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Abstract: The design provisions in current codes for shear resistance of concrete-to-concrete interfaces
exhibit significant differences. In this study, the accuracy of design provisions for interface shear
resistance was evaluated and compared. From the literature search, a database of 458 push-off test
results of interface shear resistance was created to evaluate the shear transfer provisions from the
ACI 318-19, PCI Design Handbook, AASHTO LRFD Bridge Design Specifications, CSA-56, Eurocode 2, and
Fib Model Code 2010. In addition, an equation was derived based on push-off test results collected
from the literature to calculate the interface shear resistance for the monolithic uncracked interface.
According to many analyses and evaluations of parameters affecting the interface shear resistance, the
compressive strength of concrete played an important role, especially for the monolithic uncracked
interface. Therefore, the compressive strength of concrete was included in the proposed equation to
calculate the interface shear resistance in this study. It is expected that this equation can be applied
more accurately than the existing design provisions when high-strength concrete is used. Statistical
analyses were carried out for comparison with the existing design provisions to verify the applicability
of the proposed equation. The results show that the proposed equation reasonably predicted the
interface shear resistance for the monolithic uncracked interface. Appropriate conclusions were also
drawn for the design provisions.

Keywords: interface shear resistance; different interface conditions; design provisions; monolithic
uncracked interface

1. Introduction

In concrete mechanics, interface shear transfer in reinforced concrete is probably one
of the most important properties to be studied. Shear forces are transferred across an
interface in many practical situations. Some typical examples of shear transfer interfaces
are a potential or existing crack in a corbel, a cold joint in the shear wall, and an interface
between a precast girder and cast-in-place deck in bridges. Recently, innovative off-site
constructions utilizing prefabricated bridge elements have been continuously developed.
The full-depth deck panel system is a typical system. In recent studies [1-3], prefabricated
composite girders with precast deck panels connected to the steel girders by injecting
conventional grout into a continuous channel above the steel girders have been proposed.
The performance of prefabricated composite girders with such injection channel connections
is greatly influenced by the details and design of connections. The design of the injection
channel connection is complicated with three different types of critical interfaces including
the interface shear of monolithic grout (1) (consisting of (1A), (1B), and (1C)), interface
shear between the precast deck and the field-cast haunch (2), and interface shear between
the steel beam and the field-cast haunch (3), as indicated in Figure 1.
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Figure 1. Interfaces of the injection channel connection: (a) conventional connection (shear connector
and reinforcement intersect) and (b) novel connection (shear connector and reinforcement do not
intersect).

There are two types of connection: conventional connection (shear connector and
reinforcement intersect), as shown in Figure 1a, and novel connection (shear connector and
reinforcement do not intersect), as shown in Figure 1b. These two cases are different in
the interface shear of monolithic grout. For conventional connection, the shear strength
of monolithic grout is reinforced by reinforcements (14, 1B) or shear connectors (1C). For
novel connection, the shear strength of monolithic grout includes only the shear strength
of grout. The failure of the interface shear of monolithic grout is the minimum value
corresponding to the interfaces (1A), (1B), and (1C). This study focuses on the interface
types (1) and (2). Along with the development of prefabricated bridge elements, more
different types of interfaces need to be considered. One of those categories that may
be notable is the unreinforced monolithic uncracked interface, for which it is expected
that the high compressive strength of concrete or grout can significantly improve the
interface shear resistance. These interfaces should be designed carefully. Interface shear
resistance is a research subject that has been extensively investigated in the past. For
this purpose, the most typical types of specimens utilized are push-off specimens with
uncracked, precracked, or cold-jointed interfaces. Most of the equations for the estimation
of interface shear resistance are suggested based on the push-off test results. Many codes
also suggest equations to compute the interface shear resistance for different interface types.
This study evaluated the design provisions and proposed an equation that is expected to be
more widely applicable to various cases for critical interfaces of prefabricated structures.

2. Background and Design Provisions of Interface Shear

Birkeland and Birkeland [4] were the first authors to propose a shear friction theory,
as illustrated in Figure 2, to compute the ultimate shear resistance of concrete interfaces,
which can be presented by the following equation:

vy = pfytang = pfyp €]

where v, is the ultimate interface shear resistance, p is the interface shear reinforcement
ratio, fy is the reinforcement yield stress, ¢ is the internal friction angle, y is the friction
factor, and pf,, is known as the clamping stress.

Reinforcement T‘ v T‘ V(=Ttan¢)

o 0 .
Vol T?Sis

Ttan¢

Figure 2. Shear friction theory model [4].
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When first suggested by Birkeland and Birkeland, this equation included the following
conditions:

fy < 60 (ksi)

1Y S 1.5%

v, < 800 and f" > 4000 (psi)

The shear friction theory assumes that when shear and compression forces act on
concrete-to-concrete interfaces, the main load transfer mechanism is friction. The shear
resistance is generated by surface roughness and a relative slippage between two concrete
surfaces. A normal displacement and tensile stresses in the reinforcement crossing the
interface are generated which grow clamping stress and lead to slippage resistance. From
Figure 2, the normal displacement grows with the increase in slippage, and this displace-
ment causes the yield tension of the reinforcement, which corresponds to shear resistance.
After the shear friction theory was proposed, many researchers introduced different terms
to develop the shear friction theory. In 1972, an equation named “modified shear friction
theory” was proposed by Mattock and Hawkins [5,6]. In this equation, besides the friction
mechanism related to surface roughness and clamping stress, the cohesion mechanism was
also considered for the first time. Mattock et al. carried out many studies on interface shear
resistance [7-10]. Then, equations were attempted to be adopted by many researchers. In
1997, a remarkable development in the design equations for shear resistance of concrete
interfaces was proposed by Randl [11]. Randl considered the interface shear resistance
including three load transfer mechanisms: (1) cohesion related to adhesion and aggregate
interlock, (2) friction caused by surface roughness and clamping stress and/or externally
applied loads, and (3) dowel action due to the deformation of the shear reinforcement. Then,
to simplify Randl’s equation, other researchers suggested an equation neglecting the dowel
action and considering the dowel action influence as a portion of the clamping stress [12].
In 2000, Zilch and Reinecke [13] analyzed the three different load transfer mechanisms in
more detail by establishing the relationship between slippage and interface shear resistance,
as indicated in Figure 3. First, cohesion activates after small interface slippage caused by
the loss of adhesion; then, it declines quickly with the increase in slippage. Second, friction
is related to external loads perpendicular to the interface and clamping influence due to
tension force when using shear reinforcement. Lastly, dowel action occurs after cohesion is
broken.

A

Dowel Action

Friction

Shear Resistance

*«, Cohesion (Adhesion + Mechanical Interlocking)

Slide

Figure 3. Three load transfer mechanisms are based on slippage [13].

In 2003, surface roughness was considered directly for the first time in the equation
proposed by Gohnert [14]. To emphasize the importance of surface roughness, Santos and
Julio [15] suggested an equation for interfaces with different surface roughness preparations.
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Based on a great amount of past research, the codes suggest equations for predicting
the interface shear resistance of concrete-to-concrete interfaces. Provisions for interface
shear resistance from ACI 318-19 [16], PCI Design Handbook [17], AASHTO LRFD [18], CSA-
56 [19], Eurocode 2 [20], and Fib Model Code 2010 [21] are presented below. In order to
facilitate the comparison and presentation, the form of design equations is unified to be
based on stress.

ACI 318-19 [16]

ACI 318-19 [16] (Article 22.9.4) assumes a crack across the interface. Therefore, the co-
hesion mechanism (adhesion and aggregate interlock) is ignored. Friction due to clamping
stress of reinforcement across the interface is the only load transfer mechanism considered.
Moreover, the dowel action mechanism is also neglected. The friction factor based on
four different interface conditions for normal weight concrete and lightweight concrete is
presented. The strength reduction factor ¢ = 0.75. According to the ACI 318-19, when shear
friction reinforcement is perpendicular to the interface, shear resistance across the assumed
interface shall be calculated by:

Un = ‘upf Yy (2)

Uy < Unmax
where y is the friction factor (see Table 1), p is the interface shear reinforcement ratio =
Avf/ Ao, Avf is the area of shear reinforcement crossing the interface, A, is the area of
the concrete section resisting shear transfer, f, is the reinforcement yield stress (limited
in design to 413.7 MPa), vy max is the maximum nominal interface shear resistance (see
Table 1), and vy, is the nominal interface shear resistance.

Table 1. Friction coefficients and upper limits.

Contact Surface Condition ] Un,max (MPa)

Concrete placed monolithically 1.4A

For normal-weight concrete

Concrete placed against hardened concrete that is
P 5 (monolithic or roughened),

clean and intentionally roughened to a full 1.0A

. . 0.2f!
amplitude of approximately 6 mm least of 3.3{6 +0.08f!
Concrete placed against hardened concrete that is 0.6 11.03
clean and not intentionally roughened ' For all other cases, lesser of
!
Concrete anchored to as-rolled structural steel by { 0'2]2(5 }
headed studs or by reinforcing bars where all steel in 0.7A 55

contact with concrete is clean and free of paint

A = modification factor for concrete weight (A = 1.0 for normal-weight concrete, A = 0.85 for sand lightweight
concrete, A = 0.75 for all lightweight concrete). f.” = compressive strength of concrete.

PCI Design Handbook, seventh edition [17]

The PCI Design Handbook [17] (Article 5.3.6) suggests two equations to calculate the in-
terface shear resistance across an interface with reinforcement perpendicular to the interface:

Un = ,uepfy (3a)
Un = Hpfy (3b)
1000A . 6.895A
e = P00 (i) = PO (g
Oy Ou

vy < On,max

where i, is the effective coefficient of friction (limited by the values given in Table 2), ¢
is the strength reduction factor, v, is the factored shear stress demand, A is the concrete
weight reduction factor (see Table 2), u is the friction factor (see Table 2), p is the interface
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shear reinforcement ratio = Avf/ Ao, Avf is the area of the shear reinforcement crossing the
interface, A, is the area of the concrete section resisting shear transfer, f, is the reinforcement
yield stress (limited in design to 413.7 MPa), vy, yuay is the maximum nominal interface shear
resistance (see Table 2), and v, is the nominal interface shear resistance.

Table 2. Friction coefficients and upper limits.

Contact Surface Condition 2 He,max Un,max (Psi)
Concrete placed monolithically 1.4A 34 0.3Af" <1000
Concrete to hardened concrete, with roughened surface 1.0A 29 0.25Af," <1000

Concrete placed against hardened concrete not
intentionally roughened
Concrete to steel 0.7A  n/a 0.2Af" <800

A = modification factor for concrete weight (A = 1.0 for normal-weight concrete, A = 0.85 for sand lightweight
concrete, A = 0.75 for all lightweight concrete). f.” = compressive strength of concrete.

0.6 n/a 0.2A£" <800

Substituting v, /¢ by the nominal shear resistance v, and combining Equation (3a)
and the equation for the calculation of i, gives Equation (4):

o = 1/6.895uApfy 4)

From the above equation, the shear resistance v, is proportional to the ,/pf, instead
of pfy. This increases the shear resistances at low values of clamping stress and thus has
some similarities with the cohesion term addition. Monolithic interfaces and intention-
ally roughened cold joints are recommended using Equation (3a), while steel-to-concrete
interfaces and non-roughened cold joints should utilize Equation (3b). The PCI uses the
strength reduction factor ¢ = 0.75.

AASHTO LRFD (2020) [18]

The AASHTO LRFD Bridge Design Specifications [18] (Article 5.7.4) suggests equations to
compute the nominal shear resistance across any given plane. The AASHTO LRFD uses the
modified shear friction model including the cohesion mechanism (adhesion and aggregate
interlock). The strength reduction factor in the AASHTO LRFD is 0.9. The nominal interface
shear resistance shall be taken as:

vy = c+pu(pfy +N)
vy < Klfc/ ®)
vy < Kp

where c is the cohesive factor (see Table 3), u is the friction factor (see Table 3), p is the
interface shear reinforcement ratio = Avf/ Ao, Avf is the area of the shear reinforcement
crossing the interface, Acy is the area of the concrete section resisting shear transfer, N is the
permanent net compressive stress = P./A¢, P is the permanent net compressive force, fy is
the reinforcement yield stress (limited in design to 413.7 MPa), K; is the fraction of concrete
strength available to resist interface shear (see Table 3), K; is the limiting interface shear
resistance (see Table 3), f.’ is the compressive strength of concrete, and v, is the nominal
interface shear resistance.
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Table 3. Coefficients for different interface types.
c K,
Interface Type ™Mpa) M K4 (MPa)
Concrete placed monolithically
For normal-weight concrete 2.8 14 025 10.3
For lightweight concrete 1.7 1 025 6.9
Cast-in-place concrete slab on clean concrete girder surfaces,
with surface roughened to an amplitude of 6 mm
For normal-weight concrete 1.9 1 0.3 12.4
For lightweight concrete 1.9 1 03 9
Concrete placed against a clean concrete surface, with surface
intentionally roughened to an amplitude of 6 mm
For normal-weight concrete 1.7 1 025 10.3
For lightweight concrete 1.7 1 025 6.9

Concrete placed against a clean concrete surface, but not

intentionally roughened 0.52 06 02 53

Concrete anchored to as-rolled structural steel by headed studs
or by reinforcing bars where all steel in contact with concrete is 0.17 07 02 5.5
clean and free of paint

CSA-S6-06 [19]

The Canadian Highway Bridge Design Code CSA-S6 [19] (Article 8.9.5.1) assumes that
cracks occurring along with the interface and the shear resistance is constituted by two load
transfer mechanisms: cohesion and friction. The strength reduction factor in the CSA-56 is
0.75. The interface shear resistance may be computed as:

vy = Alc+pu(pfy + N)]
vy < 0.25f! (6)
vy < 6.5MPa

where A is the modification factor for concrete weight (equal to 1.0 for normal-weight
concrete, 0.85 for sand lightweight concrete, and 0.75 for all lightweight concrete), ¢ is
the cohesive factor (see Table 4), y is the friction factor (see Table 4), p is the interface
shear reinforcement ratio = Avf/ A, Avf is the area of the shear reinforcement crossing the
interface, A, is the area of the concrete section resisting shear transfer, N is the permanent
net compressive stress = P./A, P is the permanent net compressive force, f, is the
reinforcement yield stress (limited in design to 500 MPa), £’ is the compressive strength of
concrete, and vy, is the nominal interface shear resistance.

Table 4. Coefficients for different interface types.

Contact Surface Condition ¢ (MPa) i
Concrete placed monolithically 1 14
Concrete placed against a clean concrete surface, with surface 05 1
intentionally roughened to an amplitude of 5 mm '
Concrete placed against a clean concrete surface, but not
. . 0.25 0.6
intentionally roughened
Concrete anchored to as-rolled structural steel by headed studs or 0 06

by reinforcing bars

Eurocode 2 (EN 1992-1-1:2004) [20]

Eurocode 2 [20] (Article 6.2.5) suggests an equation for predicting interface shear
resistance between concretes cast at different times. As indicated in Equation (7), Eurocode
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2 considers the cohesion mechanism in relation to the lower design tensile strength of
concrete and the friction mechanism related to clamping stress and externally applied
stresses perpendicular to the interface. The dowel action effect is neglected. The factors of
cohesion and friction are proposed for four different interface types.

URdi = Cfyyq + HOn + pfya(psina + cosa) < 0.50f,
0=06(1-4%) @)
250

where ¢ and yu are the factors which depend on the surface roughness (see Table 5), f
is the characteristic compressive cylinder strength of concrete, f.; is the design tensile
strength, f,,; is the design yield strength of reinforcement, f 4 is the design value of concrete
compressive strength, v is the strength reduction factor for concrete, p is the interface
shear reinforcement ratio = Avf/ A, Avf is the area of the shear reinforcement crossing the
interface, Ay is the area of the concrete section resisting shear transfer, ¢, is the stress per
unit area (positive for compression, such that o, <0.6f.;, and negative for tension; when
oy, is tensile, cf.;y should be taken as 0), « is the angle of the interface shear reinforcement
measured from the horizontal interface shear plane, and vgg; is the design shear strength at
the interface.

Table 5. Coefficients for different surface roughness.

Surface Roughness c H
Very smooth 0.025t0 0.1 0.5
Smooth 0.2 0.6
Rough 0.4 0.7
Very rough 0.5 0.9
Fib model code 2010 [21]

The Fib model code 2010 (Fib MC 2010) [21] (Article 7.3.3.6) considers all three load
transfer mechanisms, as indicated in Equation 8: The cohesion mechanism related to the
lower characteristic compressive strength of concrete, the friction mechanism as a function
of externally applied stresses and clamping stress, and the dowel action mechanism due
to flexural deformation. It should be noted that this code is the first to consider the
dowel action.

URdi = crfclk/g’ + uon +kipfya(psina + cosa) +kopy / fyafea < Bevfey

0= 0.55(%)1/3 <055

®)

where ¢, is the coefficient for aggregate interlock effects at rough interfaces (see Table 6),
fek is the characteristic compressive cylinder strength of concrete, £, is the design yield
strength of reinforcement, f,; is the design value of concrete compressive strength, v is
the strength reduction factor for concrete, k; is the interaction coefficient for tensile force
activated in the reinforcement or the dowels (see Table 6), k5 is the interaction coefficient
for flexural resistance (see Table 6), y is the friction factor (see Table 6), p is the interface
shear reinforcement ratio = Avf/ Aco, Ayfis the area of the shear reinforcement crossing the
interface, Ac, is the area of the concrete section resisting shear transfer, o, is the compressive
stress resulting from an eventual normal force acting on the interface, « is the inclination
of the reinforcement crossing the interface, f. is the coefficient for the strength of the
compression strut (see Table 6), and vgy; is the design shear strength at the interface.
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Table 6. Coefficients for different surface roughness.

Surface Roughness Cr k1 ky Bc #
fck =>20 fck > 35
Very rough R; > 3.0 mm 0.2 0.5 0.9 0.5 0.8 1.0
Rough R; > 1.5 mm 0.1 0.5 0.9 0.5 0.7
Smooth 0 0.5 1.1 0.4 0.6
Very smooth 0 0 15 0.3 0.5

R; = peak-to-meanline surface roughness.

3. Database

The literature search was conducted to collect published experimental data on the
shear transfer of concrete interfaces. To concentrate on the basic shear transfer for the
evaluation of design provisions, the database presented in this paper addresses only direct
push-off, reinforcement perpendicular to the interface, and interfaces subject to monotonic
pure shear loads. The test database included 458 push-off test specimens from nineteen
studies. Details of the test programs that meet the data selection criteria in this study are
summarized in Table 7. The database arrangement includes the source of test data, test year,
interface type, concrete type, number of specimens, compressive strength of concrete f./,
and clamping stress pfy (ofy is calculated using the upper limit of the yield strength of the
reinforcement f,, for each code). In each test program, the total number of test specimens
conducted may be higher than that listed in the table (test specimens that do not satisfy the
collection criteria are not included).

Table 7. Summary of database.

Number of 1! ofy
Researchers Year Interface Type Concrete Type Specimens (MPa) (MPa)
M-U NW 13 26.48 to 31.10 0.00 t0 9.23
Hofbeck etal. [22] 1969 M-P NW 19 16.44 t0 29.92 154 t0 9.23
M-U NW 2 27.82 t0 27.99 381 t05.65
Mattock et al. [8] 1975 M-P NW 2 26,58 t0 29.10 3.74 to0 5.43
M-P NW 8 4013 to 42.23 157 to 13.29
Mattock [9] 1976 R NW 14 17.20 to 41.75 156 to 10.87
JS NW 18 40.16 to 42.61 145 t0 10.33
M-U NW 7 26.89 to 28.82 0.00 to 9.59
M-U SLW 7 25.79 t0 29.30 0.00 to 9.43
M-U ALW 14 26.75 to 30.48 0.00 t0 9.52
Mattock etal. [10] 1976 M-P NW 6 26.89 to 28.82 154 t0 9.10
M-P SLW 18 13.79 to 41.34 1,50 t0 9.43
M-P ALW 14 26.75 to 30.48 151 0 9.68
Hoff [23] 1993 M-P SLW 18 57.16 to 75.98 1.94 to 3.94
M-U NW 19 4692 t0 123.81 152 t0 6.07
. M-P NW 19 4692 to 113.60 152 t0 6.07
Kahn and Mitchell [24] 2002 J-R NW 10 80.91 to 104.93 152 0 6.07
]S NW 2 83.11 to 98.78 152 0 3.03
Mansur et al. [25] 2008 M-P NW 19 40.20 t0 106.40 1.68 to 10.83
Aziz [26] 2010 M-U NW 4 24 0.00 to 3.22
IR NW 3 4240 2.00
Scott [27] 2010 J-R SLW 6 39,51 2.00
Harries et al. [28] 2012 IR NW 8 33.99 1.65 t0 2.90
IR NW 6 33.51 to 52.06 5.38
IR SLW 6 31.58 to 49.64 5.38
IR ALW 6 41.92 to 54.08 5.38
Shaw and Sneed [29] 2014 JS NW 6 3351 to 52.06 5.38
JS SLW 6 31.58 to 49.64 5.38
J-S ALW 6 4192 t0 54.08 5.38
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Table 7. Cont.
Number of 1 ofy
Researchers Year Interface Type Concrete Type Specimens (MPa) (MPa)
Rahal and Al-Khaleefi [30] 2015 M-U NW 9 34.09 to 41.40 0.00 to 7.88
Rahal et al. [31] 2016 M-U NW 15 34.96 to 81.20 0.93 to 7.88
M-U NW 2 33.37 5.38
M-U SLW 2 32.89 5.38
M-U ALW 2 3241 5.38
M-P NW 2 33.37 5.38
M-P SLW 2 32.89 5.38
Sneed et al. [32] 2016 M-P ALW > 341 538
J-R SLW 12 31.99 to 38.41 3.72t09.10
J-R ALW 4 30.20 to 30.75 5.38
J-S SLW 14 31.37 to 38.41 3.72t09.10
J-S ALW 4 30.20 to 30.75 5.38
Waseem and Singh [33] 2016 M-U NW 48 30.24 to 73.60 0.00 to 5.28
Xiao et al. [34] 2016 M-U NW 19 23.43 t0 33.03 3.63
Barbosa et al. [35] 2017 J-R NW 20 28.2 1.72 t0 2.67
Ahmad et al. [36] 2018 M-U NW 12 40 0.00 to 6.65
Valikhani et al. [37] 2021 M-U NW 3 47 0.00
1969 to
Total 2021 M-U,M-P,J-R,J-S  NW, SLW, ALW 458 13.79 to 123.81 0to 13.29

All test programs that constitute the database were carried out between 1969 and
2021. The test programs in the database consisted of specimens made of four interface
conditions and three concrete types. The interface conditions were monolithic uncracked
(M-U), monolithic precracked (M-P), and cold joints that were intentionally roughened
(J-R) and not roughened (that is, smooth) (J-S), as shown in Figure 4. The concrete types
were sand lightweight (SLW), all lightweight (ALW), and normal-weight (NW). Of the 458
test specimens given in the database, the number of normal-weight concrete specimens
was 315, the number of sand lightweight concrete specimens was 91, and the number of all
lightweight concrete specimens was 52 (69%, 20%, and 11% of the total, respectively). Most
of the available tests (approximately 67% of the total) consisted of monolithic specimens,
with the majority of tests carried out on uncracked specimens. Cold joint specimens
accounted for about 33% of the total specimens collected, and most were intentionally
roughened cold joints. The compressive strength of concrete varied over a wide range. The
compressive strength of concrete of 13.79 through 55 MPa accounted for approximately 76%
of the total. Around 24% of the total had a compressive strength of concrete of 55 through
123.81 MPa. For cold joint specimens, the lower compressive strength was only reported
when the two sides of the interface had different compressive strengths of concrete. The
clamping stresses ranged from 0 MPa to 13.29 MPa, with the majority of them varying in
the 0 MPa to 10 MPa range.

° ° ° °

— —
I
|
|
— —
fe fe fe fe
(a) (b) (c) (d)

Figure 4. Direct push-off with interface conditions: (a) monolithic uncracked, (b) monolithic pre-
cracked, (c) intentionally roughened cold joint, and (d) cold joint that is not roughened.
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4. Evaluation of Design Provisions

In this section, the interface shear resistance according to design codes is evaluated
based on the test results in the database summarized in Section 3. The design provisions
considered include six major international codes, namely, ACI 318-19; PCI Design Handbook;
AASHTO LRFD; CSA-S6; Eurocode 2; and Fib Model Code 2010.

Details of test specimens and experimental and predicted results on interface shear
resistance are presented in the Appendix A. Predicted interface shear resistance is compared
with experimental results in original papers to evaluate the accuracy of design provisions.
The columns of the Appendix A include the source of test data, specimen name, compressive
strength of concrete £/, area of the concrete section resisting shear transfer A, area of
the shear reinforcement crossing the interface A, reinforcement ratio p, yield strength of
reinforcement f,, clamping stress pfy, (of, is calculated using the upper limit of the yield
strength of the reinforcement fy for each code), peak measured shear stress vy, calculated
interface shear resistance v, (v, is calculated utilizing pfy), and ratio vtest/veq for each
test specimen and each of the design provisions. In addition, the mean, maximum, and
minimum values, standard deviation (STD), and coefficient of variation (COV) of vtest /Uy
are reported for each group of specimens. The peak measured shear stress vy, is defined
as Viest/ Aco, Wwhere Vi is the peak measured shear force. Interface shear resistance v,
is calculated with the above-mentioned design provisions and proposed equation in this
study (the proposed equation is presented in Section 6). The statistical results of vyest /vy
are not separated by concrete type, but for different concrete types (normal-weight, sand
lightweight, or all lightweight concrete), appropriate equations are utilized.

From the calculation results listed in the Appendix A, ratios vest/v¢, are plotted
against the compressive strength of concrete f.’ and the clamping stress of shear reinforce-
ment pf,, as shown in Figures 5-8. The vertical axis of each graph ranges from 0 to 6.0
for each of the six design provisions evaluated. Ratios vt /v, greater than 6.0 are not
indicated in the graphs, but they are listed in the Appendix A. These figures are plotted
to compare the peak measured shear stress v with the interface shear resistance v,
calculated utilizing equations from codes for specimens with different interface types (M-U,
M-P, J-R, J-M) and different concrete types (NW, SLW, ALW).

From Figures 5-8, the evaluation and comparison of shear resistance for each interface
had the following trends:

Monolithic uncracked: All four codes provided conservative predictions of the inter-
face shear resistance (that is, vtes /v, greater than 1.0) for the entire ranges of £, and pfy,.
The AASHTO LRFD tended to provide the most accurate overall predictions of the interface
shear resistance. Larger conservative estimates were observed in all four design provisions
at low values of clamping stress and high values of compressive strength of concrete.

Monolithic precracked: The ACI 318-19 strength predictions were conservative at all
clamping stresses and compressive strengths of concrete. The predictions of the CSA-56
and PCI provided some vyest /v,y values less than 1.0. Figure 6 illustrates that for these two
codes, values less than 1.0 occur for specimens made with lightweight concrete and for low
clamping stress. Although the AASHTO LRFD again tended to be more accurate than other
codes, the AASHTO LRFD strength estimates were unconservative.

Intentionally roughened cold joint: All six design provisions provided conservative
values of interface shear resistance (that is, vsest /v, greater than 1.0) for the entire ranges of
f¢’ and pf,, and especially for high values of f.'. The AASHTO LRFD and Eurocode 2 tended
to provide the most accurate estimates.

Cold joint that is not roughened: The effective friction approach is not applicable to
this interface condition, so the ACI 318-19 and PCI provided identical strength estimates.
The AASHTO LRFD, Eurocode 2, and Fib MC 2010 tended to be more accurate but provided
some unconservative strength predictions that occur for normal-weight concrete (the mean
value is still much greater than 1.0). The strength predictions of the ACI 318-19, CSA-S6,
and PCI codes were conservative over the entire range of compressive strength of concrete
and clamping stress, but the scatter was larger than the other codes.
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The mean, maximum, and minimum values, standard deviation (STD), and coefficient
of variation (COV) of vyt /vy for each of the specimen groups with the same interface
condition are summarized in Table 8. An alternative presentation of these results is shown
in Figure 9. Not all design provisions are applicable to all interface conditions. Therefore,

when the results are summarized, not applicable (n/a) is shown in these cases.
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Figure 5. Compressive strength of concrete f;' and clamping stress pf, versus the ratio vyest/ vy

(monolithic uncracked interface).
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Figure 6. Compressive strength of concrete f;' and clamping stress pf, versus the ratio vyest/ vy

(monolithic precracked interface).
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Figure 7. Cont.
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Figure 7. Compressive strength of concrete f;' and clamping stress pf, versus the ratio vyest/ vy
(interface that is intentionally roughened).
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Figure 8. Compressive strength of concrete f¢’ and clamping stress pf, versus the ratio vsest /vy
(interface that is not roughened).
Table 8. Statistical analysis of design provisions depending on the interface conditions.
g Monolithic Monolithic
Codes Statistics Uncracked Precracked Roughened Smooth
Average 1.65 1.08 1.49 1.57
Maximum 3.45 1.73 3.66 2.84
AASHTO LRFD Minimum 1.03 0.61 1.00 0.80
STD 0.53 0.21 047 0.54
COV (%) 31.87 19.29 31.75 34.10
Average 3.18 1.59 2.44 2.32
Maximum 1141 291 6.91 4.21
CSA-56 Minimum 1.39 0.84 1.64 1.02
STD 2.14 0.40 0.77 0.89
COV (%) 67.31 24.85 31.60 38.64
Average 2.35 1.54 2.08 2.54
Maximum 4.09 2.74 4.31 5.34
PCI Minimum 1.37 0.72 1.26 1.07
STD 0.70 0.37 0.57 0.99
COV (%) 29.60 23.74 27.60 39.13
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Table 8. Cont.

- Monolithic Monolithic
Codes Statistics Uncracked Precracked Roughened Smooth
Average 2.94 1.86 2.86 2.54
Maximum 8.86 3.42 9.18 5.34
ACI 318-19 Minimum 1.70 1.13 1.80 1.07
STD 1.28 0.42 1.03 0.99
COV (%) 43.39 22.49 35.99 39.13
Average 1.62 1.46
Maximum 3.60 2.57
Eurocode 2 Minimum n/a n/a 1.11 0.74
STD 0.44 0.50
COV (%) 27.08 33.99
Average 2.09 1.60
Maximum 448 2.73
Fib MC 2010 Minimum n/a n/a 1.25 0.77
STD 0.51 0.52
COV (%) 24.49 32.45
6 6
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Figure 9. Bar charts for statistical analysis of design provisions depending on the interface conditions.

Monolithic uncracked: mean values of vy.st /v, summarized in Table 8 indicate that
the AASHTO LRFD was the most accurate because the mean value is closest to 1.0, while
the CSA-56, PCI, and ACI 318-19 provided more conservative estimates for interface shear
resistance (mean vy /vgy Of 3.18, 2.35, and 2.94, respectively). The AASHTO LRFD and PCI
codes provided the most stable estimates (the lowest COV values for vsest /v, were 31.87%
and 29.60%, respectively). In contrast, the CSA-56 and ACI 318-19 provided the most
scattered estimates (their COV values for vgest /v,y Were 67.31% and 43.39%, respectively).

Monolithic precracked: The AASHTO LRFD was the most accurate and consistent
due to the lowest mean and COV values for vt /vy (1.08 and 19.29%, respectively), but
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there were many unconservative cases. The ACI 318-19 is secure to calculate for monolithic
precracked specimens because all ratios vyest /v, are greater than 1.0.

Intentionally roughened cold joint: Values of vtest /vy summarized in Table 8 indicate
that the AASHTO LRFD and Eurocode 2 were the most accurate because the mean value is
closest to 1.0 and it is stable due to low COV values, while the CSA-S6, PCI, and Fib MC
2010 provided more conservative predictions for interface shear resistance (mean vest / Vg
of 2.44, 2.08, and 2.09, respectively). The ACI 318-19 provided the most conservative and
scattered estimates as their mean and COV for vjest /v, Were 2.86 and 35.99%, respectively.

Cold joint that is not roughened: The AASHTO LRFD, Eurocode 2, and Fib MC 2010
were the most accurate and consistent due to the lowest mean and COV values for vsest /g1,
but there were many unconservative cases. The CSA-56, PCI, and ACI 318-19 are secure
to calculate for cold joint specimens that are not roughened because all ratios vyest /v, are
greater than 1.0.

5. Effect of Key Parameters

Figure 10 indicates the peak measured shear stress as a function of the clamping stress
for all four interface conditions. In each interface type, the peak measured shear stress
is grouped by concrete type. Moreover, for the monolithic uncracked interface, the peak
measured shear stress is further grouped by the compressive strength of concrete. Trends
were detected from Figure 10: The peak measured shear stress vt generally increased with
growth in clamping stress pfy, for all four interface types. This trend indicated a positive
friction factor in the context of shear friction. The specimens with lightweight concrete
tended to fail at lower shear stresses than specimens using normal-weight concrete, except
for the interface that was not roughened. The interface shear stress was not zero when
pfy = 0 for monolithic uncracked specimens, suggesting that there was an existence of some
cohesive component of shear resistance. Although no monolithic precracked specimens
with pf, = 0 were available, it is expected that, for monolithic precracked specimens, no
cohesion could exist. This is consistent with the idea that the cohesion component would
not appear across an open crack. Also, no cold joint specimens with pf, = 0 were available
and reported in this study.
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Figure 10. Effect of clamping stress pf, on ultimate interface shear stress vyest-

Figure 11 illustrates the peak measured shear stress as a function of the compressive
strength of concrete f,’ for all four interface types. In each interface type, the peak measured
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shear stress is grouped by concrete type. Moreover, for the monolithic uncracked interface,
the peak measured shear stress is further grouped by the clamping stress. Although the
clamping stress is the core factor influencing the interface shear resistance, the compressive
strength of concrete played a crucial role as well. This section presents the effect of this
parameter on the shear resistance for different interface conditions. The interface shear
resistance generally increased with the growth in compressive strength of concrete f. for
monolithic uncracked specimens. For monolithic precracked specimens, the compressive
strength of concrete ;' did not appear to influence the interface shear resistance. The
interface shear resistance tended to rise with growing compressive strength of concrete f.’
for cold joints that were intentionally roughened. The higher shear resistance was recorded
for specimens that utilized high-strength concrete. For the interface shear resistance of cold
joints that were not roughened, no appropriate trends were seen with respect to the effect
of the compressive strength of concrete f;'.
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Figure 11. Effect of compressive strength of concrete f,' on ultimate interface shear stress vyes.

6. Proposal of the Design Equation

As analyzed in the previous section, the compressive strength of concrete played a
crucial role as well, especially for the monolithic uncracked interface. However, codes that
can apply to the monolithic uncracked interface such as the ACI 318-19, PCI, AASHTO
LRFD, and CSA-56 do not include the compressive strength of concrete in the equations. The
Eurocode 2 and Fib MC 2010 consider the compressive strength of concrete in the equations
but do not apply to the monolithic uncracked interface. Therefore, the equation to determine
the interface shear resistance for the monolithic uncracked interface is proposed in this
section with consideration of the compressive strength of concrete directly in the equation.

In the case of the monolithic uncracked interface, the applied shear is subjected partly
by cohesion provided by the concrete and partly by the friction offered by the reinforcement
crossing the interface. The dowel action is neglected. Therefore, the general equation is
proposed as follows (this is also a general form that often appears in the literature):

vy = c+ppfy ©)

where v, is the ultimate interface shear resistance, c is the cohesion, pfy is the clamping
stress, and y is the friction factor. To propose the equation, cohesion c and friction factor y
should be determined based on push-off test results collected from the literature.
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First, the experimental results with pf, = 0 are chosen to determine cohesion c (these
results are highlighted in the gray background in the Appendix A). Now, the shear resis-
tance includes only cohesion ¢ so the shear resistance v, = c. Cohesion c is governed by
the concrete, in particular the compressive strength of concrete. Therefore, the relationship
between cohesion ¢ and compressive strength of concrete f.’ is plotted to determine the
correlation coefficients between c and f;/, as shown in Figure 12. From Figure 12, the trend
line indicates a good correlation between cohesion ¢ and compressive strength of concrete
f¢!, with its Pearson correlation coefficient being 0.68. To be safer for design purposes, the
equation for calculating cohesion c is suggested as follows (it is also illustrated in Figure 12):

c=0.14(£)"® (10)

0 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
f. (MPa)

Figure 12. Relationship between cohesion and compressive strength of concrete.

To determine friction factor y, the remaining experimental results with non-zero pfy
are selected. Friction factors are obtained from these test results by utilizing the following
equation:

Utest — C
p=—" (11)
ofy

Friction factors obtained experimentally are plotted as a function of clamping stress
pfy, as shown in Figure 13. Therefore, the following equation is proposed to express the
friction factor as a function of clamping stress. This equation is conservative and can be
used for design purposes.

w=20(pfy) " (12)

y=3.0550%

(=}

5
pf, (MPa)

Figure 13. Relationship between friction factor and clamping stress.

Substituting Equations (10) and (12) into Equation (9), the equation for predicting
interface shear resistance is as follows:

ou = 0.14(f))*% +2.0,/pf, < 0.3f (13)

Ultimate interface shear resistance is limited to a value of 0.3f.” in the above equa-
tion because interface shear resistance does not increase considerably in over-reinforced
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specimens. The compressive strength of concrete governs the failure in such specimens, as
indicated in studies [22,24,38].

Equation (13) is established from experimental results for normal-weight concrete.
Referring to the modification factor for concrete weight according to the ACI 318-19, PCI,
and CSA-S6, the final equation to predict the interface shear resistance is taken as follows:

vy = /\(0.14( )% 420 Pfy) < 0.3Af! (14)

A is the modification factor for concrete weight. A = 1 for normal-weight concrete, 0.85
for sand lightweight concrete, and 0.75 for all lightweight concrete.

It should be noted that reinforcement yield strength is also limited in design to 413.7
MPa like the AASHTO LRFD, PCI, and ACI 318-19.

7. Evaluation of the Proposed Equation

Statistical analysis of design provisions and a proposal for the monolithic uncracked
interface are presented in Table 9. It can be seen that the proposed equation in this study
provided more accurate and stable estimates than the mentioned design provisions (the
lowest mean and COV values for vyst/vy, 1.42 and 18.87%, respectively). These design pro-
visions gave over-conservative and scattered predictions of the interface shear resistance for
the monolithic uncracked interface. The ratios vses:/v,, are plotted against the compressive
strength of concrete and clamping stress, as shown in Figure 14. The limit of the vertical
axes in Figure 14 is kept the same as that in Figure 5 to make comparisons easily. It may be
noticed that the design provisions gave over-conservative predictions of the interface shear
resistance for high values of compressive strength of concrete and low clamping stress
values (referring to Section 4 and Figure 5). Moreover, all the design provisions indicated
the nearly linear trend of increasing ratios vsest/v., with rising compressive strength of
concrete and decreasing ratios vsest/v., With rising clamping stress. Figure 14 shows that
conservative and uniform predictions over the entire range of compressive strength of
concrete and clamping stress are produced for the proposed equation in this study.

Table 9. Statistical analysis of design provisions and proposal for monolithic uncracked interface.

Codes AASHTO LRFD CSA-S6 PCI ACI 318-19 PROPOSAL
Average 1.65 3.18 2.35 2.94 1.42
Maximum 3.45 1141 4.09 8.86 2.32
Minimum 1.03 1.39 1.37 1.70 1.00
STD 0.53 2.14 0.70 1.28 0.27
COV (%) 31.87 67.31 29.60 43.39 18.87
PROPOSAL PROPOSAL

6 6

3 © NW Concrete 57 © NW Concrete

e LW Concrete ® LW Concrete

Veest / Veal
w
|
Viest Veal
w
|
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Figure 14. Compressive strength of concrete f.’ and clamping stress pfy versus the ratio
Vtest/Veq1 (proposal).
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8. Conclusions
The major conclusions of the study can be summarized as follows:

(1) For the monolithic uncracked or roughened interfaces, all mentioned codes provided
conservative predictions of the interface shear resistance. The AASHTO LRFD tended
to provide the most accurate predictions of the interface shear resistance for the
monolithic uncracked interface. The most precise shear resistance was found for
the roughened interface when calculated using the AASHTO LRFD or Eurocode 2. It
should be noted that Eurocode 2 is not applicable to the monolithic uncracked interface.

(2) For the monolithic precracked interface, only the ACI 318-19 gave conservative esti-
mates, while the other codes gave more or less unconservative cases. It proves that
the pure friction approach is more suitable when calculating shear resistance for this
interface type.

(3) For the smooth interface, the ACI 318-19, PCI, and CSA-56 were conservative for all
collected experimental data. But it should be noted that this interface condition has
fewer data and high scatter in the tests.

(4) The proposed equation for predicting the shear resistance for the monolithic uncracked
interface is more accurate than the equations that are provided from the mentioned
codes. Also, the proposed equation produced conservative and uniform predictions
over the entire range of compressive strength of concrete and clamping stress. It is
expected that this equation can be applied more accurately than the existing design
provisions when high-strength concrete or grout is used for prefabricated structures.
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Appendix A
Table 1. Monolithic uncracked.
A, Aoy P of e AASHTO LRFD CSA-S6 PCI ACI 318-19 Proposal
i ’ y y s
Researcher(s) Specimen fEMPR) | ) | (mm?) P (MPa) | (MPa) | (MPa) (I:,][‘l‘;;) Vtest/Veal (;’,ﬁ”};) VtestVeal (If,][‘l‘;’a) Vtest/Veal (;’,ﬁ”l’a) VtestVeal (If,][‘l‘;’a) VtestVeal
Normalweight concrete
1 27.58 32258.0 0.00 0.000 0.0 0.00 3.38 248 1.36 0.75 4.50 2.35 1.44
TI1A 27.03 322580 | 141.94 0.004 349.6 154 5.17 142 117 2.36 2.19 2.89 1.79 161 3.20 479 1.08
T1B 29.92 322580 | 141.94 0.004 331.0 145 5.82 132 135 2.28 256 2.81 2.07 153 3.81 193 118
1.2A 26.48 32258.0 283.87 0.009 349.6 3.08 6.90 5.96 1.16 3.98 1.73 4.09 1.69 3.23 2.14 5.77 1.19
12B 28.82 32258.0 | 283.87 0.009 331.0 291 6.76 6.15 1.10 381 1.78 397 1.70 3.06 2721 5.85 116
1.3A 26.48 32258.0 425.81 0.013 349.6 4.61 7.58 5.96 1.27 4.88 1.56 5.00 1.52 3.97 191 6.56 1.16
Hofbeck et al. (1969) 13B 27.03 322580 | 42581 0.013 331.0 137 738 6.08 121 488 151 187 151 2.05 1.82 6.49 114
T4A 31.10 32258.0 | 567.74 0.018 349.6 6.15 9.38 7.00 134 1388 192 5.17 1.81 135 2.16 7.56 124
1.4B 26.58 32258.0 | 567.74 0.018 331.0 5.83 8.83 5.08 148 1388 181 5.17 171 3.99 221 7.10 124
T5A 31.10 32258.0 | 709.68 0.022 3496 7.69 9.65 7.00 138 1388 1.98 5.17 187 135 222 815 119
1.5B 28.03 32258.0 709.68 0.022 331.0 7.28 9.54 6.31 1.51 4.88 1.96 5.17 1.85 4.16 2.29 778 1.23
T6A 29.72 32258.0 | 851.61 0.026 349.6 9.23 9.87 6.69 148 4388 2.03 5.17 191 127 231 858 115
1.6B 27.92 32258.0 | 851.61 0.026 331.0 8.74 9.79 6.28 156 1388 2.01 5.17 1.89 116 235 828 118
Mattock et al. (1975) E1U 27.99 541934 | 567.74 0.010 363.4 3.81 751 6.30 1.19 475 1.58 455 1.65 4.00 1.88 6.28 1.20
: FTU 27.82 54193.4 | 851.61 0.016 359.9 5.65 9.44 6.26 151 1388 194 5.17 1.83 115 227 712 133
MO 27.13 32258.0 0.00 0.000 0.0 0.00 4.07 2.48 1.64 0.75 5.42 2.32 1.76
M1 28.82 32258.0 | 141.94 0.004 351.0 154 5.24 443 118 237 221 2.90 181 162 323 292 1.06
M2 26.89 32258.0 | 283.87 0.009 3634 320 6.76 6.05 112 211 1.64 217 162 336 2.01 5.87 115
Mattlock et al. (1976) M3 27.55 32258.0 425.81 0.013 360.6 4.76 7.65 6.20 1.23 4.88 1.57 5.08 1.51 4.13 1.85 6.71 1.14
M4 28.61 32258.0 | 567.74 0.018 351.0 6.18 7.86 6.44 122 4388 161 5.17 152 220 1.87 7.39 1.06
M5 2713 32258.0 | 709.68 0.022 3634 7.99 8.83 6.10 145 1388 181 5.17 171 107 217 7.97 T11
M6 28.41 32258.0 | 851.61 0.026 3634 959 9.10 6.39 142 1388 1.87 5.17 176 219 217 852 107
SF-4-1-U 46.92 38709.6 | 141.94 0.004 4792 152 6.65 439 151 234 2.84 2.87 232 1.59 418 6.15 1.08
SF42-U 1692 38709.6 | 283.87 0.007 4792 3.03 9.20 6.30 146 394 234 2.06 227 3.19 2.89 717 128
SF-4-3-U 46.92 38709.6 425.81 0.011 479.2 4.55 9.87 8.22 1.20 4.88 2.02 497 1.98 4.78 2.06 7.95 1.24
SF-7-1-U 80.91 38709.6 | 141.94 0.004 572.3 152 10.06 239 229 234 229 2.87 351 159 6.32 832 121
SF-7-2-U 85.57 38709.6 | 283.87 0.007 572.3 3.03 1358 6.30 2.15 3.94 345 1.06 334 3.19 126 9.63 T41
SF-7-3-U 90.35 38709.6 | 425.81 0.011 5723 155 15.91 822 1.94 1388 326 297 320 178 333 10.70 149
SF-7-4-U 85.99 38709.6 | 567.74 0.015 5723 6.07 1713 9.31 184 1388 351 5.17 331 6.37 2.69 11.10 154
SF-10-1-U-a 83.11 38709.6 14194 0.004 572.3 1.52 11.50 4.39 2.62 234 491 2.87 4.01 1.59 7.22 8.46 1.36
Kahn and SF-10-1-U-b 98.78 38709.6 | 141.94 0.004 572.3 152 10.56 439 2.40 234 451 2.87 3.68 159 6.63 9.41 112
Mitchell (2002) SF-10-2-U-a 101.88 38709.6 | 283.87 0.007 572.3 3.03 15.02 6.30 2.38 3.94 3.82 1.06 3.70 3.19 171 10.61 142
SF-10-2-U-b 102.07 38709.6 | 283.87 0.007 572.3 3.03 14.26 6.30 226 394 3.62 Z.06 351 319 143 10.62 134
SF-10-3-U-a 111.49 38709.6 | 42581 0.011 5723 155 16.64 822 2.03 1388 341 297 335 178 348 11.96 139
SF-10-3-U-b 96.07 38709.6 425.81 0.011 572.3 4.55 17.00 8.22 2.07 4.88 3.49 497 342 4.78 3.56 11.05 1.54
SF-10-4-U-a 106.65 38709.6 | 567.74 0.015 572.3 6.07 17.93 9.31 193 4388 3.68 5.17 347 6.37 2.81 12.34 145
SF-10-4-U-b 113.60 38709.6 | 567.74 0.015 572.3 6.07 1839 9.31 198 1388 377 5.17 3.56 6.37 2.89 12.75 144
SF-14-1-U 12381 38709.6 | 141.94 0.004 5723 152 11.24 439 256 234 2.80 2.87 392 159 7.06 10.88 1.03
SF-14-2-U T19.71 38709.6 | 283.87 0.007 5723 3.03 1247 6.30 198 394 317 2.06 307 3.19 391 11.66 107
SF-14-3-U 112.08 38709.6 425.81 0.011 572.3 4.55 16.80 8.22 2.05 4.88 3.45 497 3.38 4.78 3.52 12.00 1.40
SF-14-4-U 110.73 38709.6 | 567.74 0.015 572.3 6.07 17.93 9.31 193 4388 3.68 5.17 347 6.37 2.81 1258 143
Aziz (2010) S1 24.00 60000.0 0.00 0.000 0.0 0.00 4.83 248 1.95 0.75 6.44 2.09 2.32
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Table 1. Cont.
. , An Avf fy Pfy Dreat AASHTO LRFD CSA-S6 PCI ACI 318-19 Proposal
Researcher(s) Specimen | f'(MPa) | (no) | (mm2) d (MPa) | (MPa) | (MP2) | (nifo) | Pesloca | (vipe) | Pester | vipwy | et | ey | PetfPar | vipey | Pt/
5 2400 | 600000 | 000 | 0000 | 00 000 | 267 248 107 075 356 2.09 128
Aziz (2010) S3 24.00 60000.0 471.24 0.008 410.0 3.22 7.73 5.40 143 4.13 1.87 4.18 1.85 3.38 2.29 5.67 1.36
S4 24.00 60000.0 471.24 0.008 410.0 3.22 5.73 5.40 1.06 4.13 1.39 4.18 1.37 3.38 1.70 5.67 1.01
35-2T6-0 36.89 31250.0 113.10 0.004 258.0 0.93 5.55 3.66 1.52 1.73 3.21 2.25 2.46 0.98 5.66 494 1.12
350780 3689 | 312500 | 20106 | 0006 | 4080 | 263 | 794 579 137 351 226 378 210 276 788 625 127
353780 3689 | 312500 | 30159 | 0010 | 4080 | 394 | 8.68 74 117 188 178 162 188 i3 210 697 122
Rahal and 35-07-100 3409 | 312500 | 000 | 0000 | 00 000 | 468 248 189 075 624 28T 167
ALKiloett (2015) 35-2T6-100 4740 | 312500 | 11310 | 0004 | 2580 | 093 | 563 3.66 154 173 325 225 250 098 574 525 107
35-2T8-100 41.40 31250.0 201.06 0.006 408.0 2.63 7.54 5.79 1.30 3.51 2.15 3.78 2.00 2.76 2.74 6.56 1.15
35-3T8-100 41.40 31250.0 301.59 0.010 408.0 3.94 8.71 7.44 1.17 4.88 1.79 4.62 1.88 4.13 211 7.28 1.20
35-4T8-100 41.40 31250.0 402.12 0.013 408.0 5.25 9.36 9.10 1.03 4.88 1.92 5.17 1.81 497 1.88 7.90 1.19
356 T8-100 1140 | 312500 | 60319 | 0019 | 4080 | 788 | 1080 | 931 116 188 2 517 200 197 217 893 121
Sneed et al. (2016) N-MO-U-1 33.37 31935.4 425.81 0.013 497.8 5.38 8.83 7.51 1.18 4.88 1.81 5.17 1.71 4.48 1.97 7.40 1.19
N-MO-U-2 33.37 31935.4 425.81 0.013 497.8 5.38 8.67 7.51 1.15 4.88 1.78 5.17 1.68 4.48 1.93 7.40 1.17
350T6-5CC 3196 | 312500 | 11310 | 0004 | 2580 | 093 | 6.10 3.66 167 173 353 225 27T 0.98 622 280 127
352T8-5CC 3196 | 312500 | 20106 | 0.006 | 4080 | 263 | 7.33 579 127 351 2.09 378 197 276 2.6 61T 120
35-3T8-SCC 34.96 31250.0 301.59 0.010 408.0 3.94 7.70 7.44 1.03 4.88 1.58 4.62 1.67 4.13 1.86 6.84 1.13
35-3T8-SCCrb 34.96 31250.0 301.59 0.010 408.0 3.94 8.79 7.44 1.18 4.88 1.80 4.62 1.90 4.13 2.13 6.84 1.28
35-4T8-SCC 34.96 31250.0 402.12 0.013 408.0 5.25 9.70 7.87 1.23 4.88 1.99 5.17 1.88 4.58 2.12 7.45 1.30
356T8-5CC 3196 | 312500 | 60319 | 0019 | 4080 | 788 | 1110 | 787 T4l 188 228 517 215 158 ¥y 848 131
702T6-5CC 8120 | 312500 | T13.10 | 0.004 | 2580 | 093 | 869 366 738 173 502 275 386 0.8 886 78T 11
Rahal et al. (2016) 70-2T8-SCC 81.20 31250.0 201.06 0.006 408.0 2.63 11.50 5.79 1.99 3.51 3.28 3.78 3.05 2.76 4.17 9.12 1.26
70-3T8-SCC 81.20 31250.0 301.59 0.010 408.0 3.94 12.57 7.44 1.69 4.88 2.58 4.62 2.72 4.13 3.04 9.85 1.28
70-3T8-SCCrb 81.20 31250.0 301.59 0.010 408.0 3.94 12.30 7.44 1.65 4.88 2.52 4.62 2.66 4.13 2.97 9.85 1.25
70-4T8-SCC 81.20 31250.0 402.12 0.013 408.0 5.25 12.77 9.10 1.40 4.88 2.62 5.17 2.47 5.51 2.32 10.46 1.22
706T8-SCC 8120 | 312500 | 60319 | 0019 | 4080 | 788 | 1585 | 931 70 188 325 517 307 735 216 149 138
35-2T6-0 41.80 31250.0 113.10 0.004 258.0 0.93 5.55 3.66 1.52 1.73 3.21 2.25 2.46 0.98 5.66 5.28 1.05
35-2T8-0 41.80 31250.0 201.06 0.006 408.0 2.63 7.94 5.79 1.37 3.51 2.26 3.78 2.10 2.76 2.88 6.58 1.21
35-3T8-0 41.80 31250.0 301.59 0.010 408.0 3.94 8.68 7.44 1.17 4.88 1.78 4.62 1.88 4.13 2.10 7.31 1.19
N-00-0-A 3824 | 315000 | 000 | 0000 | 00 000 | 629 248 253 0.75 839 3.10 2.03
N-00-0B 3824 | 315000 | 000 | 0000 | 00 000 | 616 248 248 0.75 821 3.10 199
N-00-2-A 3824 | 315000 | 20106 | 0006 | 5250 | 261 | 892 581 151 352 253 379 236 277 322 635 140
N-00-2-8 3824 | 315000 | 20106 | 0006 | 5250 | 264 | 1066 | 581 187 352 303 379 282 277 384 635 168
N-003-A 3824 | 315000 | 30159 | 0010 | 5250 | 396 | T8I 747 158 188 242 163 755 116 781 7.08 T67
N-00-3-B 38.24 31500.0 301.59 0.010 525.0 3.96 10.17 7.47 1.36 4.88 2.09 4.64 2.19 4.16 2.45 7.08 1.44
N-00-4-A 38.24 31500.0 402.12 0.013 525.0 5.28 11.77 8.60 1.37 4.88 241 5.17 2.28 478 2.46 7.70 1.53
N-00-4-B 38.24 31500.0 402.12 0.013 525.0 5.28 12.44 8.60 1.45 4.88 2.55 5.17 241 478 2.60 7.70 1.62
Waseem and Singh NG50-0A 3140 | 315000 | 000 | 0000 | 5250 | 000 | 556 248 224 0.75 741 283 19
(2016) N-50-08 3140 | 315000 | 000 | 0000 | 5250 | 000 | 540 248 218 0.75 7.20 283 191
N-50-2-A 3140 | 315000 | 20106 | 0006 | 5250 | 264 | 988 581 170 352 2.80 379 761 277 356 6.08 T62
N-50-28 3140 | 315000 | 20106 | 0006 | 5250 | 264 | 81T 58T 140 352 230 379 RV 277 203 6.08 133
N-503A 3240 [ 315000 | 30159 | 0010 | 550 | 39 | 946 747 127 188 T4 163 708 116 227 68T 139
N-50-3-B 34.40 31500.0 301.59 0.010 525.0 3.96 10.61 7.47 1.42 4.88 2.18 4.64 2.29 4.16 2.55 6.81 1.56
N-50-4-A 34.40 31500.0 402.12 0.013 525.0 5.28 11.14 7.74 1.44 4.88 2.29 5.17 2.15 4.55 2.45 7.43 1.50
N-50-4-B 34.40 31500.0 402.12 0.013 525.0 5.28 10.14 7.74 1.31 4.88 2.08 5.17 1.96 4.55 2.23 7.43 1.36
N-100-0-A 3024 | 315000 | 000 | 0000 | 5250 | 000 | 537 248 216 075 716 254 212
N-1000- 3024 | 315000 | 000 | 0000 | 5250 | 000 | 547 248 220 075 729 254 215
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Table 1. Cont.

) ] A, Avf fy Pfy Dteat AASHTO LRFD CSA-S6 PCI ACI 318-19 Proposal
Researcher(s) Specimen | f'(MP2) | (i) | (mmy) | P (MPa) | (MP2) | (MPa) | (vipo) | Csloca | (vipy | Pestler | vipay | Petfar | vipy | Pt | vipy | wstPa
N-100-2-A 30.24 31500.0 201.06 0.006 525.0 2.64 9.80 5.81 1.69 3.52 2.78 3.79 2.59 2.77 3.53 5.79 1.69
N-100-2-B 30.24 31500.0 201.06 0.006 525.0 2.64 7.28 5.81 1.25 3.52 2.07 3.79 1.92 2.77 2.63 5.79 1.26
N-100-3-A 30.24 31500.0 301.59 0.010 525.0 3.96 9.75 6.80 143 4.88 2.00 4.64 2.10 4.16 2.34 6.52 1.50
N-100-3-B 30.24 31500.0 301.59 0.010 525.0 3.96 9.86 6.80 1.45 4.88 2.02 4.64 2.13 4.16 2.37 6.52 1.51
N-100-4-A 30.24 31500.0 402.12 0.013 525.0 5.28 10.13 6.80 1.49 4.88 2.08 5.17 1.96 4.30 2.36 7.13 1.42
N-100-4-B 30.24 31500.0 402.12 0.013 525.0 5.28 10.38 6.80 1.53 4.88 213 5.17 2.01 4.30 2.42 7.13 1.45
H-00-0-A 73.60 31500.0 0.00 0.000 525.0 0.00 8.17 2.48 3.29 0.75 10.89 5.41 1.51
H-00-0-B 73.60 31500.0 0.00 0.000 525.0 0.00 8.44 248 3.40 0.75 11.25 5.41 1.56
H-00-2-A 73.60 31500.0 201.06 0.006 525.0 2.64 13.78 5.81 2.37 3.52 391 3.79 3.64 2.77 497 8.66 1.59
H-00-2-B 73.60 31500.0 201.06 0.006 525.0 2.64 15.49 5.81 2.67 3.52 4.40 3.79 4.09 2.77 5.59 8.66 1.79
H-00-3-A 73.60 31500.0 301.59 0.010 525.0 3.96 15.29 7.47 2.05 4.88 3.14 4.64 3.30 4.16 3.68 9.39 1.63
H-00-3-B 73.60 31500.0 301.59 0.010 525.0 3.96 18.04 7.47 2.41 4.88 3.70 4.64 3.89 4.16 4.34 9.39 1.92
H-00-4-A 73.60 31500.0 402.12 0.013 525.0 5.28 18.70 9.14 2.05 4.88 3.84 5.17 3.62 5.55 3.37 10.00 1.87
Waseem and Singh H-00-4-B 73.60 31500.0 402.12 0.013 525.0 5.28 16.09 9.14 1.76 4.88 3.30 5.17 3.11 5.55 2.90 10.00 1.61
(2016) ) H-50-0-A 67.60 31500.0 0.00 0.000 525.0 0.00 7.86 2.48 3.17 0.75 10.48 5.03 1.56
H-50-0-B 67.60 31500.0 0.00 0.000 525.0 0.00 7.66 2.48 3.09 0.75 10.21 5.03 1.52
H-50-2-A 67.60 31500.0 201.06 0.006 525.0 2.64 14.06 5.81 242 3.52 3.99 3.79 3.71 2.77 5.07 8.28 1.70
H-50-2-B 67.60 31500.0 201.06 0.006 525.0 2.64 13.88 5.81 2.39 3.52 3.94 3.79 3.67 2.77 5.01 8.28 1.68
H-50-3-A 67.60 31500.0 301.59 0.010 525.0 3.96 16.08 7.47 2.15 4.88 3.30 4.64 3.47 4.16 3.87 9.01 1.78
H-50-3-B 67.60 31500.0 301.59 0.010 525.0 3.96 15.39 7.47 2.06 4.88 3.16 4.64 3.32 4.16 3.70 9.01 1.71
H-50-4-A 67.60 31500.0 402.12 0.013 525.0 5.28 18.35 9.14 2.01 4.88 3.76 5.17 3.55 5.55 3.31 9.63 1.91
H-50-4-B 67.60 31500.0 402.12 0.013 525.0 5.28 15.97 9.14 1.75 4.88 3.28 5.17 3.09 5.55 2.88 9.63 1.66
H-100-0-A 64.40 31500.0 0.00 0.000 525.0 0.00 7.29 2.48 294 0.75 9.72 4.83 1.51
H-100-0-B 64.40 31500.0 0.00 0.000 525.0 0.00 7.54 2.48 3.04 0.75 10.05 4.83 1.56
H-100-2-A 64.40 31500.0 201.06 0.006 525.0 2.64 13.41 5.81 2.31 3.52 3.81 3.79 3.54 2.77 4.84 8.08 1.66
H-100-2-B 64.40 31500.0 201.06 0.006 525.0 2.64 13.90 5.81 2.39 3.52 3.95 3.79 3.67 2.77 5.01 8.08 1.72
H-100-3-A 64.40 31500.0 301.59 0.010 525.0 3.96 15.57 7.47 2.08 4.88 3.19 4.64 3.36 4.16 3.74 8.81 1.77
H-100-3-B 64.40 31500.0 301.59 0.010 525.0 3.96 15.28 7.47 2.04 4.88 3.13 4.64 3.29 4.16 3.67 8.81 1.73
H-100-4-A 64.40 31500.0 402.12 0.013 525.0 5.28 16.29 9.14 1.78 4.88 3.34 5.17 3.15 5.55 2.94 9.42 1.73
H-100-4-B 64.40 31500.0 402.12 0.013 525.0 5.28 15.92 9.14 1.74 4.88 3.27 5.17 3.08 5.55 2.87 9.42 1.69
NC-1-U-A 30.94 36000.0 402.12 0.011 325.0 3.63 8.45 6.96 1.21 4.56 1.85 4.44 1.90 3.81 2.22 6.40 1.32
NC-1-U-B 30.94 36000.0 402.12 0.011 325.0 3.63 9.05 6.96 1.30 4.56 1.98 4.44 2.04 3.81 2.37 6.40 141
NC-1-U-C 30.94 36000.0 402.12 0.011 325.0 3.63 8.65 6.96 1.24 4.56 1.90 4.44 1.95 3.81 2.27 6.40 1.35
NC-1-U-D 30.94 36000.0 402.12 0.011 325.0 3.63 8.01 6.96 1.15 4.56 1.76 4.44 1.80 3.81 2.10 6.40 1.25
NC-1-U-E 30.94 36000.0 402.12 0.011 325.0 3.63 8.65 6.96 1.24 4.56 1.90 4.44 1.95 3.81 2.27 6.40 1.35
RC-2-U 31.41 36000.0 402.12 0.011 325.0 3.63 7.84 7.06 1.11 4.56 1.72 4.44 1.77 3.81 2.06 6.43 1.22
RC-3-U-A 25.64 36000.0 402.12 0.011 325.0 3.63 7.86 5.77 1.36 4.56 1.72 4.44 1.77 3.81 2.06 6.02 1.31
RC-3-U-B 25.64 36000.0 402.12 0.011 325.0 3.63 7.86 5.77 1.36 4.56 1.72 4.44 1.77 3.81 2.06 6.02 1.31
Xiao et al. (2016) RC-3-U-C 25.64 36000.0 402.12 0.011 325.0 3.63 7.50 5.77 1.30 4.56 1.64 4.44 1.69 3.81 1.97 6.02 1.25
: RC-3-U-D 25.64 36000.0 402.12 0.011 325.0 3.63 7.75 5.77 1.34 4.56 1.70 4.44 1.75 3.81 2.03 6.02 1.29
RC-3-U-E 25.64 36000.0 402.12 0.011 325.0 3.63 7.82 5.77 1.36 4.56 1.71 4.44 1.76 3.81 2.05 6.02 1.30
RC-4-U 30.06 36000.0 402.12 0.011 325.0 3.63 8.73 6.76 1.29 4.56 191 4.44 1.97 3.81 2.29 6.34 1.38
RC-5-U-A 30.76 36000.0 402.12 0.011 325.0 3.63 7.43 6.92 1.07 4.56 1.63 4.44 1.67 3.81 1.95 6.39 1.16
RC-5-U-B 30.76 36000.0 402.12 0.011 325.0 3.63 7.92 6.92 1.14 4.56 1.74 4.44 1.78 3.81 2.08 6.39 124
RC-5-U-C 30.76 36000.0 402.12 0.011 325.0 3.63 7.20 6.92 1.04 4.56 1.58 4.44 1.62 3.81 1.89 6.39 1.13
RC-5-U-D 30.76 36000.0 402.12 0.011 325.0 3.63 7.43 6.92 1.07 4.56 1.63 4.44 1.67 3.81 1.95 6.39 1.16
RC-5-U-E 30.76 36000.0 402.12 0.011 325.0 3.63 8.21 6.92 1.19 4.56 1.80 4.44 1.85 3.81 2.15 6.39 1.29
RC-6-U 23.43 36000.0 402.12 0.011 325.0 3.63 8.12 5.27 1.54 4.39 1.85 4.44 1.83 3.51 2.31 5.85 1.39
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Table 1. Cont.

" A 3 of o AASHTO LRFD CSA-S6 PCI ACI 318-19 Proposal
3 4 s
Researcher(s) Specimen | f'MPa) | 2y | (mm2) | P (MPa) | (MP2) | (MPa) | (vipo) | Csloca | (vipy | Pestler | vipay | Petfar | vipy | Pt | vipy | wstPa
Xiao et al. (2016) RC7-U 33.03 360000 | 402.12 | 0011 325.0 3.63 7.99 7.06 113 156 175 144 .50 381 2.10 655 122
N-0a 40.00 31250.0 | 0.00 0.000 0.0 0.00 410 248 165 0.75 547 322 127
N-0b 40.00 312500 | 0.00 0.000 0.0 0.00 128 2.48 1.72 0.75 571 322 133
N-Ta 40.00 312500 | 10053 | 0003 | 567.2 133 554 116 133 215 258 2.69 2.06 740 3.96 553 T.00
N-1b 40.00 312500 | 10053 | 0.003 | 5672 133 6.02 116 145 215 2.80 2.6 224 T40 131 553 T.09
N7Za 40.00 312500 | 201.06 | 0.006 | 5672 2.66 308 5.84 154 354 253 3.80 236 279 321 648 139
N-2b 40.00 312500 | 201.06 | 0.006 | 5672 2.66 835 584 T43 354 236 3.80 220 279 2.99 548 129
Ahmad et al. (2018) N-3a 4000 312500 | 301.59 | 0.010 567.2 3.99 930 751 124 788 11 166 2.00 719 222 722 129
N-3b 40.00 312500 | 30159 | 0010 | 5672 3.99 10.10 751 134 188 2.07 1.66 217 719 241 722 740
N-Za 40.00 312500 | 402.12 | 0013 | 5672 532 T1.30 9.00 126 188 232 517 219 188 231 7.83 144
N-4b 40.00 312500 | 402.12 | 0013 | 5672 532 10.97 9.00 122 188 225 517 212 188 225 783 140
N-5a 4000 312500 | 502.65 | 0016 | 5672 6.65 TT.98 9.00 133 788 246 517 232 788 245 838 T43
N-5b 20.00 312500 | 502.65 | 0016 | 5672 .65 12.30 9.00 137 788 252 517 238 788 752 838 T47
Ref1 17.00 933300 | 0.00 0.000 0.0 0.00 8.56 248 3.45 0.75 TT.41 3.69 232
Valikhani et al. (2021) Ref2 17.00 933300 | 0.00 0.000 0.0 0.00 6.62 248 2.67 0.75 8.83 3.69 .79
Ref3 17.00 933300 | 0.00 0.000 0.0 0.00 543 248 2.19 0.75 704 3.69 T47
Sand-lightweight concrete
A0 2917 322580 | 0.00 0.000 0.0 0.00 345 149 231 0.64 541 2.09 165
Al 25.79 322580 | 14194 | 0004 | 3289 145 523 2.79 187 193 271 238 219 129 04 3.93 133
A2 2824 322580 | 28387 | 0009 | 3696 325 630 T2 T43 354 178 357 176 2.90 217 5.10 124
Mattock et al. (1976) A3 2696 322580 | 42581 | 0013 | 36638 784 7.03 585 120 788 T44 136 T61 704 174 570 123
AL 2827 322580 | 56774 | 0018 | 3510 6.18 758 621 122 188 156 Z40 173 114 1.83 613 124
A5 2730 322580 | 709.68 | 0022 | 3510 772 821 6.14 134 188 763 Z40 187 710 2.00 502 139
A6 29.30 322580 | 85161 | 0026 | 3572 943 927 621 149 188 790 240 211 114 224 635 146
Sneed et al. (2016) SSH-MO-U-1 32.89 319354 | 42581 | 0013 | 4978 538 772 621 124 188 158 240 1.76 114 1.87 626 123
: SSH-MO-U-2 32.89 319354 | 42581 | 0013 | 49738 538 7.88 621 127 188 T62 740 T.79 I1d T91 626 126
All-lightweight concrete
E0 2730 322580 | 0.00 0.000 0.0 0.00 3.86 149 259 0.56 6.86 175 221
El 2861 322580 | 14194 | 0004 | 360.6 .59 538 292 1.84 .81 297 2.20 244 125 131 371 145
E2 2779 322580 | 28387 | 0009 | 3606 317 6.01 134 138 3.06 196 311 793 250 24T 744 135
E3 28.03 322580 | 42581 | 0013 | 3606 176 6.62 577 115 131 54 381 174 375 177 173 T40
F4 2736 322580 | 56774 | 0018 | 366.8 645 793 621 128 188 163 3.88 204 114 702 Z70 769
E5 2837 322580 | 709.68 | 0022 | 3482 7.66 827 621 133 188 170 3.88 213 114 2.00 79 173
Mattock et al. (1976) 6 2792 322580 | 85161 | 0026 | 3606 952 862 621 139 188 177 388 2 114 2.08 Z7T .83
: el 2779 322580 | 0.00 0.000 0.0 0.00 3.65 T49 245 056 650 177 2.06
CI 2858 322580 | 141.94 | 0004 | 3606 159 5.65 792 194 T81 312 220 257 125 153 3.70 153
2 26.75 322580 | 28387 | 0009 | 3482 3.06 5.83 124 137 297 196 3.06 91 241 242 134 134
G3 2827 322580 | 42581 | 0013 | 3572 172 731 573 127 128 T71 3.80 193 371 197 177 153
Ga 3048 322580 | 56774 | 0018 | 36638 645 793 621 T8 788 T.63 3.88 204 I14 T2 514 T54
G5 2761 322580 | 709.68 | 0022 | 3572 7.86 7.86 621 127 788 T61 388 203 I14 T390 7.66 T.69
C6 2761 322580 | 85161 | 0026 | 3572 943 821 621 132 188 168 388 212 I14 798 1.66 176
Sneed et al. (2016) A-SH-MO-U-1 3241 319354 | 42581 | 0013 | 497.8 538 7.5 621 117 1.80 51 3.88 1.87 114 175 547 133
: ASH-MO-U-2 3241 319354 | 42581 | 0013 | 4978 538 732 621 718 180 153 3.88 .89 114 177 547 134
Average 1.65 3.18 2.35 2.94 142
Maximun] 345 TT.41 7,09 5.86 232
Minimum  1.03 139 137 .70 T.00
STD 053 214 0.70 T8 027
(€)Y 31.87 6731 29.60 1339 8.87
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Table 2. Monolithic precracked.
) . P Ao | Ay P o, o |__AASHTO LRFD CSA-S6 PCI ACI 318-19
Researcherl(s) Specimen (MPa) | (mm?) (mm?) P (MPa) (MPa) (MPa) (:/ﬁ’;;) Vtest!Vcal (I\z;ﬁ'ila) Vtest!Vcal (:,ﬁ';;) Vtest!Veal (;,ff;;) VtestlVeal
Normalweight concrete
2.1 21.37 32258.0 | 141.94 | 0.004 349.6 1.54 4.07 4.42 0.92 2.36 1.72 2.89 1.41 1.61 2.52
2.2 21.37 32258.0 | 283.87 | 0.009 349.6 3.08 4.69 4.81 0.97 3.98 1.18 4.09 1.15 3.21 1.46
2.3 26.89 32258.0 | 425.81 | 0.013 349.6 4.61 5.79 6.05 0.96 4.88 1.19 5.00 1.16 4.03 1.44
24 26.89 32258.0 | 567.74 | 0.018 349.6 6.15 6.90 6.05 1.14 4.88 1.41 5.17 1.33 4.03 1.71
2.5 28.82 32258.0 | 709.68 | 0.022 349.6 7.69 8.96 6.48 1.38 4.88 1.84 5.17 1.73 4.21 2.13
2.6 28.82 32258.0 | 851.61 | 0.026 349.6 9.23 9.55 6.48 1.47 4.88 1.96 5.17 1.85 4.21 227
3.3 21.37 32258.0 | 283.77 | 0.009 349.6 3.08 4.69 4.81 0.97 3.98 1.18 4.09 1.15 3.21 1.46
3.4 27.86 32258.0 | 506.42 | 0.016 325.4 5.11 7.09 6.27 1.13 4.88 1.45 5.17 1.37 4.15 1.71
Hofbeck et al. 3.5 27.86 32258.0 | 790.47 | 0.025 292.3 7.16 7.94 6.27 1.27 4.88 1.63 5.17 1.54 4.15 1.91
(1969) 4.1 28.06 32258.0 | 141.94 | 0.004 | 455.8 1.82 4.85 4.78 1.02 2.66 1.82 3.14 1.54 1.91 2.54
4.2 28.06 32258.0 | 283.87 | 0.009 455.8 3.64 6.76 6.31 1.07 457 1.48 4.45 1.52 3.82 1.77
4.3 29.92 32258.0 | 425.81 | 0.013 455.8 5.46 8.14 6.73 1.21 4.88 1.67 5.17 1.57 4.28 1.90
4.4 29.92 32258.0 | 567.74 | 0.018 455.8 7.28 9.65 6.73 1.43 4.88 1.98 5.17 1.87 4.28 2.26
4.5 23.37 32258.0 | 709.68 | 0.022 | 455.8 9.10 9.10 5.26 1.73 4.38 2.08 5.17 1.76 3.51 2.60
5.1 16.89 32258.0 | 141.94 | 0.004 349.6 1.54 3.52 3.80 0.93 2.36 1.49 2.89 1.22 1.61 2.18
52 18.06 32258.0 | 283.87 | 0.009 349.6 3.08 4.83 4.06 1.19 3.39 1.42 4.06 1.19 2.71 1.78
5.3 16.44 32258.0 | 425.81 | 0.013 349.6 4.61 5.58 3.70 1.51 3.08 1.81 3.70 151 247 2.26
54 17.79 32258.0 | 567.74 | 0.018 349.6 6.15 5.48 4.00 1.37 3.34 1.64 4.00 1.37 2.67 2.05
55 18.06 32258.0 | 709.68 | 0.022 349.6 7.69 6.96 4.06 1.71 3.39 2.06 4.06 1.71 2.71 2.57
Mattock et al. E1C 26.58 54193.4 | 567.74 | 0.010 357.2 3.74 6.07 5.98 1.02 4.68 1.30 451 1.35 3.93 1.55
(1975) F1C 29.10 54193.4 | 851.61 | 0.016 345.4 543 6.81 6.55 1.04 4.88 1.40 5.17 1.32 4.23 1.61
Al 41.51 32258.0 | 141.94 | 0.004 356.1 1.57 5.24 4.45 1.18 2.39 2.19 2.92 1.80 1.64 3.19
A2 41.51 32258.0 | 283.87 | 0.009 356.1 3.13 5.52 6.43 0.86 4.04 1.37 412 1.34 3.29 1.68
A3 40.13 32258.0 | 425.81 | 0.013 | 382.3 5.05 7.93 8.84 0.90 4.88 1.63 5.17 1.53 4.89 1.62
Mattock (1976) A4 40.54 32258.0 | 567.74 | 0.018 382.3 6.73 9.79 9.12 1.07 4.88 2.01 517 1.89 491 1.99
A5 42.23 32258.0 | 709.68 | 0.022 353.5 7.78 10.34 9.31 1.11 4.88 2.12 5.17 2.00 5.02 2.06
A6 40.68 32258.0 | 1032.26| 0.032 331.0 10.59 12.14 9.15 1.33 4.88 2.49 5.17 2.35 4.92 2.46
A6A 41.16 32258.0 | 1032.26/ 0.032 331.0 10.59 12.82 9.26 1.38 4.88 2.63 517 2.48 495 2.59
A7 41.16 32258.0 | 1290.32] 0.040 332.3 13.29 13.38 9.26 1.44 4.88 2.74 517 2.59 4.95 2.70
N1 28.82 32258.0 | 141.94 | 0.004 351.0 1.54 3.17 443 0.72 2.37 1.34 2.90 1.10 1.62 1.96
N2 26.89 32258.0 | 283.87 | 0.009 363.4 3.20 5.38 6.05 0.89 411 1.31 4.17 1.29 3.36 1.60
Mattock et al. N3 2755 | 322580 | 42581 | 0.013 | 360.6 176 6.62 6.20 1.07 1388 136 5.08 1.30 413 1.60
(1976) N4 28.61 32258.0 | 567.74 | 0.018 351.0 6.18 7.93 6.44 1.23 4.88 1.63 517 1.53 4.20 1.89
N5 27.13 32258.0 | 709.68 | 0.022 351.0 7.72 8.10 6.10 1.33 4.88 1.66 517 1.57 4.07 1.99
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Table 2. Cont.
R N ) Jx A Avf f ofy Drest AASHTO LRFD CSA-S6 PCI ACI 318-19
esearcher(s) Specimen (MPa) | (mm?) (mm?) p (MPa) (MPa) (MPa) (I\Z;[C]L;;) Vtest/Vcal (I\Z;ﬁ'i;) Vtest/Veal (;]/[Cla)la) Vtest/Veal (:/[Cfﬁla) Vtest!Vcal
Mattock et al. (1976) N6 28.41 32258.0 | 851.61 | 0.026 | 344.8 9.10 8.21 6.39 1.28 4.88 1.68 5.17 1.59 4.19 1.96
SF-4-1-C 46.92 38709.6 | 141.94 | 0.004 | 479.2 1.52 4.02 4.39 0.91 2.34 1.72 2.87 1.40 1.59 2.52
SF-4-2-C 46.92 38709.6 | 283.87 | 0.007 | 479.2 3.03 6.40 6.30 1.01 3.94 1.63 4.06 1.58 3.19 2.01
SF-4-3-C 46.92 38709.6 | 425.81 | 0.011 | 479.2 4.55 8.18 8.22 1.00 4.88 1.68 497 1.65 4.78 1.71
SF-7-1-C 80.91 38709.6 | 141.94 | 0.004 | 572.3 1.52 4.79 4.39 1.09 2.34 2.05 2.87 1.67 1.59 3.01
SE-7-2-C 85.57 | 38709.6 | 283.87 | 0.007 | 572.3 3.03 5.94 6.30 0.94 3.94 1.51 4.06 1.46 3.19 1.87
SE-7-3-C 90.35 38709.6 | 425.81 | 0.011 | 572.3 4.55 8.22 8.22 1.00 4.88 1.69 497 1.65 4.78 1.72
SF-7-4-C 85.99 38709.6 | 567.74 | 0.015 | 572.3 6.07 7.21 9.31 0.77 4.88 1.48 5.17 1.39 6.37 1.13
SF-10-1-C-a 83.11 38709.6 | 141.94 | 0.004 | 572.3 1.52 2.96 4.39 0.67 2.34 1.27 2.87 1.03 1.59 1.86
Kahn and SF-10-1-C-b 98.78 38709.6 | 141.94 | 0.004 | 572.3 1.52 3.45 4.39 0.78 2.34 1.47 2.87 1.20 1.59 2.16
Mitchell (2002) SF-10-2-C-a 101.19 | 38709.6 | 283.87 | 0.007 | 572.3 3.03 5.83 6.30 0.93 3.94 1.48 4.06 1.44 3.19 1.83
SF-10-2-C-b 102.07 | 38709.6 | 283.87 | 0.007 | 572.3 3.03 5.53 6.30 0.88 3.94 1.41 4.06 1.36 3.19 1.74
SF-10-3-C-a 111.49 | 38709.6 | 425.81 | 0.011 | 572.3 4.55 743 8.22 0.90 4.88 1.52 497 1.50 4.78 1.56
SF-10-3-C-b 96.01 38709.6 | 425.81 | 0.011 | 572.3 4.55 7.28 8.22 0.89 4.88 1.49 4.97 1.46 4.78 1.52
SF-10-4-C-a 106.65 | 38709.6 | 567.74 | 0.015 | 572.3 6.07 8.52 9.31 0.92 4.88 1.75 5.17 1.65 6.37 1.34
SF-10-4-C-b 113.60 | 38709.6 | 567.74 | 0.015 | 572.3 6.07 8.76 9.31 0.94 4.88 1.80 5.17 1.69 6.37 1.38
SF-14-1-C 110.42 | 38709.6 | 141.94 | 0.004 | 572.3 1.52 2.86 4.39 0.65 2.34 1.22 2.87 1.00 1.59 1.80
SF-14-2-C 106.84 | 38709.6 | 283.87 | 0.007 | 572.3 3.03 4.62 6.30 0.73 3.94 1.17 4.06 1.14 3.19 1.45
SF-14-3-C 106.13 | 38709.6 | 425.81 | 0.011 | 572.3 4.55 6.38 8.22 0.78 4.88 1.31 497 1.28 4.78 1.33
SF-14-4-C 110.20 | 38709.6 | 567.74 | 0.015 | 572.3 6.07 8.42 9.31 0.90 4.88 1.73 5.17 1.63 6.37 1.32
AN-2 40.20 35999.9 | 314.16 | 0.009 | 530.0 3.61 8.18 7.03 1.16 4.54 1.80 443 1.85 3.79 2.16
AN-4 40.20 35999.9 | 628.32 | 0.017 | 530.0 7.21 10.17 9.05 1.12 4.88 2.09 5.17 1.97 4.89 2.08
AN-6 40.20 35999.9 | 942.48 | 0.026 | 530.0 10.83 12.92 9.05 143 4.88 2.65 5.17 2.50 4.89 2.64
AM-2 69.01 35999.9 | 314.16 | 0.009 | 530.0 3.61 7.50 7.03 1.07 4.54 1.65 443 1.70 3.79 1.98
AM-3 69.01 359999 | 471.24 | 0.013 | 530.0 5.41 11.50 9.30 1.24 4.88 2.36 5.17 2.22 5.68 2.02
AM-4 69.01 359999 | 628.32 | 0.017 | 530.0 7.21 14.03 9.31 1.51 4.88 2.88 5.17 2.71 6.62 212
Mansur et al. (2008) AH-2 87.00 359999 | 314.16 | 0.009 | 530.0 3.61 7.78 7.03 1.11 4.54 1.71 443 1.76 3.79 2.05
’ AH-3 87.00 359999 | 471.24 | 0.013 | 530.0 5.41 12.36 9.30 1.33 4.88 2.54 5.17 2.39 5.68 2.18
AH-4 87.00 359999 | 628.32 | 0.017 | 530.0 7.21 14.17 9.31 1.52 4.88 291 5.17 2.74 7.57 1.87
B1-4 73.21 35999.9 | 402.12 | 0.011 300.0 3.35 6.73 6.70 1.00 4.27 1.58 4.27 1.58 3.52 191
B2-2 84.91 35999.9 | 201.06 | 0.006 | 300.0 1.68 5.17 4.59 1.13 2.51 2.06 3.02 1.71 1.76 2.94
B2-4 84.91 35999.9 | 402.12 | 0.011 | 300.0 3.35 7.32 6.70 1.09 4.27 1.72 427 1.72 3.52 2.08
B2-5 84.91 35999.9 | 502.65 | 0.014 | 300.0 4.19 8.21 7.76 1.06 4.88 1.68 4.77 1.72 4.40 1.87
B2-6 84.91 35999.9 | 603.19 | 0.017 | 300.0 5.03 9.17 8.82 1.04 4.88 1.88 5.17 1.77 5.29 1.74
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Table 2. Cont.

A _ P A | Ay 3 o or |__AASHTO LRFD CSA-S6 PCI ACI 318-19
Researcher(s) Spec1men (MPa) (mmz) (mmZ) P (MPa) (MPa) (MPa) (I\Z;[C]L;;) vtest/vml (]\Z;ﬁgla) vtestlvcul (lsﬁa)la) vtestlvml (:/[Cf,la) "Utest/vml

B