.41 mm), while the measured 

crack widths reported by Desalegne and Lubell (2015) were wider than 0.016 in. (perhaps because 

their specimens had lower longitudinal reinforcement ratios than those of others). However, 

Sumpter et al. (2009) used threaded high-strength shear reinforcement and Lee et al. (2011), (2015) 

and (2018) used very large longitudinal reinforcement ratios, so these results are difficult to apply 

to practice. Proestos et al. (2016) showed that specimens with high strength stirrups had wider 

cracks than companion specimens with conventional stirrups when ȡtfyt was constant. Lee et al. 

2018 observed that the crack widths at service loads are influenced by member depth, but they also 

used larger longitudinal reinforcement ratios than typically used in practice. Therefore, although a 

few studies have been conducted to investigate the behavior of reinforced concrete members 

transversely reinforced with high strength steel, there remains a need for tests with Grade 80 (550) 

shear reinforcement and reasonable amounts of deformed longitudinal reinforcement to provide a 

basis for acceptance of Grade 80 (550) shear reinforcement in practice.  

2.4 Headed Bars as Shear Reinforcement  

The use of headed bars in place of hooked bars can reduce congestion of reinforcement and 

ease installation. Headed bars consist of a deformed bar�with welded, screwed, or forged heads for 

anchorage at one or both ends. According to ACI 318-19 and ASTM A970-16, the net bearing area 

of the head (Abrg =Ahead - Ab) must be at least equal to four times the area of the bar (Ab). Shear 

studs, which are similar to bars with heads at both ends (except that shear studs have larger heads 

(Abrg � 10 Ab) and typically have smooth shafts), are commonly used as shear reinforcement in 

two-way slab-to-column connections suggesting headed bars may successfully be used as shear 

reinforcement. Few researchers have investigated the use of deformed headed bars (with or without 

high strength steel bars) as shear reinforcement in reinforced concrete beams. Research on the 
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effectiveness of smooth shear studs and deformed headed bars as shear reinforcement in concrete 

slab and beam specimens are described below. 

2.4.1 Headed Shear Reinforcement in Slabs  

Zheng (1989) reported test results from eight slab specimens with Grade 60 (420) deformed 

headed shear reinforcement subjected to out of-plane shear designed to investigate the differences 

in behavior between specimens with large stirrup bars at a large spacing and small stirrup bars at 

a small spacing. The headed bars had bearing areas of 12, 7, 4, and 6Ab for bar sizes of No. 3, No. 

4, No. 5 and No. 6 (8 mm, 10M, 15M, and 20M), respectively (note that the metric bar designations 

are correct in this case – the U.S. bar sizes listed are approximate). Five specimens had shear 

reinforcement spaced at distances varying from d/3 to 2d in the direction of the span 

(longitudinally), and the other three specimens had shear reinforcement transversely spaced at 

distances varying from 2d/3 to 2d and longitudinally at d/3. All the specimens had similar shear 

reinforcement and flexural reinforcement ratios.  

Based on test results, Zheng (1989) concluded that specimens with a tight stirrup spacing 

in the shear flow direction had better behavior in terms of shear strength, crack patterns, and failure 

mode than specimens with a large stirrup spacing. Zheng suggested that a transverse spacing of 

0.7d may be too wide and that the spacing in the longitudinal direction should be limited to 

d/(2tanș), with the inclination angle of the diagonal cracks ș calculated using the general method 

for shear design in the Canadian standard for reinforced concrete design. 

Monteleone (1993) investigated the use of deformed headed bars as shear reinforcement in 

slabs by examining the behavior of four reinforced concrete panels. The headed bars had a bearing 

area of (Abrg = 4, 7, 10, 24Ab) for bar sizes of No. 4, No. 5, No. 6 and No. 8 (10M, 15M, 20M, 
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25M), respectively, as shear reinforcement (again, note that the metric bar designations are correct 

in this case – the U.S. bar sizes listed are approximate). It was found that specimens with headed 

shear reinforcement had larger shear strengths than similar specimens with stirrup reinforcement 

tested by Zhang (1989).  

Marzouk and Jiang (1997) examined the punching shear behavior of six high strength 

concrete plates with different types of Grade 60 (420) shear reinforcement. As shown in Figure 

2.6, five specimens were tested with five different shear reinforcements: single-bend, U-stirrups, 

double-bend, smooth shear stud, and deformed headed shear reinforcement, respectively. The head 

bearing area of shear studs was 8Ab, while it was 20Ab for the headed bars. A reference specimen 

was also tested that had only flexural reinforcement. Test specimens had the same nominal 

dimensions of 77 by 77 by 6 in. (1960 by 1960 by 150 mm) and a flexural steel reinforcement ratio 

of 1.09% (calculated as As/bd). Specimens with double-bend, smooth shear stud, and deformed 

headed shear reinforcement exhibited greater punching shear strength than specimens with the 

other two types of shear reinforcement (single-bend and U-stirrups).  

These and several other studies of shear in slabs reinforced with deformed headed bars and 

smooth shear studs show that both types can be effective as shear reinforcement in monotonically 

loaded thin plate members. However, because the shafts of studs are smooth, the bearing areas of 

the heads used in these studies often dramatically exceeded 4Ab, and slab specimens were thin, it 

is not clear from these studies whether headed deformed bars with a head bearing area (Abrg) near 

4Ab are effective as shear reinforcement in large members such as beams and foundations.  
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a) Reference slab without shear reinforcement 

 
b) Slab with single bend shear reinforcement 

 

  
c) Slab with U-stirrup shear reinforcement 

 
d) Slab with double bend shear reinforcement 

 

 
e) Slab with shear-stud reinforcement 

 
f) Slab with T-headed shear reinforcement 

 
Figure 2.6: Dimension of reinforcement details of test specimens (Marzouk and Jiang (1997)) 

 

2.4.2 Headed Shear Reinforcement in Beams  

Dyken and Kepp (1988) reported results from tests of three simply supported standard 

AASHTO girders that were tested monotonically up to failure under four-point bending. Two of 

the specimens had shear reinforcement consisting of deformed headed bars with Abrg ؆ 7Ab and 

the other had conventional stirrups. The headed bars were in direct contact with the longitudinal 

reinforcement in one of the two specimens, as required for stirrups, and not in direct contact with 

the longitudinal reinforcement in the other specimen. This was done to investigate the effect of 

this difference on beam behavior and strength. The specimens had a shear reinforcement ratio 

(Av/bws) of 0.8% and a shear span to effective depth ratio of 3.45. The concrete compressive 
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strength at the date of the test was about 13,700 psi (95 MPa) based on tests of 4 in. (100 mm) 

cubes. 

The test specimens had similar behavior in terms of crack patterns and failure mode. 

Specimens failed by sliding of the concrete along inclined cracks and crushing of the concrete in 

the compression flange. Specimens with headed bars had marginally higher shear strength than the 

specimen with stirrups. The tests indicated only marginal differences in behavior between the two 

headed bar configurations. However, because the shear reinforcement was anchored near the 

center of a beam flange, the importance of this detail near beam edges cannot be inferred.  

 Berner et al. (1991) reported results from one test of a concrete beam containing smooth 

headed bars as shear reinforcement. The headed bars were cut from ¾ in. (19 mm) thick plates, 

spaced at 4.75 in. (120 mm), and hooked onto the longitudinal reinforcement. The headed bars had 

Abrg ؆ 2.7Ab, which is less than the 4Ab minimum in ACI 318-19 and ASTM A970-16, however, 

the heads were custom-made to sit snugly on the longitudinal reinforcement. The headed bars were 

placed at the top and bottom surfaces of the specimen, such that there was no clear cover. No 

information was reported about the yield stress of the plate that was used to make the headed bars. 

The specimen had a longitudinal tension reinforcement ratio (As/bd) of 3.3% and compression 

reinforcement ratio (ܣ௦ᇱ /bd) of 2.2%. The finding of this one test specimen was that headed bars 

can function well as shear reinforcement, however, this finding is not readily applicable to beams 

in practice because the specimen was heavily reinforced and the custom-made heads are not 

available on the market.  

Yoshida (2000) conducted an experimental program comprised of four tests using two 

large simply supported reinforced concrete beams reinforced with Grade 60 (420) deformed 

headed bars as shear reinforcement. The head bearing area was 7Ab, which is much larger than the 
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minimum of 4Ab. Although the test results indicated that headed bars can function as shear 

reinforcement, there was no comparison to specimens with conventional shear reinforcement and 

therefore no conclusions can be drawn. 

Kim et al. (2004) reported results from tests of four reinforced concrete beams transversely 

reinforced with either conventional single-leg stirrups (crossties) with 90o hooks at both ends or 

deformed headed bars. The research objective was to investigate the potential of using deformed 

headed bars as shear reinforcement in heavily reinforced concrete walls. The specimens in both 

series had the same cross-sectional dimensions of 21.5 by 29.5 in. (550 by 750 mm), Grade 60 

(420) reinforcement, concrete strengths of 4600 psi (32 MPa), tension reinforcement ratios (As/bd) 

of 3.1%, compression reinforcement ratios (ܣ௦ᇱ /bd) of 0.46%, and a shear reinforcement spacing 

of 10.8 in. (275 mm), which is larger than d/2 (8.5 in. (220 mm)) the maximum shear reinforcement 

spacing required by ACI 318-19. The stirrups used in the control specimen do not meet the 

requirements of Section 25.3.4 of ACI 318-19, which requires crossties to have a 135o hook at one 

end and a 90o hook at the other. The head bearing area was 9Ab, which is much larger than the 

minimum of 4Ab. In addition to beam longitudinal reinforcement, there were bars placed parallel 

to the top and bottom faces of the beams and perpendicular to the beam longitudinal reinforcement 

to simulate wall reinforcement perpendicular to the span direction. These bars may provide lateral 

restraint to the beam similar to “cap ties” sometimes used in combination with U-stirrups to form 

hoops. The specimens were tested under uniaxial cyclic loading.  

The results showed that specimens with headed shear reinforcement had larger shear 

strength than specimens with crossties. Also, headed bar specimens were able to develop stirrup 

strains well beyond yielding, permitting strain hardening of shear reinforcement and allowing 

redistribution of forces among the stirrups. Specimens with standard stirrups were not able to 
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develop stirrup strains much beyond yielding because of loss of anchorage of the stirrup hooks 

under repeated loading. The findings of this study are supportive of the use of headed shear 

reinforcement. However, caution is required because the crossties do not meet ACI 318-19 

anchorage requirements for crossties and the additional reinforcement along the top and bottom 

beam faces likely provided restraint to the headed shear reinforcement that may not always be 

present. 

Lubell et al. (2009) reported experimental data from three monotonically loaded large-scale 

concrete beams transversely reinforced with plain (non-deformed) smooth shear studs with Abrg ؆ 

9Ab. The aim was to examine the viability of smooth shear studs as a means of enhancing the shear 

strength of wide beams and slabs that contain high strength longitudinal reinforcement. There was 

also concern that specimens reinforced with high strength bars may experience larger deflection 

and wider cracks than specimens reinforced with conventional Grade 60 (420) steel bars. 

Specimens had a nominal overall height of 18.4 in. (470 mm), a width of either 8 in. (200 mm) or 

39.5 in. (1000 mm), shear reinforcement assemblies longitudinally spaced at 8 in. (200 mm), a 

nominal concrete strength of 3.6 ksi (25 MPa), a flexural reinforcement ratio of approximately 1% 

consisting of high strength reinforcement with a yield stress of 147 ksi (1013 MPa), and a shear 

span to effective depth ratio of three. The studs had a spacing of 0.47d, which is slightly less than 

the maximum permitted by ACI 318-19. The shear studs were Grade 60 (420) No. 4 (13 mm) bars.  

The specimens reached their design strength and sustained large deformations associated 

with a ductile flexural behavior. The smooth shear studs showed evidence of yielding after 

diagonal cracking. The measured deflections of test specimens at the equivalent service load were 

larger than expected based on code equations. This is likely at least somewhat attributable to shear 

deformations after diagonal cracking as a result of using smooth bars as shear reinforcement. It is 
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not clear whether use of high strength longitudinal reinforcement also contributed to the smaller 

shear stiffness, although that seems plausible. Because the shear studs had smooth shafts and heads 

with large bearing areas, it is not clear how these results apply to specimens reinforced in shear 

with deformed headed reinforcement.  

Yang et al. (2010) reported results from tests of two simply-supported high strength 

concrete beams. One had conventional stirrups and the other had deformed headed bars with Abrg 

؆ 9Ab as shear reinforcement. The specimen had nominal cross-sectional dimensions of 14 in. by 

28 in. (360 mm by 710 mm), a concrete compressive strength of 14,000 psi (97 MPa), a 

longitudinal reinforcement ratio (As/bd) of 3%, and a shear span to effective depth ratio of 2.87. 

This longitudinal reinforcement ratio is considerably larger than that typically used in practice. 

Yang et al. (2010) found that the high strength concrete specimen with headed shear reinforcement 

had a shear strength that was 60% larger than the shear strength of the specimen with conventional 

stirrups; however, the reason for such a large difference is not clear. Furthermore, these data are 

from two specimens only. Further studies with different material properties and test parameters 

are required to investigate the behavior of high strength concrete specimens with headed bars as 

shear reinforcement. 

Yang (2015) conducted an experimental investigation to evaluate the shear strength and 

behavior of reinforced concrete beams containing Grade 60 (420) headed bars as shear 

reinforcement relative to companion specimens with Grade 60 (420) crossties. It was the first study 

to use deformed bars with commercially available heads and typical bearing areas as headed shear 

reinforcement. The headed bars had a head bearing area�greater than or equal to four times the 

reinforcing bar area (Abrg � 4Ab). The specimens were doubly-reinforced beams with equal top and 

bottom reinforcement, nominal overall depths of 18, 24, and 36 in. (460, 610, and 910 mm), a 
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width of 36 in. (910 mm), shear span to depth ratios of 2.7 and 3.8 and No. 5, No. 7, and No. 9 

(16, 22, and 29 mm) reinforcing bars as shear reinforcement. The specimens had a nominal 

concrete strength of 4000 psi (30 MPa). Stirrups were spaced transversely (across the width) at h/2 

and longitudinally (along beam axis) at d/2. Test specimens had No. 11 (36 mm) bars as 

longitudinal reinforcement and No. 11 (36 mm) bars placed parallel to the top and bottom surfaces 

spanning across the member width to simulate wall reinforcement perpendicular to the span 

direction. Although perhaps representative of wall reinforcement, the No. 11 (36 mm) bars 

perpendicular to the longitudinal reinforcement may provide restraint to the shear reinforcement 

anchorage zone that would not typically be present in beams (similar to the reinforcement used by 

Kim et al. (2004)). The specimens were tested under uniaxial cyclic loading using a four-point 

bending test setup. The loading cycles were not fully reversed; only positive moment was imposed 

on the beams. Test results indicated that the behavior and strength of specimens with headed bars 

as shear reinforcement were marginally better than the companion specimens with crossties.  

Based on the findings of prior studies, the behavior of specimens with headed bars as shear 

reinforcement is similar to the behavior of specimens with conventional stirrups in terms of 

strength and serviceability. However, all studies except Yang (2015) used headed bars with large 

bearing areas and some used smooth bars instead of the deformed bars typically used in practice. 

To provide a basis for widely applicable code provisions supporting the use of headed bars as shear 

reinforcement, further study is necessary to compare the effectiveness of headed and hooked shear 

reinforcement in large members with normal quantities of longitudinal reinforcement. It is 

necessary to better understand the effects of headed bar placement (relative to member edges and 

longitudinal reinforcement) on member behavior, especially in cases where no confining 

reinforcement is placed along the top and bottom faces of the member perpendicular to the 
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longitudinal beam axis. Finally, it is necessary to evaluate the effectiveness of headed shear 

reinforcement in members with high-strength concrete and shear reinforcement; there have been 

no studies performed on the use of headed bars made of Grade 80 (550) steel as shear 

reinforcement in reinforced concrete members.�Any studies that aim to address these research 

needs should focus on use of deformed headed bars with head bearing areas of approximately 4Ab. 

2.5 ACI 318-19 Building Code Shear Design Provisions 

2.5.1 ACI 318-19 Equations for Calculating Shear Strength 

Section 22.5.1.1 of ACI 318-19 defines the nominal shear strength of a reinforced concrete 

member, Vn, as the sum of contributions from the concrete, Vc, and the shear reinforcement, Vs, as 

shown in Eq. (2.1). 

 

For nonprestressed members without axial loads, Vc is calculated using ACI 318-19 Table 

22.5.5.1, presented here in Table 2.2. 

Table 2.2: Detailed method for calculating Vc (ACI 318-19) 

 

 

 

 

 

where ݂
ᇱ is the specified concrete compressive strength (psi), ɏ is the longitudinal reinforcement 

ratio in the web of the member (calculated as As/bwd ), bw is the web width (in.), d is the effective 

member depth (in.), ߣ is a reduction factor for lightweight concrete (for normalweight concrete, 

 ܸ ൌ ܸ  ௦ܸ Eq. (2.1) 

Criteria Vc 

Av � Av,min 
ඥߣ2 ݂

ᇱܾ௪݀ (a) 

ଵ/ଷඥߩߣ8 ݂
ᇱܾ௪݀ (b) 

Av < Av,min 8ߣ௦ߩߣଵ/ଷඥ ݂
ᇱܾ௪݀ (c) 
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ߣ ൌ 1.0), and ߣ௦ is the size effect factor and can be calculated as ߣ௦ ൌ ට ଶ
ሺଵାௗ/ଵሻ

  1. Since all the 

specimens in this study had Av greater than Av,min, Vc(a) and Vc(b) will be used to calculate Vc for all 

specimens. Although Vc(a) is the simplest expression for concrete shear strength in ACI 318-19, 

either expression can be used if the member has shear reinforcement quantities greater than or 

equal to the minimum shear reinforcement specified in Section 9.6.3.4 of ACI 318-19. 

The contribution to shear strength, Vs, of shear reinforcement oriented perpendicular to the 

member axis is given in Section 22.5.10.5.3 of ACI 318-19 and is shown as Eq. (2.2). 

where Av is the effective area of all bar legs or wires in a stirrup at a given cross-section (in.2), fyt 

is the yield stress of the shear reinforcement (psi), and s is the center-to-center spacing of the shear 

reinforcement (in.). 

 

2.5.2 ACI 318-19 Shear Design Requirements and Limits 

2.5.2.1 Concrete Compressive Strength 

 ACI 318-19 places an upper limit of 10,000 psi (69 MPa) on the nominal concrete 

compressive strength, ݂
ᇱ, (expressed as a limit on ඥ ݂

ᇱ of 100, also assigned units of psi) when 

calculating the concrete contribution to shear strength, Vc. This restriction is in place because of a 

lack of test data and practical experience with concrete that have compressive strengths greater 

than 10000 psi (69 MPa). Subsequent tests of beams constructed with high-strength concrete 

indicate that Vc(a) becomes less conservative when concrete strength exceeds 10,000 psi (69 MPa). 

The limit on ඥ ݂
ᇱ does not apply if at least the minimum shear reinforcement, Av,min, (described in 

the following) is provided.  

 
௦ܸ ൌ

௩ܣ ௬݂݀
ݏ

 
Eq. (2.2) 
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2.5.2.2 Steel Yield Stress 

ACI 318-19 has an upper limit of 60 ksi (420 MPa) on the nominal yield stress of the steel 

(80 ksi (550 MPa) for welded wire reinforcement) when calculating Vs. This restriction was 

adopted before any testing had been done on members reinforced with higher strength 

reinforcement. The limit persists, in part, because of concerns related to control of inclined crack 

widths.  

2.5.2.3 Minimum Shear Reinforcement 

ACI 318-19 requires that shear reinforcement be used if the factored shear, Vu, exceeds the 

product of one-half of Vc and the shear strength reduction factor, , as shown in Eq. (2.3). 

where  is 0.75.  

 Where shear reinforcement is required, ACI 318-19 requires the use of a minimum area of 

shear reinforcement, Av,min, equal to the larger of 0.75ඥ ݂
ᇱܾ௪ݏ/ ௬݂௧ and 50ܾ௪ݏ/ ௬݂௧. This restriction 

is in place to prevent sudden shear failures upon formation of an inclined crack. 

2.5.2.4 Maximum Shear Reinforcement 

ACI 318-19 requires that concrete members be designed such that ௦ܸ  8ඥ ݂
ƍܾ௪݀. This 

restriction is in place to prevent web-compression failures. 

2.5.2.5 Shear Reinforcement Spacing 

ACI 318-19 limits the maximum spacing of shear reinforcement as outlined in Section 

9.7.6.2 of the code and as shown in Table 2.3.  

 

 

 

 

 ௨ܸ  0.5߶ ܸ Eq. (2.3) 
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Table 2.3: Maximum spacing of shear reinforcement (ACI 318-19) 

Vs 

lb 
Maximum 
Spacing s 

 4ඥ ݂
ƍܾ௪݀ d/2 or 24 in. 

 4ඥ ݂
ƍܾ௪݀ d/4 or 12 in. 

 

Where ௦ܸ  4ඥ ݂
ƍܾ௪݀, this requirement is intended to ensure that any inclined crack 

crosses at least two stirrups. For larger shear stresses, the closer spacing of shear reinforcement is 

intended to provide more legs of shear reinforcement crossing each crack and greater confinement 

to the concrete.�Loov (2002) and Kue et al. (2014) observed that concrete members with shear 

reinforcement spaced at d/2 do not always exhibit inclined cracks that intercept two stirrups 

(sometimes only one stirrup is intercepted). 

2.5.2.6 Shear Reinforcement Detailing Requirements 

 ACI 318-19 allows the use of stirrups, ties, hoops, welded wire reinforcement, and spiral 

reinforcement as shear reinforcement. For stirrups, the reinforcement must be U-shaped or closed, 

extend a distance d from the extreme compression fiber of the beam, have a longitudinal bar or 

strand at each bend in the stirrup, and terminate at each end with a standard hook. Additional 

anchorage requirements are imposed when No. 6 and larger bars are used as shear reinforcement 

with fyt > 40 ksi (280 MPa). Similar requirements are in place for other types of shear reinforcement 

and are outlined in Section 25.7 of ACI 318-19. These requirements are in place to ensure that the 

shear reinforcement is capable of developing its yield stress.�Tompos and Frosch (2002) observed 

that shear reinforcement anchored in accordance with ACI 318-99 (which had the same 
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requirements as ACI 318-19) may not always be fully effective especially when the tip of an 

inclined crack intercepts the shear reinforcement near the anchorage point.  

2.6 Summary 

Shear forces can induce brittle failures of reinforced concrete members. To prevent such 

failures in practice, ACI 318-19 has requirements for provision of shear reinforcement that 

typically result in safe design. However, the current ACI 318-19 shear design provisions do not 

permit the use of headed bars or Grade 80 (550) steel as shear reinforcement in reinforced shear 

concrete members due to insufficient published data. The study described herein aims to address 

both of these gaps by comparing the behavior of specimens with either Grade 60 or 80 (420 or 

550) headed and hooked shear reinforcement. In an effort to ensure the findings are widely 

applicable, several important parameters are varied, including member depth, shear reinforcement 

bar size and spacing, concrete compressive strength, and detailing of headed shear reinforcement. 
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CHAPTER THREE: 

EXPERIMENTAL PROGRAM 

 

 This chapter describes the experimental program used in this study. Parts of this chapter 

were adapted from Lequesne et al. (2018).   

Twenty-nine beam specimens were tested under three-point loading to investigate the shear 

behavior of reinforced concrete flexural members reinforced with high strength steel and headed 

bars as shear reinforcement. The specimens had either conventional stirrups or headed bars as 

shear reinforcement, which were made from either Grade 60 or 80 (420 or 550) steel. The other 

variables examined in this study were beam depth (12 to 48 in. (300 to 1220 mm)), longitudinal 

reinforcement ratio (1.21 to 2.43%), shear reinforcement ratio (0.076 to 0.183%), shear 

reinforcement bar size (No. 3, No. 4, and No. 6 (10, 14 and 19 mm)), shear reinforcement spacing 

(d/2, d/2/7, or d/4), detailing of headed shear reinforcement (engaging or not engaging longitudinal 

bars), and concrete compressive strength (4,000 and 10,000 psi (28 and 69 MPa).  

3.1 Description of Specimens 

 The experimental work was divided into two phases. Phase 1 specimen properties are listed 

in Table 3.1. All beams in Phase 1 had a nominal width of 24 in. (610 mm), depth of 36 in. (910 

mm), and effective depth of 31.5 in. (800 mm). Nominal concrete compressive strengths of 4 and 

10 ksi (28 and 69 MPa) were used. The reinforcement was either Grade 60 or 80 (420 or 550). The 

Phase 1 specimens were organized into five groups. Specimens within groups were cast 

simultaneously using concrete from the same trucks unless noted otherwise in Table 3.1. Within 

each group, the specimens were nominally identical except for the details of the shear 

reinforcement.  
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Table 3.1: Phase 1 specimen properties a 

Specimen 

Specimen Parameters Shear Reinforcement 

h b, 
in. 

d, 
in. 

b b, 
in. av/d fytm 

c, 
ksi 

fcm 
d,     

psi 
Ab, 
in.2 

ȡ, 
% 

İlong 
e, 

% 

Head / 
Hook 
Detail f 

Bar 
Size, 
in.2 

s, 
in. s 

No. 
of 
Legs 

Av, 
in.2 

ȡtfytm, 
psi 

P1S1 36 31.5 24 3 69.8 4680 1.56 1.44 0.16 S 0.20 16.0 d/2 2 0.40 72.7 
P1S2 36 31.5 24 3 69.8 4540 1.56 1.44 0.16 HE 0.20 16.0 d/2 2 0.40 72.7 
P1S3 36 31.5 24 3 69.8 4570 1.56 1.44 0.16 HNE 0.20 16.0 d/2 2 0.40 72.7 
P1S4 g 36 31.5 24 3 69.8 4240 1.56 1.65 0.16 S 0.20 12.0 d/2.6 2 0.40 96.9 
P1S5 g 36 31.5 24 3 69.8 4360 1.56 1.65 0.16 HE 0.20 12.0 d/2.6 2 0.40 96.9 
P1S6 g 36 31.5 24 3 69.8 4310 1.56 1.65 0.16 HNE 0.20 12.0 d/2.6 2 0.40 96.9 

P1S7 g 36 31.5 24 3 85.0 4110 1.56 1.65 0.16 S 0.20 16.0 d/2 2 0.40 88.5 
P1S8 g 36 31.5 24 3 85.0 4130 1.56 1.65 0.16 HE 0.20 16.0 d/2 2 0.40 88.5 
P1S9  36 31.5 24 3 85.0 5260 1.56 1.65 0.16 HNE 0.20 16.0 d/2 2 0.40 88.5 
P1S10 36 31.5 24 3 85.0 4640 1.56 1.65 0.18 S 0.20 12.0 d/2.6 2 0.40 118 
P1S11 36 31.5 24 3 85.0 4730 1.56 1.65 0.18 HE 0.20 12.0 d/2.6 2 0.40 118 
P1S12 36 31.5 24 3 85.0 4790 1.56 1.65 0.18 HNE 0.20 12.0 d/2.6 2 0.40 118 
P1S13 36 31.5 24 3 85.0 11630 1.56 2.06 0.17 S 0.20 16.0 d/2 2 0.40 88.5 
P1S14 36 31.5 24 3 85.0 11400 1.56 2.06 0.17 HE 0.20 16.0 d/2 2 0.40 88.5 
P1S15 36 31.5 24 3 85.0 12080 1.56 2.06 0.17 HNE 0.20 16.0 d/2 2 0.40 88.5 
P1S16 h 36 31.5 24 3 85.0 9680 1.56 2.06 0.17 HNE 0.20 16.0 d/2 2 0.40 88.5 
P1S17 h 36 31.5 24 3 85.0 9960 1.56 2.06 0.17 HNE2 0.20 16.0 d/2 2 0.40 88.5 
a 1 in. = 25.4 mm, 1 in.2 = 645 mm2, 1 ksi = 6.9 MPa, 1 psi = 0.0069 MPa 
b As-built dimensions are reported in Appendix B 
c Determined from tensile tests of reinforcing steel samples using the 0.2% offset method   
d Measured from tests of 6 in. by 12 in. (150 mm by 300 mm) cylinders on the same day the beam was tested 
e Calculated with first principles based on the midspan moment associated with nominal shear strength (ACI 318-14) using nominal  
material properties 
f See Figure 3.1� 
g P1S4 was cast with P1S7 and P1S8. P1S5 and P1S6 were cast together. 
h P1S16 and P1S17 were cast together but separate from P1S13, P1S14, and P1S15.   

�

 Four shear reinforcement details were investigated (see Figure 3.1): conventional U-shaped 

hooked stirrups (S), headed bars placed so that the heads engaged the longitudinal reinforcement 

(HE), headed bars placed outside and not engaging the longitudinal reinforcement (HNE), and 

headed bars placed within, but not engaging, the longitudinal reinforcement (HNE2). In Phase 1, 

clear side cover was 1.5 in. (38 mm) for S specimens and 1.5 in. (38 mm) to the side of the head 
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for HE and HNE specimens (resulting in approximately 2 in. (50 mm) clear to the bar). For Phase 

1, HNE2 was used only for P1S17, which was constructed after P1S15 was tested and failed in an 

unexpected manner at a low shear force, as described in Chapter 4. Shear reinforcement using the 

HNE2 detail had a side cover to the bar of 5.75 in. (145 mm). 

Figure 3.1: Shear reinforcement configurations: (a) conventional U-shaped hooked stirrup (S), 
(b) headed bars engaged (HE), (c) headed bars not engaged (HNE), (d) headed bars within 

longitudinal reinforcement not engaged (HNE2) 

 In Phase 2, beam depth was varied along with shear reinforcing bar size and spacing. As 

shown in Table 3.2, Phase 2 specimens were organized into six groups. Specimens within the same 

group were cast simultaneously using concrete from the same trucks. Within each group, the 

specimens were nominally identical except for the details of the shear reinforcement. Beams in 

Phase 2 had a nominal width of 24 in. (610 mm) and contained Grade 80 (550) shear reinforcement. 

Based on observations made during the Phase 1 tests, only shear reinforcement configurations S 

and HNE2 were used in Phase 2 specimens. Side cover to the bar for specimens with the HNE2 

detail ranged from 4.25 to 6 in. (105 to 150 mm), or between 5.6 and 14db. Nominal concrete 

compressive strengths of 4 and 10 ksi (28 and 69 MPa) were used. Beam depths of 12, 18, or 48 

in. (310, 460, or 1220 mm). Shear reinforcement consisted of No. 3, No. 4, or No. 6 (No. 10, No. 
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13, or No. 19) bars at spacings of d/2 or d/4. Skin reinforcement, required by ACI 318-14 Section 

9.7.2.3 for members with total depths exceeding 36 in. (910 mm), was not used on the 48 in. (1220 

mm) deep beams to simulate walls and foundations, which do not have skin reinforcement.  

 The specimens were designed to fail in shear prior to yielding of the longitudinal 

reinforcement. Specimens from both phases were tested in a simply-supported condition with a 

span length equal to six times the effective depth of the beam (6d) and a shear-span to effective 

depth ratio of 3. The testing procedure and loading apparatus are described in Section 3.3. A shear-

span to effective depth ratio of 3 was selected because at this aspect ratio, shear failures governed 

by diagonal tension can occur in members with relatively small longitudinal reinforcement ratios.  

Table 3.2: Phase 2 specimen properties a 

Specimen 

Specimen Parameters Shear Reinforcement 

h b, 
in. d, in. b b, 

in. av/d fytm c, 
ksi 

fcm 
d,     

psi 
Ab, 
in.2 

ȡ, 
% 

İlong
 e, 

% 

Head/ 
Hook 
Detail f 

Bar 
Size, 
in.2 

s, in. s 
No. 
of 
Legs 

Av, 
in.2 

ȡtfytm
, psi 

P2S1 12 9.5 24 3 86.2 9710 0.79 2.43 0.17 S 0.11 5.0 d/2 2 0.22 158 

P2S2 12 9.5 24 3 86.2 9760 0.79 2.43 0.17 HNE2 0.11 5.0 d/2 2 0.22 158 

P2S3 18 14.5 24 3 86.2 10080 0.79 2.03 0.17 S 0.11 7.5 d/2 2 0.22 105 

P2S4 18 14.5 24 3 86.2 9760 0.79 2.03 0.17 HNE2 0.11 7.5 d/2 2 0.22 105 

P2S5 48 44.0 24 3 83.5 5630 1.56 1.21 0.18 S 0.20 22.0 d/2 2 0.40 63 

P2S6 48 44.0 24 3 83.5 5780 1.56 1.21 0.18 HNE2 0.20 22.0 d/2 2 0.40 63 

P2S7 48 43.75 24 3 82.7 9530 1.56 2.12 0.19 S 0.44 22.0 d/2 2 0.88 138 

P2S8 48 43.75 24 3 82.7 10410 1.56 2.12 0.19 HNE2 0.44 22.0 d/2 2 0.88 138 

P2S9 48 44.0 24 3 83.5 10440 1.56 2.12 0.18 S 0.20 22.0 d/2 4 0.80 127 

P2S10 48 44.0 24 3 83.5 11090 1.56 2.12 0.18 HNE2 0.20 22.0 d/2 4 0.80 127 

P2S11 48 44.0 24 3 83.5 9750 1.56 2.12 0.18 S 0.20 11.0 d/4 2 0.40 127 

P2S12 48 44.0 24 3 83.5 9750 1.56 2.12 0.18 HNE2 0.20 11.0 d/4 2 0.40 127 
a 1 in. = 25.4 mm, 1 in.2 = 645 mm2, 1 ksi = 6.9 MPa, 1 psi = 0.0069 MPa 

b As-built dimensions are reported in Appendix B 
c Determined from tensile tests of reinforcing steel samples using the 0.2% offset method 
d Measured from tests of 6 by 12 in. (150 by 300 mm) cylinders on the same day the beam was tested 
e Calculated with first principles based on the midspan moment associated with nominal shear strength (ACI 318-14) using nominal 
material properties 
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 In addition to comparing specimens containing hooked or headed shear reinforcement 

within each group, specimens within and across phases were designed to isolate the effect of 

numerous other variables. A list of the variables of interest and the pairings of specimens designed 

to investigate their effects are given in Table 3.3.  

Table 3.3: Specimen comparisons for isolating variables 

Variable of 
Interest 

Variable 
Value a Specimens Notes 

Stirrup 
spacing, s 

d/2 P1S1, P1S2, P1S3 
ȡtfyt varied 

d/2.6 P1S4, P1S5, P1S6 
d/2 P1S7, P1S8, P1S9 

ȡtfyt varied 
d/2.6 P1S10, P1S11, P1S12 
d/2 P1S4, P1S5, P1S6 ȡtfyt held constant, 

fyt varied d/2.6 P1S7, P1S8, P1S9 
d/2 P2S9, P2S10 ȡtfyt held constant, 

number of legs 
varied d/4 P2S11, P2S12 

Nominal yield 
stress of shear 
reinforcement, 
fyt 

Grade 60 P1S1, P1S2, P1S3 s held constant, 
ȡtfyt varied Grade 80 P1S7, P1S8, P1S9 

Grade 60 P1S4, P1S5, P1S6 s held constant, 
ȡtfyt varied Grade 80 P1S10, P1S11, P1S12 

Grade 60 P1S4, P1S5, P1S6 Nominal ȡtfyt held 
constant, s varied Grade 80 P1S7, P1S8, P1S9 

Concrete 
compressive 
strength, cf c  

4,000 psi P1S7, P1S8, P1S9 
- 

10,000 psi P1S13, P1S14, 
P1S15, P1S16, P1S17 

4,000 psi P2S5, P2S6 
- 

10,000 psi P2S9, P2S10 

Total beam 
depth, h 

12 in. P2S1, P2S2 

- 
18 in. P2S3, P2S4 
36 in. P1S13, P1S17 
48 in. P2S9, P2S10 

Shear 
reinforcement 
bar size 

2 No. 6 P2S7, P2S8 
Similar ȡtfyt and s 

4 No. 4 P2S9, P2S10 
a 1 in. = 25.4 mm, 1 ksi = 6.9 MPa, No. 4 = No. 13, No. 6 = No. 19 

 

 Specimens from Phase 1 and Phase 2 were designed so the strain in the longitudinal 

reinforcement when shear failure occurred would be near to but less than 0.002, the yield strain of 
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Grade 60 (420) reinforcement. Strain was estimated using first principals for a cracked section 

assuming nominal material properties. The beam longitudinal reinforcement consisted of No. 8 

(No. 25) bars for specimens with a total depth h of 12 or 18 in. (300 or 460 mm). All other 

specimens contained No. 11 (No. 36) bars as longitudinal reinforcement. 

 In Phase 1 specimens, headed mechanical anchors were used at the ends of the longitudinal 

reinforcement where it terminated beyond the simple supports. For Phase 2, a sufficient straight 

length of bar was provided beyond the supports to ensure that bond failures did not occur. No. 4 

(No. 13) stirrups with two legs were placed at a 4 in. (100 mm) spacing at the ends of each beam 

beyond the supports. Details of these stirrups are shown in Figure 3.2. An elevation view of a beam 

is shown in Figure 3.3. Cross section and elevation views of all specimens are in Appendix B. 

�

 

Figure 3.2: End stirrups for beams with (a) S, HE, and HNE2 detailing and (b) HNE detailing 
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Figure 3.3: Elevation view showing reinforcement for specimens from Phase 1 with 12-in. (300-
mm) shear reinforcement spacing and strain gauge locations (1 in. = 25.4 mm) 

3.2 Specimen Construction 

 Reinforcement cages were assembled and placed in plywood formwork prior to casting 

(Figure 3.4). Between two and four specimens were cast concurrently. Concrete was placed in a 

manner that was intended to minimize the effects of variation within a batch. The order of concrete 

placement for a beam is shown in Figure 3.5. When multiple concrete trucks were required to cast 

a group of specimens, concrete from the first truck was placed in the bottom half of each beam 

followed immediately by concrete from the second truck. Using concrete from each truck, plastic 

concrete properties were measured and cylinders were made for measuring compressive strength. 

Concrete mixture proportions are provided in Section 3.2 and the plastic concrete properties 

measured for each batch are provided in Appendix D. Measured concrete compressive strength 

was reported in Tables 3.1 and 3.2. 

 The concrete was consolidated using internal vibration after placement of the first layer of 

concrete and again after the formwork was filled in a manner intended to promote mixing of the 

layers. The beams were then screeded, finished with a hand float, and covered with wet burlap. 

 

Supports

Stirrups in End Region
S = 4 in.

Applied Load

244 in.

189 in.

36 in.

Longitudinal
Reinforcement

Strain Gauge Locations Transverse Reinforcement
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Figure 3.4: Reinforcement cages with conventional stirrups (left) and headed bars (right) as 
shear reinforcement 

�

Figure 3.5: Side view of specimen showing order of fresh concrete placement  

 

 After concrete placement and finishing, the specimens and cylinders were cured in the 

same manner and stored in close proximity until testing. Starting three days after casting, cylinders 

from each truck were periodically tested in accordance with ASTM C39-16 to determine the 

concrete compressive strength (fcm). When fcm exceeded 2.5 ksi (17 MPa), the formwork was 

removed from the specimens and the concrete cylinders were removed from their molds.  

 For curing specimens with cf cof 4 ksi (28 MPa), cylinders were placed on top of the 

specimens and then both were loosely covered with wet burlap and plastic. Periodic strength tests 

were done until fcm exceeded 3.6 ksi (25 MPa). The plastic and burlap were then removed. After 

one to two days of drying, the specimens were prepared for testing. 

3�1�2�

4�5� 6�
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 For curing specimens with cf cof 10 ksi (69 MPa), both the beam specimens and cylinders 

were wrapped in wet (saturated) burlap, and tightly covered with plastic. Periodic strength tests 

were done until fcm exceeded 9.0 ksi (62 MPa). The burlap and plastic were then removed to allow 

the concrete to dry prior to testing. For specimens P1S13, P1S14, and P1S15, the burlap and plastic 

were not removed until the compressive strength was approximately 11.0 ksi (76 MPa), resulting 

in higher concrete compressive strengths at the time of testing for those specimens.  

3.3 Material Properties 

 Non-air-entrained ready-mix concrete was used that had a nominal compressive strength 

of 4,000 or 10,000 psi (28 or 69 MPa). As shown in Tables 3.1 and 3.2, actual concrete compressive 

strengths ranged from 4,110 to 5,780 psi (28.4 to 39.9 MPa) for specimens with a nominal concrete 

compressive strength of 4,000 psi (28 MPa) and from 9,530 to 12,080 psi (65.8 to 83.4 MPa) for 

specimens with a nominal concrete compressive strength of 10,000 psi (69 MPa).  

 Mixture proportions are listed in Table 3.4. The concrete contained Type I/II portland 

cement, 0.75 in. (19 mm) maximum size crushed limestone aggregate, Kansas River sand, and for 

the 10,000 psi (69 MPa) mixture, a high-range water-reducing admixture. Pea gravel was included 

in the concrete mixtures used to cast the Phase 1 specimens to improve workability. However, trial 

batching indicated this was not necessary and pea gravel was not used for the Phase 2 specimens. 

Measured plastic concrete properties for each batch are given in Appendix D. 
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Table 3.4: Concrete mixture proportions 

Material Quantity (based on saturated-surface dry aggregate) 

Phase 1 Phase 2 
Design Compressive Strength, psi (MPa) 4000 (28) 10000 (69) 4000 (28) 10000 (69) 

Type I/II Cement a, lb/yd3 (kg/m3) 600 (356) 750 (445) 600 (356) 750 (445) 

Water b, lb/yd3 (kg/m3) 324 (192) 199 (118) 324 (192) 218 (129) 

Crushed Limestone c, lb/yd3 (kg/m3) 1656 (982) 1800 (1067) 1236 (733) 1957 (1161) 

Pea Gravel c, lb/yd3 (kg/m3) 248 (147) 321 (190) - - 

Kansas River Sand c, lb/yd3 (kg/m3) 1111 (659) 1050 (623) 1734 (1028) 1255 (744) 

Estimated Air Content, % 1 1 1 1 
High-Range Water-Reducer d, oz (US) (L) - 1051 (31.1) - 831 (24.6) 
w/c ratio 0.54 0.27 0.54 0.29 
a Compliant with ASTM C150 requirements 
b Compliant with ASTM C1602 requirements 
c Compliant with ASTM C33 requirements 

d ADVA 600; compliant with ASTM C494 Type A and F and ASTM C1017 Type I requirements 

 

 Grade 60 and 80 (420 and 550) deformed bars were used as shear reinforcement. For each 

phase, the same heat of each grade of steel was used for both conventional stirrups and headed 

shear reinforcement. Two tensile tests were performed for each bar size and grade. The average 

yield stress, tensile strength, uniform elongation, fracture elongation, and head dimensions for the 

reinforcement are shown in Table 3.5. Plots of stress versus strain results from tensile tests are in 

Appendix C.  

�  
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Table 3.5: Steel reinforcement properties a 
 

Bar Size Grade Sample 
Type b 

Yield 
Stress c 
ksi (MPa) 

Tensile 
Stress 
ksi (MPa) 

Uniform 
Elong. d 
% 

Fracture 
Elong. e 
% 

Avg. Head 
Dia. 
in. (mm) 

brg

b

A
A  

f 
Ph

as
e 

1 

No. 4 
(No. 13) 

60 
(420) 

S 69.8  
(482) 

105.1 
(725) 

10.0 - g 1.38 
(34.9) 

6.42 

No. 4  
(No. 13) 

80 
(550) 

S 85.0 
(587) 

113.3 
(782) 

10.1 - g 1.38 
(34.9) 

6.42 

No. 11 
(No. 36) 

80 
(550) 

L 88.9 
(613) 

120.4 
(831) 

9.6 - g 1.68 
(43) 

4.31 

Ph
as

e 
2 

No. 3  
(No. 10) 

80 
(550) 

S 86.2 
(595) 

111.4 
(769) 

10.4 12.5 0.853 
(21.7) 

4.20 

No. 4  
(No. 13) 

80 
(550) 

S 83.5 
(576) 

108.7 
(750) 

9.8 14.8 1.143 
(36.3) 

4.13 

No. 6  
(No. 19) 

80 
(550) 

S 82.7 
(571) 

110.3 
(761) 

9.8 12.5 1.676 
(42.6) 

4.01 

No. 8  
(No. 25) 

80 
(550) 

L 86.0 
(593) 

117.3 
(809) 

10.1 10.9 - h - h 

No. 11  
(No. 36) 

60 
(420) 

L 65.9 
(455) 

98.2   
(678) 

11.5 12.4 - h - h 

a Tests were conducted in accordance with ASTM A370 

b S = Shear reinforcement, L = Longitudinal reinforcement 
c Determined with 0.2% offset method 
d Determined using the method described in Section 7.9.3.2 of ASTM E8/E8M-16a  
e Data from mill certification 
f Ratio of head bearing area (Abrg) to bar area (Ab) for headed shear reinforcement 
g Omitted because the reported value cannot be correct based on figures in Appendix C 
h Not applicable 

3.4 Test Procedure 

3.4.1 Loading System 

 All but two specimens were simply supported and subjected to a monotonically increasing 

point load at midspan using the loading system shown in Figure 3.6. Two specimens, P2S11 and 

P2S12, had strengths that were larger than the capacity of the loading configuration shown in 

Figure 3.6. These were tested with the loading configuration described in Section 3.4.1.1.  

Load was applied using four hydraulic jacks acting on a header beam via four load rods. 

The header beam was comprised of three members that were bolted together: a 10-ft (3.05-m) long 

HP18×204 beam and two 46-in. (1170-mm) long built-up members constructed from back-to-back 
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C15×33.9 channels welded to 0.5 × 10 × 46 in. (13 × 255 × 1170 mm) plates at the top and bottom. 

A 3-in. (75-mm) gap was maintained between channel sections to allow the load rods to pass 

through the centroid of the built-up members. A 0.5 × 8 × 52 in. (13 × 200 × 1320 mm) plate was 

welded to the bottom side of the HP member where it contacted the specimen, resulting in an 8-

in. (200-mm) wide bearing surface spanning the full width of the specimen. Gypsum cement was 

used between the bearing plate and the top of the specimen. 

Figure 3.6: Test specimen and loading system 

 The beams rested on pin and roller supports placed on reinforced concrete support blocks. 

The pin and roller supports consisted of 1 × 8 × 52 in. (25 × 200 × 1320 mm) plates placed above 

and below a 2.75 in. (70 mm) diameter steel rod. At the pin support, the rod was welded to the 

bottom plate to restrict horizontal movement. For testing of the first ten specimens in Phase 1, the 

beams were placed directly on the steel supports without gypsum cement. A review of 

displacement data indicated that the beam displaced slightly (less than 0.1 in. (2.5 mm)) towards 
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the support blocks during the first stages of loading. To reduce settling at the contact areas during 

loading, gypsum cement was used between the beam and the supports for subsequent testing. This 

change did not affect the results because beam deflection is based on relative displacements, as 

described in Section 3.4.3.2, and therefore settlement at supports was accounted for. 

 For Phase 1, four 300-kip (1350-kN) capacity double-acting hydraulic jacks were mounted 

on the underside of the laboratory strong floor to apply downward force to the load rods. The rods 

passed through the strong floor and through slot holes cut into the top and bottom plates of the 

built-up sections located at the ends of the header beam. A hollow cylindrical load cell was placed 

at the top of each load rod to allow recording of the force from each jack. An end view of the 

loading system is shown in Figure 3.7. For Phase 2, the hydraulic jacks were placed between the 

built-up channel beams and load cells above the specimen to simplify setup. The loading system 

was otherwise unchanged. 
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Figure 3.7: End view of loading system for Phase 1. For Phase 2, the hydraulic jacks were 
placed between the built-up channel beams and load cells. 

 

3.4.1.1 Alternate Loading System 

 Two specimens, P2S11 and P2S12, had strengths that were larger than the capacity of the 

loading configuration shown in Figure 3.6. These specimens were tested using an alternate loading 

configuration, shown in Figure 3.8, designed to induce a distribution of beam internal forces 

similar to that induced with the original loading configuration. The loading system shown in Figure 

3.6 was placed near one end of the specimen, the pin was placed near the other end to support the 

specimen during setup, and the roller support was placed at midspan. A spreader beam (with no 

hydraulic jacks) was placed over the pin support and tied to the floor to react against uplift of the 
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beam. A downward force was applied at the free end of the beam, effectively doubling the beam 

shear force that the loading system could apply. Due to laboratory constraints, the clear distance 

between the centerline of cross-beams above the specimen was not exactly 6d for these specimens. 

The center support was placed so that the distance between the center support and the loading point 

was 132 in. (3350 mm), or 3d, to be consistent with other specimens. External reinforcement, not 

shown in Figure 3.8, was placed along the 138 in. (3500 mm) span (left side in Figure 3.8) to force 

the shear failure to occur where the span was 3d. 

 
 

Figure 3.8: Loading system for P2S11 and P2S12 (1 in. = 25.4 mm) 

 

3.4.2 Loading Procedure 

 The specimens were loaded using four hydraulic jacks operated with a manual hydraulic 

pump. Force was applied monotonically in increments of 10 to 15% of the calculated nominal 

strength of the specimen. The specimens were loaded slowly; each load increment took 

approximately 5 minutes. Between increments, loading was paused to mark cracks, measure crack 



50�
�

widths, and take photographs. The force on each of the four load cells was monitored and recorded 

using a data acquisition (DAQ) system. Once the force reached 80% of the calculated nominal 

strength of the specimen, load was applied continuously at the same rate until failure. After failure, 

the beams were photographed.  

3.4.3 Instrumentation 

3.4.3.1 Strain Gauges 

 A total of 17 strain gauges were applied to reinforcement in each specimen in Phases 1 and 

2 (Figure 3.9). Twelve gauges (six on each end of the beam) were applied to the shear 

reinforcement in the region of the anticipated shear cracks, including at the top and mid-height of 

the bars. These gauges were all located on the outermost surface of the shear reinforcement along 

the face of the specimen used for marking cracks. Five gauges were applied to the longitudinal 

reinforcement: one at midspan and the other four spaced at distances of d and 2d from midspan. 

All longitudinal reinforcement gauges were applied to the bottom-most surface of one bar that was 

placed near the middle of the bottom layer of longitudinal reinforcement. 

 The nomenclature used for strain gauges is based on their location. The letters “SG” and 

“LG” were used for gauges on the shear and longitudinal reinforcement, respectively. Gauges on 

the shear reinforcement were assigned numbers that increased from left to right corresponding to 

the stirrup or headed bar they were on. The letter “T” was used for gauges near the top of the 

reinforcement and an “M” was used for gauges at mid-height. The names of gauges on the 

longitudinal reinforcement include their distance from midspan or an “M” for midspan.  

Due to problems during testing, no strain data are available for the longitudinal 

reinforcement in P1S16 and P1S17 and no strain data are available for P2S11. 
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Figure 3.9: Strain gauge locations and naming convention 

 

3.4.3.2 Displacement Measurements 

 An optical tracking system was used to record the positions of optical tracking beacons 

(referred to as “markers”) affixed to one side of the specimen and to supports. Data from the system 

was then used to calculate changes in the dimension and shape of each specimen throughout the 

tests. The system uses six infrared cameras to triangulate the position of each marker in x-y-z space 

and records the coordinates of each marker throughout time. Ninety-six markers were placed in a 

4 × 19 square grid pattern on the specimen, shown in Figures 3.10 and 3.11. Each of these markers 

is referred to using the column and row indices corresponding to its location (e.g. marker C3 is 

located at the intersection of column C and row 3). The spacing between markers varied with the 

depth of the beam; marker spacings are given in Table 3.6. Six additional markers were used: two 

on the beam directly over the pin and roller supports (SM1 and SM2), and four on stationary 

objects around the specimen (CTRL1–CTRL4). The markers were mounted on the specimens on 

the face opposite the strain gauges, as shown in Figure 3.12. Cracks were marked, measured, and 

photographed on the side of the specimen with the strain gauges to avoid interfering with the 

optical tracking system. For redundancy, the beam displacement at midspan was also recorded 

using a linear variable differential transformer (LVDT). These data are not reported. 
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Figure 3.10: Optical tracking marker positions and naming convention 

 

 

Figure 3.11: Optical tracking markers installed on a test specimen 

 

Table 3.6: Grid spacing for optical tracking markers 

Beam height, 
in. (mm) 

Grid marker spacing,  
in. (mm) 

12 (310) 3 × 3 (75 × 75) 
18 (460) 5 × 5 (130 × 130) 
36 (910) 11 × 11 (280 × 280) 
48 (1220) 15 × 15 (380 × 380) 

 



53�
�

 

Figure 3.12: Relative placement of optical tracking markers and strain gauges 

3.4.4 Alignment and Transformation of Recorded Data 

 Optical marker locations were recorded using a dedicated data acquisition system that was 

separate from the system used to collect data from load cells, strain gauges, and LVDTs. To align 

the datasets from the two DAQ systems, an event that was clearly identifiable in both datasets 

(specimen failure) was identified and assigned a common timestamp.  

 To simplify analysis of the marker position data, the coordinate system in which the data 

were collected {X, Y, Z}, which corresponded to the location of one of the cameras, was 

transformed to a coordinate system coinciding with the plane of the side of specimen {X’, Y’, Z’}. 

All markers on the face of the specimen had Z’ coordinates near zero prior to loading of the 

specimen. Likewise, markers within a single column or row had approximately the same X’ or Y’ 

coordinates, respectively (X’ and Y’ coordinates were not exactly equal within a given column or 

row because of minor variations in placement of the markers on the specimen). 
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CHAPTER FOUR: 

TEST RESULTS 

4.1 Applied Load versus Deflection 

 Plots of applied load versus midspan deflection, like that shown in Figure 4.1, are provided 

in Appendix F for all specimens. The applied load in this plot is the sum of the forces recorded 

with the four individual load cells and does not include the weight of the loading frame or the self-

weight of the specimen (See Table 4.3). 

 

  

Figure 4.1: Applied load versus deflection for P1S1 through P1S3 (fyt = 60 ksi (420 MPa), ݂ᇱ = 
4000 psi (28 MPa), h = 36 in. (910 mm)), (1 in. = 25.4 mm, 1 kip = 4.45 kN) 

 

 Deflection was calculated as the vertical displacement of markers located at midspan 

(column J in Figure 3.10) minus the average vertical displacement of markers located directly over 

the supports (SM1 and SM2 in Figure 3.10). Where data from either SM1 or SM2 were 
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unavailable, data from the available marker was used to represent the support settlements at both 

ends of the specimen, which were typically similar. The maximum applied load and the associated 

deflection are listed in Table 4.1.  

Table 4.1: Maximum applied load and deflection at peak 

Specimen Pmax a, kips 
(kN) 

ǻmax b, 
in. (mm) Specimen Pmax a, kips 

(kN) 
ǻmax b, 
in. (mm) 

P1S1 275 (1223) 0.51 (13.0) P2S1 200 (890) 0.15 (3.8) 
P1S2 273 (1214) 0.50 (12.7) P2S2 172 (765) 0.10 (2.5) 
P1S3 288 (1281) 0.56 (14.2) P2S3 243 (1081) 0.30 (7.6) 
P1S4 350 (1557) 0.60 (15.2) P2S4 222 (987) 0.25 (6.4) 
P1S5 354 (1575) 0.53 (13.5) P2S5 361 (1606) – c 
P1S6 336 (1495) 0.47 (11.9) P2S6 415 (1846) 0.87 (22.1) 
P1S7 290 (1290) 0.43 (10.9) P2S7 755 (3358) 0.92 (23.4) 
P1S8 373 (1659) 0.57 (14.5) P2S8 765 (3403) 0.95 (24.1) 
P1S9 307 (1366) 0.45 (11.4) P2S9 697 (3100) 0.77 (19.6) 
P1S10 385 (1712) 0.62 (15.7) P2S10 777 (3454) 0.90 (22.9) 
P1S11 394 (1753) 0.61 (15.5) P2S11 484 (2153) d 1.17 (29.7) d, e 
P1S12 363 (1615) 0.61 (15.5) P2S12 481 (2139) d 1.47 (37.3) d, e 
P1S13 468 (2082) 0.57 (15.5)    
P1S14 462 (2055) 0.53 (13.5)    
P1S15 276 (1228) 0.26 (6.6)    
P1S16 437 (1943) 0.49 (12.4)    
P1S17 490 (2180) 0.57 (14.5)    
a Maximum applied load (sum of load cell data, not including weights of fixtures or specimen) 
b Deflection at maximum applied load 

c Deflection data was lost due to computer malfunction 

d Alternate loading system (Figure 3.8) was used 

e Deflection was corrected for rotation over middle support, as described in Appendix F, to facilitate comparisons 
with other specimens 

4.1.1 Shear Reinforcement Grade 

 Figure 4.2 shows the load-deflection curves for P1S4 through P1S9, which were designed 

to have the same nominal values of ȡtfyt (83.3 psi (575 kPa)), but either had Grade 60 (420) (P1S4 

through P1S6) or Grade 80 (550) (P1S7 through P1S9) shear reinforcement. The actual values of 

ȡtfytm were 96.9 and 88.5 psi (669 and 610 kPa), respectively, based on the actual values of fytm of 
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68.8 and 85.0 ksi (475 and 587 MPa). These specimens were otherwise similar; they had fcm 

between 4110 and 5260 psi (28.4 and 36.3 MPa) and longitudinal reinforcement ratios of 1.65%. 

It appears from Figure 4.2 that the specimens exhibited an approximately bilinear response 

up to peak load, which was typical of all specimens. The initial (uncracked) stiffness of the 

specimens was sustained until flexural cracking began. After cracking, the slope of the curve 

decreased and then remained stable until the load reached the peak value. After the peak, the 

specimens exhibited brittle failures resulting in a loss in the applied load. There is no consistently 

observable difference between the results plotted in Figure 4.2 with respect to shear reinforcement 

grade. This is generally true for all test results: shear reinforcement grade had no apparent effect 

on applied load-deflection responses of test specimens. 

 

�
Figure 4.2: Applied load versus deflection for P1S4 through P1S9 (fyt = 60 and 80 ksi (420 to 
550 MPa), ݂ᇱ = 4000 psi (28 MPa), h = 36 in. (910 mm)), (1 in. = 25.4 mm, 1 kip = 4.45 kN) 
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4.1.2 Shear Reinforcement Anchorage Type 

 Figures 4.1 and 4.2 also show results for specimens that contained stirrups (S), headed 

shear reinforcement engaging longitudinal reinforcement (HE), or headed shear reinforcement not 

engaging longitudinal reinforcement (HNE). The figures show no observable effect of shear 

reinforcement anchorage condition on the applied load versus deflection response, which was 

generally true of all specimens tested except for P1S15 (HNE). 

 Specimen P1S15 failed at a much lower force than similar specimens with different shear 

reinforcement configurations. This is evident from Figure 4.3, which shows applied load versus 

midspan deflection for P1S13 through P1S17. Although the five specimens in Figure 4.3 were 

nominally identical aside from the shear reinforcement anchorage condition, the behavior of P1S15 

was clearly different. P1S15 began to exhibit lower stiffness than others in the group at an applied 

load of approximately 20 kips (90 kN), a difference that became more pronounced after flexural 

cracking began at approximately 125 kips (555 kN). P1S15 failed in shear at an applied load of 

276 kips (1230 kN), or approximately 60% of the average applied load at failure for other 

specimens in the group. It is not clear why P1S15 had such different behavior starting early in the 

test. P1S15 also exhibited an unusual failure mode described in Section 4.2.1. P1S16, which was 

nominally identical to P1S15, exhibited a stiffness, cracking load, and peak strength similar to 

P1S13, P1S14, and P1S17.  

 The behavior of P1S15 motivated the use of an alternative HNE detail for P1S17 wherein 

the side cover to the shear reinforcement was increased (see Figure 3.1(d) and Appendix B). The 

side cover to the shear reinforcement in P1S15 and P1S17 were 2.0 and 5.75 in. (50 and 145 mm), 

respectively. Given the behavior of P1S17 (similar stiffness and marginally larger strength than 

other specimens within the group) and the observation that the cracking of P1S17 was similar to 
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that of beams with the S or HE shear reinforcement anchorage conditions (Section 4.2), the HNE2 

detail was selected in place of the HE and HNE details for specimens in Phase 2 of this study.  

 
Figure 4.3: Applied load versus midspan deflection for P1S13 through P1S17 (fyt = 80 ksi (550 

MPa), fc’ = 10 ksi (69 MPa), h = 36 in. (910 mm)), (1 in. = 25.4 mm, 1 kip = 4.45 kN) 

 

4.1.3 Member Depth 

 Figure 4.4 shows applied load versus midspan deflection for Phase 1 and Phase 2 

specimens with different overall heights. P2S1 and P2S2 had overall height (h) of 12 in. (300 mm), 

P2S3 and P2S4 had h of 18 in. (460 mm), P1S13 and P1S17 had h of 36 in. (910 mm), and P2S9 

and P2S10 had h of 48 in. (1220 mm). Specimens had Grade 80 (550) shear reinforcement, S and 

HNE2 shear reinforcement details, and high strength concrete (fcm varied from 9710 to 11630 psi 

(67 to 80 MPa)). As expected, the figure shows that the shear strength and member stiffness 

increased as member depth increased. 
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Figure 4.4: Applied load versus midspan deflection for specimens with different depths (h = 12, 
18, 36 and 48 in. (310, 460, 910 and 1220 mm), fyt = 80 ksi (550 MPa), ݂ᇱ = 10 ksi (69 MPa)), (1 

in. = 25.4 mm, 1 kip = 4.45 kN)  

 

4.1.4 Concrete Compressive Strength 

 The effect of concrete compressive strength on load versus deflection is more difficult to 

isolate because of the way the specimens were designed. The best available comparison is shown 

in Figure 4.5, which shows applied load versus midspan deflection for P1S7 through P1S9 and 

P1S13, P1S14, and P1S16. These specimens had depths of 36 in. (910 mm) and Grade 80 (550) 

shear reinforcement with ȡtfytm equal to 88.5 psi (610 kPa). P1S7 through P1S9 had a longitudinal 

reinforcement ratio of 1.65% and were made of normal strength concrete with fcm = 4110, 4130, 

and 5260 psi (28.3, 28.5, and 36 MPa) for P1S7, P1S8, and P1S9, respectively. P1S13, P1S14, and 

P1S16 had a longitudinal reinforcement ratio of 2.06% and were made of high strength concrete 

with fcm = 11630, 11400, and 9680 psi (80.2, 78.6, and 66.7 MPa), respectively. The longitudinal 

reinforcement ratios were chosen so the calculated strains in the longitudinal reinforcement would 
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be approximately 0.0016 when the shear demand equaled the nominal shear strength for both 

groups of specimens. It can therefore be observed that greater concrete compressive strength and 

longitudinal reinforcement ratio result in larger shear strength and stiffness in specimens designed 

to exhibit similar longitudinal reinforcement strains at failure, as expected. The relative importance 

of concrete compressive strength and longitudinal reinforcement ratio in this increase was not 

established. 

 

Figure 4.5: Applied load versus midspan deflection for specimens with different concrete 
compressive strength ( ݂

ᇱ = 4000 and 10000 psi (28 and 69 MPa), fyt = 80.0 ksi (550 MPa), h = 36 
in. (910 mm)) (1 in. = 25.4 mm, 1 kip = 4.45 kN) 

4.1.5 Shear Reinforcement Spacing and Bar Size 

Figures 4.6 and 4.7 show shear force versus midspan deflection for P1S1 through P1S6 

and P2S7 through P2S12, respectively. Specimens in Figure 4.6 had an overall depth of 36 in. (910 

mm), Grade 60 (420) shear reinforcement, S, HE and HNE shear reinforcement details, and normal 

strength concrete (fcm varied from 4240 to 4680 psi (29 to 32 MPa)). The differences between these 
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specimens were that P1S1 through P1S3 had ȡ of 1.44% and two-legged No. 4 stirrups spaced at 

d/2 with ȡtfytm equal to 72.7 psi (500 kPa), while P1S4 through P1S6 had ȡ equal to 1.65% and 

two-legged No. 4 stirrups spaced at d/2.6 with ȡtfytm equal to 96.9 psi (668 kPa). As expected, 

specimens with more shear reinforcement and larger ȡ exhibited a greater shear strength. 

�

 

Figure 4.6: Shear force versus midspan deflection for specimens with different shear 
reinforcement spacings, h = 36 in. (1220 mm), fyt = 60.0 ksi (420 MPa), ݂ᇱ = 4000 ksi (28 MPa) 

(1 in. = 25.4 mm, 1 kip = 4.45 kN) 

 Figure 4.7 shows the shear force versus deflection to facilitate comparisons between groups 

of specimens with different test setups (P2S7 through P2S10 were simply supported and P2S11 

and P2S12 were tested with a cantilevered shear span (Section 3.4.1.1). The measured deflection 

under the applied load for P2S11 and P2S12 was modified to account for vertical movement and 

rotation of the specimen cross-section over the middle roller support (see Appendix F for more 

details). The plot of data for P2S11 for low shear forces is different from those of the other 

specimens because P2S11 already had cracks from a prior test conducted using the typical setup 
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described in Section 3.4.1. The first test was not completed because the strength of P2S11 exceeded 

the capacity of the test setup in that configuration. P2S11 was then retested using the alternative 

loading system described in Section 3.4.1.1 that allowed for much larger shear forces to be 

imposed. 

 The results in Figure 4.7 are from specimens that had the same ȡ and similar ȡtfytm, but 

varied shear reinforcement spacing and bar diameter. This allows for more direct evaluation of the 

effect of these variables on behavior when all else is (approximately) equal. The specimens had an 

overall depth of 48 in. (1220 mm), Grade 80 (550) shear reinforcement, S and HNE2 shear 

reinforcement details, a longitudinal reinforcement ratio (ȡ) of 2.12%, and high strength concrete 

(fcm varied from 9530 to 11090 psi (66 to 76 MPa)). Aside from the test setup, the differences 

between these specimens were that P2S7 and P2S8 had two-legged No. 6 stirrups spaced at d/2, 

P2S9 and P2S10 had four-legged No. 4 stirrups spaced at d/2, and P2S11 and P2S12 had two-

legged No. 4 stirrups spaced at d/4. As a result, P2S7 and P2S8 had ȡtfytm equal to 138 psi (952 

kPa) and P2S9 through P2S12 had ȡtfytm equal to 127 psi (876 kPa). 

 Shear-deflection responses for P2S7 through P2S10 and P2S12 were similar early in the 

test. P2S9 had the smallest shear strength and deflection at peak force (VT = 358 kips (1590 kN) 

and ǻmax = 0.77 in. (20 mm)). P2S7, P2S8, and P2S10, had similar shear strengths (VT = 386, 391, 

and 398 (1720, 1740, and 1770 kN)) and deflections at peak force (ǻmax = 0.92, 0.95, and 0.90 in. 

(23, 24, and 23 mm)). P2S11 and P2S12 had notably larger shear strengths and deflections at peak 

force (VT = 502 and 499 kips (2220 and 2240 kN)) and deflections at peak force (ǻmax = 1.2 and 

1.5 in. (30 and 37 mm)). Close to failure, the data for P2S10, P2S11 and P2S12 were relatively 

flat because the flexural reinforcement yielded before the specimens failed in shear. This will be 

discussed in greater depth below. 
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Figure 4.7: Shear force versus midspan deflection for specimens with different shear 
reinforcement spacing and bar diameters, h = 48 in. (1220 mm), fyt = 80.0 ksi (550 MPa), ݂ᇱ = 10 

ksi (69 MPa) (1 in. = 25.4 mm, 1 kip = 4.45 kN) 

 

 P2S7 through P2S10 had similar shear-deflection responses despite having different shear 

reinforcement bar sizes and slightly (9%) different values of ȡtfytm. Although not a surprising 

outcome, the comparison is relevant because larger headed shear reinforcing bars are expected to 

be more prone to causing a side-splitting mode of failure than smaller headed shear reinforcing 

bars. The results of P2S7 and P2S8 indicate that, up to No. 6 (19 mm) diameter bars, use of headed 

ends for anchoring shear reinforcement provides similar strength to conventional stirrups when the 

side cover to the headed shear reinforcing bar is at least 5.7 times the shear reinforcing bar 

diameter.  

Unlike bar size, Figure 4.7 shows that shear reinforcement spacing had a large effect on 

shear strength. Comparing the results from P2S9 and P2S10 against those from P2S11 and P2S12, 
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specimens with s = d/4 had approximately 30% larger strength than specimens with s = d/2 even 

when the number of legs was modified to provide equivalent values of ȡtfytm. This is believed to be 

partly because the use of more closely spaced stirrups caused more legs to be engaged by the 

failure crack (Section 4.7) and partly because P2S11 and P2S12 had narrower cracks than P2S9 

and P2S10 and wider cracks were associated with reduced shear strengths (Section 4.4).  

4.2 Description of Specimen Cracking and Failure 

For all specimens, the first observed cracks were flexural cracks, oriented vertically and 

initiating from the tension face of the beam near midspan under the location of the applied load 

(Figure 4.8a). As the load increased, new cracks developed further from midspan. Existing flexural 

cracks became inclined and propagated towards the loading point (Figure 4.8b). It was observed 

that the location of flexural cracks frequently coincided with the location of stirrups. For all 

specimens except P1S15, failure consisted of approximately simultaneous splitting/sliding along 

an inclined crack and crushing/splitting of the compression zone near the point load (Figure 4.8c), 

even for specimens exhibiting longitudinal bar yielding before failure (P2S10 through P2S12). 

P1S15 failed at an unexpectedly low load and in an unusual manner described in Section 4.2.1. 

 Scaled drawings of the location and extent of cracking and other damage, such as shown 

in Figure 4.9 for P1S1, were created using geospatial mapping software based on photographs 

taken during and after testing. These drawings showing cracking and damage are provided for all 

specimens in Appendix E. Each of these figures shows cracks that were identified during testing 

on the front face of the specimen, the location of the failure surface on both the front and back 

faces of the specimen, and the location of spalled or crushed concrete. The nominal location of 

shear reinforcement is also shown.  
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 Although the patterns of cracking were generally similar among specimens, some 

consistent differences occurred with respect to certain variables, especially the headed bar 

anchorage condition. For example, Figure 4.10 shows the cracking of P1S14 and P1S16, which 

contained headed shear reinforcement engaging (HE) and not engaging (HNE) the longitudinal 

reinforcement, respectively. The specimens were otherwise nominally identical, except that the 

concrete compressive strengths on the day of testing (fcm) were 11400 and 9680 psi (78.6 and 66.8 

MPa) for P1S14 and P1S16, respectively. P1S14 with the HE anchorage condition had a wider 

distribution of cracking throughout the span (and nearer to the supports) than P1S16 with the HNE 

anchorage condition. Although it is not clear why this occurred, similar differences occurred 

throughout Phase 1 between HE and HNE specimens – with the clear exception of P1S17. For 

construction of P1S17, the HNE detail used throughout Phase 1 was modified so that the shear 

reinforcement was further from the outside faces of the beam (see Figure 3.1(d) and Appendix B). 

P1S17 was otherwise nominally identical to P1S16. Cracking of P1S17, shown in Figure 4.11, 

closely resembled the cracking of specimens with the HE detail, such as P1S14.   
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(a) First detected flexural cracks 

 
(b) Cracking after increasing the load 

 
(c) Specimen condition after failure 

Figure 4.8: Photos of P2S8 during testing (HNE2 shear reinforcement detail)  

�  
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(a) Legend for crack maps 

(b) Front side 

(c) Back side 

Figure 4.9: Damage to P1S1 (S detail, fytm = 69.8 ksi (482 MPa), fcm = 4680 psi (32 MPa), h = 36 
in. (910 mm)) 

 

 

 

 

 

 

�  
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(a) Damage to P1S14 (HE detail, fytm = 85.0 ksi (587 MPa), fcm = 11400 psi (79 MPa), h = 36 in. 

(910 mm)) 

 

(b) Damage to P1S16 (HNE detail, fytm = 85.0 ksi (587 MPa), fcm = 9680 psi (67 MPa), h = 36 in. 

(910 mm)) 

Figure 4.10: Damage to specimens with different headed bar detailing 

 

Figure 4.11: Damage to P1S17 (HNE2 detail, fytm = 85.0 ksi (587 MPa), fcm = 9960 psi (69 
MPa), h = 36 in. (910 mm)) 

  

 Figure 4.12 shows the cracking of the front face of specimens with different overall heights. 

P2S1 and P2S2 had overall heights (h) of 12 in. (310 mm), P2S3 and P2S4 had h of 18 in. (460 

mm), P1S13 and P1S17 had h of 36 in. (910 mm), and P2S9 and P2S10 had h of 48 in. (1220 mm). 

Specimens had Grade 80 (550) shear reinforcement, the S shear reinforcement anchorage 

condition, and high strength concrete (fcm varied from 9710 to 11630 psi (67 to 80 MPa)). 
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(a) P2S1 (h = 12 in. (310 mm), fytm = 86.2 ksi (594 MPa), fcm = 9710 psi (67 MPa)) 

 
 (b) P2S3 (h = 18 in. (460 mm), fytm = 86.2 ksi (594 MPa), fcm = 10080 psi (70 MPa)) 

  
(c) P1S13 (h = 36 in. (910 mm), fytm = 85.0 ksi (587 MPa), fcm = 11630 psi (80 MPa)) 

  
(d) P2S9 (h = 48 in. (1220 mm) fytm = 83.5 ksi (576 MPa), fcm = 10440 psi (72 MPa)) 

Figure 4.12: Damage to specimens with different overall heights, (h = 12, 18, 36 and 48 in. 
(310, 460, 910 and 1220 mm), S detail, fyt = 80.0 ksi (550 MPa), 𝑓  = 10000 psi (69 MPa)) 

 

It appears from the figure that as the member depth increased the number of inclined cracks 

tended to increase. Specimens with depths of 36 and 48 in. (910 and 1220 mm) had several more 

cracks than specimens with depths of 12 and 18 in. (360 and 410 mm). This was also true for 

specimens with the HNE2 shear reinforcement anchorage condition and different overall depths 

(P2S2, P2S4, P1S17 and P2S10). It is difficult to definitively state whether the distance between 

cracks was systematically different as a result of changes in beam depth because of the somewhat 

erratic crack distributions.  

88888888888888888 88888888888888888
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 Other major variables, such as concrete compressive strength, were not observed to 

correlate with consistent differences in crack patterns among specimens.  

4.2.1 Failure of P1S15 

 P1S15 failed at an unexpectedly low force (Section 4.1) and exhibited unusual cracking at 

failure that warrants special attention. Although cracking on the sides of P1S15, shown in Figure 

4.13, was similar to that of other specimens with the HNE detail (Figure 4.10(b)), unusual cracking 

occurred on the top and bottom of the specimen (Figure 4.14). These unusual cracks were parallel 

to the longitudinal beam axis and approximately coincided with the vertical plane containing the 

headed shear reinforcement. The headed shear reinforcement was located outside of and did not 

engage the longitudinal reinforcement in P1S15. To prevent this failure mode, it may be necessary 

to limit use of headed shear reinforcement to regions that are either laterally confined or away from 

edges. Specimens in Phase 2 with headed shear reinforcement were constructed with a clear cover 

that was at least 5.7 times the headed bar diameter.  

 Longitudinal cracking was not observed in other specimens with the HNE detail. Cracks 

on the bottom faces of all other specimens in the study were instead approximately perpendicular 

to the longitudinal beam axis.  
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(a) Front side 

(b) Back side 

Figure 4.13: Damage to P1S15 (HNE detail, fytm = 85.0 ksi (587 MPa), h = 36 in. (910 mm)) 

 
(a) Bottom of specimen 

 
(b) Top of specimen 

Figure 4.14: Cracking of top and bottom of P1S15 (HNE detail, fytm = 85.0 ksi (587 MPa), h = 
36 in. (910 mm)) 

Longitudinal�crack�along�
vertical�plane�coincident�
with�the�headed�shear�
reinforcement�

Midspan�Support�

Longitudinal�crack�along�
vertical�plane�coincident�
with�the�headed�shear�
reinforcement�

Support�Midspan�
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4.3 Specimen Shear Strength 

 The measured shear strength (VT) of each specimen is listed in Table 4.2. Except for P2S11 

and P2S12, VT was calculated as half the sum of the maximum load applied to each specimen 

(Pmax), the weight of the loading apparatus and fixtures, and a portion of the self-weight of the 

specimen. The total weight of the loading apparatus and fixtures, which varied slightly among the 

specimens, is listed in Table 4.3. This included the weight of the HP member, built-up channel 

beams, load cells, loading rods (either No. 20 or No. 14 (No. 64 or No. 43) threaded bars), nuts, 

and assorted plates, as described in Section 3.4.1.  

 For some specimens of Phases 2, the weight of the fixtures also included the weight of the 

jacks, which were moved from below the laboratory strong floor to the top of the loading apparatus 

in later tests. The portion of each specimen included in the calculation of self-weight is shaded in 

Figure 4.15. Except for P2S11 and P2S12, this was the portion of the specimen located between 

assumed failure surfaces on either side of midspan. For this calculation, it was assumed that failure 

occurred along a plane inclined 45 degrees from horizontal located midway between midspan and 

the centerline of each support, as illustrated in Figure 4.15a (this approach is the simpler of two 

methods used by Reineck et al. 2013). The specimen self-weight included in VT was thus calculated 

as ܽ௩ܾ݄ ൈ 150 lb ftଷ⁄  (ܽ௩ܾ݄ ൈ 2400 kg mଷ⁄ ), where av is the shear span, b is the beam width, and 

h is the overall beam depth.  

�
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Table 4.2: Measured and nominal shear strengths a  

Spec. d, 
 in. 

b, 
in. 

fytm, 
ksi 

fcm, 
psi 

VT b, 
kips 

Vc(a) c, 
kips 

Vc(b) c, 
kips 

Vs d, 
kips 

Vn(a) e, 
kips 

Vn(b) e, 
kips 

VT / 
Vn(a) 

VT / 
Vn(b) 

RTa f RTb g 

P1S1 31.5 24 69.8 4680 144 103 101 55 158 156 0.91 0.92 – – 

P1S2 31.5 24 69.8 4540 143 102 99 55 157 154 0.91 0.93 1.00 1.00 

P1S3 31.5 24 69.8 4570 150 102 99 55 157 154 0.96 0.97 1.05 1.05 

P1S4 31.5 24 69.8 4240 181 98 100 73 172 174 1.06 1.04 – – 

P1S5 31.5 24 69.8 4360 183 100 102 73 173 175 1.06 1.05 1.00 1.00 

P1S6 31.5 24 69.8 4310 174 99 101 73 173 174 1.01 1.00 0.95 0.95 

P1S7 31.5 24 85.0 4110 151 97 99 67 164 166 0.92 0.91 – – 

P1S8 31.5 24 85.0 4130 193 97 99 67 164 166 1.18 1.16 1.27 1.27 

P1S9  31.5 24 85.0 5260 160 110 112 67 177 179 0.90 0.89 0.98 0.98 

P1S10 31.5 24 85.0 4640 199 103 105 89 192 194 1.03 1.02 – – 

P1S11 31.5 24 85.0 4730 203 104 106 89 193 195 1.05 1.04 1.02 1.02 

P1S12 31.5 24 85.0 4790 187 105 107 89 194 196 0.97 0.96 0.93 0.93 

P1S13 31.5 24 85.0 11630 240 163 179 67 230 246 1.04 0.98 – – 

P1S14 31.5 24 85.0 11400 237 161 177 67 228 244 1.04 0.97 1.00 1.00 

P1S15 31.5 24 85.0 12080 144 166 182 67 233 249 0.62 0.58 0.59 0.59 

P1S16 31.5 24 85.0 9680 224 149 163 67 216 230 1.04 0.98 1.00 1.00 

P1S17 31.5 24 85.0 9960 251 151 165 67 218 232 1.15 1.08 1.10 1.11 

P2S1 9.5 24 86.2 9710 103 45 52 36 81 88 1.27 1.16 – – 

P2S2 9.5 24 86.2 9760 88 45 52 36 81 88 1.09 1.00 0.86 0.86 

P2S3 14.5 24 86.2 10080 124 70 76 37 107 113 1.17 1.10 – – 

P2S4 14.5 24 86.2 9760 114 69 75 37 105 112 1.08 1.02 0.93 0.93 

P2S5 44.0 24 83.5 5630 190 158 146 67 225 212 0.84 0.89 – – 

P2S6 44.0 24 83.5 5780 217 161 147 67 227 214 0.95 1.01 1.13 1.13 

P2S7 43.75 24 82.7 9530 386 205 227 145 350 372 1.10 1.04 – – 

P2S8 43.75 24 82.7 10410 391 214 237 145 359 382 1.09 1.02 0.99 0.99 

P2S9 44.0 24 83.5 10440 358 216 239 134 350 373 1.02 0.96 – – 

P2S10 h 44.0 24 83.5 11090 398 222 246 134 356 380 1.12 1.05 1.09 1.09 

P2S11 h, i 44.0 24 83.5 9750 502 209 231 134 343 365 1.47 1.38 – – 

P2S12 h, i 44.0 24 83.5 9750 499 209 231 134 343 365 1.46 1.37 0.99 0.99 
a 1 kip = 4.45 kN, 1 ksi = 6.9 MPa, 1 psi = 6.9 kPa 
b Shear strength. Calculated as half the sum of the maximum applied load, loading frame weight, and contributing specimen 
self-weight (Figure 4.10a) unless noted otherwise  
c Calculated concrete shear strength using equations (a) and (b) in Table 22.2.5.5.1 of ACI 318-19, respectively 
d Calculated shear strength attributed to shear reinforcement, Avfytd / s 
e Vn(a) = Vc(a) + Vs, Vn(b) = Vc(b) + Vs 
f Ratio of the measured shear strength of specimens reinforced for shear with headed bars (VTH) to specimens reinforced for 
shear with stirrups (VTS) with VTH and VTS divided by VN(a)H and VN(a)S, the nominal shear strengths of specimens reinforced for 
shear with headed bars and stirrups, respectively. RTa = (VTH / VN(a)H) / (VTS / VN(b)H) 
g Same as f except that VTH and VTS were divided by VN(b)H and VN(b)S, respectively. RTb = (VTH / VN(b)H) / (VTS / VN(b)H) 
h Yielding of longitudinal reinforcement limited specimen strength 
i Alternative loading system (Section 3.4.1.1) was used to test the specimens. 
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Table 4.3: Weight of fixtures and specimen contributing to shear demand 

Specimen 
Fixture 
Weight, 

 kips (kN) 

Self-Weight, 
kips (kN) Specimen 

Fixture 
Weight, 

 kips (kN) 

Self-Weight, 
kips (kN) 

P1S1 5.0 (22.2) 7.1 (31.5) P2S1 4.4 (19.5) 0.71 (3.1) 
P1S2 5.0 (22.2) 7.1 (31.5) P2S2 4.4 (19.5) 0.71 (3.1) 
P1S3 5.0 (22.2) 7.1 (31.5) P2S3 4.4 (19.5) 1.6 (7.1) 
P1S4 5.0 (22.2) 7.1 (31.5) P2S4 4.4 (19.5) 1.6 (7.1) 
P1S5 5.0 (22.2) 7.1 (31.5) P2S5 6.0 (26.6) 13.2 (58.7) 
P1S6 5.0 (22.2) 7.1 (31.5) P2S6 6.0 (26.6) 13.2 (58.7) 
P1S7 5.0 (22.2) 7.1 (31.5) P2S7 4.4 (19.5) 13.2 (58.7) 
P1S8 5.0 (22.2) 7.1 (31.5) P2S8 4.4 (19.5) 13.2 (58.7) 
P1S9 5.0 (22.2) 7.1 (31.5) P2S9 5.4 (24.0) 13.2 (58.7) 
P1S10 5.0 (22.2) 7.1 (31.5) P2S10 5.4 (24.0) 13.2 (58.7) 
P1S11 4.4 (19.5) 7.1 (31.5) P2S11 6.1 (27.1) 11.7 (52.0) 
P1S12 4.4 (19.5) 7.1 (31.5) P2S12 6.1 (27.1) 11.7 (52.0) 
P1S13 5.0 (22.2) 7.1 (31.5)    
P1S14 5.0 (22.2) 7.1 (31.5)    
P1S15 5.0 (22.2) 7.1 (31.5)    
P1S16 4.4 (19.5) 7.1 (31.5)    
P1S17 4.4 (19.5) 7.1 (31.5)    

 

 Calculation of VT was different for P2S11 and P2S12 because they were tested with a 

different loading system (Section 3.4.1.1). For these specimens, VT was calculated as the sum of 

the maximum applied load (Pmax), the weight of the fixtures, and the self-weight of the portion of 

the specimen shaded in Figure 4.15b. 
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(a) Basic loading system (Section 3.4.1) 

 

(b) Alternative loading system for P2S11 and P2S12 (Section 3.4.1.1) 

Figure 4.15: Assumed failure surfaces and self-weight considered in shear strength (shaded) 

 

 Table 4.2 also lists the nominal shear strength (Vn) of each specimen, calculated using Eq. 

(4.1) through Eq. (4.4). Shear strength (Vn) was calculated with Eq. (4.1) as the sum of the shear 

strength attributed to the concrete (Eq. (4.2) or (4.3)) and shear reinforcement (Eq. (4.4)) using the 

measured concrete compressive strength (fcm) and shear reinforcement yield stresses (fytm) with 

nominal cross-sectional dimensions. Eq. (4.2) is the simplest expression of concrete shear strength 

in ACI 318-19. It is shown with the term for axial force omitted because the specimens had no 

axial force. Eq. (4.3) is a new expression for concrete shear strength in ACI 318-19. It is also 

shown without the axial force term. Either Eq. (4.2) or Eq. (4.3) can be used as long as the member 

has shear reinforcement satisfying the minimum shear reinforcement specified in Section 9.6.3.4 

of ACI 318-19. Shear strength attributed to shear reinforcement was calculated using Eq. (4.4).  

h

av

av

Assumed Failure Surfaces

h

av

Assumed Failure Surface
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Where: bw = nominal beam web width, d = nominal effective depth, ߩ = ratio of longitudinal 

reinforcement area, ܣ௦, to ܾ௪݀, and s = nominal shear reinforcement spacing. In this study, the 

width of the web (bw) equals the width of the beam (b). 

 The ratios of measured to nominal shear strength VT / Vn(a) and VT / Vn(b) are shown in Table 

4.2 for each specimen. For normal-strength concrete specimens there is a slight difference between 

the two ratios. For high-strength concrete specimens, the difference between the ratios becomes 

larger because Vc(b) accounts for the larger longitudinal reinforcement ratio used in those 

specimens.  

 The ratios of measured to nominal shear strength VT / Vn(a) and VT / Vn(b) are plotted in 

Figures 4.16 and 4.17 for the specimens in Phases 1 and 2, respectively. Omitting P1S15, which 

had exceptionally low strength (VT / Vn(a) = 0.62; discussed in Section 4.2.1), the average value of 

VT / Vn(a) is 1.07, with maximum and minimum values of 1.47 and 0.84, a standard deviation of 

0.146, and a coefficient of variation (COV) of 0.137. The average value of VT / Vn(b) is 1.03, with 

maximum and minimum values of 1.38 and 0.89, a standard deviation of 0.118, and a coefficient 

of variation (COV) of 0.114 when omitting P1S15. For this small dataset, Eq. (4.3) is marginally 

 ܸ ൌ ܸ  ௦ܸ Eq. (4.1) 

 ܸሺሻ ൌ 2ඥ ݂ܾ௪݀ psi  Eq. (4.2a) 

 ܸሺሻ ൌ 0.17ඥ ݂ܾ௪݀ MPa Eq. (4.2b) 

 ܸሺሻ ൌ ଵ/ଷඥߩ8 ݂ܾ௪݀ psi Eq. (4.3a) 

 ܸሺሻ ൌ ଵ/ଷඥߩ0.66 ݂ܾ௪݀ MPa Eq. (4.3b) 

 ௦ܸ ൌ ௩ܣ ௬݂௧݀ ⁄ݏ  Eq. (4.4) 
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more accurate and precise than Eq. (4.2), as expected. This observation holds after P2S10 through 

P2S12, which exhibited longitudinal bar yielding before the peak load, are omitted.  

  
(a) VT / Vn(a) ratio 

 
 

 
(b) VT / Vn(b) ratio 

Figure 4.16: Ratio of measured to nominal shear strength for Phase 1 specimens 
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 (a) VT / Vn(a) ratio 

 
 

 
(b) VT / Vn(b) ratio 

* Exhibited longitudinal bar yielding before peak load 
Figure 4.17: Ratio of measured to nominal shear strength for Phase 2 specimens 
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 For this dataset, the average VT / Vn(a) is 1.03, with maximum and minimum values of 1.27 

and 0.84, a standard deviation of 0.099, and a coefficient of variation (COV) of 0.096 while the 

average VT / Vn(b) is 1.00, with maximum and minimum values of 1.17 and 0.89, a standard 

deviation of 0.072, and a coefficient of variation (COV) of 0.072. The specimens that exhibited 

longitudinal bar yielding before reaching their maximum strength all had strengths exceeding the 

nominal shear strengths, with VT / Vn(a) between 1.12 and 1.47. 

4.3.1 Shear Reinforcement Grade 

 Figures 4.16 and 4.17 show the ratios of measured to nominal shear strength VT / Vn(a) and 

VT / Vn(b) for the specimens in Phases 1 and 2, respectively. Figure 4.16 shows that six specimens 

of Phase 1 had Grade 60 (420) shear reinforcement and eleven specimens had Grade 80 (550) shear 

reinforcement while all Phase 2 specimens shown in Figure 4.17 had Grade 80 (550) shear 

reinforcement.  

 P1S1 through P1S12 were examined for a correlation between VT / Vn and shear 

reinforcement grade. The mean value of VT / Vn(a) for the specimens with Grade 60 (420) shear 

reinforcement is 0.98, with a standard deviation of 0.066 and a COV of 0.068. The mean value of 

VT / Vn(a), standard deviation, and COV for the specimens with Grade 80 (550) shear reinforcement 

are 1.01, 0.102, and 0.101. The mean value of VT / Vn(b), standard deviation, and COV for the 

specimens with Grade 60 (420) shear reinforcement are 0.99, 0.053, and 0.054 while the mean 

value of VT / Vn(b), standard deviation, and COV for the specimens with Grade 80 (550) shear 

reinforcement are 1.00, 0.100, and 0.100.  

 To evaluate whether differences between VT / Vn for specimens with either Grade 60 or 80 

(420 or 550) shear reinforcement were statistically significant, a two-tailed Student’s t-Test was 

used. Student’s t-Test is used to calculate the probability, p, that two sets of sample data were taken 
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from the same population. The calculation was done assuming equal variances in the two 

populations of data considered. In general, p-values less than 0.05 are interpretted as an indication 

that differences between the samples of data are statistically significant. On this basis, differences 

between VT / Vn for specimens with either Grade 60 or 80 (420 or 550) shear reinforcement were 

not statistically significant, with p = 0.65 and 0.81 for VT / Vn(a) and VT / Vn(b), respectively. This is 

consistent with findings from Sumpter et al. (2009), Munikrishna et al. (2011), and Lee et al. 

(2011) described in Section 2.3.  

4.3.2 Shear Reinforcement Anchorage Type  

 The measured shear strengths of specimens containing headed bars as shear reinforcement 

(VTH) were compared with the measured shear strengths of similar specimens containing stirrups 

(VTS). One way this was done was with RTa and RTb, calculated with Eq. (4.5) and Eq. (4.6), which 

are listed in the last two columns of Table 4.2. 

Where: ேܸ is the nominal strength of the specimens calculated using Eq. (4.1), subscript a or b 

indicate whether Eq. (4.2) or Eq. (4.3) was used to calculate the shear strength attributed to the 

concrete, respectively, and subscript H and S indicate whether the specimen had headed shear 

reinforcement or conventional stirrups. Excluding P1S15, the values of RTa and RTb shown in 

Table 4.2 range from 0.86 to 1.27, with a mean of 1.01, a standard deviation of 0.073, and a COV 

of 0.072. Nominally equivalent specimens with headed and hooked shear reinforcement therefore 

exhibited equal strengths on average. 

 
ܴ ܶ ൌ

்ܸ ு ேܸሺሻு⁄
்ܸ ௌ ேܸሺሻௌ⁄  

Eq. (4.5) 

 
ܴ ܶ ൌ

்ܸ ு ேܸሺሻு⁄
்ܸ ௌ ேܸሺሻௌ⁄  

Eq. (4.6) 
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 Comparisons between populations of ்ܸ ௌ ேܸௌ⁄  and ்ܸ ு ேܸு⁄  support the same conclusion. 

Omitting P1S15 and P2S10 through P2S12, the mean, standard deviation, and COV of ்ܸ ௌ ேܸሺሻௌ⁄  

were 1.04, 0.127, and 0.123. The mean, standard deviation, and COV of ்ܸ ு ேܸሺሻு⁄  were 1.03, 

0.082, and 0.080. Student’s t-Test shows that differences in measured/nominal strength between 

specimens with either hooked or headed shear reinforcement were not statistically significant, with 

p = 0.92. When Eq. (4.3) was used to calculate ܸ, the outcome was the same. The mean, standard 

deviation, and COV were 1.00, 0.087, and 0.087 for ்ܸ ௌ ேܸሺሻௌ⁄  and 1.01, 0.064, and 0.064 for 

்ܸ ு ேܸሺሻு⁄ . Again, differences in measured/nominal strength between specimens with either 

hooked or headed shear reinforcement were not statistically significant, with p = 0.91. 

Furthermore, the COV for measured/nominal strength was slightly smaller for specimens with 

headed shear reinforcement regardless of whether Eq. (4.2) or (4.3) was used. 

 The finding of no statistically significant difference in measured over nominal shear 

strength for groups of specimens with either hooked or headed shear reinforcement was expected 

based on prior work (Section 2.4), which indicated that specimens with headed shear reinforcement 

exhibit similar or larger shear strength than control specimens with hooked stirrup reinforcement.  

 An important caveat involves the failure mode observed for P1S15 that is described in 

Section 4.2.1. Headed shear reinforcement must be positioned so as not to result in splitting of the 

member. The behavior of specimens with the HNE2 detail indicates that it would be prudent to 

require large side cover to any headed shear reinforcement. Furthermore, it would be prudent to 

require some type of lateral confinement of headed shear reinforcement to restrain any tendency 

to develop splitting planes. This confinement could take the form of cap ties in beams similar to 

reinforcement used by Kim et al. (2004) and Yang (2015) or two-way reinforcement in the plane 

perpendicular to the headed shear reinforcement, which would be easy to satisfy in slabs, 
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foundations, and walls reinforced with headed bars to resist through-thickness shear demands. 

Both conditions (side cover and lateral confinement) are easily satisfied in walls or mat 

foundations, a principal application in nuclear power plants.    

 It was also observed that, for specimens with overall depths of 12 and 18 in. (300 and 460 

mm), specimens with headed shear reinforcement had smaller ்ܸ ேܸሺሻ⁄  and ்ܸ ேܸሺሻ⁄  than 

specimens with stirrups. Considering only P2S1 through P2S4, the average ܴ ܶ and ܴ ܶ were both 

0.90. No conclusions are drawn based on this observation given the very limited data.   

4.3.3 Longitudinal Reinforcement Ratio 

 Several specimens in this study had test/nominal shear strengths less than one. To examine 

whether test/nominal shear strength ratios were correlated with longitudinal reinforcement ratio, 

ȡ, Figure 4.18 has plots of VT / Vn(a) and VT / Vn(b) versus ȡ for specimens of Phases 1 and 2, omitting 

P1S15 and P2S10 through P2S12. Interpreting the correlations between VT / Vn and ȡ in Figure 

4.18 is complicated by the correlation between ȡ and shear reinforcement ratio, ȡt, in the test 

matrix. To attempt to separate the effects of ȡ and ȡtfytm on VT / Vn, Figure 4.19 is a plot of VT / Vn(a) 

and VT / Vn(b) versus ȡtfytm. Solid and open markers are used for specimens with ȡ > 2% and ȡ < 2% 

in Figure 4.19. �

 Figure 4.18(a) shows that VT / Vn(a) was positively correlated with ȡ, as expected. 

Regardless of specimen depth, specimens with ȡ greater than 2.0% (except P1S15) had VT / Vn(a) 

greater than 1.0. Out of the fourteen specimens that had ȡ smaller than 2%, eight specimens (57%) 

had VT / Vn(a) less than 1.0. Figure 4.19(a) shows that VT / Vn(a) was also positively correlated with 

ȡtfytm. While difficult to separate the effects of ȡ and ȡtfytm on VT / Vn(a) (because they are correlated 

within this dataset), it is notable that seven of the eight specimens (88%) with ȡ < 2% and ȡtfytm < 

90 psi (620 kPa) had VT / Vn(a) < 1, whereas none of the seven specimens (0%) with ȡ > 2% and 
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ȡtfytm > 90 psi (620 kPa) had VT / Vn(a) < 1 (P2S10 through P2S12, omitted here because of 

longitudinal reinforcement yielding, also had ȡ > 2%, ȡtfytm > 90 psi (620 kPa), and VT / Vn(a) > 1). 

Figure 4.18(b) shows that VT / Vn(b) was less clearly correlated with ȡ, which was expected 

because Vn(b) accounts for effects of ȡ (Kuchma et al. 2019). Seven of fourteen specimens (50%) 

with ȡ < 2.0% had VT / Vn(b) < 1.0, whereas only four of the fourteen specimens (28.6%) with ȡ > 

2.0% had VT / Vn(b) < 1.0. Figure 4.19(b) shows that, even though Vn(b) accounts for effects of ȡ, 

specimens with VT / Vn(b) < 1 commonly had both low ȡ and low ȡtfytm. Six of the eight specimens 

(75%) with ȡ < 2% and ȡtfytm < 90 psi (620 kPa) had VT / Vn(b) < 1, whereas only one of the seven 

specimens (14%) with ȡ > 2% and ȡtfytm > 90 psi (620 kPa) had VT / Vn(b) < 1. If it is accepted that 

Vn(b) properly accounts for effects of ȡ, it may be that ȡtfytm < 90 psi (620 kPa) is a reason for 

specimens having VT / Vn(b) < 1. The data support this: nine of the twelve specimens (75%) with 

ȡtfytm < 90 psi (620 kPa) had VT / Vn(b) < 1, whereas only two of the thirteen specimens (15%) with 

ȡtfytm > 90 psi (620 kPa) had VT / Vn(b) < 1. The effects of ȡtfytm on behavior are discussed further in 

Section 4.3.6. 
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(a) VT / Vn(a) ratio  �

 
(b) VT / Vn(b) ratio 

Figure 4.18: Ratio of measured to nominal shear strength versus ȡ for Phase 1 and Phase 2 
specimens  
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(a) VT / Vn(a) ratio � 

�
(b) VT / Vn(b) ratio 

Figure 4.19: Ratio of measured to nominal shear strength versus ȡtfytm for Phase 1 and Phase 2 
specimens (1 psi = 6.9 kPa) 
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4.3.4 Member Depth 

 Figure 4.20 shows plots of VT / Vn(a) and VT / Vn(b) versus effective depth (d) for specimens 

of Phases 1 and 2, omitting P1S15 and P2S10 through P2S12. Data points are represented with 

open circles if ȡtfytm < 90 psi (620 kPa) and solid circles if ȡtfytm > 90 psi (620 kPa). 

Figure 4.20 appears to indicate a negative correlation between both VT / Vn(a) and VT / Vn(b) 

and member depth. However, larger members in the test matrix also more frequently had smaller 

ȡ and ȡtfytm, which were both correlated with smaller VT / Vn(a) and VT / Vn(b) (Section 4.3.3). Figure 

4.20(b), which accounts for effects of ȡ on nominal shear strength, shows that VT / Vn(b) and member 

depth had little or no correlation among specimens with ȡtfytm > 90 psi (620 kPa). Because all 

specimens with ȡtfytm < 90 psi (620 kPa) had h of 36 or 48 in. (910 or 1220 mm), nothing can be 

observed regarding correlations between VT / Vn(b) and member depth among specimens with ȡtfytm 

< 90 psi (620 kPa). These results indicate that ratios of measured to calculated strength were not 

strongly correlated with member depth. Effects of member depth on VT / Vn(b) are therefore 

neglected in subsequent analyses of these specimens.  
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(a) VT / Vn(a) ratio ��

 
(b) VT / Vn(b) ratio�

Figure 4.20: Ratio of measured to nominal shear strength versus d for Phase 1 and Phase 2 
specimens (1 in. = 25.4 mm) 
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4.3.5 Concrete Compressive Strength 

 Figure 4.21 shows VT / Vn(a) and VT / Vn(b) versus concrete compressive strength, fcm, for the 

specimens in Phases 1 and 2, omitting P1S15 and P2S10 through P2S12. Data points are 

represented with open circles if ȡtfytm < 90 psi (620 kPa) and solid circles if ȡtfytm > 90 psi (620 

kPa). 

In Phase 1, twelve specimens (P1S1 through P1S12) were made with normal strength 

concrete (fcm of 4110 to 5260 psi (28.3 to 36.0 MPa)) and four specimens (P1S13, P1S14, P1S16 

and P1S17) were made with high strength concrete (fcm of 9630 to 11630 psi (68 to 80 MPa)). In 

Phase 2, two specimens (P2S5 and P2S6) were made with normal strength concrete (fcm of 5630 

and 5780 psi (39 and 40 MPa), respectively) and seven specimens (P2S1 through P2S4 and P2S7 

through P2S9) were made with high strength concrete (fcm of 9530 to 11090 psi (66 to 76 MPa)).  

Figure 4.21(a) shows a positive correlation between VT / Vn(a) and fcm. This apparent trend 

is attributable to the correlation between fcm and ȡ in the test matrix: larger reinforcement ratios 

were used with higher strength concrete so the estimated longitudinal reinforcement strains at 

failure would be similar across specimens. When ȡ is accounted for in calculation of nominal shear 

strength, there is little or no correlation between VT / Vn(b) and fcm, as shown in Figure 4.21(b). It is 

believed there would be no correlation between VT / Vn(a) and fcm if fcm and ȡ were independently 

distributed within the dataset.  
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(a) VT / Vn(a) ratio 

�
(b) VT / Vn(b) ratio 

Figure 4.21: Ratio of measured to nominal shear strength versus fcm for Phase 1 and Phase 2 
specimens (1 psi = 5.9 kPa) 
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4.3.6 Shear Reinforcement Shear Stress ȡtfytm 

 Figures 4.22 and 4.23 show VT / Vn(a) and VT / Vn(b) versus shear reinforcement shear stress 

ȡtfytm for specimens of Phases 1 and 2. Specimens in Figure 4.22 were sorted in order of increasing 

ȡtfytm, which are given in Tables 3.1 and 3.2. Specimens with ȡtfytm < 80 psi (550 kPa), 80 psi (550 

kPa) < ȡtfytm < 90 psi (620 kPa), and ȡtfytm > 90 psi (620 kPa) are identified in the figure. Although 

all specimens had areas of shear reinforcement exceeding the minimum, Av,min, required by ACI 

318-19 (Eq. 4.7), VT / Vn(a) and VT / Vn(b) were correlated with ȡtfytm, as shown in Figures 4.22 and 

4.23. 

 Omitting P1S15 and P2S10 through P2S12, eight specimens had VT / Vn(a) less than 1.0. Of 

the eight specimens, five (63%) (P1S1, P1S2, P1S3, P2S5 and P2S6) had ȡtfytm < 80 psi (550 kPa), 

two (25%) (P1S7 and P1S9) had ȡtfytm equal to 88.5 psi (550 kPa), and one specimen (13%) 

(P1S12) had ȡtfytm equal to 118 psi (814 kPa), suggesting a correlation between low ȡtfytm and low 

VT / Vn(a). Furthermore, all five specimens with ȡtfytm < 80 psi (550 kPa) had VT / Vn(a) less than 1.0, 

whereas only two of the seven specimens (29%) with 80 psi (550 kPa) � ȡtfytm < 90 psi (620 kPa) 

and one of the sixteen specimens (6%) with ȡtfytm > 90 psi (620 kPa) had VT /Vn(a) less than 1.0. 

The mean VT / Vn(a) was 0.91, with a COV of 0.051, for specimens with ȡtfytm < 80 psi (550 kPa) 

whereas the mean VT / Vn(a) was 1.04, with a COV of 0.099, for specimens with 80 psi (550 kPa) 

� ȡtfytm < 90 psi (620 kPa) and the mean VT / Vn(a) was 1.08, with a COV of 0.073, for specimens 

with ȡtfytm > 90 psi (620 kPa). Differences in VT / Vn(a) between specimens with ȡtfytm < 80 psi (550 

௩,୫୧୬ܣ 

ܾ௪ݏ
௬݂௧ ൌ ௧,ߩ ௬݂௧ ൌ ,൫50 psiݔܽ݉ 0.75ඥ ݂ psi൯ Eq. (4.7a) 

௩,୫୧୬ܣ 

ܾ௪ݏ
௬݂௧ ൌ ௧,ߩ ௬݂௧ ൌ ,൫0.34 MPaݔܽ݉ 0.0.62ඥ ݂ MPa൯ Eq. (4.7b) 
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kPa) and specimens with ȡtfytm > 80 psi (550 kPa) were statistically significant with p = 0.001. 

Likewise, the differences in VT / Vn(a) between specimens with ȡtfytm < 90 psi (620 kPa) and 

specimens with ȡtfytm > 90 psi (620 kPa) were also statistically significant with p = 0.024. 

However, specimens in this study with ȡtfytm < 80 psi (550 kPa) also tended to have the 

smallest ȡ (Section 4.3.3). The correlation between VT / Vn and ȡtfytm is better demonstrated when 

the nominal shear strength in VT / Vn is taken as Vn(b), which accounts for the effect of ȡ on shear 

strength (Kuchma et al. 2019). Omitting P1S15 and P2S10 through P2S12, eleven specimens had 

VT / Vn(b) less than 1.0. Of the eleven specimens, four (36%) (P1S1, P1S2, P1S3 and P2S5) had 

ȡtfytm < 80 psi (550 kPa), five (45%) (P1S7, P1S9, P1S13, P1S14 and P1S16) had 80 psi (550 kPa) 

� ȡtfytm < 90 psi (620 kPa), and two (18%) (P1S12 and P2S9) had ȡtfytm > 90 psi (620 kPa), 

suggesting a correlation between low ȡtfytm and low VT / Vn(b). Furthermore, four of the five 

specimens (80%) with ȡtfytm < 80 psi (550 kPa) and five of the seven specimens (71%) with 80 psi 

(550 kPa) � ȡtfytm < 90 psi (620 kPa) had VT / Vn(b) < 1.0, whereas only two of the thirteen specimens 

(15%) with ȡtfytm > 90 psi (620 kPa) had VT / Vn(b) < 1.0. The mean VT / Vn(b) was 0.95, with a COV 

of 0.049, for specimens with ȡtfytm < 80 psi (550 kPa) whereas the mean VT / Vn(b) was 1.01, with a 

COV of 0.095, for specimens with 80 psi (550 kPa) � ȡtfytm < 90 psi (620 kPa) and the mean VT / 

Vn(b) was 1.03, with a COV of 0.052, for specimens with ȡtfytm > 90 psi (620 kPa). Student’s t-test 

showed that differences in VT / Vn(b) for populations with ȡtfytm < 80 psi (550 kPa) and ȡtfytm > 80 

psi (550 kPa) were statistically significant with p = 0.035. Likewise, differences in VT / Vn(b) for 

populations with ȡtfytm < 90 psi (620 kPa) and ȡtfytm > 90 psi (620 kPa) were also statistically 

significant, with p = 0.045. 
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(a) VT / Vn(a) ratio 

�

 
(b) VT / Vn(b) ratio 

* Exhibited longitudinal bar yielding before peak load 

Figure 4.22: Ratio of measured to nominal shear strength for all specimens, with specimens 
ordered from smallest to largest ȡtfytm. Vertical lines separate specimens above and below 80 and 

90 psi (550 and 620 kPa) 
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(a) VT / Vn(a) ratio 

 
(b) VT / Vn(b) ratio 

Figure 4.23: Ratio of measured to nominal shear strength versus ȡtfytm for Phase 1 and Phase 2 
specimens (1 psi = 6.9 kPa) 
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 Note that seven specimens, P1S13 through P1S17 and P2S5 and P2S6, had shear 

reinforcement ratios that were less than the minimum required by the AASHTO LRFD Bridge 

Design Specifications, shown in Eq. 4.8. Omitting P1S15, two of the six specimens (33%) with 

௩ܣ ൏ ௩ܣ ௩,୫୧୬_ௌு்ை had VT / Vn(a) < 1 and four of the six specimens (67%) withܣ ൏

 .௩,୫୧୬_ௌு்ை had VT / Vn(b) < 1ܣ

4.3.7 Shear Reinforcement Ratio  

 Figure 4.24 shows VT / Vn(a) and VT / Vn(b) versus ȡt for specimens of Phases 1 and 2, 

omitting P1S15 and P2S10 through P2S12. In Sections 4.3.3 and 4.3.6 it was shown that specimens 

with low VT / Vn tended to have ȡ < 2% and ȡtfytm < 90 psi (620 kPa), with VT / Vn and ȡtfytm being 

correlated even when Vn accounted for ȡ (Eq. (4.3)). Figure 4.24 shows that VT / Vn(a) and VT / Vn(b) 

appear weakly correlated with ȡt. Similar to trends between VT / Vn and ȡtfytm, seven of twelve 

specimens (58%) with ȡt < 0.12% had VT / Vn(a) < 1 and nine of twelve specimens (75%) with ȡt < 

0.12% had VT / Vn(b) < 1. Among the thirteen specimens with ȡt > 0.12%, one (8%) had VT / Vn(a) 

< 1 and two (15%) had VT / Vn(b) < 1. These percentages are the same as for specimens with ȡtfytm 

< 90 psi (620 kPa) and ȡtfytm > 90 psi (620 kPa). It is not possible to clearly separate effects of ȡtfytm 

and ȡt with the current dataset, where ȡtfytm and ȡt are closely correlated. Even in cases where ȡt 

was constant and fytm was varied (consider P1S1 to P1S3 versus P1S7 to P1S9 or P1S4 to P1S6 

versus P1S10 to P1S12), ȡtfytm was either less than or greater than 90 psi (620 kPa) for all specimens 

in the subsets. For related discussions within this report, ȡtfytm will typically be used and not ȡt. 

௩,୫୧୬_ௌு்ைܣ 

ܾ௪ݏ
௬݂௧ ൌ ௧,୫୧୬ _ௌு்ைߩ ௬݂௧ ൌ ඥ ݂ psi Eq. (4.8a) 

௩,୫୧୬_ௌு்ைܣ 

ܾ௪ݏ
௬݂௧ ൌ ௧,୫୧୬ _ௌு்ைߩ ௬݂௧ ൌ 0.084ඥ ݂ MPa Eq. (4.8b) 
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(a) VT / Vn(a) ratio 

(b) VT / Vn(a) ratio 

Figure 4.24: Ratio of measured to nominal shear strength versus ȡt for Phase 1 and Phase 2 
specimens 
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4.3.8 Shear Reinforcement Spacing  

 It was observed in Section 4.1.5 that shear reinforcement spacing was correlated with large 

differences in shear strength within a small subset of nominally equivalent specimens (P2S9 

through P2S12) that had equal ȡtfytm but a shear reinforcement spacing of either d/2 or d/4. P2S9 

and P2S10, which had s = d/2, had average VT / Vn(a) and VT / Vn(b) values of 1.07 and 1.01, 

respectively. P2S11 and P2S12, which had s = d/4, had average VT / Vn(a) and VT / Vn(b) values of 

1.47 and 1.38. This is a considerable difference correlated with a difference in shear reinforcement 

spacing. Note that P2S10 through P2S12 exhibited longitudinal reinforcement yielding prior to 

failure of the beams in shear, so the increase in shear strength cannot be quantified. 

 The remainder of the specimens in this study had s equal to d/2 or d/2.6. To evaluate 

whether shear strength ratios were correlated with this difference in spacing, the strengths of P1S1 

through P1S12 were considered. These specimens had the same nominal dimensions and concrete 

compressive strengths, Grade 60 or 80 (420 or 550) shear reinforcement, and s of either d/2 or 

d/2.6. Specimens with s = d/2 had a mean VT / Vn(a) of 0.96 and COV of 0.11, whereas specimens 

with s = d/2.6 had a mean VT / Vn(a) of 1.03 and COV of 0.03. Although specimens with more 

closely spaced stirrups had, on average, greater strength ratios, the differences between populations 

with s of either d/2 or d/2.6 were not statistically significant (p = 0.09). The same finding occurs 

for VT / Vn(b): specimens with s = d/2 had a mean VT / Vn(b) of 0.96 and COV of 0.10, whereas 

specimens with s = d/2.6 had a mean VT / Vn(b) of 1.02 and COV of 0.03. Although specimens with 

more closely spaced stirrups again had, on average, greater strength ratios, the differences between 

populations with s of either d/2 or d/2.6 were not statistically significant (p = 0.12).   

 Limited data therefore indicate that specimens with shear reinforcement spaced at d/2.6 

have somewhat greater strength ratios than specimens with s = d/2, but the differences are not 
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statistically significant. Specimens with shear reinforcement spaced at d/4 exhibit larger than 

nominal shear strengths, but there are only two such specimens.  

4.3.9 Specimen Shear Strength Summary  

Specimens with either Grade 60 or 80 (420 or 550) shear reinforcement exhibited shear 

strengths that were similar (i.e. differences were not statistically significant).  

Likewise, shear reinforcement anchorage condition (headed or hooked) made no 

discernable difference in VT / Vn. There was, however, evidence that headed shear reinforcement 

needs to be horizontally restrained or located far from the side of a member to be fully effective. 

It was also observed in a small number of specimens that shear strengths of specimens with headed 

bars were less than the strengths of similar specimens reinforced with stirrups when overall beam 

depth was 12 or 18 in. (300 or 460 mm). No conclusion can be drawn given the small sample size 

(four specimens). 

Several specimens had VT / Vn < 1. It was shown that VT / Vn was not correlated with d or 

fcm when the effect of ȡ on Vn was accounted for using Eq. (4.3). Although VT / Vn was correlated 

with ȡ, ȡt, and ȡtfytm, these variables were correlated within the dataset. In other words, specimens 

with low ȡ also tended to have low ȡt and ȡtfytm. When the effect of ȡ on Vn is accounted for, 

differences in VT / Vn for populations of specimens with either ȡtfytm < 90 psi (620 kPa) or ȡtfytm > 

90 psi (620 kPa) were statistically significant (p = 0.044). Furthermore, 82% of specimens with 

ȡtfytm < 90 psi (620 kPa) had VT / Vn < 1 whereas only 15% of specimens with ȡtfytm > 90 psi (620 

kPa) had VT / Vn < 1. 

Data indicated that specimens with shear reinforcement spaced at d/2 and d/2.6 exhibit 

similar strengths, and that specimens with shear reinforcement spaced at d/4 exhibit greater than 
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nominal shear strengths. However, there are too few data considered here to draw a firm 

conclusion. 

4.4 Crack Widths 

 The effects on crack width of shear reinforcement grade and other variables were 

investigated using two types of data: manually measured crack widths and relative displacements 

between markers fixed to the surface of the specimens (Figure 4.25). These relative displacements 

are referred to as “diagonal elongation” when referring to displacements measured at mid-depth 

along an axis inclined 45 degrees relative to the beam longitudinal axis and “horizontal elongation” 

when measured parallel to the longitudinal beam axis near the tension face.  

 Appendix G has plots of crack widths, diagonal elongations, and horizontal elongations 

versus percent of nominal strength and percent of measured strength for all specimens. Nominal 

strength refers here to the nominal shear strength calculated with Eq. (4.1). The shear strength 

attributed to concrete was calculated using the simplest equation permitted in ACI 318-19, shown 

in Eq. (4.2). The plots are envelopes of the data for each specimen – each plotted crack width or 

elongation was the maximum recorded for that specimen at the given load level. For reference, 

each figure includes a horizontal line that crosses the ordinate (crack width or elongation) axis at 

0.016 in. (0.40 mm), the crack width used by the ACI Building Code before 1999 as the basis for 

serviceability requirements for flexure. The limit of 0.016 in. (0.40 mm) crack width represents 

the most probable maximum flexural crack width expected in conventionally proportioned 

members, a value that was exceeded in 31 to 98% of groups of specimens considered by Lutz and 

Gergely (1968). Thus, a crack width of 0.016 in. (0.40 mm) should most appropriately serve as a 

guide, not an upper limit, when evaluating the effects of various parameters on the serviceability 

of members in shear. 
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 Crack widths were manually measured periodically throughout the test when loading was 

paused (Section 3.4.2). At each pause in loading, cracks on one side of the specimen (called the 

front side) were traced with a permanent marker and the widths of the cracks at selected stations 

were measured using a crack comparator with a range of 0.004 – 0.1 in. (0.1 – 2.5 mm). An effort 

was made to select stations such that measured crack widths would represent the widest cracks.  

 Diagonal and horizontal elongations were calculated using the equations below using data 

recorded with an infrared-based tracking system (Section 3.4.3.2). The system recorded throughout 

the test the positions in x-y-z space of markers fixed to the surface of the specimen. The markers 

were placed on the “back side” of the specimen, opposite the side where crack widths were 

manually measured. The gauge length used to calculate elongation typically included several 

cracks; no modification was done to account for the number of cracks between markers or to obtain 

an estimate of individual crack widths. Because elongation was calculated for fixed gauge lengths, 

comparisons between specimens with Grade 60 or 80 (420 or 550) shear reinforcement are still 

relevant. To reduce the sensitivity of the reported elongations to noisy data, reported elongations 

at a target load are an average of the elongations calculated for three consecutive data samples 

obtained near the target load.  
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Figure 4.25: Schematic of horizontal (Markers No. 1 and No. 2) and diagonal (Markers No. 3 
and No. 4) elongations 

Where: ݔ, and ݕ,  = x- and y-axis coordinates of Marker No. i at time j, ܦ ݀  = Diagonal distance 

between Markers No. 3 and No. 4 (Figure 4.25) at time j, ݀ܦ = Initial diagonal distance between 

Markers No. 3 and No. 4 (Figure 4.25) before loading, ܪ ݀  = Horizontal distance between Markers 

No. 1 and No. 2 (Figure 4.25) at time j, ݀ܪ = Initial horizontal distance between Markers No. 1 

and No. 2 (Figure 4.25) before loading. ܦ ݁ and ܪ ݁ are the diagonal and horizontal elongations 

at time j in units of inches. 
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Row No. 3 (Third Row)

Row No. 2 (Second Row)

Row No. 1 (Bottom Row)

Marker No. 1 Marker No. 2

(x1,y1) (x2,y2)

 
ܦ ݀ ൌ ට൫ݔସ, െ ଷ,൯ݔ

ଶ  ൫ݕସ, െ ଷ,൯ݕ
ଶ
 Eq. (4.9) 

ܦ  ݁ ൌ ܦ ݀ െ   Eq. (4.10)݀ܦ

 
ܪ ݀ ൌ ට൫ݔଶ, െ ଵ,൯ݔ

ଶ  ൫ݕଶ, െ ଵ,൯ݕ
ଶ
 Eq. (4.11) 

ܪ  ݁ ൌ ܪ ݀ െ   Eq. (4.12)݀ܪ
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Evaluation of crack widths is most relevant at shear and moment demands likely to occur 

in service. However, service-level demands are ill-defined relative to loads applied in a laboratory 

because the relationship between service loads and nominal member strength is a function of 

strength reduction (phi) factors, load factors, material over-strength, and other design decisions 

including selection of repeatable member sizes in practice to simplify construction. Service-level 

shear demands are taken throughout this report as 60% of Vn because the phi-factor for shear, 0.75, 

divided by the smallest load factor, 1.2, is 0.625. Service loads are therefore unlikely to induce 

shear demands larger than 60% of Vn. 

4.4.1 Inclined (Shear) Crack Widths and Diagonal Elongations 

4.4.1.1 Shear Reinforcement Ratio 

 It is generally understood that inclined crack widths at a given shear force are affected by 

the shear reinforcement ratio. This is shown in Figures 4.26 and 4.27, which are, respectively, plots 

of the maximum inclined crack width and the maximum diagonal elongation versus the shear force 

for P1S1 through P1S12 (P1S6 and P1S9 are omitted from Figure 4.26 for lack of data). Figure 

4.26 shows that P1S1, P1S2, P1S3, P1S7, and P1S8 exhibited wider cracks than other specimens 

at forces between approximately 100 and 150 kips (445 and 667 kN). These specimens had a shear 

reinforcement ratio (Ut = Av/bws) of 0.104%. The other five specimens with Ut equal to 0.139% had 

narrower cracks at the same shear forces. Figure 4.27 shows a similar trend for diagonal 

elongations, although P1S8 was somewhat of an outlier (Figure 4.27 shows that P1S8, which had 

Ut = 0.109%, had diagonal elongations that were more similar to specimens with 0.139% than 

0.104%). 
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Figure 4.26: Maximum measured diagonal crack width versus shear force, P1S1 through P1S12 
(P1S6 and P1S9 omitted for lack of data) (1 in. = 25.4 mm, 1 kip = 4.45 kN) 

Figure 4.27: Maximum diagonal elongation versus shear force, P1S1 through P1S12                        
(1 in. = 25.4 mm, 1 kip = 4.45 kN) 

�

 The results plotted in Figures 4.26 and 4.27 are from specimens designed to have different 

shear strengths. It makes more sense to evaluate the effect of ȡt on crack widths and diagonal 
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elongations as a function of shear force divided by nominal strength. This is done for specimens 

P1S1 through P1S12 in Figures 4.28 and 4.29, which show specimens with either Grade 60 (420) 

or Grade 80 (550) shear reinforcement, respectively.  

 Specimens shown in Figure 4.28 had Grade 60 (420) reinforcing bars as shear 

reinforcement with ȡt of either 0.104% for P1S1 through P1S3 or 0.139% for P1S4 through P1S6. 

These specimens had an effective depth, d, of 31.5 in. (800 mm) and a longitudinal reinforcement 

ratio, ȡ, of 1.44% for P1S1 through P1S3 and 1.65% for P1S4 through P1S6. The spacing between 

stirrups, s, for these specimens was 16 in. (410 mm) for P1S1 through P1S3 and 12 in. (310 mm) 

for P1S4 through P1S6. 

Figure 4.28: Maximum inclined crack width and diagonal elongation versus percent of nominal 
strength: specimens with Grade 60 (420) shear reinforcement and different s 

 It appears from Figure 4.28 that specimens with ȡt equal to 0.104% had wider cracks than 

specimens with ȡt equal to 0.139%. There are no crack width data for shear forces at 60% of ܸ, 

but this difference was clear near 80% of ܸ. The measured crack widths for P1S1 were 
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approximately three times larger than those of P1S4 at 80% of ܸ. These differences were not 

reflected in the plot of diagonal elongation, which shows that all six specimens had similar 

diagonal elongations near 60% of ܸ. At 80% of ܸ, the measured diagonal elongations were not 

clearly correlated with ȡt (rather, it appears diagonal elongations at 80% of ܸ may be correlated 

with ்ܸ ܸ⁄ , as discussed in Section 4.4.1.7). It is not clear why the crack width and diagonal 

elongation plots show different trends in this case.  

 Specimens shown in Figure 4.28 had Grade 80 (550) reinforcing bars as shear 

reinforcement with a ȡt of either 0.104% for P1S7 through P1S9 or 0.139% for P1S10 through 

P1S12. The specimens had the same d of 31.5 in. (800 mm) and a ȡ of 1.65%. P1S7 through P1S9 

had an s of 16 in. (410 mm) while P1S10 through P1S12 had an s of 12 in. (310 mm).  

 

Figure 4.29: Maximum inclined crack width and diagonal elongation versus percent of nominal 
strength: specimens with Grade 80 (550) shear reinforcement and different ȡtfytm 
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It appears from Figure 4.29 that ȡt was correlated with neither crack width nor diagonal 

elongation at 60% of ܸ for P1S7 through P1S12. This is consistent with the observation made for 

diagonal elongations in Figure 4.28. Given that limited crack width data were available for Figure 

4.28, and that diagonal elongations and crack widths are not otherwise correlated with ȡt at 60% 

of ܸ, it appears the available data show that ȡt was not correlated with crack width or diagonal 

elongations at 60% of ܸ for the limited range of ȡt and other variables considered. Larger 

differences in ȡt may have led to a different result.  

4.4.1.2 Shear Reinforcement Spacing 

Figure 4.30 shows diagonal crack width versus percent of nominal shear strength for P2S7 

through P2S12. Specimens shown in this figure had an overall depth of 48 in. (1220 mm), Grade 

80 (550) shear reinforcement, S and HNE2 shear reinforcement details, ȡ of 2.12%, and high 

strength concrete (fcm varied from 9530 to 11090 psi (66 to 76 MPa)). Aside from test setup, the 

differences between these specimens were that P2S7 and P2S8 had two-legged No. 6 stirrups 

spaced at d/2 (s = 22 in. (560 mm)), P2S9 and P2S10 had four-legged No. 4 stirrups spaced at d/2 

(s = 22 in. (560 mm)), and P2S11 and P2S12 had two-legged No. 4 stirrups spaced at d/4 (s = 11 

in. (280 mm)). P2S7 and P2S8 therefore had ȡtfytm equal to 138 psi (952 kPa) and P2S9 through 

P2S12 had ȡtfytm equal to 127 psi (876 kPa). �
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Figure 4.30: Maximum inclined crack width versus percent of nominal strength: P2S7 through 
P2S12 

 It appears from the figure that specimens with closely spaced stirrups (s = d/4 (11 in. (280 

mm)) for P2S12) had narrower cracks than specimens with widely spaced stirrups (s = d/2 (22 in. 

(560 mm) for P2S7 through P2S10). At shear demands close to 60% of ܸ, the measured crack 

widths for P2S7 through P2S10 were approximately double those of P2S11 and P2S12. This 

finding is somewhat different from that described in Section 4.4.1.1, where it was shown that crack 

widths and diagonal elongations were not consistently correlated with ȡt, and therefore spacing. It 

is possible that the different spacings considered in Section 4.4.1.1 (d/2 and d/2.6) were too similar 

to result in a difference in crack width, but that larger differences in spacing (e.g. d/2 versus d/4) 

do result in differences in crack widths. The different crack widths observed in Figure 4.29 could 

also be a result of specimen size: the spacings considered in Section 4.4.1.1 were either 12 or 16 

in. (300 or 410 mm) whereas spacings used in specimens included in Figure 4.29 were either 11 

or 22 in. (280 or 560 mm).  
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Figure 4.30 also shows that specimens with shear reinforcement consisting of two No. 6 

bars spaced at d/2 (P2S7 and P2S8) had crack widths that were similar to those of specimens with 

four No. 4 bars spaced at d/2 (P2S9 and P2S10). This small dataset implies that bar size and had 

no effect on crack widths, as expected.  

4.4.1.3 Shear Reinforcement Grade 

 Use of Grade 80 (550) shear reinforcement in place of conventional Grade 60 (420) bars 

will result in a smaller ȡt for the same nominal shear strength. It is therefore generally expected 

that use of Grade 80 (550) shear reinforcement will result in wider inclined cracks than are typical 

in conventionally reinforced beams (even though the results related to crack widths and ȡt in 

Section 4.4.1.1 were mixed). To examine the extent to which this was true, the maximum inclined 

crack width measured at each pause in loading and the maximum diagonal elongations throughout 

the tests are plotted versus percent of nominal strength in Figure 4.31 for P1S4 through P1S9 

(except that crack widths were not available for P1S6 and P1S9). The specimens in Figure 4.31 

have the same nominal dimensions (24 ൈ 36 in. (610 ൈ 910 mm)) and ȡ = 1.65%. Although they 

were designed to have the same ȡtfyt of 83.3 psi (574 kPa) based on specified fyt, the actual ȡtfytm 

differed somewhat because different bars were used that had different amounts of overstrength. 

P1S4 through P1S6 had Grade 60 (420) reinforcing bars as shear reinforcement with ȡtfytm of 96.9 

psi (669 kPa) and P1S7 through P1S9 had Grade 80 (550) reinforcing bars as shear reinforcement 

with ȡtfytm of 88.5 psi (610 kPa).  

 



108�
�

Figure 4.31: Maximum inclined crack width and diagonal elongation versus percent of nominal 
strength: specimens with Grade 60 and 80 (420 and 550) shear reinforcement and similar ȡtfyt 

 Figure 4.31 shows that cracks were wider in specimens with Grade 80 (550) shear 

reinforcement near 80% of ܸ, although there are limited data available. None of the specimens 

exhibited inclined cracks wider than 0.016 in. (0.40 mm) until the load exceeded approximately 

65% of nominal shear strength. Therefore regardless of the shear reinforcement grade, inclined 

crack widths were less than the most probable maximum flexural crack width of 0.016 in. (0.40 

mm) near service-level shear demands (60% of ܸ).  

 The diagonal elongations in Figure 4.31 are larger in magnitude than the measured crack 

widths. This was expected because diagonal elongations frequently included several cracks within 

the gauge length used to calculate elongation. Figure 4.31 shows that diagonal elongations were 

similar in magnitude for specimens with Grade 60 and 80 (420 and 550) shear reinforcement at 

60% of ܸ. Furthermore, Figure 4.31 shows that at 60% of ܸ, the maximum diagonal elongations 

measured in each specimen were, on average, near 0.016 in. (0.40 mm).  
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 Relative to specimens with Grade 60 (420) shear reinforcement, use of Grade 80 (550) 

shear reinforcement therefore resulted in increases in crack width and small but inconsistent 

increases in diagonal elongation for shear demands near 80% of ܸ. At 60% of ܸ, no clear 

difference in crack widths or diagonal elongations were evident between specimens with Grade 60 

and 80 (420 and 550) shear reinforcement. Furthermore, at 60% of ܸ, both measured crack widths 

and diagonal elongations (which may have included multiple cracks) were close to 0.016 in. (0.40 

mm), the most probable flexural crack width in members considered to exhibit acceptable 

serviceability (Lutz and Gergely, 1968).  

4.4.1.4 Shear Reinforcement Anchorage Type 

 Figures 4.29 through 4.31 show results for specimens that contained stirrups (S), headed 

shear reinforcement engaging longitudinal reinforcement (HE), headed shear reinforcement not 

engaging longitudinal reinforcement (HNE) with a nominal clear side cover of 2 in. (50 mm) to 

the bar, or headed bars not engaging the longitudinal reinforcement with a nominal clear side cover 

of at least 4 in. (100 mm) to the bar (HNE2). The figures show no correlation between shear 

reinforcement anchorage condition and either inclined crack widths or diagonal elongations. This 

lack of trend was consistent throughout all specimens in this study (Appendix G).  

4.4.1.5 Member Depth 

 Figure 4.32 shows diagonal crack width versus percent of nominal shear strength for P2S1 

through P2S4, P1S17, P2S9, and P2S10. The major difference between these specimens was h, 

with values of 12, 18, 36, and 48 in. (310, 460, 910, and 1220 mm) for P2S1/P2S2, P2S3/P2S4, 

P1S17 and P2S9/P2S10, respectively. These specimens had b equal to 24 in. (610 mm), concrete 

compressive strengths between 9710 and 11090 psi (67.0 and 76.5 MPa), Grade 80 (550) shear 
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reinforcement, and ȡtfytm equal to 158, 105, 88.5, and 127 psi (1090, 725, 610, and 876 kPa) for 

P2S1/P2S2, P2S3/P2S4, P1S17 and P2S9/P2S10, respectively.  

 No plot of diagonal elongations is provided in this section because the gauge lengths used 

to measure diagonal elongations varied with depth. Elongations can be normalized by their initial 

gauge lengths, effectively producing a calculated surface strain. Surface strains are discussed in 

Section 4.6.  

 

Figure 4.32: Maximum inclined crack width versus percent of nominal strength: specimens with 
h = 12, 18, 36, and 48 in. (310, 460, 910, and 1220 mm) 

 

 Results plotted in Figure 4.32 show a general trend of crack widths increasing as member 

depth increased, as expected. For shear forces near 60% of ܸ, crack widths were less than 0.016 

in. (0.40 mm) for all specimens in Figure 4.32 except the specimens with h = 48 in. (1220 mm). 

Near 60% of ܸ, the measured crack widths for specimens with h = 36 and 48 in. (910 and 1220 
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mm) were much larger (approximately 1.4 to 4.2 times larger) than crack widths for specimens 

with h = 12 and 18 in. (310 and 460 mm). This trend continued near 80% of ܸ , where crack widths 

were larger than approximately 0.05 in. (1.3 mm) for specimens with h = 36 and 48 in. (910 and 

1220 mm), but for specimens with h = 12 and 18 in. (310 and 460 mm) crack widths remained less 

than 0.016 in. (0.40 mm). This correlation between crack widths and member depth is much 

stronger than observed differences associated with ȡt or shear reinforcement grade.  

 Because large beam depths are associated with wider cracks, crack widths reported in this 

study from tests of 36 and 48 in. (910 and 1220 mm) deep specimens are likely to be larger than 

those reported by others investigating the use of high strength shear reinforcement (e.g. Sumpter 

et al. 2009, Munikrishna et al. 2011, and Lee et al. 2011), who based their findings on tests of 

beams with depths of 14 to 28 in. (305 to 710 mm) as described in Section 2.3. It must, however, 

be noted that the specimens with h of 48 in. (1220 mm) are not representative of beams in practice 

because beams deeper than 36 in. (910 mm) are required by ACI 318-19 Section 9.7.2.3 to have 

skin reinforcement that will tend to reduce inclined crack widths. As explained in Section 3.1, skin 

reinforcement was not used for the 36 in. (910 mm) and 48 in. (1220 mm) deep beams because 

they were designed to represent walls and foundations, which do not have skin reinforcement.  

4.4.1.6 Concrete Compressive Strength 

 Figure 4.33 shows crack width and diagonal elongation versus percent of nominal shear 

strength for specimens in Phase 1 that were similar except for fcm. The figure includes P1S7 and 

P1S8 (fcm = 4110 and 4130 psi (28.4 and 28.5 MPa)) and P1S13, P1S14, P1S16, and P1S17 (fcm = 

11630, 11400, 9680, and 9960 psi (80.2, 78.7, 66.8, and 68.7 MPa), respectively). These specimens 

had the same effective depths (d) of 31.5 in. (800 mm)), ȡtfytm of 88.5 psi (610 kPa)), and calculated 

longitudinal reinforcement strain İlong at nominal shear strength (0.0017).  
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Figure 4.33: Maximum crack width and diagonal elongation versus percent of nominal strength: 
Specimens with f’c = 4 and 10 ksi (28 and 69 MPa) 

 Figure 4.33 shows that specimens constructed with 10,000 psi (69 MPa) concrete had much 

wider cracks than specimens constructed with 4,000 psi (28 MPa) concrete at most load levels 

considered. The specimens with the higher fcm had cracks at 60% of ܸ that were 0.7 to 2 times 

wider than the widest crack observed on a specimen with fcm of 4110 or 4130 psi (28.4 or 28.5 

MPa). At shear demands larger than approximately 70% of ܸ, all specimens with 10,000 psi (69 

MPa) concrete had wider cracks than specimens with 4,000 psi (28 MPa) concrete. Nevertheless, 

half of the specimens with 10,000 psi (69 MPa) concrete exhibited crack widths below 0.016 in. 

(0.40 mm) at 60% of ܸ. Use of Grade 80 (550) bars as shear reinforcement is unlikely to cause 
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serviceability problems in practice if specimens with h equal to 36 in. (910 mm), Grade 80 (550) 

shear reinforcement, and concrete with a compressive strength of 10,000 psi (69 MPa) exhibited, 

on average, crack widths near 0.016 in. (0.40 mm), the most probable flexural crack width. 

Furthermore, differences in crack width associated with differences in concrete compressive 

strength were larger than the observed differences associated with shear reinforcement grade 

(Section 4.4.1.3). 

 The plot of diagonal elongation versus percent of nominal shear strength in Figure 4.33 

shows that all specimens had similar diagonal elongations, regardless of concrete compressive 

strength. That specimens with high strength concrete had wider cracks but similar diagonal 

elongations relative to specimens with normal-strength concrete implies that fewer inclined cracks 

occurred in specimens with high-strength concrete. At 60% of ܸ, four out of the seven specimens 

(two with high fcm and two with normal fcm) had diagonal elongations larger than 0.016 in. (0.40 

mm), whereas the other specimens (P1S8, P1S16 and P1S17) had diagonal elongations less than 

0.016 in. (0.40 mm). Regardless of the concrete compressive strength, all specimens exhibited 

diagonal elongations larger than 0.016 in. (0.40 mm) at shear demands larger than 70% of ܸ.  

4.4.1.7 Inclined Crack Widths and Measured-to-Nominal Strength Ratios  

 The ratio of measured to nominal shear strength (VT / Vn) versus diagonal elongation at 

80% of Vn is shown in Figure 4.34, which is split into four subplots corresponding to the four 

member-depths used in this study. Figure 4.34 contains all specimens in this study except P1S15.  

Two observations are evident in Figure 4.34. First, diagonal elongations at 80% of Vn 

increased as member depth increased, as expected. The specimens with h of 12 or 18 in. (310 or 

460 mm) all had diagonal elongations at 80% of Vn that were less than approximately 0.02 in. (0.5 

mm), whereas specimens with h of 36 in. (910 mm) had diagonal elongations at 80% of Vn between 
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0.03 and 0.11 in. (0.75 and 2.8 mm) and specimens with h of 48 in. (1220 mm) had diagonal 

elongations between 0.06 and 0.12 in. (1.5 to 3.0 mm).  

The second observation evident in Figure 4.34 is that VT / Vn was negatively correlated with 

the diagonal elongation at 80% of Vn among specimens with h of either 36 or 48 in. (910 or 1220 

mm). Although there are too few specimens with h of either 12 or 18 in. (310 or 460 mm) to 

observe a trend, these specimens all had relatively high values of VT / Vn and much smaller diagonal 

elongations than any specimens with 36 or 48 in. (910 or 1220 mm).  

These observations are consistent with findings that crack widths tend to increase with 

beam depth and that design choices that tend to reduce crack widths (such as increasing ߩ) tend to 

increase beam shear strength. Furthermore, this may provide a plausible explanation for why the 

two specimens (P2S11 and P2S12) with the most closely spaced stirrups (s = d/4) also exhibited 

the greatest VT / Vn. Use of more closely spaced stirrups should result in greater VT / Vn if (1) use 

of closely spaced stirrups results in smaller diagonal elongation (as was observed for P2S11 and 

P2S12), and (2) smaller diagonal elongation (and thus narrower cracks) result in greater VT / Vn 

(as shown in Figure 4.34). 

�  
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Figure 4.34: Measured / nominal shear strength versus diagonal elongation at 80% of nominal 
shear strength: Specimens with h = 12, 18, 36, and 48 in. (310, 460, 910, and 1220 mm) 

4.4.2 Vertical (Flexural) Crack Widths and Horizontal Elongations  

Figure 4.35 shows the ratio of vertical (flexural) to inclined (shear) crack width versus 

percent of nominal shear strength for specimens of Phases 1 and 2 (omitting P1S1 through P1S3, 

P1S5 through P1S7, and P1S9 because the way the data were recorded does not allow for this type 

of analysis). Flexural cracks were measured at the level of the longitudinal (tension) reinforcement 

and were typically widest close to midspan. Inclined crack widths were measured near mid-depth 

of the member. Cracks were measured using a crack comparator with a range of 0.004 – 0.1 in. 

(0.1 – 2.5 mm). The widest cracks measured at each load step were used to produce Figure 4.35. 

It appears from Figure 4.35 that early in the test (shear demands near 40% of ܸ), flexural 

cracks were wider than shear cracks. As the shear increased further, shear cracks became wider 

than flexural cracks. This might have been expected given the specimens were designed to fail in 
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shear (including yielding of shear reinforcement) before exhibiting yielding of the longitudinal 

reinforcement. However, even for specimens with flexural reinforcement yielding prior to failure 

(P2S10, P2S11, and P2S12), the shear crack widths were wider than the flexural cracks at the last 

load step with crack-width measurements (near 70% of ܸ) for these specimens. In specimens with 

h = 36 and 48 in. (910 and 1220 mm), shear cracks were approximately twice as wide as flexural 

cracks near 70% of ܸ (the ratio of vertical (flexural) to inclined (shear) crack widths was, on 

average, near 0.5). Specimens with h = 12 and 18 in. (310 and 460 mm) had flexural/shear crack 

width ratios that were greater than those for specimens with h = 36 and 48 in. (910 and 1220 mm). 

This indicates that as h increased, shear crack widths increased more than flexural crack widths. 

This finding agrees with findings of Collins and Kuchma (1999) described in Section 2.2.3. 
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Figure 4.35: Vertical / Diagonal crack width versus percent of nominal strength: specimens of 
Phases 1 and 2 

 

Figure 4.36 shows the ratio of horizontal (flexural) to diagonal (shear) elongation versus 

percent of nominal shear strength for specimens of Phases 1 and 2 (omitting P2S5 because of a 

problem with data collection). Horizontal and diagonal elongation were calculated using the 

procedures described in Section 4.4. 

It appears from the figure that early in the tests (shear demands up to 40% of ܸ ), horizontal 

elongations for most specimens were larger than diagonal elongations. As the shear increased 

further, the diagonal elongations became larger than horizontal elongations. On average, the ratio 

of horizontal to diagonal elongation at 60% of ܸ was near 2 for specimens with h = 12 or 18 in. 
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(300 or 460 mm) (P2S1 through P2S4), near 1.0 for specimens with h = 36 in. (910 mm) (Phase 1 

specimens), and near 0.5 for specimens with h = 48 in. (1220 mm) (P2S6 through P2S12). These 

trends were similar to those observed for ratios of measured crack widths, as described previously. 

 

Figure 4.36: Horizontal / Diagonal crack width versus percent of nominal strength: specimens of 
Phases 1 and 2 

4.4.3 Summary 

 Inclined crack widths may be a serviceability concern in large and lightly reinforced beams. 

For such beams, it was shown that inclined cracks near mid-depth of the beam were wider than 

flexural cracks measured at the level of the longitudinal reinforcement at shear demands larger 
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than approximately 60% of ܸ. In smaller beams with h = 12 and 18 in. (300 and 460 mm), flexural 

cracks were often wider than inclined cracks up to shear demands near the nominal shear strength.  

 At service-level loads, taken as shear demands near 60% of ܸ , the widths of inclined cracks 

were shown to be correlated with concrete compressive strength and member depth. Large 

differences in stirrup spacing (such as d/2 versus d/4) were also correlated with differences in crack 

widths, although there were limited data available for this comparison. Smaller differences in 

stirrup spacing (such as d/2 versus d/2.6) were not correlated with crack widths.  

 It may be inferred from the data that use of Grade 80 (550) shear reinforcement is unlikely 

to result in serviceability issues in practice. The increases in crack widths shown in Figures 4.32 

and 4.33 that are correlated with increases in member depth and concrete compressive strength, 

which are accepted in practice, were larger than those correlated with differences in shear 

reinforcement grade (Figure 4.31). Furthermore, both measured crack widths and diagonal 

elongations (which may have included multiple cracks) in specimens constructed with Grade 80 

(550) shear reinforcement were close to 0.016 in. (0.40 mm), the most probable flexural crack 

width in members considered to exhibit acceptable serviceability (Lutz and Gergely 1968). This 

was true even in specimens with large depths (36 in., 910 mm) and concrete compressive strengths 

of 10,000 psi (69 MPa) at shear demands near 60% of ܸ.   

 Use of either hooked or headed shear reinforcement was not correlated with differences in 

crack widths or surface elongations.  
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4.5 Reinforcing Bar Strains  

 The reinforcement in each specimen was instrumented with 17 gauges at the locations 

shown in Figure 3.9. The recorded strains are plotted versus time in Appendix H for all specimens. 

For each specimen, three plots are shown: longitudinal reinforcement strain versus time, shear 

reinforcement strain versus time, and strain versus time for six selected gauges on either 

longitudinal or shear reinforcement. For the third figure, a plot of applied load versus time was 

also included on a secondary vertical axis to allow identification of the load associated with 

changes in strain. Applied load is the sum of forces measured with the four load cells and does not 

include self-weights of the fixtures or specimen. A sample set of plots is shown in this section for 

P1S3, which contained Grade 60 (420) HNE shear reinforcement spaced at s equal to d/2 and fcm 

equal to 4570 psi (31.5 MPa). 

 Figure 4.37 shows that the strain in the longitudinal reinforcement increased step-wise with 

time. This was because the load was monotonically increased in increments and then periodically 

held constant to allow for marking cracks and photographing the specimens. For the first 

approximately 1400 seconds of the test, the measured strain was largest at midspan (LGM), 

somewhat smaller at a distance d from midspan (LG10-d and LG11-d), and smallest at a distance 

2d from midspan (LG9-2d and LG12-2d).  

 



121�
�

Figure 4.37: Longitudinal reinforcing bar strain: P1S3 

 

 Figure 4.37 shows that after 1400 seconds, the strains recorded with LGM, LG10-d, and 

LG11-d were approximately equal. This change in behavior coincided with the development of 

pronounced inclined cracking throughout the middle third of the specimen. At approximately 2400 

seconds, the recorded strains (except from LG12-2d) decreased suddenly as the specimen failed in 

shear. At failure, the strain recorded with LG12-2d increased suddenly to near the yield strain of 

the longitudinal reinforcement (based on tensile test results plotted in Appendix C) because the 

failure surface intercepted the longitudinal reinforcement near the location of LG12-2d. The results 

in Figure 4.37 indicate that the peak longitudinal reinforcement strains prior to failure were 

approximately 0.0018, near to the 0.0016 intended in design (Table 3.1). Like P1S3, most 

specimens in Phase 1 and 2 exhibited shear failures prior to yielding of the longitudinal 

reinforcement. The three exceptions were P2S10, P2S11, and P2S12. These specimens exhibited 

yielding of the longitudinal reinforcement prior to exhibiting a brittle failure along an inclined 
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failure surface consistent with a shear failure mode at imposed shear forces that were 11, 47, and 

46% larger than the nominal shear strength calculated using measured material properties.  

 Figure 4.38 shows shear reinforcement strain versus time for P1S3. The strain recorded 

with SG1M and SG8M, each located near mid-depth on a headed shear reinforcing bar located 

approximately 2d from midspan, increased more rapidly than the strain at the other strain gauge 

locations. The yield strain (approximately 0.0024 based on tension tests reported in Appendix C) 

was exceeded when the applied load exceeded approximately 75% of the strength of the specimen, 

which occurred at approximately 1400 seconds into the test. This coincided with the moment when 

LG10-d, LGM, and LG11-d began to exhibit similar strains, as described previously. None of the 

other gauges recorded strains exceeding the yield strain until the specimen failed at approximately 

2400 seconds. The strain recorded with both SG6M and SG8M increased significantly at failure, 

which is consistent with the failure surface intersecting those bars (as shown in Appendix E).  

 

Figure 4.38: Shear reinforcing bar strain: P1S3 
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 Yielding of the shear reinforcement in P1S3 prior to failure was typical of specimens in 

this study. With only five exceptions (P1S15, P2S1, P2S2, P2S11 and P2S12), at least one 

instrumented shear reinforcing bar exhibited strains prior to failure that were larger than the yield 

strain defined based on tensile tests of bar samples reported in Appendix C. Yielding of shear 

reinforcement frequently occurred between 60 and 90% of peak load. The five exceptions are 

discussed below:  

x P1S15: The shear reinforcement gauges nearest to the failure surface recorded strains that 

were below 0.0005 throughout the test. This indicates that the shear reinforcement was not 

engaged, which is consistent with the observations after testing that the concrete may have 

split away from the sides of the specimen in a plane defined by the shear reinforcement 

prior to failure (Section 4.2.1).  

x P2S1 and P2S2: It is not clear why shear reinforcement yielding was not observed. The 

lack of shear reinforcement yielding prior to failure of P2S1 and P2S2 may be attributable 

to the shape of the failure crack, which extended from the edges of the support plates to the 

edges of the loading plate (Figure 4.39), implying a more direct force path (strut) between 

the loading point and supports than in other specimens.  

x P2S11 and P2S12: The lack of documented shear reinforcement yielding is due to 

instrumentation failures. The shear reinforcement gauges were not functioning in the test 

of P2S11 and only the gauges near the middle support of P2S12 were functioning. Given 

the over-strength of these specimens (see Section 4.3), it is reasonable to expect that shear 

reinforcement did yield prior to failure, consistent with other specimens. 
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(a) Front Side 

 

 

 

(b) Back Side 

Figure 4.39: Damage to P2S1 (h = 12 in. (310 mm), fytm = 86.2 ksi (595 MPa), fcm = 9710 psi 
(67.0 MPa), S detail) 

�

 Figure 4.40 shows strain versus time for six gauges selected from among both the 

longitudinal and shear reinforcement gauges of P1S3, and load versus time. The figure allows for 

a direct comparison between the longitudinal and shear reinforcement strains and the load. 

Whereas the longitudinal reinforcement strains increased somewhat proportionally to the load 

beginning early in the test, the shear reinforcement strains did not begin to increase until the load 

was already near half of the failure load (approximately 1000 seconds into the test) when they 

were crossed by shear cracks. Shortly thereafter, at around 1400 seconds into the test, the shear 

reinforcement strains increased to beyond the yield strain at two locations (gauges SG6M and 

SG8M). This yielding is consistent with the initiation of pronounced inclined cracking and 

coincided with the shift in longitudinal strain behavior evident in Figure 4.37 (LG10-d, LGM, and 

LG11-d began to exhibit similar strains). Figure 4.40 shows that, at failure, the strains recorded 

with gauges SG6M and SG8M increased suddenly to greater than 0.01 as the failure crack 
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developed near those gauges. At failure, strains recorded at other gauge locations decreased due 

to the decrease in load on the specimen. The results plotted in Figure 4.40 also clearly show that 

recorded longitudinal bar strains did not exceed the yield strain prior to specimen failure.  

Figure 4.40: Strain recorded with selected gauges and load versus time: P1S3 
(1 kip = 4.45 kN) 

4.5.1 Shear Reinforcement Grade 

 Figure 4.41 shows strain versus time for six gauges selected from among both the 

longitudinal and shear reinforcement gauges of P1S4 through P1S9, and load versus time as well. 

These specimens were nominally equivalent except that P1S4 through P1S6 had Grade 60 (420) 

reinforcing bars as shear reinforcement with ȡtfytm equal to 96.9 psi (669 kPa) and P1S7 through 

P1S9 had Grade 80 (550) reinforcing bars as shear reinforcement with ȡtfytm equal to 88.5 psi (610 

kPa). Note that while P1S4 through P1S9 had ȡtfyt of 83.3 psi (574 kPa) based on nominal fyt, the 

bars used as shear reinforcement had different amounts of over-strength that caused differences in 

ȡtfytm. 
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Figure 4.41: Strain recorded with selected gauges and load versus time: P1S4 through P1S9 
(1 kip = 4.45 kN) 

�

The overall trends in Figure 4.41 were similar to those described in Section 4.5 for P1S3. 

At least one instrumented stirrup exhibited strains larger than the yield strain before failure in all 

six specimens, regardless of grade. Figure 4.41 also shows that some stirrups exhibited large strains 

(larger than 0.01) in several specimens before failure, again regardless of grade. This indicates 

that, as expected, specimens with either Grade 60 (420) or Grade 80 (550) shear reinforcement are 

able to mobilize the yield stress of the shear reinforcement without immediately failing in shear.  

Figure 4.42 shows the maximum strain measured on any shear reinforcement, divided by 

the strain associated with yielding (determined from tensile tests of sample bars), plotted versus 

percent of ܸ for P1S4 through P1S9. Strains in excess of yield occurred in most specimens at 

shear demands larger than or equal 80% of ܸ. More importantly, there is no clear difference 

between specimens with either Grade 60 or 80 (420 or 550). 
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Figure 4.42: Maximum shear reinforcing bar strain at mid-depth divided by yield strain: P1S4 
through P1S9 (1 kip = 4.45 kN) 

 

4.5.2 Shear Reinforcement Anchorage Type 

 As expected, Figures 4.38 and 4.40 through 4.42 show that shear reinforcement strains 

measured near mid-depth of the beam (with gauges named “SGXM”, where “X” is a number) 

frequently exceeded strains consistent with yielding regardless of shear reinforcement anchorage 

condition.  

 A similar statement can be made for strains measured with gauges located near the top of 

the shear reinforcement (within approximately 2.0 in. (50 mm) of the top of the bar). This is shown 

in Figure 4.43, a plot of the maximum strain measured with gauges placed within 2 in. (50 mm) of 

the top of the shear reinforcing bars, divided by the strain associated with yielding, plotted versus 

percent of ܸ. The plot shows that strains in excess of yield occurred near the top of the shear 
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reinforcement in most specimens at shear demands larger than or equal 80% of ܸ. More 

importantly, there is no clear difference between specimens with either headed or hooked shear 

reinforcing bars. This implies that headed and hooked shear reinforcement anchorage details are 

similarly capable of developing the yield stress in shear reinforcing bars intercepted by inclined 

cracks near their ends. This observation is limited, like all of those in this study, to members 

proportioned similar to the specimens considered in this study.  

 

Figure 4.43: Maximum shear reinforcing bar strain within 2 in. (50 mm) of the top of the bar 
divided by yield strain: P1S4 through P1S9 (1 kip = 4.45 kN) 

 

4.6 Concrete Surface Strains  

 Surface strains were calculated using the marker position data recorded with the non-

contact optical tracking system described in Section 3.4. Surface strain was calculated as the 
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change in distance between two markers divided by the initial distance between the markers, which 

changed with beam depth (Table 3.6). The methods used to calculate surface strains are described 

in more detail in Appendix I, which also includes plots of surface strains for all specimens. As 

with reinforcement strains, P1S3 is used as an example in the following sections.  

4.6.1 Longitudinal Strain 

Figure 4.44 shows the distribution of longitudinal surface strain (ߝ௫) as a function of depth 

for P1S3 at shear demands of 20, 40, 60, 80, and 100% of the nominal shear strength, Vn, which 

was calculated using measured material properties and Eq. (4.2) for the component of strength 

attributed to concrete. The positive and negative values indicate elongation and compression 

longitudinal strains, respectively. Calculated strains are sensitive to localized effects of cracking, 

resulting in scatter of test results.  

Under the assumption that plane sections remain plane, strains should vary linearly from 

the largest compression longitudinal strain in Row 4 near the top of the beam to the largest 

elongation strain in Row 1 near the bottom of the beam. While the largest strains did typically 

occur in Rows 1 and 4, the variation of strain with depth was not necessarily linear throughout the 

beam at any load level due to inclined cracks. At shear demands near Vn, the specimen had large 

elongation strains (exceeding 0.003 in some cases) near mid-depth of the test specimen (Rows 2 

and 3) because of several widening inclined cracks.  
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Figure 4.44: Distribution of longitudinal strains at various nominal strength levels: P1S3 

 

It can also be seen from Figure 4.44 that close to failure, the specimen had large 

compression longitudinal strains throughout most of Row 4, with values as large as 0.002. Given 



131�
�

that localized strains likely varied within the 11 in. (280 mm) gauge length used to calculate these 

values, it is possible that localized compression zone strains approached 0.003, the limiting 

concrete compression zone strain assumed in flexural design. There were a few segments of Row 

4 that exhibited elongation strains when shear demands were near Vn, most notably a segment 

located approximately d to the left of midspan, where an elongation strain of 0.00081 was 

calculated. This reversal of strain in Row 4 is consistent with a sort of bending that sometimes 

occurs in the compression zone of slender beams prior to failing in shear (Figure 4.45). 

 

 

Figure 4.45: Illustration of cracking propagating down from the top of the beam due to 
“bending” of the compression zone required to accommodate wide inclined cracks (ACI-ASCE 

Committee 426, 1973) 

 

For shear demands between 60 and 100% of Vn, the vertical distribution of longitudinal 

strains close to midspan implied the neutral axis occurred approximately 10 to 12 in. (250 to 300 

mm) from the top of the beam, or approximately d/3. This is close to the calculated value of ݇݀, 

where ݇ = 0.38 based on ݇ ൌ ඥሺ݊ߩሻଶ  ݊ߩ2 െ  where ݊ is the modular ratio calculated using ,݊ߩ

specified material properties. Away from midspan, the approximate location of the neutral axis 

varied significantly due to cracking. At some locations the neutral axis appeared to be within a few 

inches of the top of the beam whereas at others it appeared to occur near mid-depth. 
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Figure 4.46 shows the longitudinal surface strains in Row 1, which was near the level of 

the longitudinal reinforcement, and the measured longitudinal reinforcement strains, at shear 

demands of 40, 60, 80, and 100% of Vn. It can be seen that the surface strains fluctuated 

substantially while the reinforcement strains showed a relatively smooth trend. This fluctuation is 

attributed to the sensitivity of surface-strain measurements to crack locations – if surface strains 

were relatively large in one segment, they tended to be relatively small in the adjacent segment. If 

these fluctuations were smoothed, it is evident from Figure 4.46 that surface strains were, on 

average, close to the reinforcement strains throughout the test. This was expected because concrete 

and reinforcement deformations, and their relative slip, must be compatible. The largest local 

differences between reinforcement and surface strains occurred at shear demands near Vn.  

 

 

Figure 4.46: Reinforcement and surface strains at the level of flexural reinforcement (Row 1): 
P1S3 
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4.6.1.1 Shear Reinforcement Grade 

 Figure 4.47 shows the percent of nominal shear strength versus the largest longitudinal 

surface strain for P1S4 through P1S9. P1S4 through P1S6 had Grade 60 (420) reinforcing bars as 

shear reinforcement with ȡtfytm equal to 96.9 psi (669 kPa) while P1S7 through P1S9 had Grade 80 

(550) reinforcing bars as shear reinforcement with ȡtfytm equal to 88.5 psi (610 kPa). All the 

specimens in this figure were constructed from normal strength concrete ( ݂
ᇱ = 4000 psi (28 MPa)).  

 
Figure 4.47: Percent of nominal shear strength versus largest longitudinal elongation surface 

strain: P1S4 through P1S9 (1 kip = 4.45 kN) 

�

It appears from the figure that P1S4, P1S5, P1S7, and P1S8 exhibited similar behavior 

throughout the tests, indicating that, as expected, differences in shear reinforcement grade had no 

discernable effect on longitudinal strains. P1S6 with Grade 60 (420) shear reinforcement and P1S9 

with Grade 80 (550) shear reinforcement exhibited the largest longitudinal elongations among the 

specimens shown in the figure. This is notable because both of those specimens had HNE shear 

reinforcement. This will be addressed in Section 4.6.1.2. 
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4.6.1.2 Shear Reinforcement Anchorage Type 

 Figure 4.48 shows plots similar to Figure 4.47 for all specimens except for P1S15 (because 

of its unusual failure mode) and P2S5 (for lack of data). These results are from specimens that 

contained stirrups (S), headed shear reinforcement engaging longitudinal reinforcement (HE), 

headed shear reinforcement not engaging longitudinal reinforcement (HNE) with a nominal clear 

side cover of 2 in. (50 mm) to the bar, or headed shear reinforcement not engaging longitudinal 

reinforcement (HNE2) with a minimum side cover of 4.25 in. (105 mm) to the bar.  

Although Figure 4.47 shows P1S6 and P1S9 with the HNE anchorage detail had less 

stiffness (larger longitudinal strains) than other specimens in the figure, the trend did not persist 

across all specimens (Figure 4.48). In some sub-groups the specimen with headed bars had the 

greatest longitudinal strains whereas in other sub-groups it had the least. Shear reinforcement 

anchorage type therefore did not correlate with longitudinal surface strains, as expected. 
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Figure 4.48: Percent of nominal shear strength versus largest longitudinal surface strain: all 

specimens except P1S15 and P2S5 (1 kip = 4.45 kN) 

4.6.1.3 Member Depth 

 Figure 4.49 shows the percent of nominal shear strength versus the largest longitudinal 

surface strain for P2S1 through P2S4, P1S13, P1S17, P2S9, and P2S10. The overall heights (h) of 

these specimens were of 12, 18, 36, and 48 in. (310, 460, 910, and 1220 mm) for P2S1/P2S2, 

P2S3/P2S4, P1S13/P1S17 and P2S9/P2S10, respectively. All of the specimens in this figure had 

Grade 80 (550) shear reinforcing bars and were constructed using high strength concrete ( ݂
ᇱ = 

10000 psi (69 MPa)). 
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Figure 4.49: Percent of nominal shear strength versus largest longitudinal elongation surface 

strain: specimens with h = 12, 18, 36, and 48 in. (310, 460, 910, and 1220 mm) 

 

It appears from the figure that early in the test specimens behaved similar to up to about 

40% of Vn, after which P2S10 had larger longitudinal strain than other specimens. With the 

exception of P2S10, the larger specimens tended to exhibit smaller longitudinal strains throughout 

the test than the smaller specimens for a given percent of nominal shear strength. This may have 

been an artifact of the longer gauge lengths used to measure surface strains in larger specimens, 

which could have been less sensitive to opening of individual cracks.  

4.6.1.4 Concrete Compressive Strength 

 Figure 4.50 shows the percent of nominal shear strength versus the largest longitudinal 

surface strain for specimens in Phase 1 that were similar except for fcm. The figure includes P1S7 

through P1S9 (fcm = 4110, 4130, and 5260 psi (28.4, 28.5, and 36.3 MPa)) and P1S13, P1S14, and 

P1S16 (fcm = 11630, 11400, and 9680 psi (80.2, 78.7, and 66.8 MPa), respectively). The specimens 

in this figure had Grade 80 (550) shear reinforcing bars spaced at 16 in. (410 mm) and ȡtfytm equal 
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to 88.5 psi (610 kPa). There is no trend between maximum longitudinal strain and concrete 

compressive strength.   

Figure 4.50: Percent of nominal shear strength versus largest longitudinal surface strain: 
Specimens with f’c = 4000 and 10000 psi (28 and 69 MPa) 

 

4.6.2 Transverse Strain 

Figure 4.51 shows the vertical distribution of surface strains calculated along the vertical 

(y) axis (ߝ௬) at selected levels of load for P1S3. The positive and negative values of transverse 

strain indicate elongation and shortening in the distance between adjacent markers, respectively. 

The values of the calculated strain are affected by the localized effect of cracking. It appears from 

the figure that as the load increased the transverse strain increased throughout the member depth, 

especially close to the mid shear span where inclined cracks were most pronounced.  

At 20 to 40% of Vn, the transverse strains were near zero until the first inclined crack 

developed between 40 and 60% of Vn. As the load increased further, more inclined cracks formed 
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and existing inclined cracks became wider. At 80% of Vn, large strains developed throughout the 

member depth and the largest strains were close to the mid shear span of the test specimen. The 

transverse strains close to the top of the specimen near the mid shear span (Columns 6 through 8 

and between Rows 3 and 4) were much greater than the transverse strains close to the bottom of 

the specimen (between Rows 1 and 2), which indicated that the cracks between Rows 3 and 4 were 

wider and/or more inclined than the cracks between Rows 1 and 2 at 80% of Vn.  

At the nominal shear strength (Vn), the transverse surface strains close to the mid shear 

span dramatically increased. The maximum tensile strains were respectively around 0.014 and 

0.019 at the bottom and the top of the beam near the mid shear span where the primary diagonal 

crack was widest. Since the specimen was designed to fail in shear, the transverse strains were 

much larger than the longitudinal strains (compare longitudinal strains at Vn from Figure 4.44, with 

a maximum of 0.0035, to transverse strains at Vn from Figure 4.51). Observing the strain values 

on the left and right of the specimen, it appears there were wide inclined cracks on each end of the 

specimen. Close to failure, transverse strains on the end with the primary crack (the left end) were 

larger than strains at other locations, indicating that deformations were beginning to localize at the 

primary crack.  
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Figure 4.51: Distribution of transverse strains at various nominal strength levels: P1S3 
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Figure 4.52 shows the y-axis surface strains and the shear reinforcement strains for P1S3. 

The strains in the shear reinforcement were measured near the top and the middle of the selected 

shear reinforcement. Up to 40% of Vn, the transverse strains were near zero until the first inclined 

crack developed between 40 to 60% Vn. As the force increased, the vertical surface strains at the 

top of the beam were larger than the reinforcement strains, while the concrete and reinforcement 

strains were similar near mid-depth.  

Figure 4.52: Comparison of shear reinforcement and transverse surface strains: P1S3 

 

Figure 4.52 shows that shear reinforcement strains exceeded 0.002, nominally the yield 

strain, at mid-depth, and that strains were close to the yield strain near the top of the bars. As 

mentioned earlier, this was typical of specimens in this study except five specimens (P1S15, P2S1, 

P2S2, P1S11, and P2S12). Reinforcement strains were discussed in more depth in Section 4.5. 

Figure 4.53 shows the vertical distribution of transverse surface strains (ߝ௬) at selected 

shear demands for P1S15. There are no data to show on the figure at 80% of Vn because the 

specimen failed at 62% of Vn. The last part of Figure 50 shows strains at 62% of Vn, which is close 

to the plot at 60% of Vn. Close to failure, the maximum tensile strain was around 0.0038, which is 
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much less than the tensile transverse strain of P1S3 at failure (see Figure 4.51). This is consistent 

with the observations in Section 4.2.1 regarding the unexpected failure mode of P1S15.  

Figure 4.54 shows the vertical distribution of transverse surface strains (ߝ௬) at selected 

fractions of Vn levels for P2S11. As described in Section 3.4.1.1, this specimen was tested using 

an alternative loading system. P2S11 had shear reinforcement consisting of No. 4 (13 mm) Grade 

80 (550) bars spaced at s equal to d/4, which is equal to 11 in. (280 mm). The tension face of the 

beam was on the top where the load (P) was applied and the compression face was on the bottom. 

Close to failure, the maximum tensile strains were around 0.011, 0.0075 and 0.0053 at the top, 

middle, and bottom of the beam depth, respectively. This indicates that the shear reinforcement 

yielded before the failure occurred, as expected, although strain gauges on the reinforcement were 

not functioning to verify this.  
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Figure 4.53: Distribution of transverse strains at various nominal strength levels: P1S15 
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Figure 4.54: Distribution of transverse strains at various nominal strength levels: P2S11 
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4.6.2.1 Shear Reinforcement Ratio 

 Figure 4.55 shows the percent of nominal shear strength versus the largest transverse 

surface strain for P1S7 through P1S12. The transverse strain shown in the figure represents the 

largest strain among 57 transverse strain measurements for each specimen. P1S7 through P1S9 

had a shear reinforcement ratio (Ut = Av/bws) equal to 0.104% with shear reinforcement spacing (s) 

equal to 16 in. (410 mm) while P1S10 through P1S12 had Ut equal to 0.139% with s equal to 12 

in. (310 mm). All the specimens in this figure had Grade 80 (550) shear reinforcement with ȡtfytm 

equal to 88.5 psi (610 kPa) for P1S7 through P1S9 and ȡtfytm equal to 118 psi (814 kPa) for P1S10 

through P1S12. All of the specimens in this figure were constructed using normal strength concrete 

( ݂
ᇱ = 4000 psi (28 MPa). 

Figure 4.55: Percent of nominal shear strength versus transverse surface strain: P1S7 through 
P1S12 (1 kip = 4.45 kN) 

It appears from the figure that early in the test, all the specimens had transverse strains near 

zero. As the load exceeded 50% of Vn, the differences between specimens became more 

pronounced. Two specimens (P1S7 and P1S9) with ȡt equal to 0.104% showed larger transverse 
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strain (less stiffness) than the companion specimens (P1S10 and P1S12) with ȡt equal to 0.139% 

whereas P1S8 and P1S11 had similar behavior. It therefore appears there was some tendency for 

transverse strains to be larger in specimens with  lower ȡt at loads larger than approximately 70% 

of Vn, although data from P1S8 do not follow this trend.  

Figure 4.56 is the same as Figure 4.55 except for P1S1 through P1S6. P1S1 through P1S3 

had a shear reinforcement ratio (Ut = Av/bws) equal to 0.104% with shear reinforcement spacing (s) 

equal to 16 in. (410 mm) while P1S4 through P1S6 had Ut equal to 0.139% with s equal to 12 in. 

(310 mm). All the specimens in this figure had Grade 60 (420) shear reinforcement with ȡtfytm 

equal to 72.7 psi (501 kPa) for P1S1 through P1S3 and ȡtfytm equal to 96.9 psi (669 kPa) for P1S4 

through P1S9. All of the specimens in this figure were constructed using normal strength concrete 

( ݂
ᇱ = 4000 psi (28 MPa).  

 

Figure 4.56: Percent of nominal shear strength versus transverse surface strain: P1S1 through 
P1S6 (1 kip = 4.45 kN) 

Figure 4.55 shows that specimens with smaller ȡt (P1S1 through P1S3) exhibited larger 

transverse surface strains than companion specimens at shear demands greater than 75% of Vn. 
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This implies that results from P1S8, shown in Figure 4.54, may be an outlier. Neglecting P1S8, 

the data reported in this section indicate ȡt was inversely correlated with transverse surface strains 

at shear demands greater than 75% of Vn.  

 

4.6.2.2 Shear Reinforcement Grade 

 Figure 4.57 shows the percent of nominal shear strength versus the largest transverse 

surface strain for P1S4 through P1S9. P1S4 through P1S6 had Grade 60 (420) reinforcing bars as 

shear reinforcement with ȡtfytm equal to 96.9 psi (669 kPa) and spacing (s) of 12 in. (310 mm) while 

P1S7 through P1S9 had Grade 80 (550) reinforcing bars as shear reinforcement with ȡtfytm equal 

to 88.5 psi (610 kPa) and s equal to 16 in. (410 mm). All the specimens in this figure were 

constructed using normal strength concrete ( ݂
ᇱ = 4000 psi (28 MPa)). 

Figure 4.57: Percent of nominal shear strength versus transverse surface strain: P1S4 through 
P1S9 (1 kip = 4.45 kN) 

Figure 4.57 shows that P1S7 and P1S9 with Grade 80 (550) shear reinforcement had larger 

transverse strains than similar specimens with Grade 60 (420) shear reinforcement, but not P1S8. 
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P1S8 exhibited smaller transverse strains than other specimens at most load levels. Although there 

are too few data to make a firm conclusion, the data reported in Section 4.6.2.1 imply that the P1S8 

results may have been an outlier. If results from P1S8 were omitted from Figure 4.57, the figure 

would indicate that specimens constructed with Grade 80 (550) shear reinforcement exhibit greater 

transverse strains than specimens constructed with Grade 60 (420) shear reinforcement. However, 

the differences do not appear to become important until approximately 75% of Vn, larger than the 

0.6Vn threshold used herein to represent service-level loads.   

4.6.2.3 Shear Reinforcement Anchorage Type 

 Figure 4.57 also shows results for specimens with shear reinforcement anchorage 

conditions of S, HE, and HNE. There was no observable effect of shear reinforcement anchorage 

condition on transverse strain of test specimens. 

4.6.2.4 Member Depth 

 Figure 4.58 shows the percent of nominal shear strength versus the largest transverse 

surface strain for P2S1 through P2S4, P1S13, P1S17, P2S9, and P2S10. A major difference 

between these specimens was h, with values of 12, 18, 36, and 48 in. (310, 460, 910, and 1220 

mm) for P2S1/P2S2, P2S3/P2S4, P1S13/P1S17 and P2S9/P2S10, respectively. All the specimens 

in this figure had Grade 80 (550) reinforcing bars as shear reinforcement and were constructed 

from high strength concrete ( ݂
ᇱ = 10000 psi (69 MPa). 
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Figure 4.58: Percent of nominal shear strength versus transverse surface strain: specimens with 
h = 12, 18, 36, and 48 in. (310, 460, 910, and 1220 mm) 

 

Figure 4.58 shows that shallower specimens tended to develop non-zero transverse strains 

(cracking) at shear forces closer to their nominal strength. Specimens with h of 48 in. (1220 mm) 

cracked near 50% of Vn whereas specimens with h of 12 or 18 in. (300 or 460 mm) cracked near 

75% of Vn. Both P2S9 and P2S10, which had h of 48 in. (1220 mm), also had the largest transverse 

strain among the specimens at most load levels up to Vn. It is also notable that most specimens 

reached a transverse strain near 0.015 at failure (loads greater than Vn). Specimens with the 

smallest h tended to have near-zero transverse strain until very suddenly exhibiting large increases 

in transverse strain associated with failure, whereas specimens with the largest h tended to exhibit 

cracking and increased transverse strains earlier in the test and then exhibited a more controlled 

and gradual increase in transverse strain until failure.  
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4.6.2.5 Concrete Compressive Strength 

 Figure 4.59 shows the percent of nominal shear strength versus the largest transverse strain 

for specimens in Phase 1 that were similar except for fcm. The figure includes P1S7 through P1S9 

(fcm = 4110, 4130 and 5260 psi (28.4, 28.5 and 36 MPa)) and P1S13, P1S14, and P1S16 (fcm = 

11630, 11400, and 9680 psi (80.2, 78.7, and 66.8 MPa), respectively). No trend is evident between 

maximum transverse strains and concrete compressive strength.  

 

Figure 4.59: Percent of nominal shear strength versus transverse surface strain: Specimens with 
f’c = 4000 and 10000 psi (28 and 69 MPa) 

4.6.3 Shear Strains 

Figure 4.60 shows the vertical distribution of surface shear strains (ߛ௫௬) at selected 

fractions of nominal shear strength (Vn) for P1S3. Positive and negative values of ߛ௫௬ result from 

the sign convention; ߛ௫௬ values to the left of midspan tended to be negative whereas ߛ௫௬ values to 

the right of midspan tended to be positive. The values of ߛ௫௬ are affected by the localized effects 

of cracking. The method used to calculate ߛ௫௬ is described in Appendix I.  
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Shear strains were near zero until the first inclined crack developed around 40% of Vn. As 

the load increased, the shear strain also increased throughout the member depth, especially close 

to the mid shear span. At 80% of Vn, large strains were evident throughout the member depth, with 

the largest strains located close to the mid shear span.  
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Figure 4.60: Distribution of shear strains at various nominal strength levels: P1S3 

 

Shear strains at mid depth and near the bottom of the specimen tended to be larger than 

strains near the top of the specimen. This was especially true close to the mid shear span (Columns 
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6 through 8), which indicated that inclined cracks near mid depth and below were wider than cracks 

near the top of the specimen at 80% of Vn.  

At Vn, surface shear strains close to the mid shear span dramatically increased due to 

widening inclined cracks. The maximum shear strains at Vn were near -0.008, -0.013, and -0.011 

at the top, middle, and bottom of the beam near the mid shear span where the primary diagonal 

crack was widest. As with transverse strains, shear strains on the side of the primary crack (the left 

side) were larger than strains at other locations.  

To better compare the transverse and shear strains, Figure 4.61 shows the distribution of 

the transverse and shear strains along the beam. The figure shows that both transverse and shear 

strains were larger near the middle of the shear span than elsewhere. Shear strains followed the 

same trend as transverse strains close to failure, but with more fluctuations. It should be noted that 

the localized effects of cracks may cause this fluctuating. Both transverse and shear strains tended 

to be largest in the bottom squares 2d from midspan, in the middle squares 1.5d from midspan, 

and in the top squares d from midspan. This trend follows the arc of the widest inclined cracks. 

 

Figure 4.61: Distribution of transverse (left) and shear (right) strains at various nominal strength 
levels: P1S3 
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Figure 4.62 shows the longitudinal, transverse and shear surface strains for grid squares 

located near the top, middle, and bottom of the beam for P1S3. It appears that the specimen first 

experienced non-zero longitudinal strains (flexural cracking) early in the test, while non-zero 

transverse strains (inclined cracking) may not have begun until around 50% of Vn. The shear and 

transverse strains from the bottom squares exhibited approximately similar trends as the middle 

squares, while the shear and transverse strains from the top squares started to develop higher strains 

at nominal strength levels larger than 60% of Vn. Also, the shear strains exhibited more fluctuations 

than the transverse strains. This may be because the shear strains are more affected by the presence 

of localized cracks, or it may be a result of the more involved calculation required for shear strain, 

which tends to compound the relative importance of signal noise. Because the data from each 

marker has noise, the more involved a calculation is, and the more markers it involves, the greater 

the potential for noise to increase relative to the calculated value.  

 

Figure 4.62: Percent nominal shear strength versus surface strains: P1S3 
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Trends between shear distortion and shear reinforcement ratio, shear reinforcement grade, 

shear reinforcement anchorage type, member depth, and concrete compressive strength were 

similar to the trends between transverse strains and these variables, and are therefore not reported.  

4.7 Shear Reinforcement Anchorage Length 

 The crack maps discussed in Section 4.2 can be used to identify the number of stirrups 

intersected by the failure surface and to estimate the anchorage length available for each of the 

intersected stirrups (Appendix J). For example, Figure 4.63 shows that the failure surface of P1S1 

intersected three stirrups on both the front and back sides of the specimen.  

 

(a) Front side 

(b) Back side 

Figure 4.63: Damage to P1S1 

 It also shows, however, that two of those six stirrups had a relatively short anchorage 

length, where anchorage length is measured from the failure surface to the extreme outer end of 

the bar for stirrups and to the inside (bearing) face of the head for headed shear reinforcement. For 
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either anchorage type, the reported anchorage length is the shorter of the lengths measured to the 

top and bottom of the shear reinforcement.  

The minimum length necessary to anchor a shear reinforcing bar, represented by a multiple 

of the bar diameter, mdb, can be indirectly assessed by comparing the measured and calculated 

shear strengths of each specimen after modifying the calculated shear strengths to account for the 

number of legs of reinforcement that crossed the failure surface, nlegs, having an anchorage length 

exceeding mdb. This was done for each specimen by assuming that the shear strength, Vn(b),legs, 

could be expressed as the sum of the shear strength attributable to the concrete, Vc, and the shear 

strength attributable to the shear reinforcement, ܸ ௦,௦, represented by Eq. (4.13). For this analysis, 

Eq. (4.3) was used to represent Vc because it accounts for effects of longitudinal reinforcement 

ratio on shear strength.   

Where: Ab is the area of an individual bar, fytm is the measured yield stress, and ݊௦ is the number 

of individual legs of shear reinforcement intercepted by the failure surface (determined from the 

crack maps in Appendix E) with an anchorage length not less than mdb. For example, for P1S1, 

which had No. 4 (13 mm) shear reinforcement and back side anchorage lengths of 0.5, 6, and 12.6 

in. (13, 152, and 320 mm) (see Appendix J), two stirrup legs would be considered adequately 

anchored for 1 < m � 12. For this analysis, m was varied to estimate the value that resulted in the 

closest match between calculated and measured shear strength.  

 Seven specimens were omitted from this analysis due to missing anchorage length data 

(P2S3), atypical behavior (P1S15), a failure mechanism that may not have engaged the shear 

 ௦ܸ,௦ ൌ ܣ ௬݂௧݊௦ Eq. (4.13) 
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reinforcement (P2S1 and P2S2, described in Section 4.5), or longitudinal reinforcement yielding 

prior to failure (P2S10 through P2S12).  

 As shown in Figures 4.64 and 4.65, the mean value of VT/Vn(b),legs increases from 0.81 to 

1.11 as m increases from 0 to 15 and the COV was between 0.11 and 0.15 for 0 � m � 15.  

 

Figure 4.64: Mean of VT / Vn(b),legs versus multiple of bar diameter m, where mdb is the minimum 

length necessary to consider a shear reinforcing bar to be anchored 
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Figure 4.65: COV of VT / Vn(b),legs versus multiple of bar diameter m, where mdb is the minimum 

length necessary to consider a  shear reinforcing bar to be anchored 

 This simple analysis shows that the ratio of measured to nominal shear strength is one, on 

average, when Vn(b),legs is calculated as the sum of Eqs. (4.3) and (4.13) and ݊௦ is taken to be the 

number of legs of shear reinforcement intercepted by the failure surface that had an anchorage 

length of at least 11݀ above and below the failure surface. COV was insensitive to the value of 

m selected for calculation of Vn(b),legs. This analysis is limited because of the relatively small 

number of specimens and the use of a single shear reinforcement bar diameter for most specimens 

in the dataset. Further analysis should be done with a wider range of variables.  

4.7.1 Shear Reinforcement Anchorage Type 

 Despite the limitations described above, Vn(b),legs can be used to investigate whether hooked 

and headed anchorage types were similarly effective at developing the strength of shear 
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compared in terms of VT / Vn(b),legs calculated with m = 11. The mean values of VT / Vn(b),legs for 

beams with S, HE, HNE, and HNE2 anchorage details were 0.948, 1.004, 0.998, and 1.055. These 

results imply that headed shear reinforcing bars may have been more effectively anchored at the 

critical section than stirrups with equal anchorage length, but the differences between these groups 

were not statistically significant based on Student’s t-test. The p for VT / Vn(b),legs for populations 

of beams with HE, HNE, and HNE2 details relative to the population of beams with the S detail, 

was 0.61, 0.61, 0.98, respectively.  

4.7.2 Shear Reinforcement Ratio 

 The above analysis with Vn(b),legs can also be used to explore whether the low strengths of 

specimens with either ȡtfytm < 80 psi (550 kPa) or ȡtfytm < 90 psi (620 kPa) are attributable to failure 

surfaces circumventing widely spaced shear reinforcement. Because Vn(b),legs with m = 11 

ostensibly accounts for the number of engaged shear reinforcing bars crossed by the failure surface, 

the low strengths observed for specimens with low ȡtfytm should not be evident when Vn(b) is 

replaced with Vn(b),legs if the number of engaged shear reinforcing bars is the reason for the low 

strengths.  

Two comparisons were made: specimens with ȡtfytm < 80 psi (550 kPa) were compared 

against specimens with ȡtfytm > 80 psi (550 kPa) and specimens with ȡtfytm < 90 psi (620 kPa) were 

compared against specimens with ȡtfytm > 90 psi (620 kPa).  

 Differences in VT / Vn(b),legs between specimens with ȡtfytm < 80 psi (550 kPa) and specimens 

with ȡtfytm > 80 psi (550 kPa) were not statistically significant (p = 0.13), a major shift from the 

results reported in Section 4.3 for the same subgroups of specimens and VT / Vn(b) (p = 0.001). 

Differences in VT / Vn(b),legs between specimens with ȡtfytm < 90 psi (620 kPa) and specimens with 
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ȡtfytm > 90 psi (620 kPa) were statistically significant (p = 0.037), a finding that is similar to that in 

Section 4.3 when the same subgroups of specimens were considered (p = 0.045). These 

comparisons seem to show that some of the specimens with the lowest measured-to-nominal 

strength ratios may have had lower strengths due to inclined cracks circumventing widely spaced 

reinforcement, but that the correlation between low strength ratios and low ȡtfytm persisted, to some 

extent, after the number of stirrup legs intercepted by inclined cracks was explicitly accounted for. 

 Given the uncertainties with this analysis, it is difficult to draw firm conclusions. The 

choice of m value strongly affects the calculated p-values. For specimens with ȡtfytm < or > 80 psi 

(550 kPa), the Student’s t-test output varied between 0.054 and 0.13 for 0 � m � 11. For specimens 

with ȡtfytm < or > 90 psi (620 kPa), the Student’s t-test output varied between 0.21 and 0.037 for 0 

� m � 11. 

4.7.3 Shear Reinforcement Spacing 

Based on comparisons among P2S9 through P2S12, it has been observed previously that 

specimens with s = d/4 had approximately 30% higher strength than specimens with s = d/2. 

Although this is a small number of specimens, an attempt is made here to consider whether the 

difference in strengths is attributable to the number of stirrup legs intercepted by the failure surface 

or whether other factors may have been important (for instance, specimens with s = d/4 also had 

inclined cracks that were half as wide as specimens with s = d/2). Note that P2S10, P2S11, and 

P2S12 all exhibited longitudinal bar yielding before failing in shear, further complicating this 

comparison.  

On average, specimens with s = d/4 had 17% greater VT / Vn(b),legs (with m = 11) than 

specimens with s = d/2. This is based on P2S9, P2S10, P2S11, and P2S12 having VT / Vn(b),legs of 
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1.06, 1.05, 1.26, and 1.20, respectively. Although there are very few specimens available for this 

comparison, it appears that the 30% increase in strength associated with s = d/4 may only be partly 

attributable to the number of engaged legs intercepted by the failure surface.  

4.8 Headed Bars as Confinement for Lap Splices and Compression Reinforcement 

An issue beyond the scope of this study is the effectiveness of headed bars used as shear 

reinforcement in providing confinement to longitudinal bars that are developed, lap spliced, or 

prone to buckling. For bar development and lap splices, the key concern is the potential for splitting 

cracks to pass around the heads of the shear reinforcement, as illustrated in Figure 4.66. Based on 

the lack of data, it is recommended that headed deformed bars used as shear reinforcement not be 

considered effective when calculating development or lap splice lengths unless there is enough 

space between the plane defined by the bearing face of the head and the plane defined by the center 

of the reinforcement being developed to avoid the illustrated failure mode. Similarly, additional 

research is needed before headed shear reinforcement should be considered effective for 

restraining longitudinal compression bars prone to buckling. 

 

Figure 4.66: Splitting cracks not intercepted by headed deformed bars serving as shear 
reinforcement 
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CHAPTER FIVE: 

SUMMARY AND CONCLUSIONS 

5.1 Summary 

This study investigated the use of headed deformed bars and Grade 80 (550) steel in place 

of conventional Grade 60 (420) stirrups as shear reinforcement in reinforced concrete members, 

with the aim of improving the constructability of reinforced concrete structures. Twenty-nine 

specimens with a nominal shear span-to-effective depth ratio of 3 were designed based on the shear 

design provisions of ACI 318-19 for nominal shear stress demands of 2.8 to 3.8 ඥ ݂
ᇱ psi (0.23 to 

0.32ඥ ݂
ᇱ MPa). The specimens were tested under monotonic loading. Specimens had overall 

depths of 12, 18, 36, or 48 in. (310, 460, 910, and 1220 mm), a width of 24 in. (610 mm), and a 

specified concrete compressive strength of 4 or 10 ksi (28 or 69 MPa). Shear reinforcement 

consisted of Grade 60 or 80 (420 or 550) No. 3, No. 4, or No. 6 (10, 13, or 19 mm) headed deformed 

bars or stirrups at spacings that were between one-quarter and one-half of the effective depth (d/4 

and d/2), inclusive. To allow direct comparisons, some specimens with different grades of shear 

reinforcement were designed to have similar values of ȡtfytm, the product of shear reinforcement 

ratio and measured yield stress. For each set of test parameters, duplicate specimens were 

constructed that were nominally identical except for shear reinforcement anchorage type. Stirrups 

were hooked around longitudinal bars, as required by ACI 318-19. Headed deformed shear 

reinforcement (of diameter db) was anchored using one of three details: (1) engaged with 

longitudinal bars, that is, with the bearing face of the head in contact with a longitudinal bar; (2) 

not engaged with longitudinal bars, with the bearing face of the head not in contact with a 

longitudinal bar and close to the side of the member (2 in. (50 mm) of clear cover to the bar, 

equivalent to 4db); and (3) not engaged with longitudinal bars, with the bearing face of the head 
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not in contact with a longitudinal bar but having at least one longitudinal bar within the side cover, 

which was equal to at least 4 in. (100 mm) (at least 5.7db). 

5.2 Conclusions 

The following conclusions are based on the reported results, and may be limited to 

reinforced concrete members similar to those considered in this study: 

1. Use of Grade 80 (550) shear reinforcement as an alternative to Grade 60 (420) shear 

reinforcement resulted in no statistically significant difference in shear strength in tests of 

beams designed to have the same nominal shear strength. This is consistent with prior findings 

(see Section 2.3).  

2. Use of Grade 80 (550) shear reinforcement is unlikely to result in serviceability issues related 

to cracking. At service-level loads, taken as shear demands near 60% of the nominal shear 

strength (0.6Vn), both inclined crack widths and diagonal elongations1 were close to 0.016 in. 

(0.40 mm), the most probable flexural crack width in members considered to exhibit acceptable 

serviceability (Lutz and Gergely, 1968) in most specimens. This was true near 0.6 ܸ even in 

specimens with Grade 80 (550) shear reinforcement, overall depths up to 36 in. (910 mm), and 

concrete compressive strengths of 10,000 psi (69 MPa).  

3. Headed deformed shear reinforcement was adequately anchored when placed either (1) with 

the bearing face of the head directly in contact (engaged) with longitudinal reinforcement (No. 

4 (13 mm) bars were tested) or (2) with the head not in contact with a longitudinal bar, but 

with a side cover of at least six headed bar diameters and at least one longitudinal bar within 

the side cover (No. 3, 4, and 6 (10, 13, and 19 mm) bars were tested). Headed deformed shear 

������������������������������������������������������������
1�“Diagonal�elongation”�refers�to�deformations�of�the�concrete�surface�measured�at�midͲdepth�of�the�beam�along�
an�axis�inclined�45�degrees�relative�to�the�beam�longitudinal�axis.�The�gauge�length,�which�was�approximately�ξ2 ή
݀/3,�often�included�multiple�cracks.����
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reinforcement should be located away from the side of a member to avoid failures involving 

splitting of the cover near the head. The effectiveness of laterally restraining the head as a 

means of preventing splitting failures was not evaluated in this study.  

4. Adequately anchored headed deformed shear reinforcement provided shear strengths 

equivalent to stirrups in members with h = 36 or 48 in. (910 or 1220 mm), consistent with prior 

findings (see Section 2.4). Specimens with headed deformed shear reinforcement and h = 12 

or 18 in. (300 or 460 mm) had somewhat lower shear strengths than similar specimens with 

stirrups, but their shear strengths were all greater than or equal to the nominal shear strength 

based on ACI 318-19.  

5. Adequately anchored headed and hooked shear reinforcement consistently exhibited evidence 

of yielding when intercepted by inclined cracks, and yielding did not immediately precipitate 

failure for either anchorage type. Regardless of anchorage type, reinforcement strains 

measured 2 in. (50 mm) from the end of the shear reinforcement and near mid-depth 

consistently exceeded the yield strain before failure (and often before the shear demand 

exceeded 0.8Vn) for both Grade 60 and 80 (420 and 550) shear reinforcement. Large shear 

reinforcement strains (greater than 0.01) were observed in several specimens.  

6. Among the specimens tested in this study, test-to-calculated strength ratios, VT / Vn, where Vn 

was calculated with Eq. (5.1) using measured material properties, correlate with ȡ, ȡt, and ȡtfytm, 

but not d or ݂ (note that ȡ, ȡt, and ȡtfytm were correlated within the test matrix).  

7. There may be cause to reevaluate the ACI Building Code minimum for ȡtfytm of 50 psi (0.34 

MPa). Eleven out of 25 specimens that exhibited shear failures without longitudinal bar 

yielding had VT / Vn, less than 1.0. Nine of 12 specimens (75%) with ȡtfytm < 90 psi (0.62 MPa) 

 ܸ ൌ ଵ/ଷඥߩ8 ݂ܾ௪݀  ௧ߩ ௬݂௧ܾ݀ Eq. (5.1) 
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had VT / Vn < 1, whereas only 2 of 13 specimens (15%) with ȡtfytm > 90 psi (0.62 MPa) had VT 

/ Vn < 1. The differences in VT / Vn between these groups of specimens, which were statistically 

significant (p = 0.045), persisted after Vn was adjusted to consider only the number of 

adequately anchored stirrup legs intercepted by the failure surface (p = 0.037). 

8. Inclined cracks near mid-depth were wider than flexural cracks at the level of the longitudinal 

reinforcement at shear demands larger than approximately 0.6Vn in beams with shear 

reinforcement, no skin reinforcement, and h = 36 or 48 in. (910 or 1220 mm). Flexural cracks 

were wider than inclined cracks in shallower beams up to shear demands near Vn. 

9. Inclined crack widths and diagonal elongations are strongly correlated with the effective depth 

d and somewhat correlated with ݂ . Increases in stirrup spacing from d/4 to d/2 (with constant 

ȡtfytm) are also correlated with wider cracks and larger diagonal elongations. 

10. Inclined crack widths, diagonal elongations, and transverse surface strains are not correlated 

with fytm, ȡt, or shear anchorage type at service-level loads, taken as shear demands near 0.6Vn.  

11. At shear demands exceeding 0.8Vn, larger diagonal elongations and transverse surface strains 

are correlated with higher fytm and lower ȡt. The observed increases were not as large as those 

associated with d, ݂, or changes in s from d/4 to d/2.  

12. The test-to-calculated strength ratio, VT / Vn, is inversely correlated with diagonal elongations 

at 0.8Vn for specimens with nominally equivalent overall depths h. This observation is expected 

based on models of shear behavior that relate shear strength and surface strains (such as 

Vecchio and Collins, 1986). 

13. Use of more closely spaced stirrups was associated with increased beam shear strength when 

the difference in stirrup spacing was large (30% increase in strength with s = d/4 versus d/2) 

but not when the difference was small (s = d/2.6 versus d/2). The difference in strength 
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decreased to about 15% for specimens with s = d/4 and d/2 after considering the number of 

adequately anchored stirrup legs intercepted by the failure surface in the calculation of shear 

strength. The remaining difference in strength may be attributable to crack widths: specimens 

with s = d/2 had cracks that were approximately twice as wide as those of specimens with s = 

d/4, whereas specimens with s = d/2.6 and d/2 had no consistent difference in crack widths.   

14. The relationship between shear demand (as a percentage of Vn) and transverse strain (in the 

vertical direction) differed with specimen depth. Specimens with the smallest h tended to have 

near-zero transverse strain until very suddenly exhibiting large increases in transverse strain at 

demands exceeding 0.75Vn. Specimens with the largest h tended to exhibit cracking and 

increased transverse strains around 0.5Vn and then exhibited a more controlled and gradual 

increase in transverse strain until failure. 

5.3 Future Work 

Two related issues that were beyond the scope of this study warrant further examination: 

(1) whether headed deformed shear reinforcement is effective as confinement of longitudinal bar 

development and lap splices, and (2) whether headed deformed shear reinforcement effectively 

restrains longitudinal bars prone to buckling. The key concern related to bar development and lap 

splices is the potential for splitting cracks to pass around the heads of the shear reinforcement, as 

described and illustrated in Section 4.8. Based on the lack of test data, it is recommended that 

headed deformed shear reinforcement not be considered as contributing to the confinement term 

when calculating development or lap splice lengths. Likewise, headed deformed shear 

reinforcement should not be considered to effectively restrain buckling of compression 

longitudinal reinforcement until effective details are developed.   
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APPENDIX A:  

NOTATION 

The following notation is used throughout the report. Where applicable, definitions are 

adopted from ACI 318-19. 

Ab Area of an individual bar, in.2 

Abrg Net bearing area of the head of stud, anchor bolt, or headed deformed bar, in.2 

Ahead Total area of the head of stud, anchor bolt, or headed deformed bar, in.2 

As Area of longitudinal tension reinforcement, in.2 

ƍ௦ܣ  Area of longitudinal compression reinforcement, in.2 

av Shear span, distance from the center of the applied point load to the center of the support, 

in. 

Av Area of shear reinforcement within spacing s, in.2  

Av,min Minimum area of shear reinforcement within spacing s per ACI 318-19, in.2  

 ௩,୫୧୬_ௌு்ை Minimum area of shear reinforcement within spacing s according to AASHTOܣ

LRFD Bridge Design Specifications, 8th Edition, 2007, in.2  

bw Web width of a beam, in. 

b Width of compression face of member, equal to bw for rectangular beams, in. 

C          The total internal compression force in the compression zone, kips 

COV Coefficient of variation, calculated as standard deviation divided by mean 

d Distance from extreme compression fiber to centroid of longitudinal tension 

reinforcement, in. 

Dd0 Initial diagonal distance between markers (Figure 4.25) before loading, in. 

Ddj Diagonal distance between markers (Figure 4.25) at time j, in. 

Dde Diagonal elongation at time j, in. 
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Ec          Modulus of elasticity of concrete, psi 

Es    Modulus of elasticity of reinforcement, psi 

݂
ᇱ Specified concrete compressive strength, ksi 

fcm Measured average compressive strength of concrete, from testing three, 6 by 12 in. steel-

formed concrete cylinders, ksi 

fy Yield stress of longitudinal reinforcement, ksi 

fyt Yield stress of shear reinforcement, ksi 

fytm Measured yield stress of shear reinforcement, ksi 

h Total specimen depth, in. 

Hd0 Initial horizontal distance between markers (Figure 4.25) before loading, in. 

Hdj Horizontal distance between markers (Figure 4.25) at time j, in. 

Hde Horizontal elongation at time j, in. 

i Subscript indicating marker number 

j Subscript indicating time or sample number 

k Neutral axis depth factor, ඥሺ݊ߩሻଶ  ݊ߩ2 െ  ݊ߩ

"T Measured total length of specimen, in., Appendix B 

m Number of bar diameters required to develop a leg of shear reinforcement 

Mn Nominal moment, kip-in. 

n Modular ratio, Es/Ec 

nlegs Total number of effective legs of shear reinforcement intercepted by the failure surface 

Pmax       Maximum applied load, kips 

RTa       Ratio of the measured shear strength of specimens reinforced for shear with headed bars 

(VTH) to specimens reinforced for shear with stirrups (VTS) with VTH and VTS divided by 
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VN(a)H and VN(a)S, the nominal shear strengths of specimens reinforced for shear with 

headed bars and stirrups, respectively, ಹ ಿሺೌሻಹ⁄

ೄ ಿሺೌሻೄ⁄
 

RTb       Ratio of the measured shear strength of specimens reinforced for shear with headed bars 

(VTH) to specimens reinforced for shear with stirrups (VTS) with VTH and VTS divided by 

VN(b)H and VN(b)S, the nominal shear strengths of specimens reinforced for shear with 

headed bars and stirrups, respectively, ಹ ಿሺ್ሻಹ⁄

ೄ ಿሺ್ሻೄ⁄
 

s Spacing of shear reinforcement, center-to-center, in. 

T          Total internal tension force, kips 

v Shear stress, ksi 

V Applied shear force, kips 

Vc Nominal shear strength attributed to concrete, kips 

Vca Shear force from aggregate interlock, contribution to Vc, kips 

Vc(a) Nominal shear strength attributed to concrete calculated using equation (a) in Table 2.2, 

kips 

Vc(b) Nominal shear strength attributed to concrete calculated using equation (b) in Table 2.2, 

kips 

Vcd Shear force from dowel action, contribution to Vc, kips 

Vcr Shear force from residual tensile stress, contribution to Vc, kips 

Vcz Shear force from uncracked concrete compression zone, contribution to Vc, kips  

Vn Nominal shear strength (Vc+Vs), kips 

Vn(a) Nominal shear strength (Vc(a)+Vs), kips 

Vn(a)H Nominal shear strength of specimens reinforced for shear with headed bars (Vc(a)+Vs), kips 

Vn(a)S Nominal shear strength of specimens reinforced for shear with stirrups (Vc(a)+Vs), kips 



174�
�

Vn(b) Nominal shear strength (Vc(b)+Vs), kips 

Vn(b)H Nominal shear strength of specimens reinforced for shear with headed bars (Vc(a)+Vs), kips 

Vn(b)S Nominal shear strength of specimens reinforced for shear with stirrups (Vc(a)+Vs), kips 

Vn,legs   Nominal shear strength (Vc+Vs,legs) accounting for the number of legs of shear 

reinforcement intercepted by the failure surface, kips 

Vn(b),legs  Nominal shear strength (Vc(b)+Vs,legs) accounting for the number of legs of shear 

reinforcement intercepted by the failure surface, kips 

Vs Nominal shear strength attributed to shear reinforcement, kips 

Vs,legs Nominal shear strength attributed to shear reinforcement accounting for the number of 

legs of shear reinforcement intercepted by the failure surface, kips 

VT Measured shear strength, kips 

VTH Measured shear strength of specimens reinforced for shear with headed bars, kips 

VTS Measured shear strength of specimens reinforced for shear with stirrups, kips 

Vu Factored shear force, kips 

x x-coordinate for marker position 

y y-coordinate for marker position 

Z           = jd, the internal level arm between the couple constituted by the two forces C and T, in.  

'A Average shear distortion angle at Angle A of a square in markers grid, Appendix I   

'B Average shear distortion angle at Angle B of a square in markers grid, Appendix I 

'C Average shear distortion angle at Angle C of a square in markers grid, Appendix I 

'D Average shear distortion angle at Angle D of a square in markers grid, Appendix I 

ȕ Parameter representing the ability of a cracked concrete member to resist aggregate 

interlock stresses, ݒ ඥ ݂
ᇱ⁄   
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'max Deflection corresponding to maximum applied load, in. 

İlong       Calculated strain of the longitudinal tension reinforcement 

İx          Concrete surface strain along the specimen longitudinal axis 

İy           Concrete surface strain along the specimen transverse axis 

Ȝ Reduction factor applied to mechanical properties of lightweight concrete 

Ȝs Factor used to modify shear strength based on the effects of member depth, commonly 

referred to as the size effect factor, ට ଶ
ଵାௗ/ଵ

  1 

I Strength reduction factor 

T           Angle of inclined crack, degrees 

ȡ Tension reinforcement ratio, ܣ௦ ܾ݀⁄  

ȡ’ Compression reinforcement ratio, ܣ௦ᇱ ܾ݀⁄    

ȡt Shear reinforcement ratio, ܣ௩ ܾ௪ݏ⁄  

ȡt,min Minimum shear reinforcement ratio per ACI 318-19, ܣ௩, ܾ௪ݏ⁄  

ȡt,min_AASHTO Minimum shear reinforcement ratio per AASHTO LRFD Bridge Design 

Specification, ܣ௩,୫୧୬ _ௌு்ை ܾ௪ݏ⁄  
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APPENDIX B:  

SPECIMENS DETAILS, CROSS-SECTIONS, ELEVATIONS, AND AS-BUILT 

DIMENSIONS 

 

Parts of this appendix were adapted from Lequesne et al. (2018) 

 

Drawings with nominal dimensions are provided for specimens from Phases 1 and 2 in 

Figures B.1 through B.6, and B.7 through B.15, respectively. The as-built specimen dimensions 

(height, width, and length) for specimens from Phases 1 and 2 are provided in Tables B.1 and B.2, 

respectively. As-built height was measured on one side of the specimen at three locations (midspan 

and near supports) and averaged. As-built width was measured on the bottom of the specimen at 

three locations (midspan and near the supports) and averaged. As-built length was measured at 

mid-height on one side of the specimen.  
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Figure B.1: Cross-sections of P1S1 through P1S3 
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Figure B.2: Cross-sections of P1S4 through P1S6 
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Figure B.3: Cross-sections of P1S7 through P1S9 
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Figure B.4: Cross-sections of P1S10 through P1S12 
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Figure B.5: Cross-sections of P1S13 through P1S17 
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Figure B.6: Elevation of P1S1 through P1S17  
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Figure B.7: Cross-sections of P2S1 and P2S2 
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Figure B.9: Cross-sections of P2S5 and P2S6 
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Figure B.10: Cross-sections of P2S7 and P2S8 
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Figure B.11: Cross-sections of P2S9 and P2S10 
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Figure B.12: Cross-sections of P2S11 and P2S12 
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Figure B.13: Elevation of P2S1 and P2S2 

 

 

Figure B.14: Elevation of P2S3 and P2S4 
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Table B.1: As-built dimensions for specimens in Phase 1a 

Specimen 
Specimen Parameters 

Head / Hook 
Detail b h, in. b, in. "T, in. 

P1S1 S 36.5 24.5 245.0 
P1S2 HE 36.5 24.0 246.0 
P1S3 HNE 36.5 24.5 245.5 
P1S4 S 36.5 24.5 246.0 
P1S5 HE 36.75 24.0 245.5 
P1S6 HNE 36.0 24.25 245.5 
P1S7 S 36.5 24.5 245.75 
P1S8 HE 36.5 24.5 245.75 
P1S9 HNE 36.5 24.0 246.0 
P1S10 S 36.5 24.5 246.0 
P1S11 HE 36.5 24.5 246.5 
P1S12 HNE 36.5 24.5 245.5 
P1S13 S 36.0 24.0 246.0 
P1S14 HE 36.5 24.5 245.5 
P1S15 HNE 36.5 24.5 246.0 
P1S16 HNE 36.5 24.5 246.5 
P1S17 HNE2 36.5 24.5 246.5 

a All measurements rounded to 1/4-inch increments 
b See Figure 2.1 

 

�

�
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Table B.2: As-built dimensions for specimens in Phase 2a 

Specimen 

Specimen Parameters 

Head / Hook 
Detail b h, in. b, in. "T, in. 

P2S1 S 12.0 24.25 121.0 
P2S2 HNE2 12.0 24.0 121.0 
P2S3 S 18.0 24.0 156.0 
P2S4 HNE2 18.0 24.5 156.0 
P2S5 S 48.25 24.5 365.0 
P2S6 HNE2 48.25 24.5 366.0 
P2S7 S 48.0 24.25 365.0 
P2S8 HNE2 48.25 24.25 368.0 
P2S9 S 48.0 24.25 367.0 
P2S10 HNE2 48.0 24.25 365.0 
P2S11 S 48.0 24.0 367.0 
P2S12 HNE2 48.5 24.25 366.0 

a All measurements rounded to 1/4-inch increments 
b See Figure 2.1 
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APPENDIX C:  

MEASURED STRESS VERSUS STRAIN FOR STEEL REINFORCEMENT 

 

Parts of this appendix were adapted from Lequesne et al. (2018) 

 

For each bar size and grade used in this study, two samples were tested in tension in 

accordance with ASTM A370. Strain was measured over an 8-in. gauge length using the optical 

tracking system described in Section 3.4.3.2. Figures C.1 through C.20 show plots of the recorded 

stress versus strain for each bar sample that was tested. Below each figure three parameters are 

listed: the nominal cross-sectional area of the bar, the average strain rate during testing (determined 

based on the recorded data), and the yield stress of the bar determined with the 0.2% offset method. 

Figures C.1 and C.2 are repeated as C.5 and C.6 and again as C.15 and C.16 because the Grade 60 

(420) No. 4 (13 mm) bars used as longitudinal bars in Phases 1 and 2 were from the same heat as 

the Grade 60 (420) No. 4 (13 mm) bars used as shear reinforcement in some Phase 1 specimens.  
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Figure C.1: Stress versus strain for No. 4 shear reinforcement (Grade 60 (420), Sample 1, Phase 
1) 

 

Figure C.2: Stress versus strain for No. 4 shear reinforcement (Grade 60 (420), Sample 2, Phase 
1) 
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Figure C.3: Stress versus strain for No. 4 shear reinforcement (Grade 80 (550), Sample 1, Phase 
1) 

 

Figure C.4: Stress versus strain for No. 4 shear reinforcement (Grade 80 (550), Sample 2, Phase 
1) 
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Figure C.5: Stress versus strain for No. 4 longitudinal reinforcement bar (Grade 60 (420), 
Sample 1, Phase 1) 

 

Figure C.6: Stress versus strain for No. 4 longitudinal reinforcement bar (Grade 60 (420), 
Sample 2, Phase 1) 
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Figure C.7: Stress versus strain for No. 11 longitudinal reinforcement bar (Grade 80 (550), 
Sample 1, Phase 1) 

 

Figure C.8: Stress versus strain for No. 11 longitudinal reinforcement bar (Grade 80 (550), 
Sample 2, Phase 1) 
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Figure C.9: Stress versus strain for No. 3 shear reinforcement (Grade 80 (550), Sample 1, Phase 
2) 

 

Figure C.10: Stress versus strain for No. 3 shear reinforcement (Grade 80 (550), Sample 2, 
Phase 2) 



197�
�

 

Figure C.11: Stress versus strain for No. 4 shear reinforcement (Grade 80 (550), Sample 1, 
Phase 2) 

 

Figure C.12: Stress versus strain for No. 4 shear reinforcement (Grade 80 (550), Sample 2, 
Phase 2) 

���Infrared�markers�separated�from�
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Figure C.13: Stress versus strain for No. 6 shear reinforcement (Grade 80 (550), Sample 1, 
Phase 2) 

 

Figure C.14: Stress versus strain for No. 6 shear reinforcement (Grade 80 (550), Sample 2, 
Phase 2) 

���Infrared�markers�separated�from�
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Figure C.15: Stress versus strain for No. 4 longitudinal reinforcement bar (Grade 60 (420), 
Sample 1, Phase 2) 

 

Figure C.16: Stress versus strain for No. 4 longitudinal reinforcement bar (Grade 60 (420), 
Sample 2, Phase 2) 
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Figure C.17: Stress versus strain for No. 8 longitudinal reinforcement bar (Grade 80 (550), 
Sample 1, Phase 2) 

  

Figure C.18: Stress versus strain for No. 8 longitudinal reinforcement bar (Grade 80 (550), 
Sample 2, Phase 2) 

���Infrared�markers�separated�from�
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Figure C.19: Stress versus strain for No. 11 longitudinal reinforcement bar (Grade 60 (420), 
Sample 1, Phase 2) 

  

Figure C.20: Stress versus strain for No. 11 longitudinal reinforcement bar (Grade 60 (420), 
Sample 2, Phase 2) 
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APPENDIX D: 

PLASTIC CONCRETE PROPERTIES 

��

Parts of this appendix were adapted from Lequesne et al. (2018) 

 

Tables D.1 and D.2 list the plastic properties of the concrete used in this study. The unit 

weight, slump, air content, and temperature were determined in accordance with ASTM C138, 

C143, C231, and C1064, respectively. 
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Table D.1: Plastic concrete properties for specimens from Phase 1 

Specimen Truck 
No. 

Unit 
Weight, 

lb/ft3 

Slump,    
in. 

Air 
Content,  

% a 

Concrete 
Temperature, 

°F 
P1S1, P1S2 

& P1S3 
1 150.0 10.00 -  73 
2 148.0 10.50 - 73 

P1S5 & 
P1S6 

1 145.6 8.75 - 78 
2 147.4 9.25 - 78 

P1S4, P1S7 
& P1S8 

1 146.2 8.50 - 65 
2 146.8 9.00 - 65 

P1S9 1 148.0 8.00 - 68 
2 147.0 7.00 - 68 

P1S10, 
P1S11 & 

P1S12 

1 148.3 7.00 - 56 

2 146.6 7.00 - 55 

P1S13, 
P1S14 & 

P1S15 

1 - b 9.00 - 60 

2 - b 9.00 - 62 

P1S16 & 
P1S17 1 149.0 8.50 - 58 

a Air content not measured 
b Unit weight not measured 
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Table D.2: Plastic concrete properties for specimens from Phase 2 

Specimen Truck 
No. 

Unit 
Weight, 

lb/ft3 

Slump,    
in. 

Air 
Content,  

% 

Concrete 
Temperature, 

°F 
P2S1 &  

P2S2 1 - a 6.00 0.7 64 

P2S3 &  
P2S4 1 - a 6.00 0.7 64 

P2S5 &  
P2S6 

1 148.0 9.00 0.8 72 
2 148.0 8.75 0.9 72 
3 151.2 8.00 0.6 75 

P2S7 &  
P2S8 

1 - a 10.00 0.5 84 
2 - a 9.75 0.9 83 
3 152.1 9.50 1.1 85 

P2S9 &  
P2S10 

1 148.2 6.25 1.1 80 
2 148.2 9.00 0.8 86 
3 148.2 9.75 0.8 86 

P2S11 &  
P2S12 

1 151.8 8.00 1.0 69 
2 152.2 8.00 0.9 69 
3 151.8 8.00 1.0 73 

a Unit weight not measured 
�
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APPENDIX E: 

OBSERVED CRACKING and DAMAGE 

 

Parts of this appendix were adapted from Lequesne et al. (2018) 

 

The following figures show the location and extent of cracking and damage at failure for 

each specimen in this study. To create the figures, photos taken just before and after failure were 

overlaid onto line representations of the specimens and cracks and damage were traced. Two 

diagrams are provided for each specimen: (a) shows the front side of the beam, where cracking 

was documented during testing, and (b) shows the back side, where access was limited during 

testing due to instrumentation. All figures show the failure surface, regions were concrete spalling 

occurred, and the nominal location of shear reinforcement. Figures representing the front side of 

the specimens also include the locations of cracks. All figures in this appendix use the legend 

shown in Figure E.1. For simplicity, end reinforcement and bar heads have been omitted from all 

figures. 

 

 

 

 

Figure E.1: Legend for crack maps 
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(a) 

(b) 

Figure E.2: Observed damage of P1S1, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.3: Observed damage of P1S2, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.4: Observed damage of P1S3, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.5: Observed damage of P1S4, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.6: Observed damage of P1S5, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.7: Observed damage of P1S6, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.8: Observed damage of P1S7, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.9: Observed damage of P1S8, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.10: Observed damage of P1S9, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.11: Observed damage of P1S10, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.12: Observed damage of P1S11, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.13: Observed damage of P1S12, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.14: Observed damage of P1S13, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.15: Observed damage of P1S14, (a) front side, (b) back side 



213�
�

(a) 

(b) 

Figure E.16: Observed damage of P1S15, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.17: Observed damage of P1S16, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.18: Observed damage of P1S17, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.19: Observed damage of P2S1, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.20: Observed damage of P2S2, (a) front side, (b) back side 

 

 

 

 

 

 

 

 
 

(a) 

 
(b) 

Figure E.21: Observed damage of P2S3, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.22: Observed damage of P2S4, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.23: Observed damage of P2S5, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.24: Observed damage of P2S6, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.25: Observed damage of P2S7, (a) front side, (b) back side 
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(a) 

(b) 

Figure E.26: Observed damage of P2S8, (a) front side, (b) back side 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure E.27: Observed damage of P2S9, (a) front side, (b) back side 
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(a) 

 
(b) 

Figure E.28: Observed damage of P2S10, (a) front side, (b) back side 

 

 

 

 

 

 

 

 
 

 
(a) 

 
(b) 

Figure E.29: Observed damage of P2S11, (a) front side, (b) back side 
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(a) 

 
(b) 

Figure E.30: Observed damage of P2S12, (a) front side, (b) back side 
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APPENDIX F: 

APPLIED LOAD VERSUS DEFLECTION 

 

Parts of this appendix were adapted from Lequesne et al. (2018) 

 

 This appendix includes plots of applied load versus deflection for all specimens. The 

applied load represents the total force applied to each specimen (the sum of the four load cell 

outputs) but not the weight of the loading apparatus or the portion of specimen self-weight 

contributing to shear. The deflection was calculated as the vertical displacement of the optical 

tracking markers located at midspan (column J in Figure 3.10) minus the average vertical 

displacement of markers located directly over the supports (SM1 and SM2 in Figure 3.10). Where 

either SM1 or SM2 was not available, data from the available marker was assumed to represent 

the displacement of the specimen over the support at both ends of the specimen (specimens where 

this was done are identified in the captions of the following figures). Calculation of deflection was 

more involved for P2S11 and P2S12 because a different loading system was used (Figure 3.8). To 

facilitate comparisons between the deflections of P2S11 and P2S12 and those of other specimens, 

the measured tip deflection under the applied load was modified to account for vertical movement 

at the roller support and rotation of the specimen with respect to the roller support, shown in Figure 

F.1, using Eq. (F.1). The value calculated with Eq. (F.1) is equivalent to the centerline deflection 

of a center loaded simply supported beam. 

݊݅ݐ݈݂ܿ݁݁ܦ  ൌ ȟௗ െ ȟ െ �ߠܽ   Eq. (F.1) 

where ȟௗ is the displacement (positive down) measured under the point of load application, 

ȟ is the displacement of the specimen over the roller support (positive down), ܽ is the shear 
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span (132 in. for P2S11 and P2S12), and ߠ is the rotation of the specimen directly over the 

roller in radians (measured using the optical tracking markers over the roller, positive clockwise 

in Figure F.1).  

 

 

Figure F.1: Schematic of deflected shape for P2S11 and P2S12 with variables used to calculate 
deflection 
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Figure F.2: Load versus deflection for P1S1 through P1S3 

 

Figure F.3: Load versus deflection for P1S4 through P1S6 
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Figure F.4: Load versus deflection for P1S7 through P1S9 

 

Figure F.5: Load versus deflection for P1S10 through P1S12 
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Figure F.6: Load versus deflection for P1S13 through P1S17 

 

Figure F.7: Load versus deflection for P2S1 and P2S2 (SM1 and SM2 were both missing for 
both specimens; the average of the vertical displacements of markers A1 and B1 was used to 

represent beam settlement at supports) 
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Figure F.8: Load versus deflection for P2S3 and P2S4 (SM2 was missing for both specimens; 
SM1 data were used to represent beam settlement at supports) 

Figure F.9: Load versus deflection for P2S6 (deflection data not obtained for P2S5) 
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Figure F.10: Load versus deflection for P2S7 and P2S8 

Figure F.11: Load versus deflection for P2S9 and P2S10 
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Figure F.12: Load versus deflection for P2S11 and P2S12 
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APPENDIX G: 

CRACK WIDTHS and ELONGATIONS 

 

Parts of this appendix were adapted from Lequesne et al. (2018) 

 

Tables G.1, G.2, G.3, and G.4 list the widths of selected cracks, the shear force in the 

specimen at the time of crack width measurement, and the nominal and measured strengths of the 

specimens. This appendix also contains plots of crack width versus imposed shear as a fraction of 

either measured or nominal strength, and elongation versus imposed shear as a fraction of either 

measured or nominal strength. Inclined and vertical (flexural) crack widths and elongations are 

provided. All available horizontal and inclined crack widths and elongations are reported in this 

appendix. 

Crack widths were measured with crack comparators during pauses in the loading at semi-

regular intervals up to approximately 80% of the nominal beam shear strength. At each pause, the 

widths of several vertical (flexural) and inclined (shear) cracks were measured and recorded with 

the associated applied load.  

Elongations between markers were calculated based on changes in the positions of infrared 

markers glued to the surface of the specimens (refer to Sections 3.4.3.2 and 4.5 for more 

information). Diagonal elongation refers to the change in distance between markers at mid-depth 

along an axis inclined 45 degrees relative to the beam longitudinal axis. Horizontal elongation 

refers to the change in distance between markers measured parallel to the longitudinal beam axis 

in the row of markers nearest the tension face. The terms “Primary Diagonal Elongation” and 

“Primary Horizontal Elongation” refer to the diagonal and horizontal elongations calculated at the 
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crack where failure eventually occurred. Elongations were calculated over gauge lengths that 

varied with beam depth (Table 3.6). These gauge lengths often included several cracks.  

In this appendix, measured strength refers to the maximum shear force imposed on each 

specimen (including self-weight of the specimen and loading apparatus). Nominal strength refers 

to the nominal beam shear strength calculated using measured material properties, which was 

always less than the force associated with nominal beam flexural strength. In three cases, the 

longitudinal bars yielded prior to the shear failure even though the calculated strength was 

controlled by shear. These specimens are identified in the figure captions.  

Each figure includes a horizontal reference line that crosses the vertical axis at 0.016 in., 

the crack width used by the ACI Building Code before 1999 as the basis for serviceability 

requirements for flexure. The limit of 0.016 in. for crack width was based on an equation proposed 

by Gergely and Lutz (1968) for the “most probable maximum crack width,” a value that Gergely 

and Lutz showed was exceeded by 31 to 98 percent of experimentally measured crack widths 

reported in the studies used to develop the equation.  

Throughout this appendix, 1 in. = 25.4 mm and 1 kip = 4.45 kN. 

  



231�
�

Table G.1: Shear force and inclined crack widths for Phase 1 specimens 

Specimen 
Nom. 

Str. Vn a, 
kips 

Meas. 
Str. VT a, 

kips 

Shear 
Force a, 

kips 

Measured Inclined Crack Width CW, in. (Crack I.D.) Max. 
CW, 
in. (1) (2) (3) (4) (5) (6) 

P1S1 158 144 
102 0.030 �� �� �� �� �� 0.030 
122 0.060 �� �� �� �� �� 0.060 

P1S2 157 143 
124 0.050 �� �� �� �� �� 0.050 
142 0.080 �� �� �� �� �� 0.080 

P1S3 157 150 
105 0.025 �� �� �� �� �� 0.025 
124 0.035 �� �� �� �� �� 0.035 

P1S4 172 181 
116 0.010 0.010 0.012 0.016 �� �� 0.016 
140 0.020 0.016 0.016 0.020 �� �� 0.020 
155 0.030 0.020 0.016 0.030 �� �� 0.030 

P1S5 173 183 
152 0.030 �� �� �� �� �� 0.030 
171 0.060 �� �� �� �� �� 0.060 

P1S6 No Data Available 

P1S7 164 151 
119 0.012 0.012 0.016 �� �� �� 0.016 
148 0.025 0.020 0.063 0.035 0.016 �� 0.063 

P1S8 164 193 
89 0.007 �� �� �� �� �� 0.007 

115 0.010 0.016 0.020 �� �� �� 0.020 
143 0.020 0.035 0.030 �� �� �� 0.035 

P1S9 No Data Available 

P1S10 192 199 

94 0.006 0.004 �� �� �� �� 0.006 
117 0.010 0.006 0.009 0.016 �� �� 0.016 
136 0.016 0.009 0.020 0.025 �� �� 0.025 
156 0.020 0.010 0.030 0.035 �� �� 0.035 

P1S11 193 203 

99 0.004 0.004 �� �� �� �� 0.004 
121 0.006 0.009 0.009 0.006 �� �� 0.009 
140 0.009 0.012 0.020 0.006 0.016 �� 0.020 
162 0.012 0.020 0.025 0.006 0.030 �� 0.030 
133 0.030 0.025 0.030 0.006 0.040 �� 0.040 

P1S12 194 187 

76 0.004       �� �� 0.004 
99 0.007   0.004   �� �� 0.007 

122 0.010 0.020 0.006 0.016 �� �� 0.020 
143 0.012 0.030 0.006 0.020 �� �� 0.030 
166 0.016 0.035 0.007 0.025 �� �� 0.035 

P1S13 230 240 No Data Available 

P1S14 228 237 
140 0.020 0.025   �� �� �� 0.025 
161 0.035 0.035 0.030 �� �� �� 0.035 
183 0.063 0.045 0.035 �� �� �� 0.063 

a Accounts for the applied load, loading frame weight, and contributing specimen self-weight (Section 4.3) 
 
 
 
 
 



232�
�

Table G.1 Cont.: Shear force and inclined crack widths for Phase 1 specimens  

Specimen 
Nom. 

Str. Vn a, 
kips 

Meas. 
Str. VT a, 

kips 

Shear 
Force a, 

kips 

Measured Inclined Crack Width CW, in. (Crack I.D.) Max. 
CW, 
in. (1) (2) (3) (4) (5) (6) 

P1S15 233 144 

93 0.007         �� 0.007 
112 0.016 0.010 0.004     �� 0.016 
127 0.030 0.020 0.010     �� 0.030 
138 0.050 0.035 0.010     �� 0.050 

P1S16 216 224 

79 0.004 0.004       �� 0.004 
103 0.006 0.006       �� 0.006 
125 0.007 0.007       �� 0.007 
143 0.009 0.007 0.010     �� 0.010 
157 0.010 0.007 0.016 0.020 0.035 �� 0.035 
181 0.012 0.007 0.020 0.125 0.125 �� 0.125 

P1S17 218 251 

102 0.004         �� 0.004 
125 0.007 0.004       �� 0.007 
146 0.010 0.012 0.009     �� 0.012 
167 0.012 0.016 0.020 0.030 0.025 �� 0.030 
179 0.012 0.025 0.040 0.060 0.035 �� 0.060 

a Accounts for the applied load, loading frame weight, and contributing specimen self-weight (Section 4.3) 

�
� �
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Figure G.1: Diagonal crack width versus percent of measured and nominal strengths: Phase 1 

specimens. (P1S13 crack width data was excluded from the figure) 

Figure G.2: Diagonal elongation versus percent of measured and nominal strengths: Phase 1 
specimens 
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Figure G.3: Diagonal crack width and elongation versus percent of measured strength: P1S1 

through P1S3 

Figure G.4: Diagonal crack width and elongation versus percent of nominal strength: P1S1 
through P1S3 



235�
�

Figure G.5: Diagonal crack width and elongation versus percent of measured strength: P1S4 
through P1S6 

Figure G.6: Diagonal crack width and elongation versus percent of nominal strength: P1S4 
through P1S6 

No data available  

for P1S6 

No data available  

for P1S6 
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Figure G.7: Diagonal crack width and elongation versus percent of measured strength: P1S7 
through P1S9 

Figure G.8: Diagonal crack width and elongation versus percent of nominal strength: P1S7 
through P1S9 

No data available  

for P1S9 

No data available  

for P1S9 
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Figure G.9: Diagonal crack width and elongation versus percent of measured strength: P1S10 
through P1S12 

Figure G.10: Diagonal crack width and elongation versus percent of nominal strength: P1S10 
through P1S12 
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Figure G.11: Diagonal crack width and elongation versus percent of measured strength: P1S13 
through P1S17 

Figure G.12: Diagonal crack width and elongation versus percent of nominal strength: P1S13 
through P1S17 
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No data  
available  
for P1S13 
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Table G.2: Shear force and inclined crack widths for Phase 2 specimens 

Specimen 
Nom. 

Str. Vn a, 
kips 

Meas. 
Str. VT a, 

kips 

Shear 
Force a, 

kips 

Measured Inclined Crack Width CW, in. (Crack I.D.) Max. 
CW, 
in. (1) (2) (3) (4) (5) (6) 

P2S1 81.0 103 
43 0.004           0.004 
53 0.006           0.006 
63 0.009 0.010 ��       0.010 

P2S2 81.1 88.6 
53 0.006 0.004 �� ��     0.006 
68 0.012 0.004 �� ��     0.012 

P2S3 107 125 
78 0.006     �� ��   0.006 
93 0.012 0.012 0.012 �� ��   0.012 

P2S4 105 112 
63 0.004   ��       0.004 
78 0.012 0.004 ��       0.012 

P2S5 225 190 

85 0.004 0.004     �� �� 0.004 
110 0.007 0.007 0.006   �� �� 0.007 
135 0.012 0.012 0.025 0.006 �� �� 0.025 
160 0.020 0.009 0.025 0.030 �� �� 0.030 

P2S6 227 217 

85 0.004 0.006         0.006 
110 0.006 0.009 0.007 0.004     0.009 
135 0.007 0.012 0.016 0.009 0.020 0.009 0.020 
160 0.007 0.030 0.050 0.007 0.060 0.030 0.060 

P2S7 350 386 

169 0.009     ��   �� 0.009 
199 0.025 0.006   ��   �� 0.025 
229 0.030 0.012   ��   �� 0.030 
259 0.035 0.025   ��   �� 0.035 

P1S8 359 391 

169 0.009 0.010   �� ��   0.010 
199 0.020 0.016   �� ��   0.020 
229 0.020 0.030   �� ��   0.030 
259 0.025 0.035   �� ��   0.035 
289 0.025 0.035   �� ��   0.035 

P2S9 349 358 

154 0.009 0.009 0.007       0.009 
184 0.010 0.012 0.012 0.012     0.012 
210 0.020 0.025 0.020 0.020     0.025 
238 0.025 0.025 0.020 0.025 0.016   0.025 
265 0.030 0.030 0.035 0.035 0.025 0.016 0.035 

P2S10 356 395 

156 0.005 0.006     �� �� 0.006 
184 0.012 0.014 0.009 0.009 �� �� 0.014 
214 0.020 0.025 0.010 0.020 �� �� 0.025 
240 0.030 0.035 0.030 0.025 �� �� 0.035 
266 0.035 0.050 0.030 0.035 �� �� 0.050 

P2S11 342 502 

84 0.004     ��     0.004 
95 0.007 0.006   ��   �� 0.007 
111 0.007 0.007 0.020 ��   �� 0.020 
127 0.012 0.009 0.025 ��   �� 0.025 
153 0.016 0.010 0.060 ��   �� 0.060 
169 0.040 0.010 0.125 ��   �� 0.125 

a Accounts for the applied load, loading frame weight, and contributing specimen self-weight (Section 4.3) 
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Table G.2 cont.: Shear force and inclined crack widths for Phase 2 specimens 

Specimen 
Nom. 

Str. Vn a, 
kips 

Meas. 
Str. VT a, 

kips 

Shear 
Force a, 

kips 

Measured Inclined Crack Width CW, in. (Crack I.D.) Max. 
CW, 
in. (1) (2) (3) (4) (5) (6) 

P2S12 342 498 

89 0.016     �� ��   0.016 
109 0.020 0.009   �� ��   0.020 
129 0.030 0.020   �� ��   0.030 
149 0.035 0.040 0.040 �� ��   0.040 
169 0.040 0.050 0.016 �� ��   0.050 

a Accounts for the applied load, loading frame weight, and contributing specimen self-weight (Section 4.3) 

�

� �
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Figure G.13: Diagonal crack width versus percent of measured and nominal strengths: Phase 2 
specimens 

Figure G.14: Diagonal elongation versus percent of measured and nominal strengths: Phase 2 
specimens 
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Figure G.15: Diagonal crack width and elongation versus percent of measured strength: P2S1 and 

P2S2 

Figure G.16: Diagonal crack width and elongation versus percent of nominal strength: P2S1 and 
P2S2 



243�
�

Figure G.17: Diagonal crack width and elongation versus percent of measured strength: P2S3 
and P2S4 

Figure G.18: Diagonal crack width and elongation versus percent of nominal strength: P2S3 and 
P2S4 
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Figure G.19: Diagonal crack width and elongation versus percent of measured strength: P2S5 
and P2S6 

Figure G.20: Diagonal crack width and elongation versus percent of nominal strength: P2S5 and 
P2S6 

No data  
available  
for P2S5 

No data  
available  
for P2S5 
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Figure G.21: Diagonal crack width and elongation versus percent of measured strength: P2S7 
and P2S8 

Figure G.22: Diagonal crack width and elongation versus percent of nominal strength: P2S7 and 

P2S8 
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Figure G.23: Diagonal crack width and elongation versus percent of measured strength: P2S9 
and P2S10 

Figure G.24: Diagonal crack width and elongation versus percent of nominal strength: P2S9 and 
P2S10 
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Figure G.25: Diagonal crack width and elongation versus percent of measured strength: P2S11 
and P2S12 

Figure G.26: Diagonal crack width and elongation versus percent of nominal strength: P2S11 
and P2S12 
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Figure G.27: Diagonal elongation versus percent of measured strength: P1S1 

Figure G.28: Diagonal elongation versus percent of nominal strength: P1S1 
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Figure G.29: Diagonal elongation versus percent of measured strength: P1S2 

Figure G.30: Diagonal elongation versus percent of nominal strength: P1S2 
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Figure G.31: Diagonal elongation versus percent of measured strength: P1S3 

Figure G.32: Diagonal elongation versus percent of nominal strength: P1S3 
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Figure G.33: Diagonal elongation versus percent of measured strength: P1S4 

Figure G.34: Diagonal elongation versus percent of nominal strength: P1S4 
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Figure G.35: Diagonal elongation versus percent of measured strength: P1S5 

Figure G.36: Diagonal elongation versus percent of nominal strength: P1S5 
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Figure G.37: Diagonal elongation versus percent of measured strength: P1S6 

Figure G.38: Diagonal elongation versus percent of nominal strength: P1S6 
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Figure G.39: Diagonal elongation versus percent of measured strength: P1S7 

Figure G.40: Diagonal elongation versus percent of nominal strength: P1S7 
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Figure G.41: Diagonal elongation versus percent of measured strength: P1S8 

Figure G.42: Diagonal elongation versus percent of nominal strength: P1S8 
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Figure G.43: Diagonal elongation versus percent of measured strength: P1S9 

Figure G.44: Diagonal elongation versus percent of nominal strength: P1S9 
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Figure G.45: Diagonal elongation versus percent of measured strength: P1S10 

Figure G.46: Diagonal elongation versus percent of nominal strength: P1S10 
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Figure G.47: Diagonal elongation versus percent of measured strength: P1S11 

Figure G.48: Diagonal elongation versus percent of nominal strength: P1S11 



259�
�

Figure G.49: Diagonal elongation versus percent of measured strength: P1S12 

Figure G.50: Diagonal elongation versus percent of nominal strength: P1S12 
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Figure G.51: Diagonal elongation versus percent of measured strength: P1S13 

Figure G.52: Diagonal elongation versus percent of nominal strength: P1S13 
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Figure G.53: Diagonal elongation versus percent of measured strength: P1S14 

Figure G.54: Diagonal elongation versus percent of nominal strength: P1S14 
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Figure G.55: Diagonal elongation versus percent of measured strength: P1S15 

Figure G.56: Diagonal elongation versus percent of nominal strength: P1S15 
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Figure G.57: Diagonal elongation versus percent of measured strength: P1S16 

Figure G.58: Diagonal elongation versus percent of nominal strength: P1S16 
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Figure G.59: Diagonal elongation versus percent of measured strength: P1S17 

Figure G.60: Diagonal elongation versus percent of nominal strength: P1S17 



265�
�

Figure G.61: Diagonal elongation versus percent of measured strength: P2S1  

Figure G.62: Diagonal elongation versus percent of nominal strength: P2S1 
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Figure G.63: Diagonal elongation versus percent of measured strength: P2S2 

 
Figure G.64: Diagonal elongation versus percent of nominal strength: P2S2 
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Figure G.65: Diagonal elongation versus percent of measured strength: P2S3 

Figure G.66: Diagonal elongation versus percent of nominal strength: P2S3 
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Figure G.67: Diagonal elongation versus percent of measured strength: P2S4 

Figure G.68: Diagonal elongation versus percent of nominal strength: P2S4 
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Figure G.69: Diagonal elongation versus percent of measured strength: P2S5 

Figure G.70: Diagonal elongation versus percent of nominal strength: P2S5 

No data available 

for P2S5 

No data available 

for P2S5 
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Figure G.71: Diagonal elongation versus percent of measured strength: P2S6 

Figure G.72: Diagonal elongation versus percent of nominal strength: P2S6 
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Figure G.73: Diagonal elongation versus percent of measured strength: P2S7 

Figure G.74: Diagonal elongation versus percent of nominal strength: P2S7 
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Figure G.75: Diagonal elongation versus percent of measured strength: P2S8  

Figure G.76: Diagonal elongation versus percent of nominal strength: P2S8 
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Figure G.77: Diagonal elongation versus percent of measured strength: P2S9 

Figure G.78: Diagonal elongation versus percent of nominal strength: P2S9 
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Figure G.79: Diagonal elongation versus percent of measured strength: P2S10 

Figure G.80: Diagonal elongation versus percent of nominal strength: P2S10 
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Figure G.81: Diagonal elongation versus percent of measured strength: P2S11 

Figure G.82: Diagonal elongation versus percent of nominal strength: P2S11 
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Figure G.83: Diagonal elongation versus percent of measured strength: P2S12 

Figure G.84: Diagonal elongation versus percent of nominal strength: P2S12 
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Table G.3: Shear force and vertical crack widths for Phase 1 specimens 

Specimen 
Nom. Str. 

Vn a, 
kips 

Meas. 
Str. VT a, 

kips 

Shear 
Force a, 

kips 

Measured Vertical Crack 
Width CW, in. (Crack I.D.) 

Max 
CW, 
in. CW #1 CW #2 

P1S1 
No Data Available P1S2 

P1S3 

P1S4 172 181 

59 0.004   0.004 
86 0.006 0.006 0.006 

116 0.009 0.009 0.009 
140 0.012 0.012 0.012 
155 0.016 0.012 0.016 

P1S5 
No Data Available P1S6 

P1S7 

P1S8 164 193 

62   0.004 0.004 
89  0.006 0.006 

115  0.007 0.007 
143   0.009 0.009 

P1S9 No Data Available 

P1S10 192 199 

76 0.004 0.004 0.004 
94 0.007 0.006 0.007 

117 0.009 0.007 0.009 
136 0.012 0.009 0.012 
156 0.016 0.012 0.016 

P1S11 193 203 

77 0.004 0.004 0.004 
99 0.006 0.004 0.006 

121 0.009 0.004 0.009 
140 0.010 0.009 0.010 
162 0.012 0.012 0.012 
183 0.012 0.009 0.012 

P1S12 194 187 

54 0.004 0.004 0.004 
76 0.009 0.004 0.009 
99 0.010 0.006 0.010 

122 0.015 0.009 0.015 
143 0.016 0.012 0.016 
166 0.020 0.016 0.020 

P1S14 228 237 

75 0.004 

 
 

0.004 
97 0.004 0.004 

119 0.007 0.007 
140 0.007 0.007 
161 0.012 0.012 
183 0.012 0.012 

P1S15 233 144 

51 0.004 

 
 

0.004 
72 0.007 0.007 
93 0.010 0.010 

112 0.010 0.010 
127 0.012 0.012 
138 0.012 0.012 

a Accounts for the applied load, loading frame weight, and contributing specimen self-
weight (Section 4.3) 
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Table G.3 Cont.: Shear force and vertical crack widths for Phase 1 specimens  

�

� �Specimen 
Nom. Str. 

Vn a, 
kips 

Meas. 
Str. VT a, 

kips 

Shear 
Force a, 

kips 

Measured Vertical Crack 
Width CW, in. (Crack I.D.) 

Max 
CW, 
in. CW #1 CW #2 

P1S16 216 224 

55 0.004   0.004 
79 0.006   0.006 

103 0.007   0.007 
125 0.009   0.009 
143 0.01   0.010 
157 0.01   0.010 

P1S17 218 251 

102 0.004   0.004 
125 0.006   0.006 
146 0.009   0.009 
167 0.01   0.010 
179 0.01   0.010 

a Accounts for the applied load, loading frame weight, and contributing specimen 
self-weight (Section 4.3) 
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Figure G.85: Vertical crack width versus percent of measured and nominal strengths: Phase 1 
specimens

Figure G.86: Horizontal elongation versus percent of measured and nominal strengths: Phase 1 
specimens 
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Figure G.87: Vertical crack width and horizontal elongation versus percent of measured 
strength: P1S1 through P1S3 

Figure G.88: Vertical crack width and horizontal elongation versus percent of nominal strength: 
P1S1 through P1S3 

No data available for 
P1S1, P1S2 and P1S3 

No data available for 
P1S1, P1S2 and P1S3 
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Figure G.89: Vertical crack width and horizontal elongation versus percent of measured 
strength: P1S4 through P1S6 

Figure G.90: Vertical crack width and horizontal elongation versus percent of nominal strength: 
P1S4 through P1S6 

No data available for 
P1S5 and P1S6 

No data available for 
P1S5 and P1S6 



282�
�

Figure G.91: Vertical crack width and horizontal elongation versus percent of measured 
strength: P1S7 through P1S9 

Figure G.92: Vertical crack width and horizontal elongation versus percent of nominal strength: 
P1S7 through P1S9 

No data available for 
P1S7 and P1S9 

No data available for 
P1S7 and P1S9 



283�
�

Figure G.93: Vertical crack width and horizontal elongation versus percent of measured 
strength: P1S10 through P1S12 

Figure G.94: Vertical crack width and horizontal elongation versus percent of nominal strength: 
P1S10 through P1S12 
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Figure G.95: Vertical crack width and horizontal elongation versus percent of measured 
strength: P1S13 through P1S17 

 
Figure G.96: Vertical crack width and horizontal elongation versus percent of nominal strength: 

P1S13 through P1S17 
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Table G.4: Shear force and vertical crack widths for Phase 2 specimens 

Specimen 
Nom. Str. 

Vn a, 
kips 

Meas. 
Str. VT a, 

kips 

Shear 
Force a, 

kips 

Measured Vertical Crack 
Width CW, in. (Crack I.D.) Max 

CW, in. CW #1 CW #2 

P2S1 81 103 
43 0.004 0.004 0.004 
53 0.006 0.006 0.006 
63 0.009 0.009 0.009 

P2S2 81 89 

23 0.004   0.004 
33 0.004   0.004 
43 0.006   0.006 
53 0.009   0.009 
68 0.009   0.009 

P2S3 107 125 

48 0.004   0.004 
63 0.004   0.004 
78 0.007   0.007 
93 0.009   0.009 

P2S4 105 112 

33 0.004   0.004 
48 0.006   0.006 
63 0.007   0.007 
78 0.009   0.009 

P2S5 225 190 

85 0.006 0.004 0.006 
110 0.007 0.004 0.007 
135 0.010 0.006 0.010 
160 0.010 0.009 0.010 

P2S6 227 217 

85 0.006   
  
  
  

0.006 
110 0.006 0.006 
135 0.009 0.009 
160 0.007 0.007 

P2S7 350 386 

109 0.004   
  
  
  
  
  

0.004 
139 0.007 0.007 
169 0.009 0.009 
199 0.010 0.010 
229 0.012 0.012 
259 0.012 0.012 

P2S8 359 391 

109 0.004   
  
  
  
  
  
  

0.004 
139 0.006 0.006 
169 0.007 0.007 
199 0.007 0.007 
229 0.007 0.007 
259 0.006 0.006 
289 0.006 0.006 

P2S9 349 358 

154 0.009   
  
  
  
  

0.009 
184 0.009 0.009 
210 0.010 0.010 
238 0.010 0.010 
265 0.010 0.010 

a Accounts for the applied load, loading frame weight, and contributing specimen self-
weight (Section 4.3) 

�
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Table G.4 Cont.: Shear force and vertical crack widths for Phase 2 specimens  

�

� �Specimen 
Nom. Str. 

Vn a, 
kips 

Meas. 
Str. VT a, 

kips 

Shear 
Force a, 

kips 

Measured Vertical Crack 
Width CW, in. (Crack I.D.) 

Max 
CW, 
in. CW #1 CW #2 

P2S10 356 395 

127 0.006 0.006 0.006 
156 0.007 0.007 0.007 
184 0.009 0.009 0.009 
214 0.01 0.01 0.010 
240 0.01 0.012 0.012 
266 0.012 0.012 0.012 

P2S11 342 502 

131   
  
  
  
  
  
  

0.004 0.004 
158 0.006 0.006 
180 0.006 0.006 
213 0.009 0.009 
244 0.01 0.010 
297 0.012 0.012 
329 0.016 0.016 

P2S12 342 498 

98 0.004   
  
  
  
  
  
  

0.004 
138 0.006 0.006 
178 0.007 0.007 
218 0.007 0.007 
258 0.007 0.007 
298 0.007 0.007 
338 0.009 0.009 

a Accounts for the applied load, loading frame weight, and contributing specimen 
self-weight (Section 4.3) 
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Figure G.97: Vertical crack width versus percent of measured and nominal strengths: Phase 2 
specimens 

Figure G.98: Horizontal elongation versus percent of measured and nominal strengths: Phase 2 
specimens 
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Figure G.99: Vertical crack width and horizontal elongation versus percent of measured 
strength: P2S1 and P2S2 

Figure G.100: Vertical crack width and horizontal elongation versus percent of nominal 
strength: P2S1 and P2S2 
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Figure G.101: Vertical crack width and horizontal elongation versus percent of measured 
strength: P2S3 and P2S4 

Figure G.102: Vertical crack width and horizontal elongation versus percent of nominal 
strength: P2S3 and P2S4 
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Figure G.103: Vertical crack width and horizontal elongation versus percent of measured 
strength: P2S5 and P2S6  

Figure G.104: Vertical crack width and horizontal elongation versus percent of nominal 
strength: P2S5 and P2S6 
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No data available for 
P2S5 

No data available for 
P2S5 
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Figure G.105: Vertical crack width and horizontal elongation versus percent of measured 
strength: P2S7 and P2S8 

Figure G.106: Vertical crack width and horizontal elongation versus percent of nominal 
strength: P2S7 and P2S8 
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Figure G.107: Vertical crack width and horizontal elongation versus percent of measured 
strength: P2S9 and P2S10 

Figure G.108: Vertical crack width and horizontal elongation versus percent of nominal 
strength: P2S9 and P2S10 
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Figure G.109: Vertical crack width and horizontal elongation versus percent of measured 
strength: P2S11 and P2S12 

Figure G.110: Vertical crack width and horizontal elongation versus percent of nominal 
strength: P2S11 and P2S12 
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Figure G.111: Horizontal elongation versus percent of measured strength: P1S1 

Figure G.112: Horizontal elongation versus percent of nominal strength: P1S1 
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Figure G.113: Horizontal elongation versus percent of measured strength: P1S2 

Figure G.114: Horizontal elongation versus percent of nominal strength: P1S2 
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Figure G.115: Horizontal elongation versus percent of measured strength: P1S3 

Figure G.116: Horizontal elongation versus percent of nominal strength: P1S3 
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Figure G.117: Horizontal elongation versus percent of measured strength: P1S4 

Figure G.118: Horizontal elongation versus percent of nominal strength: P1S4 
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Figure G.119: Horizontal elongation versus percent of measured strength: P1S5 

Figure G.120: Horizontal elongation versus percent of nominal strength: P1S5 
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Figure G.121: Horizontal elongation versus percent of measured strength: P1S6 

Figure G.122: Horizontal elongation versus percent of nominal strength: P1S6 
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Figure G.123: Horizontal elongation versus percent of measured strength: P1S7 

Figure G.124: Horizontal elongation versus percent of nominal strength: P1S7 
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Figure G.125: Horizontal elongation versus percent of measured strength: P1S8 

Figure G.126: Horizontal elongation versus percent of nominal strength: P1S8 
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Figure G.127: Horizontal elongation versus percent of measured strength: P1S9 

Figure G.128: Horizontal elongation versus percent of nominal strength: P1S9 



303�
�

Figure G.129: Horizontal elongation versus percent of measured strength: P1S10 

Figure G.130: Horizontal elongation versus percent of nominal strength: P1S10 
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Figure G.131: Horizontal elongation versus percent of measured strength: P1S11 

Figure G.132: Horizontal elongation versus percent of nominal strength: P1S11 
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Figure G.133: Horizontal elongation versus percent of measured strength: P1S12 

Figure G.134: Horizontal elongation versus percent of nominal strength: P1S12 
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Figure G.135: Horizontal elongation versus percent of measured strength: P1S13 

Figure G.136: Horizontal elongation versus percent of nominal strength: P1S13 
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Figure G.137: Horizontal elongation versus percent of measured strength: P1S14 

Figure G.138: Horizontal elongation versus percent of nominal strength: P1S14 
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Figure G.139: Horizontal elongation versus percent of measured strength: P1S15 

Figure G.140: Horizontal elongation versus percent of nominal strength: P1S15 
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Figure G.141: Horizontal elongation versus percent of measured strength: P1S16 

Figure G.142: Horizontal elongation versus percent of nominal strength: P1S16 
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Figure G.143: Horizontal elongation versus percent of measured strength: P1S17 

Figure G.144: Horizontal elongation versus percent of nominal strength: P1S17 
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Figure G.145: Horizontal elongation versus percent of measured strength: P2S1  

Figure G.146: Horizontal elongation versus percent of nominal strength: P2S1 
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Figure G.147: Horizontal elongation versus percent of measured strength: P2S2 

Figure G.148: Horizontal elongation versus percent of nominal strength: P2S2 
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Figure G.149: Horizontal elongation versus percent of measured strength: P2S3  

Figure G.150: Horizontal elongation versus percent of nominal strength: P2S3 
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Figure G.151: Horizontal elongation versus percent of measured strength: P2S4  

Figure G.152: Horizontal elongation versus percent of nominal strength: P2S4 
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Figure G.153: Horizontal elongation versus percent of measured strength: P2S5 

Figure G.154: Horizontal elongation versus percent of nominal strength: P2S5 

No data available for 
P2S5 

No data available for 
P2S5 
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Figure G.155: Horizontal elongation versus percent of measured strength: P2S6 

Figure G.156: Horizontal elongation versus percent of nominal strength: P2S6 
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Figure G.157: Horizontal elongation versus percent of measured strength: P2S7 

Figure G.158: Horizontal elongation versus percent of nominal strength: P2S7 
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Figure G.159: Horizontal elongation versus percent of measured strength: P2S8 

Figure G.160: Horizontal elongation versus percent of nominal strength: P2S8 



319�
�

Figure G.161: Horizontal elongation versus percent of measured strength: P2S9 

Figure G.162: Horizontal elongation versus percent of nominal strength: P2S9 
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Figure G.163: Horizontal elongation versus percent of measured strength: P2S10 

Figure G.164: Horizontal elongation versus percent of nominal strength: P2S10 
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Figure G.165: Horizontal elongation versus percent of measured strength: P2S11 

Figure G.166: Horizontal elongation versus percent of nominal strength: P2S11 
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Figure G.167: Horizontal elongation versus percent of measured strength: P2S12 

Figure G.168: Horizontal elongation versus percent of nominal strength: P2S12 
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APPENDIX H: 

REINFORCEMENT STRAINS 

 

Parts of this appendix were adapted from Lequesne et al. (2018) 

 

Appendix H contains plots of recorded strain versus time for all specimens. Strain was 

recorded using 120-ohm foil-type strain gauges located on the shear and longitudinal 

reinforcement. Specimens in Phases 1 and 2 had 17 strain gauges. The locations of strain gauges 

for specimens in each phase are shown in diagrams that precede the results.  

 For each specimen there are three plots: strain from gauges on the longitudinal 

reinforcement versus time, strain from gauges on the shear reinforcement versus time, and strain 

versus time for six gauges selected from the first two plots. The latter plot also includes the 

recorded load for reference on a secondary axis. This plot can be used to determine the applied 

load at which changes in recorded strain occurred (such as, identifying what applied load was 

associated with shear reinforcement yielding). 
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(a) 
 
 

(b) 
 

Figure H.1: Phase 1 specimens: Strain gauge (a) locations and (b) naming convention 

 
 
  

173
4 in.

h = 36 in.

s = 12 or 16 in.

941
2 in.

s = 4 in.

311
2 in.

311
2 in.

d = 31.5 in.

271
2 in.

31
2 in.

Strain Gauges

SG1M SG3M
SG2M

LG12-2d

SG8MSG6M

LG11-dLGM

SG7M

LG9-2d LG10-d

SG7T

SG5T
SG6T

SG2T

SG4T
SG3T
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Figure H.2: Longitudinal reinforcing bar strain: P1S1 

 
 
 
 
 

Figure H.3: Shear reinforcing bar strain: P1S1 
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Figure H.4: Strain recorded with selected gauges and load versus time: P1S1 

 
 
 
 
 

Figure H.5: Longitudinal reinforcing bar strain: P1S2 



327�
�

Figure H.6: Shear reinforcing bar strain: P1S2 

 
 
 
 
 

Figure H.7: Strain recorded with selected gauges and load versus time: P1S2 
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Figure H.8: Longitudinal reinforcing bar strain: P1S3 

 
 
 
 
 

Figure H.9: Shear reinforcing bar strain: P1S3 
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Figure H.10: Strain recorded with selected gauges and load versus time: P1S3 

 
 
 
 
 

Figure H.11: Longitudinal reinforcing bar strain: P1S4 
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Figure H.12: Shear reinforcing bar strain: P1S4 

 
 
 
 
 

Figure H.13: Strain recorded with selected gauges and load versus time: P1S4 
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Figure H.14: Longitudinal reinforcing bar strain: P1S5 

 
 
 

Figure H.15: Shear reinforcing bar strain: P1S5 
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Figure H.16: Strain recorded with selected gauges and load versus time: P1S5 

 
 
 

Figure H.17: Longitudinal reinforcing bar strain: P1S6 
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Figure H.18: Shear reinforcing bar strain: P1S6 

 
 
 
 

Figure H.19: Strain recorded with selected gauges and load versus time: P1S6 
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Figure H.20: Longitudinal reinforcing bar strain: P1S7 

 
 
 
 

Figure H.21: Shear reinforcing bar strain: P1S7 
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Figure H.22: Strain recorded with selected gauges and load versus time: P1S7 

 
 
 
 

Figure H.23: Longitudinal reinforcing bar strain: P1S8 
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Figure H.24: Shear reinforcing bar strain: P1S8 

 
 
 
 

Figure H.25: Strain recorded with selected gauges and load versus time: P1S8 
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Figure H.26: Longitudinal reinforcing bar strain: P1S9 

 
 
 
 

Figure H.27: Shear reinforcing bar strain: P1S9 
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Figure H.28: Strain recorded with selected gauges and load versus time: P1S9 

 
 
 
 

Figure H.29: Longitudinal reinforcing bar strain: P1S10 
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Figure H.30: Shear reinforcing bar strain: P1S10 

 
 
 
 

Figure H.31: Strain recorded with selected gauges and load versus time: P1S10 
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Figure H.32: Longitudinal reinforcing bar strain: P1S11 

 
 
 
 

Figure H.33: Shear reinforcing bar strain: P1S11 
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Figure H.34: Strain recorded with selected gauges and load versus time: P1S11 

 
 
 
 

Figure H.35: Longitudinal reinforcing bar strain: P1S12 
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Figure H.36: Shear reinforcing bar strain: P1S12 

 
 
 
 

Figure H.37: Strain recorded with selected gauges and load versus time: P1S12 
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Figure H.38: Longitudinal reinforcing bar strain: P1S13 

 
 
 
 

Figure H.39: Shear reinforcing bar strain: P1S13 
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Figure H.40: Strain recorded with selected gauges and load versus time: P1S13 

 
 
 
 

Figure H.41: Longitudinal reinforcing bar strain: P1S14 
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Figure H.42: Shear reinforcing bar strain: P1S14 

 
 
 
 

Figure H.43: Strain recorded with selected gauges and load versus time: P1S14 
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Figure H.44: Longitudinal reinforcing bar strain: P1S15 

 
 
 
 

Figure H.45: Shear reinforcing bar strain: P1S15 
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Figure H.46: Strain recorded with selected gauges and load versus time: P1S15 

 
 
 
 

Figure H.47: Longitudinal reinforcing bar strain: P1S16 

No�Data�Available�
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Figure H.48: Shear reinforcing bar strain: P1S16 

 
 
 
 

Figure H.49: Strain recorded with selected gauges and load versus time: P1S16 
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Figure H.50: Longitudinal reinforcing bar strain: P1S17 

 
 
 
 

Figure H.51: Shear reinforcing bar strain: P1S17 

No�Data�Available�
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Figure H.52: Strain recorded with selected gauges and load versus time: P1S17 
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(a) 
 

(b) 
 

Figure H.53: P2S1 and P2S2: Strain gauge (a) locations and (b) naming convention 
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2 in.

91
2 in. 91

2 in.
d = 9 12 in.
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s = 5 in.3 in.s = 4 in.

281
2 in.

SG2T
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Figure H.54: Longitudinal reinforcing bar strain: P2S1 

 
 
 
 

Figure H.55: Shear reinforcing bar strain: P2S1 
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Figure H.56: Strain recorded with selected gauges and load versus time: P2S1 

 
 
 
 

Figure H.57: Longitudinal reinforcing bar strain: P2S2 
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Figure H.58: Shear reinforcing bar strain: P2S2 

 
 
 
 

Figure H.59: Strain recorded with selected gauges and load versus time: P2S2 



355�
�

 

(a) 

(b) 
 

Figure H.60: P2S3 and P2S4: Strain gauge (a) locations and (b) naming convention 
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2 in.141
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h = 18 in.
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LG10-d LGM

LG12-2d
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Figure H.61: Longitudinal reinforcing bar strain: P2S3 

 
 
 
 

Figure H.62: Shear reinforcing bar strain: P2S3 
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Figure H.63: Strain recorded with selected gauges and load versus time: P2S3 

 
 
 
 

Figure H.64: Longitudinal reinforcing bar strain: P2S4 
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Figure H.65: Shear reinforcing bar strain: P2S4 

 
 
 
 

Figure H.66: Strain recorded with selected gauges and load versus time: P2S4 
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(a) 
 

 
(b) 

 
Figure H.67: P2S5 through P2S10: Strain gauge (a) locations and (b) naming convention 
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Figure H.68: Longitudinal reinforcing bar strain: P2S5 

 
 

Figure H.69: Shear reinforcing bar strain: P2S5 
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Figure H.70: Strain recorded with selected gauges and load versus time: P2S5 

 
 
 

Figure H.71: Longitudinal reinforcing bar strain: P2S6 
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Figure H.72: Shear reinforcing bar strain: P2S6 

 
 

Figure H.73: Strain recorded with selected gauges and load versus time: P2S6 
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Figure H.74: Longitudinal reinforcing bar strain: P2S7 

 
 

Figure H.75: Shear reinforcing bar strain: P2S7 
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Figure H.76: Strain recorded with selected gauges and load versus time: P2S7 

 
 

Figure H.77: Longitudinal reinforcing bar strain: P2S8 
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Figure H.78: Shear reinforcing bar strain: P2S8 

 
 

Figure H.79: Strain recorded with selected gauges and load versus time: P2S8 
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Figure H.80: Longitudinal reinforcing bar strain: P2S9 

 
 

Figure H.81: Shear reinforcing bar strain: P2S9 
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Figure H.82: Strain recorded with selected gauges and load versus time: P2S9 

 
 
 
 

Figure H.83: Longitudinal reinforcing bar strain: P2S10 
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Figure H.84: Shear reinforcing bar strain: P2S10 

 
 
 
 

Figure H.85: Strain recorded with selected gauges and load versus time: P2S10 
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(a) 
 

(b) 
 

Figure H.86: P2S11 and P2S12: Strain gauge (a) locations and (b) naming convention 
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Figure H.87: Longitudinal reinforcing bar strain: P2S11 

 
 
 
 

Figure H.88: Shear reinforcing bar strain: P2S11 
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Figure H.89: Longitudinal reinforcing bar strain: P2S12 

 
 
 
 
 

Figure H.90: Shear reinforcing bar strain: P2S12 
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Figure H.91: Strain recorded with selected gauges and 
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APPENDIX I: 

CONCRETE SURFACE STRAINS 

 

  

Appendix I contains plots of surface strains over member depth at 20, 40, 60, 80, and 100% 

of Vn. Where a specimen failed at shear demand that was less than Vn, the surface strains are shown 

based on data collected just before failure. The nominal shear strength (Vn) for each specimen was 

calculated using Eq. (4.1), (4.2), and (4.4). Shear strength (Vn) was calculated with Eq. (4.1) as the 

sum of the shear strength attributed to the concrete (Eq. (4.2)), which represents the simplest 

expression of concrete shear strength in ACI 318-19, and shear reinforcement (Eq. (4.4)). The 

measured concrete compressive strength (fcm), shear reinforcement yield stress (fytm), and nominal 

cross-sectional dimensions were used in calculations. Surface strains were calculated using the 

data obtained from the infrared position-tracking system described in Section 3.4.3.2. The 

position-tracking system includes beacons (referred to as “markers”) attached on one face of each 

specimen in a grid consisting of 19 columns and 4 rows. Figure I.1 shows an example of the marker 

grid. 
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Figure I.1: Marker grid 

The size of the grid (distance between columns and rows) was varied depending on the 

specimen depth (Table 3.6). For each specimen, longitudinal, transverse, and shear strains (ߝ௫, ߝ௬, 

and ߛ௫௬, respectively) were plotted at different levels of shear demand (20, 40, 60, 80, and 100% 

of Vn).  

The longitudinal and transverse surface strains, ߝ௫ and ߝ௬, were calculated at time j with 

Eqs. (I.1) and (I.2). 

Where: ݔ, and ݕ, = coordinates of marker i (see Figure I.1) at time j. The denominators represent 

the initial horizontal and vertical distances between markers, respectively. 

(x1,y1) (x2,y2)

(x3,y3) (x4,y4)

(xi,yi)

௫,ߝ  ൌ
ଶ,ݔ െ ଵ,ݔ

ଶ,ݔ െ ଵ,ݔ
 Eq. (I.1) 

௬,ߝ  ൌ
ଷ,ݕ െ ଵ,ݕ

ଷ,ݕ െ ଵ,ݕ
 Eq. (I.2) 
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Shear strain was calculated for each square of the marker grid as the average of the angular 

changes of each corner of the square. A distorted square of the grid at an arbitrary stage of testing 

is illustrated in Figure I.2. Angles A through D can be calculated using the law of cosines: 

It was assumed that changes in angles A through D resulted from a combination of bending 

curvature, ߠ, shear distortion, ߛ, and core expansion, ߰, as illustrated in Figure I.2 and shown in 

Eq. (I.7) through (I.10).  

 

Where subscript j reflects the sample number, subscript o refers to the initial value, and A, B, C, 

and D are the four angles of an individual square of the marker grid.  

 
ܣ ൌ ଵିݏܿ ቈ

݄௧ଶ  ଶݒ െ ݀ଶଶ

2݄௧ݒ
 Eq. (I.3) 

 
ܤ ൌ ଵିݏܿ ቈ

݄௧ଶ  ଶݒ െ ݀ଵଶ

2݄௧ݒ
 Eq. (I.4) 

 
ܥ ൌ ଵିݏܿ ቈ

݄ଶ  ଶݒ െ ݀ଵଶ

2݄ݒ
 Eq. (I.5) 

 
ܦ ൌ ଵିݏܿ ቈ

݄ଶ  ଶݒ െ ݀ଶଶ

2݄ݒ
 Eq. (I.6) 

 οܣ ൌ ܣ െ ܣ ൌ
ߠ
2
 ߛ  ߰ Eq. (I.7) 

 οܤ ൌ ܤ െ ܤ ൌ
ߠ
2
െ ߛ െ ߰ Eq. (I.8) 

 οܥ ൌ ܥ െ ܥ ൌ െ
ߠ
2
െ ߛ  ߰ Eq. (I.9) 

 οܦ ൌ ܦ െ ܦ ൌ െ
ߠ
2
 ߛ െ ߰ Eq. (I.10) 
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The average shear distortion for a square of the marker grid was calculated with Eq. (I.11).  

ߛ  ൌ
οܣ െ οܤ െ οܥ  οܦ

4
 Eq. (I.11) 
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Figure I.2: Components of angular change (Pfund 2012) 
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Figure I.3: Surface longitudinal strains at various shear demands: P1S1 
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Figure I.4: Surface transverse strains at various shear demands: P1S1 
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Figure I.5: Surface shear strains at various shear demands: P1S1 
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Figure I.6: Surface longitudinal strains at various shear demands: P1S2 
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Figure I.7: Surface transverse strains at various shear demands: P1S2 
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Figure I.8: Surface shear strains at various shear demands: P1S2 
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Figure I.9: Surface longitudinal strains at various shear demands: P1S3 
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Figure I.10: Surface transverse strains at various shear demands: P1S3 
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Figure I.11: Surface shear strains at various shear demands: P1S3 
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Figure I.12: Surface longitudinal strains at various shear demands: P1S4 
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Figure I.13: Surface transverse strains at various shear demands: P1S4 
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Figure I.14: Surface shear strains at various shear demands: P1S4 
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Figure I.15: Surface longitudinal strains at various shear demands: P1S5 
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Figure I.16: Surface transverse strains at various shear demands: P1S5 
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Figure I.17: Surface shear strains at various shear demands: P1S5 
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Figure I.18: Surface longitudinal strains at various shear demands: P1S6 
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Figure I.19: Surface transverse strains at various shear demands: P1S6 
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Figure I.20: Surface shear strains at various shear demands: P1S6 
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Figure I.21: Surface longitudinal strains at various shear demands: P1S7 
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Figure I.22: Surface transverse strains at various shear demands: P1S7 
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Figure I.23: Surface shear strains at various shear demands: P1S7 
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Figure I.24: Surface longitudinal strains at various shear demands: P1S8 
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Figure I.25: Surface transverse strains at various shear demands: P1S8 
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Figure I.26: Surface shear strains at various shear demands: P1S8 
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Figure I.27: Surface longitudinal strains at various shear demands: P1S9 



403�
�

Figure I.28: Surface transverse strains at various shear demands: P1S9 
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Figure I.29: Surface shear strains at various shear demands: P1S9 



405�
�

Figure I.30: Surface longitudinal strains at various shear demands: P1S10 
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Figure I.31: Surface transverse strains at various shear demands: P1S10 
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Figure I.32: Surface shear strains at various shear demands: P1S10 
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Figure I.33: Surface longitudinal strains at various shear demands: P1S11 
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Figure I.34: Surface transverse strains at various shear demands: P1S11 
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Figure I.35: Surface shear strains at various shear demands: P1S11 
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Figure I.36: Surface longitudinal strains at various shear demands: P1S12 
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Figure I.37: Surface transverse strains at various shear demands: P1S12 
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Figure I.38: Surface shear strains at various shear demands: P1S12 
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Figure I.39: Surface longitudinal strains at various shear demands: P1S13 
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Figure I.40: Surface transverse strains at various shear demands: P1S13 
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Figure I.41: Surface shear strains at various shear demands: P1S13 
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Figure I.42: Surface longitudinal strains at various shear demands: P1S14 
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Figure I.43: Surface transverse strains at various shear demands: P1S14 
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Figure I.44: Surface shear strains at various shear demands: P1S14 
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Figure I.45: Surface longitudinal strains at various shear demands: P1S15 
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Figure I.46: Surface transverse strains at various shear demands: P1S15 
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Figure I.47: Surface shear strains at various shear demands: P1S15 
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Figure I.48: Surface longitudinal strains at various shear demands: P1S16 
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Figure I.49: Surface transverse strains at various shear demands: P1S16 
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Figure I.50: Surface shear strains at various shear demands: P1S16 
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Figure I.51: Surface longitudinal strains at various shear demands: P1S17 
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Figure I.52: Surface transverse strains at various shear demands: P1S17 
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Figure I.53: Surface shear strains at various shear demands: P1S17 
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Figure I.54: Surface longitudinal strains at various shear demands: P2S1 
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Figure I.55: Surface transverse strains at various shear demands: P2S1 
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Figure I.56: Surface shear strains at various shear demands: P2S1 
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Figure I.57: Surface longitudinal strains at various shear demands: P2S2 
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Figure I.58: Surface transverse strains at various shear demands: P2S2 
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Figure I.59: Surface shear strains at various shear demands: P2S2 
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Figure I.60: Surface longitudinal strains at various shear demands: P2S3 
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Figure I.61: Surface transverse strains at various shear demands: P2S3 
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Figure I.62: Surface shear strains at various shear demands: P2S3 

 



438�
�

Figure I.63: Surface longitudinal strains at various shear demands: P2S4 
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Figure I.64: Surface transverse strains at various shear demands: P2S4 
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Figure I.65: Surface shear strains at various shear demands: P2S4 
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Figure I.66: Surface longitudinal strains at various shear demands: P2S6 
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Figure I.67: Surface transverse strains at various shear demands: P2S6 
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Figure I.68: Surface shear strains at various shear demands: P2S6 
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Figure I.69: Surface longitudinal strains at various shear demands: P2S7 
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Figure I.70: Surface transverse strains at various shear demands: P2S7 
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Figure I.71: Surface shear strains at various shear demands: P2S7 
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Figure I.72: Surface longitudinal strains at various shear demands: P2S8 
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Figure I.73: Surface transverse strains at various shear demands: P2S8 
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Figure I.74: Surface shear strains at various shear demands: P2S8 
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Figure I.75: Surface longitudinal strains at various shear demands: P2S9 
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Figure I.76: Surface transverse strains at various shear demands: P2S9 
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Figure I.77: Surface shear strains at various shear demands: P2S9 
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Figure I.78: Surface longitudinal strains at various shear demands: P2S10 
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Figure I.79: Surface transverse strains at various shear demands: P2S10 



455�
�

Figure I.80: Surface shear strains at various shear demands: P2S10 
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Figure I.81: Surface longitudinal strains at various shear demands: P2S11 
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Figure I.82: Surface transverse strains at various shear demands: P2S11 
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Figure I.83: Surface shear strains at various shear demands: P2S11 
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Figure I.84: Surface longitudinal strains at various shear demands: P2S12 
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Figure I.85: Surface transverse strains at various shear demands: P2S12 
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Figure I.86: Surface shear strains at various shear demands: P2S12 
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APPENDIX J: 

ANCHORAGE LENGTHS 

�

Parts of this appendix were adapted from Lequesne et al. (2018) 

 

Appendix J contains tables listing the shear reinforcement anchorage lengths for each 

specimen that resulted after shear reinforcement was intercepted by the failure surface. This 

information is potentially useful for quantifying the total amount of shear reinforcement that was 

effective in resisting the opening of an inclined crack. If the crack crossed near the end of a shear 

reinforcing bar, it is unlikely that bar was able to develop its yield strength in the short anchorage 

length on one side of the crack. Shear reinforcement anchorage length was determined by 

measuring the distance from the centerline of the failure surface shown in the crack maps 

(Appendix E) to the top or bottom of the specimen (whichever was closer) at the nominal location 

of each shear reinforcing bar. The nominal concrete cover and shear reinforcement head thickness 

(where applicable) were subtracted from this measurement. For each specimen (excluding P2S11 

and P2S12), the nominal locations of the shear reinforcement were numbered starting from the 

first shear reinforcing bar on either side of midspan to the last shear reinforcing bar within the 

supports as shown in Figure J.1(a). For P2S11 and P2S12, the nominal locations of the shear 

reinforcement were numbered starting from the first shear reinforcing bar after the midspan 

support to the last shear reinforcing bar before the loading plate, as shown in Figure J.1(b). The 

anchorage length for each shear reinforcing bar crossing the failure surface is shown in Tables J.1 

through J.4. Separate columns report the anchorage lengths on the front and back faces of the 

specimens. Bars not crossing the failure surface have no anchorage length listed. 
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(a)�

�

�
(b)�

Figure J.1: Shear reinforcement ID for: (a) all specimens (excluding P2S11 and P2S12)  
(b) P2S11 and P2S12 
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Table J.1: Shear reinforcement anchorage lengths for Phase 1 specimens 

Speci
men 

Anchorage length for each shear reinforcement ID, in., (mm) 
1 2 3 4 5 6 

Front Back Front Back Front Back Front Back Front Back Front Back 

P1S1 
- 0.5 4.9 6.0 16.0 12.6 2.4 - - - - - 
- (12.7) (125) (152) (406) (320) (61.0) - - - - - 

P1S2 
1.2 0.1 6.6 2.1 11.6 11.3 8.7 5.6 - - - - 

(30.5) (2.5) (168) (53.3) (295) (287) (221) (142) - - - - 

P1S3 
- - 6.5 2.0 9.6 12.0 10.0 0.3 - - - - 
- - (165) (50.8) (244) (305) (254) (7.6) - - - - 

P1S4 
- - 3.7 7.1 8.1 15.0 13.4 5.2 - - - - 
- - (94.0) (180) (206) (381) (340) (132) - - - - 

P1S5 
- - 2.3 7.4 7.0 9.8 13.1 14.0 - 7.4 - - 
- - (58.4) (188) (178) (249) (333) (356) - (188) - - 

P1S6 
- - 1.9 1.4 6.2 9.8 15.5 14.8 - 6.9 - - 
- - (48.3) (35.6) (158) (249) (394) (376) - (175) - - 

P1S7 
0.2 - 6.8 1.6 10.1 9.2 15.2 12.1 4.8 0.6 - 0.3 

(5.1) - (173) (40.6) (257) (234) (386) (307) (122) (15.2) - (7.6) 

P1S8 
0.4 0.7 6.6 5.2 13.1 10.9 5.9 - - - - - 

(10.2) (17.8) (168) (132) (333) (277) (150) - - - - - 

P1S9 
- - 2.4 6.0 8.5 10.8 - 9.2 - - - - 
- - (61.0) (152) (216) (274) - (234) - - - - 

P1S10 
- - 5.0 4.5 8.5 8.2 13.1 13.2 7.0 7.8 - - 
- - (127) (114) (216) (208) (333) (335) (178) (198) - - 

P1S11 
- - 6.3 4.9 10.3 13.5 10.5 6.9 - - - - 
- - (160) (125) (262) (343) (267) (175) - - - - 

P1S12 
- - 2.5 1.1 6.7 4.4 13.7 9.8 - 9.4 - 0.4 
- - (63.5) (27.9) (170) (112) (348) (249) - (239) - (10.2) 

P1S13 
1.6 - 6.2 8.2 15.2 13.7 5.7 7.7 - 1.5 - - 

(40.6) - (158) (208) (386) (348) (145) (196) - (38.1) - - 

P1S14 
1.7 - 7.6 7.8 13.8 15.4 - - - - - - 

(43.2) - (193) (198) (351) (391) - - - - - - 

P1S15 
- - 11.6 8.8 - 8.7 - - - - - - 
- - (295) (224) - (221) - - - - - - 

P1S16 
- - 3.0 6.6 12.3 15.6 0.6 - - - - - 
- - (76.2) (168) (312) (396) (15.2) - - - - - 

P1S17 
- - 4.3 6.6 13.0 12.0 - 3.2 - - - - 
- - (109) (168) (330) (305) - (81.3) - - - - 

�
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Table J.2: Shear reinforcement anchorage lengths for Phase 2 specimens  
(excluding P2S11 and P2S12) 

Specimen 
Anchorage length for each shear reinforcement ID, in., (mm) 
1 2 3 4 5 

Front Back Front Back Front Back Front Back Front Back 

P2S1 
- - - 0.7 2.4 2.5 2.3 2.4 - 0.8 
- - - (17.8) (61.0) (63.5) (58.4) (61.0) - (20.3) 

P2S2 
- - 1.7 1.1 3.4 3.1 1.1 1.0 - - 
- - (43.2) (27.9) (86.4) (78.7) (27.9) (25.4) - - 

P2S3a 
0.3 - 2.1 - 6.7 - 2.9 - - - 

(7.6) - (53.3) - (170) - (73.7) - - - 

P2S4 
- - 0.8 - 3.9 1.9 3.0 6.2 - 1.5 
- - (20.3) - (99.1) (48.3) (76.2) (158) - (38.1) 

P2S5 
0.6 - 5.5 2.2 10.4 7.0 21.7 17.7 5.7 9.3 

(15.2) - (140) (55.9) (264) (178) (551) (450) (145) (236) 

P2S6 
0.5 1.9 9.2 9.8 18.3 17.7 14.0 13.9 3.1 0.9 

(12.7) (48.3) (234) (249) (465) (450) (356) (353) (78.7) (22.9) 

P2S7 
- 2.0 4.0 6.6 13.5 16.1 19.9 19.4 8.3 6.5 
- (50.8) (102) (168) (343) (409) (506) (493) (211) (165) 

P2S8 
2.5 3.1 11.2 11.7 19.9 21.2 15.0 10.5 5.9 3.0 

(63.5) (78.7) (285) (297) (506) (539) (381) (267) (150) (76.2) 

P2S9 
- 3.3 11.4 12.3 3.0 7.1 - - - - 
- (83.8) (290) (312) (76.2) (180) - - - - 

P2S10 
- 2.6 12.4 9.6 20.6 21.6 1.5 0.3 - - 
- (66.0) (315) (244) (523) (549) (38.1) (7.6) - - 

a No data available for back side of specimen P2S3 

�

� �
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Table J.3: Shear reinforcement anchorage lengths for P2S11 and P2S12 

Specimen 
Anchorage length for each shear reinforcement ID, in., (mm) 
1 2 3 4 5 

Front Back Front Back Front Back Front Back Front Back 

P2S11 
- - 5.7 3.7 9.1 6.5 16.7 11.6 20.6 15.9 
- - (145) (94.0) (231) (165) (424) (295) (523) (404) 

P2S12 
- - 5.9 3.4 10.2 7.7 14.7 11.8 20.6 16.3 
- - (150) (86.4) (260) (196) (373) (300) (523) (414) 

�
�

�

Table J.3 (cont.): Shear reinforcement anchorage lengths for P2S11 and P2S12 
Anchorage length for each shear reinforcement ID, in., (mm) 

6 7 8 9 10 11 
Front Back Front Back Front Back Front Back Front Back Front Back 
16.9 22 3.2 13.3 - 2.8 - - - - - - 
(429) (559) (81.3) (338) - (71.1) - - - - - - 
14.0 20.9 5.6 17.5 0.5 11 - 4.2 - 2.7 - 1.5 
(356) (531) (142) (445) (12.7) (279) - (107) - (68.6) - (38.1) 

�
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