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Chapter 1. Introduction

1.1. Overview

Cold joints are formed at the interfaces between layers of concrete placed at different times.
Whether introduced deliberately (through staged concrete placement, retrofit actions, or roadway
expansion project), as shown in Figure 1-1, or arising unintentionally (due to unforeseen delays in
concrete placement), cold joints represent structural discontinuities characterized by complex
stress-transfer mechanism, potentially serving as planes of weakness within reinforced concrete
(RC) members. Frequently, cold joints occur within the disturbed regions (D-region) of structures,
where the structural behavior is dominated by the nonlinear stress field, invalidating traditional
sectional design and analysis methods. Instead, the strut-and-tie method (STM) is commonly
employed, as it effectively accounts for the intricate stress-transfer mechanisms in D-regions.

Prior to the 2016 edition of AASHTO LRFD Bridge Design Specifications, no explicit
indication was provided for specific consideration of struts crossing cold joints. However, the 2016
interim revisions of AASHTO LRFD introduced a requirement to verify the shear-friction capacity
of cold joints when intersected by a strut. Despite this advancement, current design expressions
for shear-friction capacity of cold joints remains limited to the application of sectional analysis,
offering no guidelines directly addressing the approach for evaluating the strength of cold joints
intersected by struts and the performance of cold joints in D-regions of structures. Project 0-7117
seeks to address this gap by investigating the strength of struts crossing cold joints through an
extensive analytical and experimental program, aiming to develop design guidelines for the
AASHTO LRFD Bridge Design Specifications and TxDOT Bridge Design Manual.
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Figure 1-1 Examples of cold joints in D-regions (Bayrak, 2020)

1.2. Project Objective

The objective of this research project focuses on integrating shear-friction behavior of cold
joints into the strut-and-tie framework, providing a mechanically-based numerical approach to
evaluate the strength of reinforced concrete structures with cold joints. To assess the influence of
common cold joint characteristics, a comprehensive literature review and industrial survey were
included in this research project. Based on the information gathered from previous research and
common design practice, three comprehensive experimental programs were developed, ranging
from small to large scale specimens and encompassing both two and three-dimensional structural
behavior. The experiments were designed to provide valuable insight into the overall structural
behavior and the response of cold joints for the establishment of a mechanical model that reflects
the shear transfer mechanism of cold joints in the D-regions of structures. The mechanical model
is structured to support a design procedure that aligns with current design specifications,
addressing both interface shear design for cold joints and the strut-and-tie method for D-regions.
The overarching objective of this research is to develop a reliable and practically applicable
analytical approach, along with corresponding design guidelines, for cold joints located within the
D-regions of reinforced concrete structures.

1.3. Project Scope
To fulfill the objective of the project, the following seven tasks were undertaken:
1. Investigate the shear resisting mechanism of cold joints and available model integrating

cold joints in the strut-and-tie framework by conducting state-of-the-art literature
review.

2. Evaluate common design practices and parameters for cold joints by distributing
surveys to certified engineering parties.



3. Identify the key variables influencing the interface shear resistance of cold joints
through slant shear experiments and evaluate the accuracy of current interface shear
expressions.

4. Investigate the effect of cold joints on the structural behavior and shear performance of
deep beams designed with two-dimensional STM.

5. Investigate the effect of cold joints on the structural behavior and shear performance of
drilled-shaft footings designed with three-dimensional STM.

6. Propose analytical approaches and design recommendations, compatible with current
strut-and-tie provisions, to assess and design the structures in D-regions intersected by
cold joints.

The findings from Tasks 1 and 2 were used to identify key design variables for the
subsequent experimental program. Based on the results of the slant shear tests, variables found to
significantly influence cold joint behavior were incorporated into the design of the large-scale
experiments, which included ten deep beams and one drilled-shaft footing cap. Data from these
experiments were analyzed to develop a reliable analytical model and corresponding design
procedures for the D-regions of structures containing cold joints.

1.4. Organization

Chapter 2 provides background information and a review of design provisions related to
interface shear resistance of cold joints and the principles of strut-and-tie modeling. Existing
specifications and models concerning struts intersected by cold joints are also reviewed. The
chapter concludes with practical applications involving struts crossing cold joints, highlighting the
urgent need for formal design guidelines on this topic.

Chapter 3 presents the industrial survey, including the questions posed and the responses
received, offering valuable insight into current practices for cold joint design.

Chapter 4 details the slant shear experimental program, covering specimens design and
fabrication, testing protocols, instrumentation, experimental results, and data-based analysis.

Chapter 5 focuses on the deep beam experimental program. It begins with the application
of the strut-and-tie method in preliminary specimen design and proceeds to describe the selected
design variables, specimen configurations, fabrication process, and material properties. The
chapter also outlines the instrumentation used to monitor structural behavior, the test setup, and
the testing procedure. Experimental results are discussed across several dimensions, including
load—deflection response, shear capacity, crack patterns, failure modes, reinforcement strain
behavior, serviceability, and strain/displacement fields captured using a non-contact optical
tracking system.



Chapter 6 presents the design and results of the drilled-shaft footing cap experiment,
following a structure similar to the deep beam program.

Chapter 7 offers an in-depth discussion of cold joint behavior within the strut-and-tie
system, based on experimental findings. This chapter also details the methodology, assumptions,
and development of the proposed analytical approaches and design recommendations.

Finally, Chapter 8 summarizes the key findings and conclusions of the research, concluding
with reflections on its practical implications and potential directions for future work.



Chapter 2. Literature Review

2.1. Shear Behavior of Cold Joints - Shear Friction

This section provides background information and theoretical foundations for the shear
behavior of cold joints based on the shear-friction hypothesis, reviews relevant design code
provisions, and summarizes key experimental findings from previous research.

2.1.1. Background and Theory

Advancements in precast concrete connections throughout the late 1950s and into the
1960s resulted in a need for a simple connection design method (Mast, 1968). Birkeland and
Birkeland (1966) noted that damage was commonly concentrated at shear interfaces within precast
connections. As a result, the shear friction hypothesis was developed (Birkeland & Birkeland,
1966; Mast, 1968). The shear friction concept is shown schematically in Figure 2-1. For a cracked
concrete element (Figure 2-1(a)) subjected to external shear, V, and a compression force, P, the
slip due to the shear force is resisted by the friction force, «P. If the interface is sufficiently rough,
the slip will tend to produce a vertical movement, o (i.e., crack width opening—see Figure 2-1(b)).
In an interface with sufficiently anchored and appropriately oriented reinforcement, this vertical
displacement causes tension in the reinforcement. As a result, compressive stresses develop across
the interface to equilibrate the tensile stresses from the reinforcement. Thus, the basic equation for
shear friction theory is:

VW= :uAvffy (2-1)

where V), is the nominal shear force resistance, u is the coefficient of friction, 4,r is the area of
interface shear reinforcement, and f, is the yield strength of the interface shear reinforcement.
Based on the shear friction equation, Mast (1968) proposed that for a crack in monolithic concrete
and a roughened interface between precast and cast-in-place concrete, the friction coefficient, u,
should be taken as 1.4. The upper limit of tensile stresses introduced by the elongation of
reinforcement across the interface were recommended to be conservatively taken as the lesser of
0.15f. and 600 psi.

Equation (2-1) can also be expressed as a function of the compression and friction forces
acting on the interface. Note that the friction coefficient, p, in Equation (2-1) has replaced the
tangent of the internal friction angle, ¢, from Figure 2-1(b). This substitution is based on the
definition of the internal friction angle. The internal-friction angle is defined as the angle between
the normal force acting on a plane and the resultant of the normal and shear force acting on the
same plane. Thus, the tangent of the internal-friction angle is identical to the coefficient of friction
by inspection of Figure 2-1. Also, the internal-friction angle is the slope of the straight-line
envelope associated with the Mohr-Coulomb failure criterion for concrete,
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where 7 is the failure shear stress, c is the concrete cohesion stress, o is the normal stress acting on
the same plane as the failure shear stress, and ¢ is the internal friction angle.
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Figure 2-1 Shear friction hypothesis (Reprinted from Birkeland & Birkeland, 1966)

In addition to Equation (2-1), Mast (1968) and Birkeland and Birkeland (1966) also
discussed practical upper limits for design, based on the specified compressive strength of
concrete, /¢, and the interface shear stress magnitude, v,. Other researchers (Hofbeck et al., 1969;
Mattock & Hawkins, 1972) also demonstrated that concrete strength played a role in interface
shear strength. Notably, Hofbeck et al. (1969) hypothesized that the behavior of initially cracked
and initially uncracked shear interfaces would be nearly identical for certain combinations of
relative reinforcement strength (the product of the reinforcement ratio, p, and reinforcement yield
stress, fy) and concrete compressive strength (e.g., pf, = 1.4 ksi and f”c = 4 ksi). That is, for interface
with relative reinforcement strength exceeding these certain combinations, the shear resistance is
governed by the concrete compressive strength.

Doweling action of the reinforcement and concrete cohesion were neglected in the original
shear friction theory. Hofbeck et al. (1969) tested 38 push-off specimens, as shown in Figure 2-2.
More specifically, they tested four specimens (two initially uncracked and two initially cracked)
with rubber sleeves around the reinforcement where the bars crossed the interface (to reduce
doweling action) to compare with similar specimen without rubber sleeves. In the initially
uncracked specimens, the measured slip along the interface was similar to the specimens without
the rubber sleeves. Conversely, increased slips were observed in the initially cracked specimens
with rubber sleeves, and there was an approximately 29% reduction in interface shear strength.



Hofbeck et al. (1969) concluded that the difference was related to shape of the crack patterns.
Typically, several short, diagonal cracks occurred over the length of the shear interface in the
initially uncracked specimen. This resulted in unfavorable kinematics to develop appreciable
dowel action. Conversely, the reinforcement was orthogonally oriented to the crack interface for
the pre-cracked specimens, which allowed for a significant dowel action contribution to shear
resistance to develop.

Hofbeck et al. (1969) also noted that there was a concrete contribution to the interface shear
strength for specimens with a large enough relative reinforcement strength (approximately 0.20
ksi). Hermansen and Cowan (1974) dubbed this contribution the “apparent cohesive stress.”
Furthermore, they proposed the modified shear-friction theory, which is given in general by
Equation (2-3).

Vo = cbd + pAysfy, (2-3)

where b is the width of the shear plane, and d is the depth of the shear plane, and other terms are
as previously defined within Section 2.1.1. Hermansen and Cowan (1974) took ¢ equal to 0.58 ksi
for initially uncracked specimens in their proposal for the modified shear-friction theory for
bracket design. Note that, around this same time, Mattock and Hawkins (1972) proposed a similar
expression that included an apparent cohesion contribution and the influence of stresses
perpendicular to the shear interface (i.e., a super position of the mechanisms in Figure 2-1(a) and

(b))

Hofbeck et al. (1969) conducted a series of statistical analysis on the push-off experimental
results to propose appropriate coefficients and shear strength upper limits for the original and the
modified shear-friction theory. The experimental results indicated that the upper limit of
reinforcement tensile stresses proposed by previous research (Mast, 1968) is reasonably
conservative for specimens with relative reinforcement strength less than 0.15f. and 600 psi. For
heavily reinforced specimens with larger relative reinforcement strength, it was observed that the
experimental shear strength considerably exceeded the upper limit. Hotfbeck et al. (1969)
suggested taking 1.0 as the friction coefficient and the lesser of 0.30f. and 1500 psi as the upper
limit of relative reinforcement strength. This recommendation prevented unconservative estimates
by decreasing the friction coefficient and leveraged the additional contribution of excessive
reinforcement by increasing the upper limit of relative reinforcement strength. For the modified
shear-friction theory, the cohesion contribution was derived from the Zia failure envelope. The
distribution of experimental results suggested that the friction coefficient is approximately 0.8
when the cohesion contribution is substantial. It was also noted that when the interface shear
strength reaches the upper limit, 0.3 f;, the effect of the relative reinforcement strength is
insignificant to the shear strength.
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Figure 2-2 Details of push-off specimen (Reprinted from Hofbeck et al., 1969)

Mattock (1974) tested 23 push-off specimens with reinforcement that was oriented at
angles, a (see Figure 2-3), ranging from 116.5-180° relative to the shear plane. The goal of this
study was to extend the hypotheses proposed by Mattock and Hawkins (1972), which were limited
to cases where reinforcement was oriented orthogonally to the shear plane. Ultimately, Mattock
(1974) showed that it was possible to generalize the theories; however, the author also noted the
importance of checking the angle of reinforcement relative to the crack/shear-plane orientation.
Mattock (1974) categorized the orientation between the shear plane to the reinforcement into three
groups. Different considerations and assumptions were made to determine the stress in the
reinforcement of each category. For layers of reinforcement with inclinations between 0-90°
relative to the shear plane, the reinforcement was subjected to tension from the applied shear. Thus,
it was assumed that reinforcement would yield prior to the failure of concrete, and the
reinforcement stress was taken as the yielding stress. For angle between 90-129°, the
reinforcement is subjected to compression. The yielding assumption is not valid in this case, and
a different formulation is proposed to estimate the stress of reinforcement. For layers of
reinforcement with inclinations between 129—-180° relative to the shear plane, negligible amounts
of compression will develop in the reinforcement. Thus, Mattock (1974) conservatively
recommended taking the reinforcement stress equal to zero.

A generalized form of the modified shear-friction theory, assuming the shear interface
reinforcement can develop its full yield strength, is given in Equation (2-4).



Vo =cAg + Aysfy cosa + u(Aysfy sina + P)

(2-4)

where 4., is the area of concrete considered to be engaged in shear transfer, 0° < a <90°, and other

terms are as previously defined.
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Figure 2-3 Definition of shear friction reinforcement angle, a (Adapted from ACI Committee 318, 2025)

Mattock et al. (1975) conducted 12 corbel push-off experiments to investigate the effect of
moment and tensile forces on interface shear behavior, as shown in Figure 2-4. The specimens
were subjected to eccentric loading, creating moments and shear simultaneously across the shear
plane. Mattock (1975) concluded that the effect of moment is negligible to the interface shear
resistance when the applied moment is less than the interface flexural strength. Mattock (1975)
also noted that both compressive and tensile forces acting normal to the interface should be
considered in the shear calculation. As shown in Equation (2-4), the permanent normal force is
positive when compression and negative when tension. Additionally, some specimens exhibited
flexural failure prior to interface shear failure. This observation emphasized the need to effectively
transfer both moment and shear across the interface. In the design prospective, the total area of
reinforcement across the interface should satisfy the sum of the reinforcement area necessary to
resist tension force and shear.
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Figure 2-4 Details of corbel push-off specimen (Reprinted from Mattock et al., 1975)

Mattock (1976) synthesized the results of push-off experiments conducted throughout the
1970s to propose a formulation for calculating shear transfer across concrete interfaces. In this
formulation, different friction coefficients for were proposed based on the interface conditions.
The friction coefficient was taken as 1.4 for deliberately roughened interfaces, and 0.6 for smooth
interfaces. For deliberately roughened interface, this research also recommended using the
modified shear-friction theory to calculate shear transfer. The upper limit of modified shear-
friction theory was taken as 0.2 f, when calculating the shear strength of the interface between
precast and cast-in-place concrete. These recommendations serve as the foundation for the
coefficients and upper limits implemented in current design specifications.

The shear friction and modified shear-friction models discussed so far are solutions based
on the lower-bound theorem of limit analysis, which may be stated as,

[If a statically admissible] stress field which (a) satisfies the equations of
equilibrium, (b) satisfies the stress boundary conditions, and (c) nowhere violates the yield
criterion...can be found, uncontained plastic flow will not occur at a lower load. (Chen &
Han, 1988, p. 413)



More specifically, Equation (2-4) represents a statically admissible stress field subjected
to the Mohr-Coulomb yield criterion in Equation (2-2) (Chen, 1982). Recall that Equation (2-2) is
the linear portion of the Mohr-Coulomb failure criterion. Chen (1982) also presented two lower-
bound solutions for the tension and compression cutoffs, given by Equations (2-5) and (2-6),
respectively. Note that the shear interface reinforcement is assumed to be orthogonal to the shear
plane and the influence of normal force, P, was neglected for simplicity in these two equations.

T <Avffy N f,> 1-sing—2 (%) S (2-5)
fe B Aefe ‘ Ayrfy f;;’ :
T _ Avffy _ Avffy 2-6
o J () (122 =os &0
with

, _ 2ccos¢
fo= 1—sing (2-7)

, _ 2ccos¢
" 1+sing (2-8)

where /7 is the tensile strength of concrete, and other terms are as previously defined within Section
2.1. The compressive and tensile strengths of concrete could also be taken from tests, in lieu of
using Equations (2-7) and (2-8).

2.1.2. Design Codes

This section summarizes four relevant design code provisions related to shear friction: the
AASHTO LRFD Bridge Design Specifications (AASHTO, 2024), the Building Code
Requirements for Structural Concrete (ACI Committee 318, 2025), the Canadian Standard
Association’s Design of Concrete Structures (CSA Standard A23.3-19, 2019), and the fib Model
Code for Concrete Structures 2020 (fib International, 2024).

2.1.2.1. AASHTO LRFD Bridge Design Specifications

Article 5.7.4 of the AASHTO LRFD outlines design guidelines for interface shear transfer
/ shear friction. The basic equations are as follows:

Vn = CAcv + M(Avffy * P) (2'9)
Vn = KlfclAcv (2'10)
V, £ KA, (2-11)
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where V, is the nominal interface shear force resistance, ¢ is the cohesion factor, 4., is the area of
concrete considered to be engaged in shear transfer, x is the friction factor, A,y is the area of
interface shear reinforcement within interface area A., f, is the yield strength of the interface shear
reinforcement, P is the permanent net compressive force normal to the shear plane (taken as a
positive value or zero if it is tensile), K; is the fraction of concrete strength available to resist
interface shear, /¢ is the specified compressive strength of concrete, and K> is the upper limit for
interface shear resistance. The material constants ¢, u, Ki, and K> are defined in Table 2-1 for
various surface roughness conditions. Equation (2-9) is a specific form of Equation (2-4) with a,
the reinforcement angle relative to the shear interface (see Figure 2-3), equal to zero (i.e.,
reinforcement is orthogonal to the shear transfer area), neglecting the contribution of reinforcement
parallel to the orientation of the shear interface. The shear resistance is subjected to a concrete-
strength-based limit and a shear stress limit.

Table 2-1 AASHTO LRFD cohesion stress and coefficient of friction values for various surface
conditions (AASHTO, 2024)

Surface condition ¢ (ksi) H K K; (ksi)
Clean, intentionally roughened to an 1.8 (normal weight)
amplitude of 0.25 in. (concrete slab on 0.28 1.0 0.30 ’ . Ao

. 1.3 (lightweight)
concrete girder)
Normal weight, monolithically placed 0.40 1.4 0.25 1.5
Lightweight concrete, monolithically placed
or clean, intentionally roughened to an 0.24 1.0 0.25 1.0

amplitude of 0.25 in.
Clean, intentionally roughened to an

amplitude of 0.25 in. 0.24 1 10 1 0.25 1.5
Clean, not intentionally roughened 0.075 0.6 0.20 0.8
Concrete anchored to steel 0.025 0.7 0.20 0.8

The values presented in Table 2-1 are based on lower-bound values that have been
empirically validated (Hofbeck et al., 1969; Kahn & Mitchell, 2002; Kahn & Slapkus, 2004; Loov
& Patnaik, 1994; Mattock, 2001; Mattock et al., 1976; Patnaik, 1999). Additionally, the AASHTO
LRFD provides a minimum area of interface shear reinforcement, as shown in Equation (2-12).
Also, if P in Equation (2-9) is tensile then additional reinforcement, 4,,, must be added to the
required interface shear reinforcement per Equation (2-13).

== (2-12)
A —E 2-13
Up_fy (‘ )

2.1.2.2. ACI Building Code Requirements for Structural Concrete

Section 22.9 of ACI 318-25 provides design requirements for shear friction. Equation
(2-14) and Table 2-2 summarize the general requirements. ACI 318-25 follows the original shear-
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friction theory, neglecting the contribution of concrete cohesion to the shear interface resistance
from Equation (2-4). Note that inclined reinforcement may only be used in the Equation (2-14) if
the shear force results in a tension force in the reinforcement, as shown in Figure 2-3 (0° < a <
90°). ACI 318-25 has similar requirements to Equation (2-13) if P is tensile. These provisions have
been empirically validated with available test results (Kahn & Mitchell, 2002; Mattock, 1977;
Mattock & Hawkins, 1972).

Vo = Aysfycosa + p(Aysfy sina + P) (2-14)

where / is the lightweight concrete factor, and other terms are as previously defined within Section
2.2. Upper limits for V, are given in Table 2-3.

Table 2-2 ACI 318-25 coefficient of friction values for various surface conditions (ACl Committee

318, 2025)
Concrete surface condition Y7,
Placed monolithically 1.44
Clean, intentionally roughened to an amplitude of 0.25 in. | 1.04
Clean, not intentionally roughened 0.6
Concrete anchored to steel 0.7

Table 2-3 ACI 318-19 maximum V,, across the assumed shear plan (ACl Committee 318, 2025)
Condition Maximum V. (kips)

Normal weight concrete placed monolithically or Lesser of (a) 0.002f.Acv (a)
placed against hardened concrete intentionally (b), and (c) ’ (0.48+0.08/") Acv | (b)
roughened to an amplitude of 0.25 in. ’ 1.6A4cy ()
Lesser of (d) 0.002f"Acy (d

Other cases and (c) 0.84. ©

2.1.2.3. Design of Concrete Structures (CSA A23.3:19)

Interface shear transfer design guidance is detailed in Clause 11.5 of CSA A23.3:19. Once
again, the basic form mirrors Equation (2-4). The factored shear stress resistance in CSA A23.3:19
is

v, = A(c + uo) + pf, cosa (2-15)
subjected to the limit of
Alc + o) < 0.25f; (2-16)

where v, is the factored interface shear stress resistance, o is the effective normal stress (calculated
with Equation (2-17)), p is the ratio of shear friction reinforcement (equal to 4,/A4cv, the ratio of
shear reinforcement to concrete interface area), and other terms are as previously defined within
Section 2.2. Table 2-4 summarizes the cohesion stress and coefficient of friction values for various
surface conditions. Note that, like ACI 318-25, inclined reinforcement may only be included if the
shear force induces tension (0° < a < 90°, refer to Figure 2-3).
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N
o =pfysina+— (2-17)
Ag
where N is the unfactored permanent load perpendicular to the shear plane (taken as positive for
compression and negative for tension), 4, is the gross area of the section, and other terms are as
previously defined within Section 2.2.

Clause 11.5.3 also provides Equation (2-18) as an alternate method for monolithically
placed concrete or for concrete cast against a clean, intentionally roughened concrete surface with
an amplitude greater-than-or-equal-to 0.20 in.

v, = Ak\Jof + pf, cosa (2-18)

where £ is equal to 0.5 for concrete placed against hardened concrete and 0.6 for monolithically
placed concrete and other terms are as previously defined within Section 2.2. While CSA A23.3:19
does not explicitly give references to which studies were used to validate the values presented in
Table 2-4, a quick comparison with Table 2-1 reveals that the values for ¢ and u in CSA A23.3:19
are typically less-than-or-equal-to the values used in AASHTO LRFD.

Table 2-4 CSA A23.3:19 cohesion stress and coefficient of friction values for various surface
conditions (CSA Standard A23.3-19, 2019)

Surface condition c (ksi) u
Clean, not intentionally roughened 0.036 0.60
Clean, intentionally roughened to an amplitude of not

less than 0.20 in. 0.073 1.00
Monolithically placed 0.15 1.40
Concrete anchored to steel 0.00 0.60

2.1.2.4. fib Model Code for Concrete Structures 2020

Subsection 30.1.3.8 of MC2020 (fib International, 2024) contains design guidelines for
shear at the interface between concrete cast at different times. Unlike the other codes discussed so
far, MC2020 (fib International, 2024) considers interfaces with and without reinforcement. An
interface without reinforcement is assumed to behave with rigid bond-slip behavior. The interface
shear stress design limit, zza;, is calculated using Equation (2-19). While Equation (2-19) obviously
does not contain the influence of reinforcement, note that it is still based on Equation (2-4).

Trai = Cafcta + UOn < 0.5V 4 (2-19)

where ¢, is the coefficient for adhesive bond (refer to Table 2-5), fc« is the design value for the
axial tension strength of concrete, o, is the lowest expected permanent compressive stress on the
shear plane, v is the effectiveness factor of concrete (calculated with Equation (2-20) using ksi
units), feq is the design value for the cylinder compression strength of concrete, and other terms are
as previously defined within Section 2.2.
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4.3
v=0.55( ) <055 (2-20)
fcd

Equation (2-21) provides the interface shear stress design limit for a reinforced interface.
Note that it was converted from input units of N/mm to ksi.

C .
thai = 5 ful* + HOw +apfya(using +cos @) + 15 |frafea < BeVfea (2-21)

where ¢, is the coefficient for aggregate interlock effects, fox is the characteristic compressive
strength of concrete, 1 is the interaction coefficient for tension force in the reinforcement, x> is
the interaction coefficient for flexural resistance, f,q is the design yield strength of reinforcement
in tension, f. is the coefficient for the strength of the compressive strut, and other terms are as
previously defined within Section 2.2.

Equation (2-21) presents the most distinct expression discussed thus far, however it retains
the fundamental components of the modified shear-friction theory (e.g., concrete, clamping stress,
and reinforcement contributions with an upper limit defined by the concrete compression strength).
The most significant difference is the explicit inclusion of dowel action. The interaction
coefficients, x1 and x2, account for the relationship between the clamping stress and the dowel
action provided by the reinforcement. The dowel action introduces coupling compressive and
tensile stresses in the reinforcing bars. These coupling stresses provide flexural and shear
resistance when transverse displacement occur in the reinforcing bars. When the reinforcing bars
are simultaneously elongated, the tensile forces developed in the bars are limited by the existing
coupling stresses. To represent this interaction, the fib MC 2020 (fib International, 2024) introduce
the interaction factor in the design expressions. The interaction factors are determined according
to the slipping and opening tendency of the interface. For rough interfaces, the opening introduced
by the slip is more significant than smooth interfaces. In this case, the clamping force capacity is
reduced by half to account for the presence of dowel action. For increasingly smooth surfaces, the
dowel action will eventually govern the entire reinforcement contribution, resulting in negligible
clamping forces. Accordingly, the interaction coefficients represent the increase in clamping forces
and the reduction in dowel action as the interface roughness increases. Randl (2013) described the
technical background, development, and validation of Equations (2-20) and (2-21), also called the
“extended shear-friction theory,” in the design recommendations for interface shear transfer in
MC2020 (fib International, 2024).

Table 2-5 MC2020 coefficients for adhesive bond for various surface conditions (fib International,

2024)
Surface condition* Ca
Very rough (including shear keys) R:>0.12 in. 0.50
Rough (strongly roughened interface) R:>0.06 in. 0.40
Smooth (concrete with little-to-no treatment) 0.20
Very smooth (steel, plastic, timber formwork) 0.025

*R; is the peak-to-mean line height determined with the sand patch method
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Table 2-6 MC2020 coefficients for adhesive bond for various surface conditions (fib International,

2024)

. U
Surface condition | ¢, K1 | K2 | fe Fou> 2.9 ksi | fu= 5.1 ksi
Very rough
R>0.12 . 0221050905 0.8 1.0
Rough
R.>0.06 in 0.11 1050905 0.7
Smooth 0 [05]11]04 0.6
Very smooth 0 0 ]15]03 0.5

2.1.3. Summary

In summary, most modern design codes strongly resemble the basic form of the modified
shear-friction theory; however, there are several notable differences among the codes. For
example, the AASHTO LRFD (2024) specification only accounts for the contribution of shear
interface reinforcement oriented orthogonally to the shear plane, while the other three
specifications consider the contribution of inclined reinforcement. The friction coefficients are
similar across all design codes for interfaces between normal weight concrete layers, but the
influence of lightweight concrete is accounted for differently. The AASHTO LRFD simply
specifies different values for lightweight concrete interfaces, while ACI 318-25 (2025) and CSA
A23.3:19 (2019) use the concrete density modification factor. MC2020 (2024), on the other hand,
addresses the influence of lightweight concrete through the concrete tension strength estimate. The
AASHTO LRFD (2024) is the only specification of the four that stipulates a minimum amount of
shear reinforcement; conversely, MC2020 (2024) is the only code that allows for the design of
unreinforced interfaces. MC2020 (2024) is also the only code that determines the
cohesion/interlock contribution based on concrete strength. This dependence is also demonstrated
in the definition of the concrete compression strength in Equation (2-7), which is based on the
Mohr-Coulomb failure criterion. The other codes simply take lower-bound values, irrespective of
the concrete compression strength. That stated, all codes provide some upper limit for interface
resistance based on the concrete compression strength, where AASHTO LRFD (2024) and ACI
318-25 (2025) provide additional shear stress limits. Despite these differences, all the expressions
presented in Section 2.2 have been shown to be sufficiently conservative for design. A brief survey
of existing experimental data is provided in the next section.

2.1.4. Relevant Experimental Data

Several methods are commonly used for evaluating shear interface resistance
experimentally, including the following: splitting, corbel with moment, pull-off, push-off, slant-
shear, and composite beam tests. The six methods are graphically summarized in Figure 2-5.
Soltani and Ross ( 2017) noted that splitting, corbels, and pull-off tests are not ideal for evaluating
code expressions for estimating interface shear resistance due to unrepresentative or imperfect
stress transfer mechanisms and boundary conditions.
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Figure 2-5 Interface shear test methods (Reprinted from Soltani & Ross, 2017)

There have been several database analyses completed in the last two decades. In 2001,

Mattock compiled a database of 185 push-off specimens from 10 studies to evaluate the
performance of the ACI 318-99 (ACI Committee 318, 1999) shear friction provisions. The
database was classified into seven groups:

Initially cracked, normal-weight concrete subjected to monotonic loading

Initially cracked, normal weight concrete subjected to cyclic loading prior to static loading
until failure

Initially cracked, normal weight concrete subject to sustained loading prior to static loading
until failure

Initially cracked, sand-lightweight concrete
Initially cracked all lightweight concrete

Initially cracked normal weight concrete with a deliberately roughened interface according
to Section 11.7.9 of ACI 318-99

Initially cracked normal weight concrete with a smooth interface

Ultimately, Mattock (2001) made recommendations for establishing upper-limits based on

concrete strength that were later adopted by ACI and are still in the current edition (ACI Committee
318, 2025).

Lang (2011) conducted another large database analysis that targeted the AASHTO LRFD

(2010) provisions. Lang focused on five major variables: interface condition, concrete density,
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concrete compression strength, shear reinforcement ratio, and applied clamping stress. Lang’s
database contained results from 537 tests from 16 test programs, including results from push-off
specimens and composite beams. Lang analyzed the specimens with the 2010 AASHTO LRFD
provisions. It was found that the shear friction provisions were typically conservative, but the
reliability index was below 3.5, which is the value recommended by MacGregor (1976). As a
result, Lang recommended a replacement for Equation (2-9), but it was not adopted.

Sneed and Shaw (2014) created a similar database focused on the lightweight concrete.
Their database contained 300 test results from 8 research programs, and it included results from
push-off, pull-off, and corbel with moment tests. Sneed and Shaw concluded that the shear friction
resistance was not influenced by the concrete density. This is at odds with earlier observations
made by Mattock et al. (1976). As discussed in the preceding section, all modern design codes still
reduce the interface strength of lightweight concrete.

Soltani and Ross (2017) expanded the database compiled by Lang (2011) (537 tests to 774
tests); however, Soltani and Ross (2017) focused exclusively on the initially uncracked specimens
(497 out 774 tests). Furthermore, they filtered out an additional 69 tests due to unrepresentative
test conditions, undesirable failure modes (e.g., flexure), and grout injected interfacesThe goal was
to evaluate the AASHTO LRFD (AASHTO, 2014), Eurocode 2 (European Committee for
Standardization, 2005), and CSA A23.3-14 (CSA Standard A23.3-14, 2014) shear friction
provisions. They also filtered out specimen for each code evaluation (e.g., the minimum
reinforcement requirement from AASHTO (2014) [Equation (2-12)] was considered as a filtering
criterion) resulting in three code-specific databases. Ultimately, Soltani and Ross (2017) concluded
that all three codes were acceptably conservative, on average. However, both the Eurocode2
(2005) and CSA A23.3-14 (2014) were more likely to be unconservative for highly reinforced
interfaces. A notable trend in the AASHTO LRFD (2014) evaluation was an increase in
conservatism for high-strength concrete. 11% of specimens with concrete strengths ranging from
3—6-ksi were unconservative prior to the application of resistance factors, while no unconservative
predictions were observed for specimens with concrete strengths higher than 7.3 ksi.

It must be noted that a minority (less than 10%) of tests in Soltani and Ross’s (2017) filtered
database were slant-shear tests. However, slant-shear tests are the closest of the typical shear
friction test methods to an idealized, uniaxially loaded, prismatic strut. Such test data is of
relevance to this project and the goals of Tasks 4—7, which culminate in the development of design
guidelines for the strength of compression struts crossing cold joints. The following paragraphs
relate specifically to various slant-shear test results in the literature.

Santos and Julio (2011) performed an extensive series of slant-shear tests to investigate
various methods of interface roughening, curing conditions, and temporal effects (i.e., concretes
cast at different times). The results of their test program showed that larger time gaps between
casting of the first and second layers typically resulted in increased bond strength. The authors
hypothesized that the bond strength increased due to the shrinkage difference between two
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concrete layers. This difference in shrinkage acted as pre-strain on the interface, neutralizing strain
introduced by the applied shear forces. Thus, design recommendations for shear friction capacity
should account for the possible differences in performance between staged construction (where
ages may be similar) and retrofitting efforts (where casting times may be decades apart).

Diab et al. (2017) tested cylindrical and prism specimens in slant shear to investigate the
interface behavior between self-compacting concrete (SCC) and old concrete. They found that
results from 6 x 12 in. cylinders had the lowest coefficient of variation (2.74%) compared to 3 x 6
in. cylinders (7.82%), 8 x 8 x 20 in. prisms (4.26%), and 4 x 4 x 16 in. prisms (20.18%).
Conversely, they concluded that prism tests resulted in more reliable strengths, on average. Diab
et al. based this conclusion on comparison with a theoretical failure envelope. Diab et al. also noted
that the stiffness of substrates significantly influences the interface shear strength, highlighting the
importance of matching stiffnesses between the substrates of specimens for reliable comparative
analyses. Furthermore, they noted that the interface shear strength was dependent on the ratio of
the two concrete strengths when the ratio ranged from 1.0 to 1.4. The effect of concrete strengths
ratio was negligible when exceeding 1.4.

Piancastelli et al. (2017) compared test results between slant-shear tests and double-sleeve
tests (see Figure 2-6). The double-sleeve test was designed specifically to investigate the bond
strength of concrete jacketing—a strengthening/repair method. Ultimately, their results showed
that the double-sleeve test method was more appropriate for evaluating the behavior of retrofitted
concrete columns. Piancastelli et al. (2017) noted that monolithic behavior of the two concretes
could not be achieved in the slant-shear specimens; furthermore, the average cohesion stress was
higher in the slant-shear tests than in the double-sleeve tests.

without reinforcement  light reindercement  heawy reisforcement
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Figure 2-6 Double-sleeve tests (Reprinted from Piancastelli et al., 2017)

Farzad et al. (2019) studied the bond strength between conventional and ultra-high-
performance concretes (UHPC). They performed 45 tests on three types of specimens: third-point
flexural, direct-shear, and slant-shear. Ultimately, their focus was on developing a nonlinear finite
element analysis method for defining the contact between the conventional and ultra-high-
performance concretes. Farzad et al. (2019) found that using a very thin (approximately 0.004 in.)
layer of concrete interface material performed significantly better than tying the conventional and
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ultra-high-performance layers together directly (maximum prediction error of 18% compared to
150%).

Hu et al. (2020) performed dynamic load tests on slant-shear cylinders. They used a series
of small shear keys (average depths of 0.05 or 0.10 in.) along the interface to provide the effective
surface roughness. Hu et al. (2020) determined that there was little-to-no difference in performance
between these two conditions. Furthermore, Hu et al. concluded that the strain rate impacted all
important aspects of bond (e.g., interface shear resistance) and dynamic behavior (e.g., energy
dissipation). Finally, the authors determined that the influence of concrete age can be neglected
for cases where the layers were cast more than 28 days apart.

Figueiredo et al. (2022) investigated the bond performance between normal weight and
sand-lightweight concrete using 75 slant-shear, 24 push-off, and 24 pull-off tests. They modified
the slant-shear tests, as shown in Figure 2-7. This modification resulted in higher interfacial
stresses for a given applied load based on nonlinear finite element analysis results (Figueiredo et
al., 2022). Figueiredo et al. (2022) also noted a dependence on the ratio of the substrate
compressive strengths, similar to Diab et al. (2017).

Figure 2-7 Modified slant-shear test (Adapted from Figueiredo et al., 2022b)

All the experimental programs introduced in this subsection implemented various interface
roughening approaches with different roughness amplitudes. These studies universally concluded
that the interface shear resistance increase significantly with the interface roughness. However,
many of the roughness amplitudes applied to the specimens in these experiments are less than the
amplitude thresholds required by the specifications. Therefore, it is necessary to validate the
amplitudes used by current design codes for classifying the interface conditions and determining
the interface shear coefficients.

In conclusion, interface roughness, casting age difference, and compressive strength of
concrete were found to influence the interface shear behavior. The concrete material properties of
the substrate and the overlay were also observed to affect the interface shear resistance in some
cases, including concrete stiffness, strength difference between layers, and shrinkage rate.
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However, many of these material effects were concluded from research using unconventional
concrete materials, such as, UHPC, SCC, and crushed limestone aggregate. The effect of material
properties on conventional concrete-to-concrete interface requires further validations.

2.2. Strut-and-Tie Method

This section presents the background and theory behind the strut-and-tie method and
modern strut-and-tie design code provisions.

2.2.1. Background and Theory

The truss analogy for the analysis of shear in reinforced concrete structures dates back over
a century to the Hennebique Construction Method (Hennebique, 1898) and the truss models
developed by Ritter (1899) and Mérsch (1902) The analogy is based on the strategic placement of
reinforcing bars to act as tension chords that equilibrate the concrete compression fields, which is
commonly visualized as discrete compression strut resultants, as shown in Figure 2-8. The method
has undergone numerous refinements since its inception (Collins et al., 1996; Collins & Mitchell,
1980; Drucker, 1961; Kupfer, 1964; Leondardt, 1965; Marti, 1985; Riisch, 1965; Schlaich et al.,
1987), and it forms the basis for many modern sectional shear provisions (AASHTO, 2024; ACI
Committee 318, 2025; fib International, 2024). Schlaich et al. (1987) published a unified design
approach based on the strut-and-tie method, which is a generalization of the traditional truss
analogy. The authors proposed subdividing a structure into B- (beam or Bernoulli) and D-
(discontinuity, disturbance, or detail) regions primarily based on the linear-elastic stress
trajectories, as shown in Figure 2-9 (Schlaich et al., 1987). Typically, Saint-Venant’s principle is
used to delineate B- and D-regions. For example, a beam’s depth is commonly used as the distance
at which vertical stresses from a point load become negligible (e.g., Figure 2-9). Similarly, the
width of a column may be used to approximate the distance at which the axial stresses in a column
are uniform (e.g., Figure 2-10). To summarize, a B-region refers to an area of a structure where
the internal state of stress is adequately represented by the sectional forces (e.g., axial, shear, and
moment); thus, sectional methods apply for analysis and design. Conversely, D-regions are regions
where the stress-strain field is disturbed (i.e., nonlinear). As a result, sectional forces can no longer
represent the internal stresses flow, and sectional methods do not typically apply for the analysis
and design of D-regions. Thus, the more general strut-and-tie method is usually recommended for
D-region analysis and design (AASHTO, 2024; ACI Committee 318, 2025; fib International,
2024).

The strut-and-tie method is based on the lower-bound theorem of limit analysis, which
derives from the theory of plasticity (refer to Section 2.2.1). In the case of the strut-and-tie method,
the actual stress field is simplified into an analogous set of axial elements. As implied by the name
“strut-and-tie,” the axial elements are divided into two categories: 1) compression struts; and ii)
tension ties. The struts and ties are connected at nodal zones. In an appropriately selected strut-
and-tie model, the concrete struts only carry compression and reinforcement ties carry all the
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tension. However, this deliberately idealized model does not completely align with the actual load
distribution in structure. To account for this, as well as to generally account for brittle failure modes
in concrete, concrete efficiency factors are typically used to limit the compressive stresses acting

on nodal zone faces.
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Figure 2-9 Stress trajectories in B- and D-regions (Reprinted from Birrcher et al., 2009)
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Figure 2-10 Separation of B- and D-regions in a column (Reprinted from Schlaich et al., 1987)

There are two primary strategies for developing a strut-and-tie model: i) the
aforementioned linear-elastic stress trajectory method; and ii) the load path method (Schlaich et
al., 1987). Figure 2-11 shows an example of the elastic stress trajectory method. Commonly, this
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is recommended for highly stressed regions of a structure where an elastic solution can be
developed easily (Schlaich et al., 1987). For other cases, particularly those in which elastic
solutions are unavailable, the load path method is recommended (Schlaich et al., 1987). The load
path method assumes that external forces find their counteracting reaction on the opposite side of
the structure, as shown in Figure 2-12. Note that the assumed load paths do not cross. Regardless
of the development method, the model can typically be optimized. For example, alternative load
paths may be considered to ensure that tension ties are orthogonal to the structure’s primary axes
to avoid inclined reinforcement (Schlaich et al., 1987). Schlaich et al. (1987) also recommended
minimizing the total number of ties and strain energy in the ties to ensure a more optimal model.
This tends to ensure more optimum load paths that limit deformations, thereby preventing
violations to the underlying limit analysis theory (e.g., wide cracks). Additionally, limitations on
the compression field (i.e., strut) angle are commonly prescribed for this reason. Lampert and
Thiirlimann (1971) proposed the following limitation based on testing by Lampert (1970).

0.5 <tanf < 2.0 (2-22)

Thiirlimann (1979) provided additional explanation for the limits based on a comparison
between the mean crack strain and the strains in an orthogonal reinforcement layout (i.e.,
longitudinal reinforcement oriented at 0° and stirrups oriented at 90°). Both the lower and upper
limit correspond to a mean-crack-to-reinforcement-yield-strain ratio of 5 for the onset of yielding
in the longitudinal and shear reinforcement, respectively. Ramirez and Breen (1991)simplified the
limit to the following:

25° < 0 < 65° (2-23)

Many modern design codes have adopted this simplification—the angle between a
compression strut and an adjacent tie must be greater-than-or-equal-to 25° (AASHTO, 2024; ACI
Committee 318, 2025). Examination of cracking behavior may also be used to supplement model
optimization; that is, if the cracking behavior of a similar structure is known, then the approximate
location of struts and tie may be inferred based on the crack pattern (MacGregor, n.d.). This is
essentially a special case of the load path method.

In any case, once the model has been developed then the equivalent axial forces can be
calculated from equilibrium. Once the equivalent internal forces have been calculated, the struts,
ties, and nodal zones can be proportioned. Various design codes with specific guidance on this
process are discussed in Section 2.2.2.
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Figure 2-11 Development of strut-and-tie model from elastic stress trajectories (Reprinted from Schlaich
etal., 1987)

Figure 2-12 Development of strut-and-tie model with the load path method (Reprinted from Schlaich et al.,
1987)
2.2.2. Design Codes

This subsection summarizes four relevant design code provisions for the strut-and-tie
method: the AASHTO LRFD Bridge Design Specifications (AASHTO, 2024), the Building Code
Requirements for Structural Concrete (AClI Committee 318, 2025), the Canadian Standard
Association’s Design of Concrete Structures (CSA Standard A23.3-19, 2019), and the fib Model
Code for Concrete Structures 2020 (fib International, 2024).

2.2.2.1. AASHTO LRFD Bridge Design Specifications

In the AASHTO LRFD Article 5.8, the nominal resistance of a tie is given by Equation
(2-24) and the nominal resistance of a node face is given by Equation (2-25).

b= fyAs + Aps(fpe + fy) (2-24)

B, = mvf A, F ALY (2-25)
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where P, is the nominal resistance of a tie or node face, f, is the yield strength of non-prestressed
reinforcement, A4, is the area of non-prestressed reinforcement, A,s is the area of prestressed
reinforcement, f,. is the effective stress in the prestressed reinforcement (after losses), m is the
confinement modification factor (Equation (2-26)), v is the concrete efficiency factor, f°c is the
specified compression strength of concrete, A, is the area of the node face, 4 s is the area of non-
prestressed, compression reinforcement, and f”, is the yield strength of the non-prestressed,
compression reinforcement.

_ 250
m= g = (2-26)

where A is the area of the bearing device and 4> is the notional area due to compression spreading.

Nodal region behavior is grouped into three categories based on the number of connected
ties: compression-compression-compression (CCC—mno ties), compression-compression-tension
(CCT—ties in one direction), and compression-tension-tension (CTT—ties in two directions).
Figure 2-13 shows a graphic depiction of the three node types and the associated concrete
efficiency factors. Note that the values presented in Figure 2-13 are only valid if 0.3% crack control
reinforcement is provided in the vertical and horizontal directions. Otherwise, the concrete
efficiency factor is taken as 0.45. Furthermore, note the following limitation for the strut-to-node
interface efficiency factor:

f‘CI
20 ksi

0.45 < 0.85 — < 0.65 (2-27)

Finally, note that the AASHO LRFD strut-and-tie method approves the use of non-
hydrostatic nodes. That is, shear stresses are allowed to exist in the node. Conversely, a hydrostatic
node must be proportioned such that all nodal faces have the same stress. A schematic comparison
is shown in Figure 2-14. Researchers have observed that the use of non-hydrostatic nodes is
typically much less restrictive for design and more representative for the stress distribution of
certain structures than hydrostatic nodes (Birrcher et al., 2009).
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Figure 2-13 Depiction of efficiency factors (Reprinted from AASHTO, 2024)
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Figure 2-14 Hydrostatic and non-hydrostatic nodes (Reprinted from Brown et al., 2006)
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2.2.2.2. Building Code Requirements for Structural Concrete (ACI 318-25)

Chapter 23 of ACI 318-25 outlines the ACI strut-and-tie method. The nominal resistance
of a tie is given by Equation (2-28) and the nominal resistance of a node face is given by Equation
(2-29).

P, = fyAs + ApsAfp (2-28)
P, = 0.85vmf/A,, + ALf! (2-29)

where Af, is the increase in prestressed reinforcement stress due to factored loads, and other terms
are as previously defined within Section 3.2. Like AASHTO LRFD, non-hydrostatic nodes are
recommended. The concrete efficiency factors are given by Table 2-7 and Table 2-8 and for strut-
to-node interfaces and nodal zones, respectively. The minimum distributed reinforcement
requirements are summarized in Table 2-9. Struts are considered laterally restrained if the D-region
is continuous in the out-of-plane direction (e.g., continuous corbel supporting a slab), there is a
sufficient volume of concrete surrounding the strut, or if the strut is in a sufficiently detailed joint
(ACI Committee 318, 2025). The fourth criterion in Table 2-7 applies to D-regions that do not
satisfy Table 2-9 or occur in beam-column joints. It is a sectional shear check intended to preclude
diagonal tension failure and is given by Equation (2-30) with input units of kips and inches.

V, < 0.158 tan O, AAo/f. b, d (2-30)

where V7, is the ultimate shear force, 6; is the strut inclination, 4 is the concrete density modification
factor, As is the size effect modification factor for structures without minimum distributed
reinforcement (see Equation (2-31)), b, is the width of the web, d is the effective flexural depth,
and other terms are as previously defined within Section 3.2.

2
A = +<1 (2-31)

1+ﬁ

where input units are in inches, and all terms are as previously defined within Section 3.2.
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Table 2-7 Strut-to-node coefficient (ACl Committee 318, 2025)

Strut location Strut type Criteria v
Tension members or tension zones of members Any All cases 0.4
Boundary struts All cases 1.0
Minimum distributed reinforcement | 0.75
All other cases . Located in regions satisfying 23.4.4 | 0.75

Interior struts —

Beam-column joints 0.75
All other cases 0.4

Table 2-8 Nodal zone coefficient (ACl Committee 318, 2025)

Configuration of nodal zone | v
CCC 1.0
CCT 0.80
CTT 0.60

Table 2-9 Minimum distributed reinforcement (ACl Committee 318, 2025)

Lateral restraint of strut Reinforcement configuration Minimum distributed reinforcement ratio
Orthogonal grid 0.0025 in each direction
Not restrained Reinforcement in one direction cross .
0.0025/sin? a;
strut at angle o
Restrained Distributed reinforcement not required

2.2.2.3. Design of Concrete Structures (CSA A23.3:19)

Strut-and-tie method design guidance is detailed in Clause 11.4 of CSA A23.3:19. The
nominal resistance of a tie is given by Equation (2-32) and the nominal resistance of a node face
is given by Equation (2-33).

P, = f,As + (o + 58 ksi) A (2-32)
B, =vmf/A., + ALfS (2-33)

where f,, 1s the stress in prestressed reinforcement for no strain in the concrete, v is the concrete
efficiency given by Equation (2-34) and Table 2-10, and other terms are as previously defined
within Section 2.2.2. For a strut-to-node interface, CSA A23.3:19 assumes the concrete efficiency,
v in Equation (2-34), to be dependent on the principal strain, &1 in Equation (2-35).

=—<0. -
V=085 1708, = 08 (2-34)

& = & + (& + 0.0002) cot? 6 (2-35)
where ¢; is the tie tensile strain passing through the strut at angle 6;, as shown in Figure 2-15.

Like AASHTO LRFD and ACI 318-25, CSA A23.3:19 contains stipulations for minimum
distributed reinforcement. The minimum required reinforcement ratio is 0.2% in orthogonal
directions.
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Table 2-10 Nodal zone coefficient (CSA, 2019)

Configuration of nodal zone v

CCC 0.85
CCT 0.75
CTT 0.65

l— I,sin6,+h,cosb,

;E - z o.!ha
" — Kl

Figure 2-15 Strut anchored by bearing plate and reinforcement (Adapted from CSA, 2019)

2.2.2.4. fib Model Code for Concrete Structures 2020

Finally, Subsection 7.3.6 describes the methodology for design with stress fields and strut-
and-tie models for MC2020. The tensile fields or ties are proportioned to satisfy the following
reinforcement stress limits (neglecting material safety factors):

=5 (2-36)
fps =< pr.lk (2-37)

where f; and f,s are the stresses in non-prestressed and prestressed reinforcement, f,0.1x is the 0.1%
proof strength of prestressed reinforcement, and other terms are as previously defined within
Section 2.2.2.

Concrete stresses are limited to (neglecting material safety factors):

1
f<v (4];35)3 P s (2-38)

ck

where f. is the stress in the concrete, fe« is the characteristic compressive strength of concrete, and
v is the concrete efficiency factor given by Table 2-11.

Table 2-11 Concrete efficiency factor (fib International, 2024)

Stress condition v
Undisturbed uniaxial compression 1.0
Cracks parallel to the direction of compression 0.75
Reinforcement skewed from the direction of compression 0.55
Significant biaxial compression 1.1
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2.2.3. Design of Struts Crossing Cold Joints

Interim revisions to AASHTO LRFD (2016) added requirements that struts crossing cold
joints should be investigated; however, this was only done in the commentary to the code, and no
explicit guidance is given on how to combine shear friction with the strut-and-tie method
(AASHTO, 2024). ACI 318-25 is more explicit in its requirements: the ACI 318-25 shear-friction
requirements apply when shear transfer is expected to occur across a cold joint or existing/potential
crack. However, the shear-friction theory is frequently formulated based on sectional forces. As
discussed in Section 2.2.1, this may not be consistent with the actual stress distribution in a D-
region. As such, there is a clear need to express shear-friction behavior in a manner consistent with
the concept of effective strut strength within the STM framework. The Fédération Internationale
de la Précontrainte (FIP) published recommendations for the Practical Design of Structural
Concrete (Fédération Internationale de la Précontrainte (FIP), 1999). An equation for the effective
strength of a prismatic strut across a cold joint was proposed, calculated as follows:

1+ tan® a;
feaerr = Bfcta m < fica (2-39)

where fcq o 1 the effective concrete strength of the strut, f§ is the cohesion factor, f.« is the tensile
strength of concrete, oy is the inclination of the cold joint relative to the strut direction, u is the
friction coefficient, and fi.« is the compressive strength of concrete. Figure 2-16 shows a sketch of

this idealized case.

The FIP formulation in Equation (2-39) is based on modified shear-friction theory. The
stresses are calculated with similar cohesion and friction factors to the methods described earlier;
however, Equation (2-39) does not include the influence of interface reinforcement in its
formulation. Furthermore, it relies on simple, easily defined geometry, which is not typical of the
struts that are assumed to form in structural elements. Thus, there is a need to adapt these guidelines
so that they are: 1) consistent with standard AASHTO LRFD assumptions; and ii) able to predict
the capacity of more complex, realistic geometric conditions safely and accurately.
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Figure 2-16 Prismatic strut crossing a cold joint (Reprinted from (Fédération Internationale de la
Précontrainte (FIP), 1999)

2.3. In-Service Applications of Cold Joints

The Performing Agency has preliminarily identified the following scenarios that may
benefit from recommendations made over the course of TxDOT Project 0-7117:

e Staged construction (e.g., Figure 2-17)

e Spliced girder bridges (e.g., Figure 2-18)
e Accelerated bridge construction

e Pier cap retrofit (e.g., Figure 2-19)

e Roadway expansion (e.g., Figure 2-17)
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Figure 2-17 Cold joint in multi-column bent cap (Bayrak, 2020)
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Figure 2-18 Cold joint in spliced girder (Williams et al., 2012)
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Figure 2-19 Cold joint in retrofitted pier cap (Bayrak, 2020)

2.4. Summary and Key Findings

The key findings from this literature review are summarized below:

e Existing code provisions based on the modified shear-friction theory have been extensively
validated. While code-based expressions are generally conservative on average, concerns
remain regarding their reliability under certain conditions (Lang, 2011; Soltani & Ross,
2017)

e Slant-shear and push-off tests are widely regarded as the most effective general methods
for determining interface shear strength. Alternative methods, such as double-sleeve or
composite-beam tests, may provide advantages in specific scenarios and should be
considered when developing design recommendations for struts intersecting cold joints.

e Design provisions for struts crossing cold joints are inconsistently addressed in current
standards. Both ACI 318-25 (2025) and AASHTO LRFD (2024) require that shear friction
checks for struts crossing cold joints, however, only ACI 318-25 (2025) provides explicit
guidance. This guidance is based on a sectional approach, which may not fully account for
the complex stress state that occurs in a D-region. Alternatively, the FIP (1999) provides
uniaxial strength recommendations for prismatic struts crossing a cold joint. These various
methods require validation and adaptation, particularly with reference to AASHTO LRFD
(2024) to support the development of a holistic update to the AASHTO LRFD Bridge
Design Specifications and TxDOT Bridge Design Manual.
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Chapter 3. Industrial Survey

A survey was distributed to Departments of Transportation (DOTs) across the United
States to gather information on current practices related to cold joint design. This section presents
the results and key conclusions of the distributed survey. The detailed responses are provided in
Appendix A.

3.1. Experience with Cold Joints

3.1.1. General Responses

The survey contained a total of 22 responses spanning across the United States, as shown
in Figure 3-1 and Table 3-1. In general, most respondents held design engineering positions. More
specifically, their experience was on new construction rather than on existing structures
(retrofitting). Yet, when asked about their individual involvement with the design of struts crossing
cold joints, there was little to no knowledge and sectional analysis or other “good practices” were
still the most popular methods for such situations. Notably, there was indication that the
implementation of the STM was a recent addition in design practice, therefore; there were minimal
occurrences of the use of STM in cold joint scenarios.

’f Colorado

Powered by Bing
© GeoNames, Microsoft, TomTom

Figure 3-1 Demographic distribution of respondents
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Table 3-1 Respondent expertise level

Organization/Unit Position/Title
Alaska Department of Transportation & Public Facilities/ Bridge  Engineer Technician II
Arkansas Department of Transportation Staff Engineer
Colorado Department of Transportation/ Bridge Staff PEII
Connecticut Department of Transportation Traqsportatlon Principal
Engineer

Florida Department of Transportation/ Structures Design Office
Georgia Department of Transportation

Iowa Department of Transportation/ Bridges and Structures
Bureau

Kansas Department of Transportation

Louisiana Department of Transportation and Development/
Bridge & Structural Design Section

Maryland State Highway Administration

Michigan Department of Transportation

Minnesota Department of Transportation

New Hampshire Department of Transportation

New Jersey Department of Transportation

North Carolina Department of Transportation/ Structures
Management Unit

Rhode Island Department of Transportation/ Bridge Engineering
South Dakota Department of Transportation

Texas Department of Transportation/ Bridge Division

Utah Department of Transportation/ Structures

Virginia Department of Transportation

Washington State Department of Transportation
West Virginia Department of Transportation

Structures Design Engineer
State Bridge Engineer

Bridge Project Development
Engineer

State Bridge Engineer
Assistant Bridge Design
Administrator

Transportation Design Engineer
Bridge Design Policy Specialist
Assistant Bridge Design Manual
Engineer

Project Engineer

Supervising Engineer

Project Engineer - Policy
Development

Chief Civil Engineer

Bridge Design Engineer
Transportation Engineer

Senior Design Engineer
Program Manager Complex
Structures and ABC Support
Bridge Design Engineer

State Bridge Engineer

3.1.2. Responses B- vs. D-Region

To understand the application of the STM in the industry, participants were asked to
identify whether cold joints occur more frequently in B- or D-regions. Most agreed that D-regions
are the most common location of cold joints. Respondents noted that their respective state DOTs
have only adopted the use of STM for a relatively short period of time. At the same time,
respondents expressed their avoidance of placing cold joints at highly stressed locations.

3.1.3. Interface Treatment

To accurately replicate the interface condition at the cold joint in the experimental research,
respondents were asked to identify all, if any, typical construction practices for interface
roughness, as shown in Figure 3-2. Based on the results presented in Figure 3-3, intentional
roughening and shear key were the most common methods for interface roughness at a cold joint.
However, approximately half of the respondents indicated that the interface was left untreated.
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Figure 3-2 Interface roughness methods included in survey
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Figure 3-3 Responses on interface roughness at cold joint

Furthermore, those who selected intentional roughening were asked to further elaborate on
what specific method was used, such as sandblasting, hydro-blasting, etc. Responses indicated that
bush hammering was the most common method for roughening the surface; however, numerous
responses associated intentional roughening with shear key applications. Thus, the shear key was
the most widely used alternative.



3.1.4. Roughness Inspection

Many standardized practices exist for interface roughness inspection during construction.
For the final inspection phase, respondents were asked to select all out of 6 standardized
approaches which they have experience implementing for evaluating interface roughness prior to
the second cast. Based on the results in Figure 3-4, two-thirds of the responses specified other and
described visual inspection, while only a few used standardized practices.

Sand Spread Test (ASTM E965)
Pull-of Test (ASTM C1583)
Replica Tape
Replica Putty
Rubber Comparator Chips I
Laser Profilometry
Other s —

0 2 4 6 8 10 12 14 16
Number of Responses

Figure 3-4 Responses on inspection of interface roughness

3.1.5. Interface Reinforcement

One of the objectives of this survey was to identify common design and detailing practices
for cold joints. Survey participants were asked to select how reinforcement across the cold joint
interface is typically detailed in their respective state, including different detailing illustrated in
Figure 3-5. It was found that straight bars, 90-degree hooks, and post-installed anchors are the
most common detailing, as shown in Figure 3-6.

Layer 1 Layer 2 Layer 1
(a)

(b)

—] )
C

()

(e)

(f)

—?ﬁ

Figure 3-5 Interface shear reinforcement detailing included in survey
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(a) Straight bars
(b) 90-degree hooks

(d) Hairpins
(e) Headed bars
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(c) 180-degree hooks
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(f) Post-installed anchors IEE—
—

Other

0 5 10 15 20 25
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Figure 3-6 Responses on interface shear reinforcement detailing

3.2. Summary and Key Findings

A survey was conducted to identify common design and detailing practices for cold joints.
The results of the survey provided beneficial information on interface treatment and its inspection,
reinforcement configurations, and constructability. The following presents the key findings of this
survey:

1. 95% of respondents had no experience with the design of struts crossing cold joints.
However, respondents did express that the STM is a recent addition to design practice, and
cold joints are usually evaluated using sectional analysis. The lack of experience in practice
warranted investigation and development of method to designing struts across cold joints.

2. Shear key and intentional roughening are typical interface treatments in practice. For the
roughening approaches, bush hammering was found to be the most common method for
creating interface roughness. More so, standardized methods for roughness inspection are
rarely used. Nevertheless, more consistent methods for roughening interfaces should be
considered to ensure consistent interface properties.

3. Common reinforcement details for development and the use of post-installed anchors were
the most popular among participants. However, these methods do not account for the
complex stress distribution in D-regions which may hinder the direct use of the STM in
cold joint scenarios.
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Chapter 4. Experimental Program: Slant Shear
Testing of Cold Joints

This chapter presents the slant shear experimental program designed to investigate the
interface shear behavior of cold joints under combined shear and compression. The objective of
these tests is to evaluate the influence of key construction variables on the shear strength and failure
mechanisms of cold joints. The experimental setup, specimen design, testing protocol, and results
are described in detail, providing foundational data to inform the development of subsequent large-
scale structural experimental programs and the analytical model introduced in later chapters.

4.1. Test Matrix and Specimen Design

The experimental program consists of 54 small-scale (6x12 in.) and 4 large-scale (12x24
in.) slant shear cylinder specimens, structured into seven distinct series. Each series focused on
one of the seven key design parameters: cold joint inclination, interface roughness, variation in
concrete compressive strength between layers, casting age difference, aggregate size, interface
reinforcement ratio, and interface area. Within each series, slant shear cylinders were further
divided into groups varying the variable under investigation. For the small-scale slant shear
cylinders, each group contained three specimens of identical design. For the large-scale slant shear
cylinders, no duplicate specimens were fabricated for each group. The test matrix is summarized
in Table 4-1.
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Table 4-1 Slant shear test matrix

Size Series Groups o Interface  Concrete Casting  Agg.
(in.) (°® Roughness Strength Age Size
1-40 40 R1 N-N 3days Al-Al
LAnel 1-45 45 R1 N-N 3days Al-Al
~Angle 1-50 50 R1 N-N 3days  Al-Al
1-60 60 R1 N-N 3days Al-Al
II-M - M N-N 3days Al-Al
[I-Interface II-NR 40 NR N-N 3days Al-Al
Roughness II-R1 40 R1 N-N 3days Al-Al
1I-R2 40 R2 N-N 3days Al-Al
6x12 IITI-Concrete III-H1 40 R1 N-H1 3days Al-Al
Strength 111-H2 40 R1 N-H2 3days Al-Al
. IV-1/6 40 R1 N-N 4 hours Al-Al
Kz’g‘fa“mg V28 40 RI N-N  28days  Al-Al
IV-56 40 Rl N-N 56 days Al-Al
V-Aggregate V-A2 40 R1 N-N 3days Al-A2
Size V-A3 40 R1 N-N 3days Al-A3
VI- Min. VI-40 40 R1 N-N 3days Al-Al
Interface Shear VI-45 45 R1 N-N 3days Al-Al
Reinforcement VI-60 60 RI1 N-N 3days Al-Al
. VII-30-NR 30 NR N-N 3days Al-Al
VII- Min.
12x24 | Interface Shear VII-30 30 R1 N-N 3days Al-Al
Reinf t VII-45 45 R1 N-N 3days Al-Al
einforcemen
VII-60 60 R1 N-N 3days Al-Al

Note: o = target interface angle measured from the vertical
M = casted monolithically
NR = not intentionally roughened
R1 = intentionally roughened with stripes
R2 = intentionally roughened with gridlines
N = normal strength concrete (f,= 2.50 ksi)
H1 = higher strength concrete (f,= 3.75 ksi)
H2 = higher strength concrete (f;= 2.95 ksi)
Al =5/8” river gravel used in mixture
A2 = only fine aggregate used in mixture
A3 =3/8” crushed concrete used in mixture
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4.1.1. Small-Scale Slant Shear Specimen

A total of 54 small-scale slant shear specimens were designed, constructed, and tested in

this experimental program. Six intrinsic variables were investigated through six series of 6x12

slant shear cylinders:

1.

Series I focused on the impact of the cold joint inclination by investigating four different
angles measured from the vertical: 40°, 45°, 50°, 60°. The interface angle is proportional
to the normal forces transferring across the interface, as shown in Figure 4-1. As per design
code expressions (AASHTO, 2024), the normal force acting on the cold joint contribute
directly to the frictional force developing along the interface. Accordingly, increase in the
normal force is expected to enhance the interface shear resistance of the cold joints.

(a) 40° (b) 45° (c) 50° (d) 60°

Figure 4-1 Cold joint inclination of specimens in Series |

2. Series Il examined the effect of the interface condition at the cold joint through different

interface roughness. One group of specimens had no intentional roughening applied to the
substrate (NR), while two other groups were designed to feature different interface
conditions to achieve varying roughness levels. The first treatment, denoted as R1,
involved the application of unidirectional stripes spaced at 0.5 in. with a depth of 0.125 in.
onto the substrate. A more intensive interface roughening, referred to as R2, was
accomplished by applying orthogonal gridlines to the substrate with the same spacing and
depth as R1. Since intentional roughening of cold joints is encouraged in practice to
enhance the interface shear resistance, the R1 treatment was applied to all slant shear
specimens in Series I, III, IV, and V to investigate the effect of each test variable on the
behavior of slant shear specimens with intentionally roughened interfaces. The different
levels of interface treatment are demonstrated in Figure 4-2. Additionally, to compare the
behavior of slant shear specimens to cylinders without cold joints, specimens in Group M
were cast monolithically to serve as the control specimen in Series /1.
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(a) NR (b) R1 (c) R2°

Figure 4-2 Levels of interface roughness

3. The variation in concrete compressive strength between layers was introduced in Series I11.
The control mixture (N) used in this research maintained a water-to-cement ratio of 0.45.
The average compressive strength of the control mixture was 2.7 ksi. For the overlay of
each group in Series I, the water-to-cement ratios were reduced to 0.42 and 0.37,
increasing the average compressive strength of the overlays to 3.0 and 3.8 ksi, respectively.
The concrete mix designs are shown in Table 4-2 in the following section.

4. Unlike Series I, 11, 111, and V, for which the overlay was cast 3 days after the placement of
the substrate, Series IV consisted of specimens with distinct casting age differences. For
specimens in groups [V-1/6, IV-28 and IV-56, the overlay was cast 4 hours, 28 days, and
56 days after the substrate, respectively, to investigate the influence of casting age
difference. With 4 hours of casting age difference, /V-1/6 simulated an unintentional delay
during construction phase. This short time difference between the casting of substrate and
overlay also allowed the investigation into the minimum time difference required to form
a cold joint. The 28 days and 56 days casting age differences were chosen to simulate
scenarios representative for various sequences of construction, retrofit, repair or expansion.

5. In Series V, two different maximum aggregate sizes were adopted for the concrete mixtures
of the overlay (A2 and A3). The general mixture, N, used for the substrates contained river
gravel with a maximum aggregate size of 5/8 in., denoted as Al. For the overlay, A2
substituted all coarse aggregate with fine aggregate, while A3 incorporated crushed
concrete with a maximum diameter of 3/8 in.

6. Series VI investigated the influence of interface shear reinforcement across the cold joints,
as stipulated in AASHTO LRFD (2024) design code expression. The interface shear
reinforcement was designed for three different interface angles (40°, 45°, 60°) according
to the minimum reinforcement requirement per AASHTO LRFD (2024), as shown in
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Equation (4-1). The specimens were reinforced with #1 threaded bars anchored with
threaded fasteners. The reinforcement ratios of Specimens VI-40, VI-45 and VI-60 were
0.112%, 0.092% and 0.075% respectively, which were intended to be closely aligned with
the minimum reinforcement ratio (0.083%) required for Grade 60 reinforcing bars
calculated from Equation (4-1). The design of Series VI specimens is illustrated in Figure
4-3.

0.054
of > f cv
y

(4-1)

where A, ¢ is the minimum required area of interface shear reinforcement, A, is the area

of concrete interface, and f,, is the nominal yielding strength of the reinforcement.
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Figure 4-3 Design slant shear specimens in Series VI

4.1.2. Large-Scale Slant Shear Specimen

Series VII investigated the size effect and the influence of reinforcement across the cold
joints. Four slant shear specimens, measuring 24 in. in height and 12 in. in diameter, were designed
and fabricated in Series VII. Specimens VII-30, VII-45, and VII-60 were fabricated with different
inclinations of cold joint (30°, 45°, 60°). The cold joints of these three specimens were subjected
to R/ interface roughness, as described in Section 4.1.1. The cold joint of Specimen VII-30-NR
was designed with an inclination of 30°, and the interface was left untreated prior to the cast of the
overlay. All four specimens in Series VII were reinforced with #2 threaded bars to satisfy the
minimum required area of interface shear reinforcement per AASHTO LRFD (2024) (i.e.,
Equation (4-1)). The interface reinforcing bars were anchored on the side of the specimens with
threaded fasteners. As a result, the reinforcement ratios across the cold joints of Specimens VII-
30, VII-30-NR, VII-45 and VII-60 were 0.087%, 0.087%, 0.092%, and 0.075%, respectively. The
details of specimens in Series VII is illustrated in Figure 4-4.
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Figure 4-4 Design slant shear specimens in Series VII

4.2. Materials

The general mixture, N, with a water-to-cement ratio of, was a typical concrete mix design
used in TxDOT construction projects, detailed in Table 4-2. To achieve higher strength concrete
mixtures (H/ and H2), the water-to-cement ratio was reduced to 0.37 and 0.42 respectively. Due
to the low water-to-cement ratio of mixtures H/ and H2, plasticizer was added to improve the
workability of concrete during placement.

Table 4-2 Concrete mix designs

v | Gt | v | et | Tt [ v
N 611 275 1720 1196 0.45
H1 635 235 1720 1196 0.37
H2 620 260 1720 1196 0.42

Three 6x12-in. (150%x300-mm) cylinders and three dog-bone specimens with a 4x4 in.
(100x100-mm) cross-sectional area and a total length of 20 in. were fabricated to obtain the
material properties of both the substrate and the overlay for each batch of concrete. The
compression cylinders were cast using 6x12-in. plastic concrete cylinder molds. The dog-bone
specimens were constructed using 4x4x20-in. metal forms with attached anchorages, as shown in
Figure 4-5. Standard compression tests were performed on the compression cylinders following
ASTM C39/C39M14. The dog-bone specimens were used for direct tensile tests following CRD
C16415 procedures. The experimentally determined material properties are summarized in Table
4-3.
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Figure 4-5 Metal molds for dog-bone specimens

Table 4-3 Material Properties

: f c,_sub fc,_ov'r ft,_sub f t,_ov'r
Series Groups (ksi) | (ksi) | (psi) | (psi)
1-40
1-45
I-Angle 1550 248 | 2.55 334 332
1-60
1I-M
II-Interface Roughness IIII__IEIT 2.58 | 2.56 325 323
1I-R2

III-H1 3.75 335
III-Concrete Strength TIRtE) 2.50 205 325 290
IV-1/6 | 3.10 | 3.42 267
IV-Casting Age IV-28 3.17 | 4.04 332 323
IV-56 | 298 | 5.08 277
. V-A2 224 | 295 235

V-Aggregate Size VA3 436 3.05 277 :

Note: 1 ksi = 6.8948 MPa, 1psi = 0.0068948 MPa
fc sup = concrete compressive strength of substrate
ﬂ_ow = concrete compressive strength of overlay

ftl_sub = concrete tensile strength of substrate

ft our = concrete tensile strength of overlay

4.3. Fabrication Procedure

4.3.1. Small-Scale Slant Shear Specimen

To achieve the specified interface angle for the slant shear specimens, wood stands were
designed and constructed to ensure the fabrication accuracy. The wood stands for the small-scale
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and the large-scale slant shear specimens at interface angles of 40° and 30° are respectively
presented in Figure 4-6(a) and Figure 4-6(b). The schematics of the wood stands are referenced in
Appendix B. Also shown in Figure 4-6, 6x12-in. plastic concrete cylinder molds were used to cast
the small-scale slant shear specimens, and the large-scale slant shear specimens were cast using
12%24-in. concrete forming Sonotubes.

(a) Wood stand for 6x12-in. cylinders (b) Wood stand for 12x24-in. cylinder
Figure 4-6 As-built wood stand for slant shear specimens

For the small-scale slant shear specimens, a custom wood gauge was fabricated for each
inclination angle to ensure the consistency of the interfacial level, as shown in Figure 4-7. The
gauge measures the level of the substrate relative to the top of the cylindrical mold. The cast of the
substrate was terminated when the surface of the substrate matched the inclined geometry of the
wood gauge. This measurement ensures equal volumes of substrate and overlay, aligning the center
of the cold joints to the mid-height of the specimens.

Figure 4-7 Wood gauge for 6x12-in. cylinders (40°)

The casting procedure remained consistent across all six series in the experimental
program, as depicted in Figure 4-8. The concrete was mixed using a 9-ft> concrete mixer, as shown
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in Figure 4-8(a). The uniformly mixed concrete was placed in the cylindrical molds when the
molds were attached to the wood stands during the cast for the substrates. The substrates were
poured in two separate lifts, each lift was rodded 25 times and tapped 3 times on each side of the
cylinders. Once rodded and tamped, the interfacial level and inclination were checked using the
wood gauge, as presented in Figure 4-8(b). The surfaces of the substrates were intentionally
roughened after initial setting, as shown in Figure 4-8(c). After the cast, a small piece of water-
saturated burlap was placed on the surface of the substrate in each cylinder to maintain the curing
condition for the substrate before casting the overlay. These pieces of burlap were removed seven
days after the cast of the substrates for specimens with casting interval longer than seven days. For
the rest of the specimens, the burlap was removed right before the cast of the overlays. All
compression cylinders and dog-bone specimens cast along with the substrates were demolded a
day after the cast, and cured for seven days by covering the water-saturated burlap over the
specimens.

After the designated time intervals, the cylindrical molds were detached from the wood
stands and placed vertically for the cast of the overlays. The overlays were also cast in two lifts,
each lift was rodded 25 times and tapped 3 times on each side of the cylinders. All specimens,
including the slant shear specimens and the material samples, were demolded a day after the cast.
These specimens were covered with water-saturated burlaps for seven days to maintain proper
curing condition, as shown in Figure 4-8(d).

Figure 4-8 Casting procedure for small-scale slant shear specimens (a) Concrete mixing (b) Wood gauge
fabricating (c) Interface roughening (d) Curing with burlap

Sulfur caps were applied to the top and bottom contact surfaces of the slant shear and the
compression specimens according to ASTM C617/C617M (ASTM International, 2016). With a
nominal strength of 9.0 ksi (62 MPa), the sulfur caps performed adequately during testing without
fracture, ensuring a uniform loading condition at the load applying surfaces. The specimens with
completed, leveled sulfur caps are shown in Figure 4-9.
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(a) b

Figure 4-9 Testing preparation for small-scale slant shear specimens (a) Sulfur capping (b) Finished
product

4.3.2. Large-Scale Slant Shear Specimens

The casting procedure for the large-scale slant shear specimens followed the same
sequence as the small-scale slant shear specimens. The interface roughening was performed after
the cast of the substrates without removing the cylinder molds from the wood stands, as shown in
Figure 4-10(a). However, slight changes were implemented to improve the construction quality.
The concrete was vibrated using an electric concrete vibrator for the substrate and the overlay, as
shown in Figure 4-10(b). The wood stands were disassembled so that the overlays of the specimens
can be cast vertically, also presented in Figure 4-10(b). The photograph of fabricated specimens
in Series VII is presented in Figure 4-10(c).

(a)

Figure 4-10 Casting procedure for large-scale slant shear specimens (a) Intentional roughening (b)
Concrete vibrating (c) Finished product

12x12-in. steel plates were attached to the top loading surfaces of the specimens with
hydro-stone prior to the experiments. Hydro-stone powder was mixed with water until a highly
viscous consistency was achieved. The hydro-stone with ideal consistency was immediately
applied to the top contact surface of the slant shear specimen, as shown in Figure 4-11(a). The
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steel plate was placed and leveled on top of the hydro-stone, creating a flat loading surface with
proper orientation, as shown in Figure 4-11(b). After leveling the steel plate, the as-built interface
angle was measured using a digital angle gauge, as shown in Figure 4-11(c).

.5\* | it |

Figure 4-11 Testing preparation of large-scale specimens (a) Hydro-stone application (b) Leveled steel
plate (c)interface angle measurement

4.4. Test Setup and Instrumentation

4.4.1. Small-Scale Slant Shear Specimen

The small-scale slant shear specimens were tested in the 440-kip MTS load frame, as
shown in Figure 4-12(a). A tilt saddle and roller were used at the top and bottom of the slant shear
specimen, respectively, to allow for rotation and lateral displacement. The small-scale slant shear
test setup is depicted in Figure 4-13(a). The slant shear tests were performed by applying a uniaxial
compression load at a constant displacement rate of 0.05 in./min., according to ASTM
C882/C882M standards (ASTM C882/C882M, 2020). The specimens were tested until 50%
decrease in the applied load was observed after reaching peak load. During the experiment, the
applied load and the slip along the interface were simultaneously recorded using the MTS and NDI
Optical Tracking System (Optotrak), respectively. The Optotrak featured a set of cameras that
captured the spatial coordinates of targets, as shown in Figure 4-12(b). To quantify the slip at the
interface, six pairs of targets were placed along the cold joint at 1-in. spacing, as illustrated in
Figure 4-13(b). For the material tests, the compression cylinders were tested in the Forney High
Capacity Compression Machine per ASTM C39/C39M-21 standards (ASTM C39/C39M,
2021)Direct tensile tests were performed on the dog-bone specimen using the 220-kip MTS load
frame in accordance with CRD C16415 specifications (CRD-C164-15, 1992).
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(a) 440-kip MTS (b) Optotrak

Figure 4-12 Testing machines for small-scale slant shear test
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(a) Test setup
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Figure 4-13 Small-scale slant shear test setup

4.4.2. Large-Scale Slant Shear Specimen

The large-scale slant shear specimens were tested in the 550-kip MTS load frame. The
boundary conditions of the large-scale slant shear experiments were identical to that of the small-
scale slant shear tests. The large-scale slant shear test setup is shown in Figure 4-14 and Figure
4-15. Similar to the small-scale slant shear test, a compressive load was applied at a displacement-
controlled rate of 0.05 in./min until the load reached 50% of the maximum load (4STM
C882/C882M, 2020). This protocol enabled the recording of the full load-deflection response of
the specimen. The applied load and slip along the interface were simultaneously monitored
throughout the test. The arrangement of the LVDTs is presented in Figure 4-15. The LVDTs were
attached along the loading direction and installed parallel to the reinforcement bar. In addition,
two LVDTs were placed diagonally, in-plane with the cold joint interface to independently monitor
the displacement of the substrate and the overlay. The LVDT data was recorded using the High-
Precision Keysight data acquisition system (DAQ) at a frequency of 1 Hz. To obtain the entire
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strain profile of the specimens and the slip along the interface during the experiments, digital image
correlation (DIC) system was instrumented in the experimental program, as shown in Figure
4-14(a). The DIC obtained the strain of the specimen surface by monitoring the displacement of
the imprinted speckled patterns in the testing region with two high-speed cameras. A specific set
of targets was used to calibrate the DIC system and correlate the coordinates of two cameras. The

calibration allows the system to process the images taken during the experiments based on the
orientation and the dimension of specimens.

e A |

N
&
s

(a) DIC setup (Front View)

Figure 4-14 Large-scale slant shear test setup

52



LVDT OVR

LVDTV
I'. . - —IVDTV
LVDT OVR p
LVDT SUB ° ' LVDT SUB
(a) LVDT layout (top view) (b) LVDT layout (back view)
TOP PLATE \ HYDRO-STONE
/

2“

LVDT H
/la /
TEST SPECIMEN 7
/ 2r_0rr

——NEOPRENE
/

BOTTOM PLA TE~\ /

\
ROLLER BEARING—-—; s — on

BEARING PLATE /
(c) Test setup (front view)

Figure 4-15 LVDT layout

53



4.5. Experimental Results

4.5.1. Failure Modes

Based on the observed crack pattern and characteristics of fracture, the failure modes of
the slant shear specimens were classified into three typical modes:

1. Slant shear failure (SS) — the specimen experienced failure along the cold joint interface,
as shown in Figure 4-16(a);

2. Crushing of concrete (CC) — the specimen experienced vertical cracks throughout the
cylinder, as shown in Figure 4-16(b);

3. Combination of SS and CC (SC) — the specimen experienced failure at the cold joint with
propagated vertical cracks, as shown in Figure 4-16(c).

Table 4-4 lists the number of small-scale slant shear specimens that experienced SS for
each group of each series, denoted as nggr. The failure mode of each large-scale specimen is listed
in Table 4-8. Failure mode photos of all the slant shear specimens are referenced in Appendix C.

(@) SS (b)CC (c) SC

Figure 4-16 Failure modes for slant shear tests

4.5.2. Data Processing Methodology

The data processing methodology used to characterize the experimentally observed
response of the specimens that failed through slant shear is summarized in this section. The shear
force-slip plots are provided in Appendix D.

The as-built interface angle was determined by linear regression (least square method) of
the target’s coordinates for both the substrate and overlay. The average of the two interface angles
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was taken as the as-built angle of the cold joint measured from the vertical, denoted as 6,; in Figure

4-17 and presented in Table 4-4. The calculated as-built interface angle was further validated by
measuring the interface of specimens that failed through slant shear.

During the slant shear test, the coordinate system of the recorded spatial data of the targets
was established with the x-axis (i.e., global x-axis) aligned to the direction of the applied force, P,
as illustrated in Figure 4-17. To calculate the slip at the cold joint interface, &5, the target
coordinates were projected from the global axis to the local axis (i.e., x'-axis parallel to the cold
joint interface). For a given target at point (u,v) shown in Figure 4-17(d), the u-value is projected
onto the x'- and y’-axes. The same procedure was done for the v-value of the target coordinate.
By adding the u- and v-values, a concise matrix (i.e., transformation matrix) can be formulated to
project a target coordinate from the global axis to the local axis. The complied transformation
matrix is expressed as:

.. —sinf.:
o B P |

(4-2)

where u” and v” are the local coordinate values for a given target. The projection method
was performed for each target coordinate of all slant shear specimens.

Based on the target arrangement illustrated in Figure 4-17(a), the five pairs of targets
(excluding the outermost target of the overlay and the substrate) were used to capture the slip along
the cold joint. More specifically, each pair of targets consisted of one target on the substrate and
the other on the overlay, as shown in Figure 4-17(a). Since the cold joint interface is aligned with
the x'-axis, the slip can be determined by the displacement of a target relative to its pair in the x'-
direction at each time step.

AT Ty
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P

(a) (b) (c) (d)

Figure 4-17 Global and local coordinate system
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The shear force, I/, along the interface is expressed as a function of the applied load, P,
and the as-built interface angle, 6., as shown in Figure 4-17(c) and (4-3). The average shear
capacity, Vg4, Of specimens governed by slant shear failure for each group is presented in Table
4-4. The shear stress, T, at each time step was calculated by dividing the shear force by the area
of the elliptical interface, as described in (4-4). Table 4-4 lists the shear stress for slant shear
specimens governed by slant shear failure.

V =Pcosb, (4-3)
4Vsinb;
Ttest = T (4-4)

where D is the diameter of the specimen.
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4.5.3. Test Results and Discussion

4.5.3.1. Small-Scale Slant Shear Tests

4.5.3.1.1. Capacity and Failure Modes

Table 4-4 Experimental results for small-scale slant shear tests

. P‘“’g QC' Pcj f c’_sub fc’,ovr Vav 5s_peak Tav
Series Groups | ooy | @) | %) | (keiy | ksi) | ™57 | ips) | Gin. x 10-%) | (ksi)
1-40 78 44 - 2 56 1.34 1.35
1-45 82 48 - 2 53 3.55 1.43

I-Angle 1550 76 48 : 248 | 2.55 0 : : 3

1-60 84 67 - 0 - - -

1I-M 73 - - 0 - - -
II-Interface II-NR 51 40 - 258 | 256 3 39 3.27 0.89
Roughness II-R1 71 43 - ' ’ 3 52 4.33 1.25
1I-R2 72 43 - 2 53 1.71 1.23

III-Concrete 1II-H1 86 44 - 250 3.75 0 - - -
Strength II1-H2 83 43 - ) 2.95 1 59 0.17 1.41

IV-Casting 1V-1/6 110 | 39 - 3.10 | 3.42 0 - - -
Age 1V-28 92 40 - 3.17 | 4.04 3 70 1.09 1.60
IV-56 129 | 39 - 2.98 | 5.08 2 105 3.20 2.37
V-Aggregate V-A2 44 39 - 2.24 | 2.95 3 32 3.93 1.23
Size V-A3 71 43 - 436 | 3.05 2 55 1.75 0.78
VI- Min. VI-40 98 38 | 0.11 262 | 404 2 71 2.55 1.68

Interface Shear | VI-45 104 46 | 0.09 ) ) 0 - - -
Reinforcement VI-60 94 59 | 0.07 | 436 | 3.34 3 65 7.27 1.65

Note: F,,, = average capacity of three slant shear specimens in the same group
6.; = as-built angle of the cold joint measured from the vertical
p¢j = as-built reinforcement ratio of the cold joint
fcyisub = concrete compressive strength of substrate
fc;o,,r = concrete compressive strength of overlay
ngsp = number of specimens that experienced SS out of three slant shear tests
Vavg = average shear capacity of specimens governed by SS
1) Speak — Average slip of cold joints corresponding to peak strength for specimens
governed by SS
Tavg = average shear stress of specimen governed by SS

The experimental results for the small-scale slant shear tests are summarized in Table 4-4.

The interface shear resistance is determined only for specimens governed by slant shear failure. A

comprehensive analysis of the test results is given for each series:

1.

In Series I, the specimens displayed similar maximum applied loads, F,;,g, across all
interface angles. The test results reveal that the variation of interface angle (with R/
interface roughness) has negligible effect on the maximum applied compression load.
However, a shift in failure mode from slant shear failure to concrete crushing was
noticeable with the increase of the interface angles.
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. In Series II, the maximum applied loads of the control specimen (//-M) and those with

roughened interfaces (//-RI and II-R2) are similar. However, /I-NR exhibited a 28%
reduction in capacity. The test results indicate that interface roughness significantly
influences the maximum applied load and the interface shear resistance. It is worth noting
that, despite the additional grid treatment applied to //-R2, the capacity remained similar to
II-R1 (i.e., the roughness pattern did not influence the specimen’s strength). As a result, it
is concluded that the influence of interface amplitude is more significant than interface
texture. These conclusions are consistent with findings from previous research (Figueiredo
et al., 2022; Saldanha et al., 2013; Santos & Julio, 2011).

The variation in concrete compressive strength between layers was found to have a
negligible influence on the response of the slant shear specimens. Despite the 10% and
40% increase of compressive strength of the substrate, ///-H1 and I/I-H? had similar
ultimate capacities. The failure mode observed in Series /1] specimens was a combination
of slant shear failure and crushing of concrete. This outcome resulted from the sufficient
shear resistance provided by cold joints with appropriate interface roughening, leading to
the crushing of weaker layers prior to the slant shear failure of cold joints. These
conclusions are consistent with findings from previous research (Figueiredo et al., 2022;
Hofbeck et al., 1969; Patnaik, 1999).

In Series IV, the test results indicate that the casting age difference influences both the
maximum applied load and the failure mode of the specimens. The interface shear
resistance of specimens with longer casting age difference (/V-56) was 15% greater than
that of /V-28. This phenomenon was also observed in previous experimental and analytical
studies (Santos & Julio, 2011). The specimens with a casting age difference of four hours
(IV-1/6) exhibited crushing of concrete, closely resembling the behavior of monolithically
cast cylinders (/I-M) rather than typical slant shear specimens. This conclusion highlight
the minimum casting age difference necessary to classify the interface between layers as a
cold joint.

The test results from Series V demonstrate a significant effect of aggregate size on shear
resistance. As the aggregate size decreased, the interface shear resistance decreased,
accordingly. Even with intentional interface roughening, specimens without coarse
aggregate in V-A2 exhibited a 44% decrease in maximum applied load compared to
specimens in /-40, while the maximum applied load of specimens with smaller maximum
aggregate size in V-43 remained similar.

In Series VI, the presence of interface shear reinforcement was observed to increase the
interface shear capacity. More than 15% increase in capacity was observed for specimens
in Series VI compared to those without reinforcement in Series 1. This indicates that the
interface shear reinforcement effectively contributes to the cold joint resistance when the
cold joint is subject to a combination of shear and compression force.

58



4.5.3.1.2. Interface Shear Resistance

The interface shear resistance was determined for the specimens that experienced slant
shear failure, as defined in (4-4). The test results were compared to the nominal interface shear
resistance of five current design code expressions: AASHTO LRFD Bridge Design Specifications
(AASHTO, 2024), ACI 318-25 Building Code Requirements for Structural Concrete (ACI
Committee 318, 2025), the Canadian Standard Association’s Design of Concrete Structures (CSA
Standard A23.3-19, 2019), fib Model Code for Concrete Structures (fib International, 2024), and
the Design of Concrete Structures — Part 1-1: General Rules for Buildings (European Committee
for Standardization, 2005), as expressed in Table 4-5. The experimental results and design code
estimations are listed and plotted in Table 4-6 and Figure 4-18, respectively.

Table 4-5 Design code provisions for shear friction

Design code | Surface roughness | ¢ (ksi) % Design Expression
not roughened 0.075 0.6
AASHTO £ w0 = c+ulpf, + o)
LRFD 2024 roughened 0.24 1.0
ACI 318 not roughened N/A 0.6
1318-25 = ina + +
roughened N/A 1.01 T = ulpfysina +0,) + pfycosa
not roughened 0.036 0.6
: = Ac+ ina + a,)| +
CSA A23.3:19 roughened 0.073 1.0 i = A + it + o)) +olfeoss
Design code Surface Ca u Design Expression
roughness
smooth 0.35 0.6
fib MC2020 rough 0.45 0.7 Tp = Cofcta + u(pfysina + an) + pfycosa
very rough 0.5 0.9
smooth 0.2 0.6
Eurocode 2 rough 0z 07 Tn = Cafea + u(pfysina + a,) + pf,cosa

Note: 1 ksi = 6.8948 MPa
T, = nominal interface shear resistance (ksi)
¢ = cohesion factor of concrete-to-concrete interface (ksi)
u = coefficient of friction
¢, = unitless cohesion factor of concrete-to-concrete interface
p = reinforcement ratio of the reinforcing steel crossing the interface
fy = yielding strength of reinforcing steel (ksi)
0, = normal stress acting on the interface (ksi)
a = inclination of the reinforcement crossing the interface
A = concrete density modification factor
feta = design axial tensile strength of concrete of the weaker layer (ksi)

59



According to AASHTO LRFD (2024), ACI 318-25 (2025), and CSA A23.3:19 (2019), the
slant shear specimens with roughening amplitude of (0.125 in.) in this experimental program is
classified as untreated smooth interfaces. Thus, the coefficients for not roughened interface listed
in Table 4-5 were used to calculate the interface shear resistances for roughened cold joints in this
research. The calculated shear resistances are on average, 40% lower compared to the experimental
results, as shown in Figure 4-18(a), (b), and (c). The root mean squared error (RMSE), and
coefficient of determination (R?) listed in Table 4-6 were used as statistical parameters to
determine the accuracy of the calculated interface shear resistance, computed as shown in Equation
(4-5) and (4-6). The R-square value of interface shear resistance calculated from AASHTO LRFD
(2024), ACI 318-25 (2025), and CSA A23.3:19 (2019) is 0.84, 0.80, and 0.82, respectively.

RMSE = JZ?:1(Yp‘red - Y‘ref)z (4-5)
n

_ Zgzl(ypred - Yref)z

RZ=1
Z?:l(yref)z

(4-6)

In contrast, fib MC2020 (2024) and Eurocode 2 (2005) require a smaller amplitude of
interface roughness to consider the influence of intentional roughening. Eurocode 2 (2005)
classifies R/ and R2 interface conditions as roughened interfaces. The fib MC2020 (2024)
considers R/ and R2 a rough and very rough interface, respectively., based on the roughening
patterns achieved. As such, the calculated interface shear resistances using Eurocode 2 (2005) and
fib MC2020 (2024), shown in Figure 4-18(d) and (e), demonstrated a better alignment with the
experimental results, specifically with an R-square value of 0.90 and 0.91, respectively.

Overly conservative results are obtained when the intentionally roughened interface is
considered an untreated interface due to insufficient amplitude according to the code expressions
in AAHTO LRFD (2024), ACI 318-25 (2025), and CSA A23.3:19 (2019). Therefore, the interface
shear resistance of the specimens was recalculated by assuming the cold joints as roughened
interfaces, referred to as RI (Rough Interface Assumption) approach. This approach directly
utilized the coefficients for roughened interface in Table 4-5 to calculated the capacities of
intentionally roughened specimens in this research. The calculated shear resistance using the RI
approach are summarized in Table 4-6 and shown in Figure 4-18(a), (b), and (c). Although the R-
square value was improved to 0.96, 0.96 and 0.97, respectively, by the intentionally roughened
interface factors in AAHTO LRFD (2024), ACI 318-25 (2025), and CSA A23.3:19 (2019), the
number of unconservative cases observed in RI approach indicated a need for refinement.

Since the shear resistance of the cold joints is underestimated by current design expressions
and overestimated by the previously introduced RI approach in AASHTO LRFD (2024), ACI 318-
25 (2025), and CSA A23.3:19 (2019), a modified approach is proposed to obtain the coefficients
of cohesion and friction. To better represent the shear resistance of cold joints with intermediary
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levels of interface roughness, linear interpolation was employed to derive the cohesion and friction
coefficient based on the amplitude of the interface roughness, denoted as LIF (Linearly
Interpolated Factors). Coefficients of cohesion and friction obtained from current specifications
and the LIF approach are demonstrated in Figure 4-19. The calculated results are listed and plotted
in Table 4-6 and Figure 4-18(a), (b), and (c), respectively.

The interface shear resistance of the specimens is better predicted with the LIF method
compared to current design expressions. The R-square value of interface shear resistance
calculated from applying LIF to AASHTO LRFD (2024), ACI 318-25 (2025), and CSA A23.3:19
(2019) was improved to 0.96, 0.92 and 0.93, respectively. This indicates that intentional interface
roughening should be considered even if the amplitude is smaller than the required height specified
in these three design specifications to accurately calculate the shear resistance of cold joints. Also,
the total unconservative counts observed using the LIF approach decreased from 24 cases to 3
cases compared to the RI approach.

61



Table 4-6 Experimental results and design code estimations for interface shear resistance of
small-scale slant shear specimens

Current Code Expression RI LIF

Specimen Tiest
TAASHTO Tacl Tcsa TEuro Trib TaasHTO Tacr Tcsa TaAsHTO Tacr Tcsa
1-40-1 1.27 1.38 1.14 1.21 0.88 0.87 0.76 0.68 0.72 1.07 0.91 0.96
1-40-3 1.43 1.66 1.42 1.50 1.08 1.07 0.93 0.85 0.89 1.30 1.14 1.19
1-45-1 1.43 2.03 1.79 1.87 1.34 1.33 1.15 1.08 1.11 1.59 1.43 1.49
1-45-2 1.43 1.78 1.54 1.61 1.16 1.15 1.00 0.92 0.96 1.39 1.23 1.29
II-R1-1 1.23 1.33 1.09 1.16 0.85 0.84 0.73 0.65 0.69 1.03 0.87 0.92
II-R1-2 1.22 1.38 1.14 1.21 0.89 0.88 0.76 0.68 0.72 1.07 0.91 0.97
II-R1-3 1.31 1.46 1.22 1.29 0.94 0.93 0.81 0.73 0.77 1.13 0.97 1.03
II-R2-1 1.29 1.26 1.02 1.09 1.01 0.79 0.69 0.61 0.65 0.97 0.81 0.87
1I-R2-3 1.17 1.43 1.19 1.27 1.17 0.91 0.79 0.72 0.75 1.11 0.95 1.01

II-NR-1 0.95 0.58 0.51 0.54 0.58 0.55 0.58 0.51 0.54 0.58 0.51 0.54

II-NR-2 0.78 0.47 039 | 043 0.46 0.43 0.47 039 | 043 0.47 0.39 | 043

II-NR-3 0.94 0.52 0.45 0.48 0.51 0.48 0.52 0.45 0.48 0.52 0.45 0.48

111-H2-3 1.41 1.52 1.28 1.36 0.98 0.98 0.85 0.77 | 0.81 1.18 1.03 1.08
IV-28-1 1.62 1.63 1.39 1.46 1.08 1.07 0.91 0.83 | 0.87 1.27 1.11 1.16
IV-28-2 1.70 1.73 1.49 1.57 1.16 1.15 0.97 090 | 0.93 1.35 1.20 1.25
IV-28-3 1.47 1.41 1.17 1.24 0.93 0.92 0.78 0.70 | 0.74 1.09 093 | 0.99
IV-56-1 2.34 2.14 1.90 1.98 1.44 1.43 1.22 1.14 1.18 1.68 1.52 1.58
IV-56-2 2.40 2.24 2.00 | 2.07 1.50 1.49 1.27 1.20 1.23 1.76 1.60 1.65
V-A2-1 1.23 1.15 0.91 0.98 0.71 0.70 0.62 0.54 | 0.58 0.88 0.72 | 0.78
V-A2-2 1.21 1.29 1.05 1.12 0.81 0.80 0.70 0.63 | 0.67 1.00 0.84 | 0.89

V-A2-3 1.24 1.28 1.04 1.12 0.81 0.80 0.70 0.63 0.66 0.99 0.83 0.89

V-A3-2 0.70 0.89 0.65 0.61 0.56 0.55 0.46 0.29 | 0.36 0.67 0.39 | 0.49

V-A3-3 0.85 1.04 0.80 | 0.74 0.67 0.66 0.55 036 | 044 0.80 048 | 0.59

VI-40-1 1.68 1.51 1.29 | 1.36 1.00 | 0.99 0.84 0.78 | 0.82 1.17 1.04 | 1.09

VI-40-2 1.68 2.44 222 | 2.30 1.66 1.65 1.40 1.35 | 1.39 1.92 1.79 | 1.84

VI-45-1 1.66 2.11 1.89 | 1.96 1.43 1.42 1.19 1.15 | 1.19 1.65 1.52 | 1.57

VI-45-2 1.59 1.80 1.58 | 1.65 1.21 1.20 1.01 0.96 | 1.00 1.40 1.27 | 1.32

VI-45-3 1.71 2.20 1.98 | 2.05 1.49 1.48 1.25 1.20 | 1.24 1.72 1.59 | 1.65

RMSE - 0.58 0.64 | 0.61 0.45 0.43 0.29 0.28 | 0.26 0.30 042 | 0.37

R? - 0.84 0.80 | 0.82 0.90 0.91 0.96 096 | 0.97 0.96 092 | 0.93

Note: 7,05 = interface shear resistance obtained from the slant shear test (ksi)
Taasuro = nominal interface shear resistance calculated from AASHTO LRFD 2024 (ksi)
T4c; = nominal interface shear resistance calculated from ACI 318-25 (ksi)
Tcsa = nominal interface shear resistance calculated form CSA A23.3:19 (ksi)
Tguro = Nominal interface shear resistance calculated from Eurocode 2 (ksi)
Tr;p = nominal interface shear resistance calculated from fib MC2020 (ksi)
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Figure 4-18 Experimental results versus calculated interface shear resistance



A
R, = 0.125 A =
024 ¢ — - 1k Ra 0'.-135.-.r--.-.-----------
; !
=018 i 0.8 r 5
< Y 306 ke i
T012 t g = 06 '
_____________ U R 04 r
0.06 F 02 |
O 1 1 1 ) 0 1 1 1 )
0 0.1 0.2 0.3 0 0.1 0.2 0.3
R, (in.) R, (in.)
AASHTO (LIF) CSA (LIF) AASHTO&ACI (LIF) CSA (LIF)
_————— AASHTO (current) seeeeseeenees CSA (current) - = AASHTO&ACI (current) seeeeeeeeenes CSA (current)
(a) (b)

Figure 4-19 Linear interpolation of (a) Cohesion and (b) Friction factors

4.5.3.1.3. Database Analysis

To further validate the proposed LIF method, a database was constructed to include
relevant studies that used slant shear tests and reported the following experimental data: roughness
amplitude, cold joint inclination, and failure mode. The database covered common roughening
methods and amplitudes; therefore, the applicability of the LIF approach could be well-justified in
common scenarios. The range of variables and properties of specimens are listed in Table 4-7,
while Appendix E includes the experimental results of the database. The normal stress and shear
stress acting on the interface at peak load were computed according to the reported variables and
test measurements.

Figueiredo et al. (2022) conducted 75 slant shear tests to study the bond performance
between normal-weight and sand-lightweight concrete. Five types of interface roughening were
applied to the specimens: smooth, vibrated, and three intentionally roughened methods. A laser-
based displacement sensor was used to accurately measure the amplitude of roughness.

Santos & Julio (2011) performed 150 prismatic slant shear tests to investigate interface
roughness and casting age difference. The interface shear stress for prismatic specimens was
computed by considering the area of the cold joint as rectangular instead of elliptical. Different
methods of interface preparation were applied to the substrate which include wire-brushing,
sandblasting, shotblasting, and hand-scrubbing. The roughness profile of the substrate was
quantified using a laser roughness analyzer.

Diab et al. (2017) tested cylindrical and prismatic slant shear specimens to investigate the
interface behavior between self-compacting concrete and old conventional concrete. Four types of
interface roughness were applied to the specimens: hand brush, mechanical roughness, 0.12 in.
depth % 0.12 in. width groves, and 0.24 in. depth x 0.24 in. width groves.

Saldanha et al. (2013) proposed a modified slant shear test approach on prismatic,
reinforced concrete specimens. Traditional slant shear tests were conducted to validate the
proposed method. Two interface roughening approaches were applied to both types of slant shear
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specimens, including hand-scrubbed interface and wavy interface. The test results of 12 slant shear
experiments and the roughness profile measured by laser sensor were reported by this research.

Hu et al. (2020) conducted 24 traditional slant shear tests along with 72 dynamic slant shear
tests. Rectangular indentions with two different depths were applied to the interface to quantify
the surface roughness. The amplitude of interface roughening was 0.12 and 0.24 in. Additionally,
the specimens were designed with two cold joint inclinations, 30° and 40°, measured from vertical
to investigate the interfacial behavior.

Force components used to determine shear and normal stress acting on the cold joint could
be clearly identified only when specimens were governed by the slant shear failure. Since the
validation was conducted by comparing the shear capacity estimated by the LIF approach and the
experimental results, only experiments governed by slant shear failure are included in the
validation study. As a result, a total of 124 slant shear test results were included to validate the LIF

approach.
Table 4-7 Database investigation of slant shear tests
D 0. R, .
Source N (in.) Geometry ©) (in.) Roughening Approach
Figueiredo | - 75| 5 5 cylindrical 30 | 0.034-0.22 hand-scrubbing;
et al. vibrating
wire-brushing;
Santos & . . sandblasting;
Talio 150 | 5.91 prismatic 30 0.01 —0.048 shotblasting; hand-
scrubbing
Diab et al. 150 | 5.91 | cylindrical, prismatic 30 0.12,0.24 patterned groves
Saldanha |, | 5 g prismatic 30 | 0.197,0.59 hand-scrubbing;
et al. patterned groves
Hu et al. 96 2.77 cylindrical 30, 40 0.12, 024 patterned groves

Note: 1 in. = 25.4 mm
N = number of slant shear tests
D = diameter of the cylindrical specimen, or side length of the prismatic specimen
0.; = inclination of the cold joint measured from the vertical

R, = amplitude of roughness

Test results from the database investigation are used to validate the LIF approach based on
shear friction expressions in AASHTO LRFD (2024), ACI 318-25 (2025), and CSA A23.3:19
(2019). The validation was performed by comparing cold joint shear resistance from the database
and interface shear resistance calculated using the LIF approach. The validation exclusively
focuses on roughened interfaces with intermediary levels of amplitude to which the LIF approach
is applicable. The test results of the slant shear database and experimental program in this research
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presented in Figure 4-20, along with the calculations from current design specifications and the

LIF approach.
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Figure 4-20 Experimental versus calculated interface shear resistance using the current code expressions
and the proposed LIF approach

Based on the validation results, it is evident that the LIF approach improves the accuracy
of shear friction expressions. The R-square value of interface shear resistance calculated from
applying LIF to AASHTO LRFD (2024), ACI 318-25 (2025), and CSA A23.3:19 (2019) was
improved from 0.78, 0.72 and 0.77 to 0.91, 0.84 and 0.87, respectively.

The LIF approach appears to be more impactful under higher normal and shear stress.
According to the conclusion from the experimental program, the shear resistance of cold joints
with intentional roughening is expected to be higher than non-roughened interface. The shear
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resistance for cases reaching high peak normal and shear stress is proven to be sensitive to the
contribution of interface roughness, even when the amplitude of roughness is lower than the
requirement of specifications. The LIF approach improves the accuracy of calculation by directly
reflecting the effect of roughening amplitude, while current design expressions fail to address the
contribution of intermediary interface roughness. This implies that the LIF approach can lead to
substantial improvements in calculating the shear resistance of cold joint with a roughened
interface.

4.5.3.2. Large-Scale Slant Shear Tests

4.5.3.2.1. Capacity and Failure Modes

The experimental results for the large-scale slant shear specimens are presented in Table
4-8. Specimen V1I-30 exhibited 58% increase in interface shear resistance compared to Specimen
VII-30-NR. Similar to Series II, the interface roughness was found to significantly increase the
capacity and interface shear resistance. The slant shear specimens with an interface angle greater
than 45° experienced crushing of concrete. Identical conclusion was drawn from the failure
patterns observed in Series I, where the governing failure switched from shear failure of cold joint
to crushing of concrete as the inclination increase.

Table 4-8 Experimental results for large-scale slant shear tests

. . , , Fail
Series Specimen p 0, j Pcj f c_sub f c_ovr 1\2/1[1()1(;1: |4 SS,peak Ttest
VIL Mi VII-30 380 | 31 | 0.089 SS 326 | 1.40 | 1.48
Ime'rfaclgsmar VI-30-NR | 242 [31[0.089 | ;o | , o, [ SS 207 | 5.18 | 0.94
Roinforcoment | VII-45 407 | 44 | 0.090 | : cC -

VII-60 426 | 59 | 0.074 cC -

Note: P = capacity of slant shear specimen (kips)
0.; = as-built angle of the cold joint measured from the vertical (°)
pcj = as-built reinforcement ratio of the cold joint (%)
f+ sup = concrete compressive strength of substrate (ksi)
f. our = concrete compressive strength of overlay (ksi)
V = shear capacity of specimen governed by SS (kips)

1) spear = AVerage slip of cold joints corresponding to peak strength for specimens governed by

SS (in. X 1073)
Ttest = shear stress of specimen governed by SS (ksi)

4.5.3.2.2. Interface Shear Resistance

Similar to the small-scale slant shear specimens, the interface shear resistance was
determined only for specimens governed by slant shear failure (V/I-30 and VII-30-NR). The shear
stress of VII-30 calculated at peak load was 12% lower than the corresponding small-scale
specimen (V1-40). Additionally, specimen with 30° inclination governed by slant shear failure
(VII-30) exhibited 10% decrease in capacity comparing to specimen with 60° inclination governed
by concrete crushing (V1I-60). This decrease in capacity due to the variation of inclination was not
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observed in the small-scale slant shear specimens with the same governing failure mode,
reinforcement ratio and interface roughness. Accordingly, these two observations indicate a
potential size effect of interface area on the shear capacity.

The experimental results are compared with the calculated interface shear resistance based
on current design codes and proposed LIF method as shown in Table 4-9. Note, fib MC2020 (2024)
and Eurocode 2 (2005) are excluded from Table 4-9 to focus the investigation on the proposed LIF
method. The interface shear resistances calculated using the LIF method based on the three design
codes (AASHTO, 2024; ACI Committee 318, 2025; CSA Standard A23.3-19, 2019) demonstrate
better alignment with the experimental results for the large-scale slant shear specimens.

Table 4-9 Experimental results and design code estimations for interface shear resistance of
large-scale slant shear specimens

Current Code Expression RI LIF

Ttest
(ksi) TAASHTO Tacl Tcsa TaASHTO Tacr Tcsa TAASHTO Tacr Tcsa

(ksi) (ksi) | (ksi) (ksi) (ksi) | (ksi) (ksi) (ksi) | (ksi)
VII-30 1.48 0.64 0.59 | 0.63 1.18 0.96 | 1.04 0.91 0.78 | 0.83
VII-30-NR | 0.94 0.45 0.40 | 043 0.45 0.40 | 0.43 0.45 0.40 | 0.43

Specimen

4.5.3.2.3. Strain Contour and Interface Slip

The images captured by DIC during the experiment were analyzed to obtain the strain and
displacement response of the specimens. The geometry of specimens calculated from the DIC data,
shown in Figure 4-21, is consistent with the actual geometry of the testing region. This geometry
comparison validated the accuracy of the measurement, enabling the use of DIC data in the
following discussion. The principal compression strain profiles of each test at peak load are
presented in Figure 4-22. The principal compressive strain was observed to concentrate
significantly along the cold joint prior to failure, regardless of the governing failure modes.
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Figure 4-21 Topographic map of monitoring surface from DIC
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Figure 4-22 Strain contour at peak load (a) VII-30 (b) VII-30-NR (c) VII-45 (d) VII-60

The interface shear-slip relationships of both specimens governed by slant shear failure are
shown and compared in Figure 4-23. The slip along the interface of Specimen VII-30-NR is
significantly greater than that of Specimen VI/-30 under the same applied shear force. The
difference in interface slip indicates that the interface roughening increases both the shear capacity
and the interface stiffness of cold joint, reducing the slip between the interface.
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Figure 4-23 Shear force-slip diagram

4.6. Summary

This chapter summarizes the results of an experimental study on the interface shear
resistance through slant shear tests across six intrinsic variables: interface angle, interface
roughness, concrete strength, casting age, aggregate size, and minimum amount of interface shear
reinforcement. A multifaceted set of data was obtained to contribute to the interface shear transfer
database. To that end, a total of 54 small-scale and four large-scale slant shear specimens were
designed, fabricated, and tested. A comprehensive analysis of the experimental results and
comparison to current design code estimations was conducted. The conclusions drawn from this
experimental program is listed as follows:

e The application of interface roughening and the used of concrete with a larger maximum
aggregate size significantly enhanced the shear resistance of cold joints. However, current
design specifications only address the effect of interface roughness with no modification
directly accounting for aggregate size;

e The increase in casting age difference was found to enhance the interface shear resistance.
However, when the casting interval was shortened to 4 hours, all specimens experienced
concrete crushing failure. This indicates the presence of lower bound in casting age
different for the formation of cold joints;

e A shift in failure mode from slant shear failure to crushing of concrete was observed for
specimens with interface angles greater than 48°, measured from the vertical (i.e., the
direction of compression being applied);
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The variation in concrete compressive strength between layers had negligible effect on the
ultimate capacity and failure mode. The capacity of the interface was governed by the
weaker concrete layer;

The interface shear resistance calculated according to fib MC2020 (2024) and Eurocode 2
(2005) closely aligned with the experimental results;

A modified method is proposed (a method that employs Linearly Interpolated Factors, LIF)
to address the evident contribution of intermediary amplitudes of interface roughness when
calculating interface shear resistance per AASHTO LRFD (2024), ACI 318-25 (2025), and
CSA A23.3:19 (2019). The LIF method improves the calculated values for the interface
shear resistance;

The database analysis validates the impact of LIF approach by improving the accuracy of
interface shear resistance calculation. Meanwhile, the unconservative counts remain below
25% of the total number of calculations with no predictions higher than 20% of the
experimentally measured shear resistance;

Significant impact of interface roughness on the shear capacity of the interface and the
influence of inclination on the failure mode were substantiated through the experimental
results of Series VII. From the shear-slip diagram of specimens in Series VII, it was further
concluded that the interface stiffness increases with the interface roughness;

Size effect was observed by comparing the shear stress at peak of VII-30 to the shear stress
of VI-40. The reduction in interface shear resistance supports the existence of size effect;
and

The DIC results indicated that the strain concentration occurred throughout the interface
regardless of the failure mode of specimens.
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Chapter 5. Experimental Program: Deep Beams with
Cold Joints

This section presents the deep beam experimental program designed to investigate the
effect of cold joints on the shear behavior of reinforced concrete (RC) members in disturbed
regions (D-regions). The specimen design, experimental setup, instrumentations and testing
protocols are described in detail. The experimental data facilitated a comprehensive analysis of
shear capacity, load-deflection response, failure mode, crack propagation, strain distribution, and
displacement fields for all 10 specimens. The experimental findings were subsequently used to
develop analytical methods for evaluating deep beams with cold joints using strut-and-tie model
in the following chapter.

5.1. Overview of Experimental Program

The objective of phase II testing is to investigate the effect of cold joints on the strength of
struts in reinforced concrete members with a predominately two-dimensional behavior. Phase II
experimental program consists of 10 deep beam specimens. Each beam specimen, measuring 332
inches in length with a 21 X 42-inch cross-section, accommodated one test on each end, totaling
two tests in a specimen. Each test focused on the shear behavior of the deep beam specimen within
the shear span between the loading point to the near-end support, referred to as the testing region.
These testing regions were deliberately designed to study the effect of independent experimental
variables. The conventional reinforced concrete beam design relies on sectional analysis by
assuming plane sections remain plane. However, this assumption is invalid in the D-regions of a
structure, characterized by nonlinear strain fields. The behavior of deep beams, defined as beam
with shear-span-to-depth ratio (a/d ratio) below 2.5, is primarily influenced by nonlinear strain and
stress fields induced from the vicinity of the applied load and the reaction force. The strut-and-tie
method (STM) was therefore used for both the design and evaluation of the deep beam specimens.

The strut-and-tie method conceptualizes the load transfer mechanism of a simply-
supported reinforced concrete deep beam through single or multiple panels of a triangular truss
system. This truss system consists of concrete struts carrying the compression forces and
reinforced ties carrying the tension forces, as illustrated in Figure 5-1. The intersections between
struts and ties are defined as the nodes.
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Figure 5-1 STM implemented in simply supported beam (Reprinted from Birrcher et al., 2009)

The specimens consist of cold joints intersecting the strut-and-tie panels with various
design details. These details were systematically introduced in the experimental program to
evaluate variables deemed influential to interface shear behavior from phase I testing. To focus the
investigation on the strength of struts intersecting by the cold joints, the specimens were
deliberately designed to be governed by crushing of struts. The crushing of struts was determined
from the strut-and-tie model by evaluating the capacity strut-to-node interfaces. The strut-and-tie
design and analysis procedure is detailed in the following subsection.

5.2. Overview of Strut-and-Tie Modeling

The strut-and-tie method (STM) idealizes the stress distribution in members with a
representative truss system comprising compression resisting elements (struts) and tension
resisting elements (ties). The intersections of struts and ties are referred to as nodes. The
dimensions of elements and the angles between struts and ties were specifically considered to
develop representative truss models for structures. The truss models were used to determine the
load demand of each element from the applied load based on equilibrium.

The initial phase in developing a strut-and-tie model involves establishing the relationship
between the applied load and the reaction forces. This entails calculating the proportion of the
applied load to the reaction force for each support, which varies depending on the boundary
conditions. Nodes are designated corresponding to the locations of the applied load and the
reaction forces. It is important to note that two nodes are specifically allocated for the loading point
to effectively transfer the applied load to both supports while satisfying the equilibrium.

While maintaining equilibrium, various truss configurations can be developed within the
STM framework. It was observed that the load tends to follow the path of least resistance and
deformation. Hence, the model with least ties often offers a more accurate simulation, as ties
exhibit greater deformation capacity compared to concrete struts. Moreover, to prevent
interference between the development of tensile stress in the reinforced ties and compression stress
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in the concrete struts, it is imperative to ensure that the angle, 8, between struts and ties exceeds
25 degrees. The distribution of applied load and the idealized strut-and-tie model of deep beam in
this experimental program are illustrated in Figure 5-2.
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Figure 5-2 Example of load transfer through truss elements in STM

5.2.1. Proportioning STM elements

Given that all struts and ties are connected through multiple nodes, it is essential to establish
the dimensions of these nodes to calculate the forces transferred within the nodal regions. Nodes
are categorized into three distinct types based on the elements intersecting them: CCC, CCT, and
CTT nodes. CCC nodes correspond to nodes where only struts intersect, CCT nodes are nodes
intersected by one tie in only one direction, and C77T nodes refer to nodes where ties intersect in
multiple directions.

In the testing regions of specimens in Task 5, one node is classified as a CCC node at the
location of the applied load, while another node is classified as a CCT node at the support.
Accordingly, the following paragraph focus on elucidating the proportioning of CCC and CCT
nodes.

5.2.1.1. Proportioning the CCC node

A comprehensive diagram of the CCC node is presented in Figure 5-3(a). The length of the
bearing face, [}, is determined by both the dimension of the loading plate and the proportion of the
applied load, a, transferred to the near-end support. For example, in the case of a specimen with
an a/d ratio of 1.85, 71% of the applied load is transferred to the near-end support in the testing
region. Therefore, 71% of the loading plate length is deemed to be the length of the bearing face
for the CCC node positioned at the loading point.
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Figure 5-3 Nodal geometries (AASHTO LRFD, 2024)

The height of the back face, h,, can be approximated with the depth of equivalent stress
block obtained from flexural analysis. For specimens featuring rectangular cross-section in Task
5, the height of the back face can be calculated according to Equation 2.1. Subsequently, the width
of the strut-to-node interface, wg, can be derived from the length of the bearing face, [;,, the height
of the back face, h,, and the angle of strut adjoining the node, 8. Since the strut-to-node interface
must be perpendicular to the direction of strut to calculate the compression load transmitted to the
interface, the width of the strut-to-node interface is determined per Equation 2.2.

(As fs=As f5)

no— (2.1)
@ 0.85f/ - by,
ws = a-l,-sinf + h, - cosO (2.2)
— . . .2
where, Ag = area of tension reinforcement, in
A[ — . . .2
s area of compression reinforcement, in
b,, = web width, in.
fe = specified concrete compressive strength, psi
fs = stress in tension reinforcement, psi
fd = stress in compression reinforcement, psi

5.2.1.2. Proportioning the CCT node

A CCTnode is depicted in Figure 5-3(b). The length of the bearing face, [;,, shares identical
dimension with the loading plate. The width of the back face, h,, is calculated as twice the distance
from the near face of the member to the centroid of tensile reinforcement. Similar to a CCC node,
the width of the strut-to-node interface can be determined using Equation 2.3 based on the
dimensions previously obtained for the node.

ws =l - sin@ + h, - cosO (2.3)
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5.2.2. Calculating the Capacity of STM elements

5.2.2.1. Calculating the Nominal Strength of Node Faces

The specimens in Task 5 were designed in accordance with AASHTO LRFD 2024. The
nominal resistance of the node faces should be calculated as Equation 2.4. The compressive stress
at the node face, f ., is limited by Equation 2.5, where m represents the confinement modification
factor, v is the concrete efficiency factor and f indicates the compressive strength of concrete.
As per AASHTO LRFD 2024, m is set to unity when the width of the bearing area is greater or
equal to the width of the reinforced concrete member. The concrete efficiency factors are
influenced by the presence of crack control reinforcement and the bearing condition of the node
face. To satisty the requirement for crack control reinforcement, both the horizontal and vertical
reinforcement ratios, pp and p,,, defined in the following annotation, must exceed 0.3%. For
specimens failing to meet the requirement for crack control reinforcement ratio, v is limited to
0.45. Conversely, for specimens with adequate crack control reinforcement, the permissible
efficiency factors for various types of interfaces across different categories of nodes are detailed
in Table 5-1 and depicted in Figure 5-4.

B = feuAcn (2.4)
fou=m-v-f (2.5)
where, A, = effective cross-sectional area of the node face, in
4 _ total area of vertical crack control reinforcement within
v spacing s, in°
4, _ totaliarea of h;)rizontal crack control reinforcement within
spacing sp, in
b,, =  web width, in.
P, = nominal resistance of a node face, in’
Sy = spacing of vertical crack control reinforcement, in.
Sh = spacing of horizontal crack control reinforcement, in.
Ay
Py = bs,
Ay
Pn = boySy
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Table 5-1 Efficiency factors for nodes with crack control reinforcement

Node Type
Face ccce CcCT CTT
Bearing Face
Back F 0.85 0.70 ;
ack Face 085 J IESi
Strut-to-Node Interface 0.85 — f. 0.85 — f',
: 20 ksi : 20 ksi | 0.45< v <0.65
0.45< v <0.65 0.45< v <0.65

fl
0.85 - "/50 ksi
Cc
ST ey e R 0.70
T
(a) CCC node (b) CCT node

Figure 5-4 Efficiency factors (AASHTO 2024)

5.2.2.2. Calculating the Nominal Strength of Tie

The nominal resistance of a reinforced tie is determined as per Equation 2.6. The
reinforcement in the ties must be adequately anchored with sufficient development length. The
development length of a tie intersecting a CCT node is identified as the end of the reinforcing bars
to the edge of the extended nodal zone. The edge of the extended nodal is determined from the
intersection of the reinforcement centroid and the edge of the diagonal prismatic strut, as depicted
in Figure 5-5. This configuration ensures that the reinforcement in ties outside of the nodal region
and the strut can be fully developed until its yielding stress.

— 2.6
P, = fyAst + Aps[fpe + fy] (26)
Where, A;; = total area of longitudinal non-prestressed reinforcement, in”
Aps = area of prestressing steel, in’
fy = yield strength of non-prestressed longitudinal reinforcement, ksi
fre = effective stress in prestressing steel after losses, ksi
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5.3. Specimen Design and Test Matrix

The objective of this experimental program is to investigate the effect of cold joints on the
shear behavior of reinforced concrete deep beam designed using the strut-and-tie method. As
previously introduced, the capacity of the ties is determined solely from the yielding stress of the
reinforcement, neglecting the concrete tensile strength. Accordingly, with sufficient continuous
reinforcement, the effect of cold joint is expected to be insignificant to the tie capacity.

The strut capacity is determined from the capacity of the strut-to-node interface, indicating
that the capacity throughout the strut-axis is not directly evaluated. When the strut is intersected
by a cold joint, the strut capacity may be limited by the shear resistance of the cold joint before the
compressive strength of concrete at the strut-to-node interface is fully developed. Therefore, the
experiments focus on investigating the effect of cold joints on the strength of the strut in the strut-
and-tie model.

To investigate the strength of struts crossing cold joints, the failure of specimens was
intentionally designed to be governed by compressive failure of the strut-to-node interface. The
preliminary design of specimens was conducted by gradually increasing the applied load in the
strut-and-tie model for deep beam specimens. Based on the applied load, the demands of the nodal
faces and the ties was determined. The capacity of each nodal face and tie was calculated to
evaluate its demand. If the capacity of a nodal face or a tie was exceeded by the its demand, the
nodal face or the tie was considered as the failure governing component and the corresponding
applied load was determined as the maximum design applied load. The preliminary design of all
specimens in this research were governed by the capacity of the strut-to-node interface, interpreted
as strut governing failure. Although there are currently no specific design guidelines indicating the
methodology for calculating the strength of struts crossing cold joints, it was anticipated that the
strength would decrease compared to the strength of a monolithic strut. Therefore, the preliminary
design of strut-governing specimens was conducted by neglecting the influence of cold joints.

All specimens were fabricated in the Ferguson Structural Engineering Laboratory at The
University of Texas at Austin. The experimental program consists of ten tests conducted on five
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reinforced concrete beams, each with cross-sectional dimensions of 21 X 42 in. (533 X 1067
mm) and a total length of 332 in. (8433 mm). A customized test setup allowed each beam to
accommodate two experiments by adjusting the location of the applied load. The variables of
interest were independently implemented in each testing region between the loading plate and the
supporting plate. Each testing region is considered as an individual specimen in this study. The
details of specimens are provided in Table 5-2, and the definitions of design variables
corresponding to the orientations of the cold joints are illustrated in Figure 5-6 and calculated
according to Equation (5-1) to (5-3). The design objectives and the target variables of each
specimen will be elaborated in the subsequent paragraphs.

Table 5-2 Test matrix for task 5 — deep beam experiments

Beam ID (iﬁ.) (iﬁ.) (i?l.) a/d p?%)h fi/cj) (?) e 2,? Cxlzsfhacmg (():rcl)gliltJ;igL
1-1.85-03-H 21 383] 71 | 1.85 | 03 |0.3]26.7] No.5at9.5in. | Horizontal
I-1.4-03-H 21 (38354 | 14 | 03 |03)33.7] No.5at9.5in. | Horizontal
1-1.0-03-H 21 38338 | 1.0 | 03 [0.3/43.0] No.5at9.5in. | Horizontal
I1-1.85-00-H | 21 (383 71| 185 | 0 |0 |[26.7 - Horizontal
I1I-1.85-00-V | 21 {38.3] 71 | 1.85 | 03 | 0 [633] No.5at9.5in. Vertical
I1I-1.85-00-VR | 21 {38.3| 71 | 1.85 | 03 | 0 [633] No.5at9.5in. Vertical
IV-1.85-03-V | 21 (38.3] 71 | 1.85 | 0.3 |0.3[633] No.5at9.5in. Vertical
IV-12-03-V | 21 (38346 | 12 | 03 |03[522| No.5at9.5in. Vertical
V-1.85-00-VP | 21 38.3| 71 | 1.85 | 03 | 0 [63.3] No.5at9.5in Vertical
V-1.85-03-VP | 21 (383 71 | 1.85 | 0.3 |0.3[63.3] No.5at9.5in Vertical

Note: b = the width of deep beam specimen
d = the effective depth of the deep beam specimen
a = the shear span of the deep beam specimen
p, = the vertical web reinforcement ratio
pn = the horizontal web reinforcement ratio
pcj = the ratio of reinforcement crossing cold joints
0 = the inclination of cold joints measured from the idealized strut line
s, = the spacing between vertical web reinforcing bars
sy = the spacing between horizontal web reinforcing bars
R = gpecimen with intentionally roughened cold joint
D = gpecimen with cold joint intersected by dowel reinforcement
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Figure 5-6 Details of specimens and definitions of design variables

Y (5-1)
p'U - bWSv

A, (5-2)
ph - bWSh

_ {p,,, for horizontal cold joint (5-3)
Pej = Ph for vertical cold joint

Cold joints were introduced horizontally in four specimens to simulate the delay in concrete
placement and implemented vertically in the remaining six specimens to represent the expansion
or retrofit of structures. Key parameters deemed influential to the behavior of cold joints, including
the inclinations of the cold joint, the reinforcement ratio, the interface roughness, and the
implementation of dowel reinforcement were deliberately incorporated and tailored to

accommodate the orientation of cold joints in this experimental program.

To investigate the influence of shear span-to-effective depth (a/d) ratio on deep beams

with adequate crack control reinforcement crossing cold joints, specimens in Series | and Series
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IV were designed with various a/d ratio, ranging from 1.0 to 1.85. The a/d ratio influences the
orientation of the idealized compressive strut in the strut-and-tie model. Therefore, adjustments in
the a/d ratio result in varying the inclination angles between the strut-lines and the cold joints.
Since the strut-lines represent the idealized compressive load paths in deep beams, specimens in
these series essentially focus on studying the influence of inclination between the compression
load path and the cold joint. Based on the geometry of the specimens and the orientation of the
cold joints, a reduction in the a/d ratio increases the inclination between the strut-line and the
horizontal cold joints in Specimen I-1.85-03-H, I-1.4-03-H and I-1.0-03-H. Conversely, for
Specimen IV-1.85-03-V and IV-1.2-03-V, the reduction of the a/d ratio decreases the inclination
between the strut line and vertical cold joints. These specimens were all designed with 0.3% of
vertical and horizontal web reinforcement. Accordingly, for the preliminary design of these
specimens using STM, the efficiency factors listed in
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Table 5-1 were applied to calculate the nodal face capacities.

Based on the shear friction theory, interface shear resistance is enhanced by the
reinforcement ratio. In this study, cold joints were deliberately designed without reinforcement to
evaluate the interface shear resistance of unreinforced cold joints in deep beams. To isolate the
effect of unreinforced horizontal cold joint, Specimen II-1.85-00-H was strategically designed
without web reinforcement in the entire testing region. Since Specimen II-1.85-00-H was designed
with web reinforcement ratio less than 0.3%, the nodal face capacities of Specimen I1-1.85-00-H
were calculated using an efficiency factor of 0.45. The experimental results of Specimen II-1.85-
00-H were later compared to the results of Specimen I-1.85-03-H to investigate the effect of web
control reinforcement and reinforcement crossing horizontal cold joints on deep beams behavior.
The design drawing of specimens in Series I and Series II are presented in Figure 5-7, in which
the blue dash line represents the location of the cold joint.

I-1.85-03-H s#5@9.5 I-1.4-03-H #5@9.5
i —F— [ g T
(a) (b)
1-1.0-03-H 5E5@9.5 11-1.85-00-H
38" ryn
(c) (d)

Figure 5-7 Details of specimens in Series | and Series Il

The effect of interface roughness was investigated in Series III. The cold joint in Specimen
I1-1.85-00-V was left as a form-finished surface to compare the interface behavior to the
intentionally roughened cold joint in Specimen III-1.85-00-V®. The cold joint in Specimen III-
1.85-00-V® was roughened using an electric-powered bush hammer prior to the second concrete
placement. The bush hammer resulted in an interface with an approximate roughening amplitude
of 0.25 in., corresponding to the requirement for a roughened interface according to AASHTO
LRFD (2024). To isolate the effect of interface roughness, no web reinforcement was designed to
intersect the vertical cold joints. Aside from the cold joints, these two specimens were designed
with 0.3% of vertical and horizontal web reinforcement in the testing region, allowing for the
utilization of optimal concrete efficiency factors in design practice as prescribed by the AASHTO
LRFD (2024), as listed in
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Table 5-1. The design of specimens in Series III aims to study the behavior of deep beams
with unreinforced vertical cold joints and validate the applicability of efficiency factors in strut-
and-tie method. The design drawing of specimens in Series III are presented in Figure 5-8. The
photographs demonstrating a form-finished cold joint and an intentionally roughened cold joint
are presented in Figure 5-9.

11l-1.85-00-V 9-#5@9.5 11I-1.85-00-V-R

9-#5@9.5

71"

7"

(a) (b)

Figure 5-8 Drawing of specimens in Series Il

(a) Roughened interface (b) Non-roughened interface
Figure 5-9 Photos of interface roughness

To investigate the influence of reinforcement crossing vertical cold joints, Specimen IV-1.85-
03-V was designed with 0.3% of horizontal reinforcement intersecting the vertical cold joint. As
previously mentioned, Specimen IV-1.85-03-V and 1V-1.2-03-V were designed with two distinct
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a/d ratios, facilitating the investigation of the a/d ratio effect on vertical cold joints. The design
diagrams of specimens in Series IV are presented in Figure 5-10.

1V-1.85-03-V 9-85@9.5 V-1.2-03-V —— 6H5@I.5

[l

(a) (b)
Figure 5-10 Drawing of specimens in Series IV

The post-installed reinforcement was implemented in two specimens with vertical cold joints,
representing practical cases where no continuous reinforcement protruding from the pre-existing
structures is provided for the cold joint. Specimen V-1.85-00-VD was designed with 12 post-
installed #8 reinforcing bars in the tie region according to the strut-and-tie model, aiming to
transfer tension load across the cold joint. Each post-installed tension reinforcing bars was
designed with a doweling length of 18 in. The spacing between dowel bars was carefully designed
to avoid damaging the concrete between holes while aiming to locate the dowel bars as close as
possible to the centroid of the existing tension reinforcement. This positioning approach was
essential to optimized the transfer of tension load across the section without expanding the
dimension of structure. The sectional design of specimens with post-installed reinforcement was
illustrated in Figure 5-11, which satisfies the spacing requirements for post-reinforcement while
maintaining an adequate distance between existing and post-installed reinforcement.

In addition to the post-installed tension reinforcement, 6-#6 post-installed reinforcing bars
were design in the strut region of Specimen V-1.85-03-VD to assess the contribution and
anchorage efficiency of shear resisting dowel bars. The anchorage details of the shear resisting
dowel reinforcement was designed according to TxDOT design examples for bridge girder
expansion connection (12 in. dowel for #6 bars). The design drawings of specimens in Series V
are presented in Figure 5-12, where the post-installed reinforcement is represented by green solid
lines.
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Figure 5-12 Drawing of specimens in Series V

5.4. Materials

Grade 60 deformed steel reinforcement complying with the specifications of ASTM
A615/A615M was used throughout the experimental program. To determine the mechanical
properties of the reinforcing bar, tensile tests were conducted on three coupons for each bar size
within every steel batch in accordance with ASTM A370.

The ready-mix concrete used in this study was designed to achieve a nominal compressive
strength of 4000 psi (28 MPa) at 28 days. The mixture design and the nominal properties are
detailed in Table 5-3. The compressive strength and the modulus of elasticity were experimentally
determined using 4x8 in. cylinders, following ASTM C39/C39M and ASTM C469/C469M,
respectively. A total of 15 cylinders were cast for each batch of concrete and cured under the same
environmental conditions as the deep beam specimens to evaluate the concrete properties at 7 days,
28 days, and the day of experiment. The measured tensile strength of longitudinal and transverse
reinforcement and the compressive strength and modulus of elasticity of each concrete layer are
summarized in Table 5-4.
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Table 5-3 Concrete mixture design

Materials/Properties Quantity
Type I portland cement, 1b/yd3 (kg/m3) 451 (268)
Class F fly ash, Ib/yd3 (kg/m3) 113 (67)
Coarse aggregate: 3/8 in. washed rock, 1b/yd3 (kg/m3) 1700 (1009)
Fine aggregate: sand, 1b/yd3 (kg/m3) 1369 (812)
Water, gal./yd3 (L/m3) 32 (158)
Hydration controlling admixture, fl 0z/100 1b CM
(mL/100 kg CM) 1 to 8 (65 to 520)
High range water reducing admixture, fl 0z/100 1b CM Ito6
(mL/100 kg CM) (65 t0 390)
Water-cement ratio (w/c) 0.47
. 7t09
Slump, in. (mm) (180 to 230)
Table 5-4 Material properties
fc’,sub fc,,uvr Ec,sub Ec,ovr fyl fyt
Beam ID (ksi) | (ksi) | (ksi) | (ksi) | (ksi) | (ksi)
1-1.85-03-H 3.10 3.82 2371 3983 66 66
1-1.4-03-H 3.10 3.82 2371 3983 66 66
I-1.0-03-H 2.85 2.07 3259 3070 64 61
11-1.85-00-H 2.93 2.17 3112 2587 64 61
111-1.85-00-V 4.60 5.09 4352 4300 71 69
I11-1.85-00-V®? 4.73 5.56 4131 4733 71 69
IV-1.85-03-V 4.67 4.19 4637 4225 64 61
IvV-1.2-03-V 4.70 4.07 4265 4167 64 61
V-1.85-00-VP 3.08 4.08 3337 3680 65 61
V-1.85-03-VP 3.46 4.01 3707 4208 65 61

Note: f s, = concrete compressive strength of substrate
fc.ovr = concrete compressive strength of overlay
E. ¢up = modulus of elasticity for concrete of substrate
E. o»r = modulus of elasticity for concrete of overlay
fy1 =yielding strength of longitudinal reinforcement
fyt =yielding strength of web reinforcement
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To provide bonding between post-installed reinforcement and concrete, epoxy-based
chemical adhesive was applied to holes drilled into the existing concrete before embedding dowel
reinforcement. The material properties of the chemical adhesive corresponding to #5 and #8
reinforcing bars used in the experimental program is summarized in Table 5-5.

Table 5-5 Properties of chemical adhesive for different diameters of reinforcement
Properties #5 #8
dy (in.) 5/8 1
Ti.cr (PS1) 1070 | 820
Truncr (PS1) | 1520 | 1520
hef,min (in.) | 3-1/8 4
hefmax (in.) | 12-1/2°| 20
hmin (1n) hef + Zdo
Cmin (IN.) 3-1/8 5
Smin (IN.) 3-1/8 5
Note: d, = diameter of post-installed reinforcing bars
Ty,cr = nominal bonding strength in cracked concrete
Tiuncr = nominal bonding strength in uncracked concrete
hefmin = minimum embedment length
hef max =maximum embedment length
hes = design embedment length
hinin = minimum concrete member thickness

Cmin = Minimum edge distance
Smin = minimum anchor spacing

5.5. Fabrication Procedure

5.5.1. Fabrication of Steel Cage

This section outlines the general fabrication procedure employed for the steel cages across
all 10 specimens, along with specific methodologies tailored to achieve distinct control variables.
The fabrication process commenced with the attachment of strain gauges at designated locations.
A standard strain gauge fabrication protocol was meticulously followed during construction to
ensuring the fidelity of strain data obtained from the experiments. The procedure began with
implementing a sequence of three grinding levels, progressing from coarse to fine, at the
designated strain gauge locations on the rebars. Acetone was applied to these ground areas to
establish a pristine interface for strain gauge attachment. Subsequently, strain gauges were
mounted onto the reinforcement using the CN glue, and were later coated with three layers of M-
coat to provide insulation against water ingress during casting. SB tape and VM tape were then
applied over the strain gauges to shield the wiring while mitigating heat transmission to the gauges.
Finally, electrical tape was employed to encase the entire region as a protective layer, and epoxy
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was applied on the electrical tape to forestall potential collisions and frictions among rebars during
construction. The strain gauge installation procedure is presented in Figure 5-13.

(a) Rebar surface after grinding (b) Strain gauge with 3 layers of M-coat

(e) Electrical tape wrapping (f) Epoxy coating

Figure 5-13 Strain gauge installation

After installing strain gauges on the rebars, the steel cages were assembled incorporating
specific equipment and techniques to create cold joints. The fabrication process initiated with
arranging all longitudinal reinforcement at appropriate spacings on two construction supports.
Subsequently, stirrups were securely tied to the longitudinal reinforcement according to the
specified design spacing. Finally, compression reinforcement at the bottom and skin reinforcement
were fastened to the stirrups, with auxiliary bars added to maintain the clear cover on all sides and
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ensure the structural integrity of the steel cage during concrete placement. The steel cage of I-1.85-
03-H and I-1.4-03-H is shown in Figure 5-14.

Figure 5-14 Steel cage of I-1.85-03-H and I-1.4-03-H

The specimens with vertical cold joints utilized wooden stoppers of matching cross-
sectional dimensions to the beams for the first cast. The stoppers were constructed in two segments
and affixed to the steel cages within the interior section. The top segment comprised two layers of
plywood with grooves aligned to the longitudinal bar configuration. The bottom segment was
positioned beneath the top segment and penetrated by the rebars, facilitating continuous
reinforcement crossing the interface. The steel cage and wooden stoppers of specimen III-1.85-00-
V and III-1.85-00-V-R for the first concrete placement is presented in Figure 5-15. The wooden
stoppers were removed after the first cast, and the remaining stirrups and skin reinforcement were
subsequently tied to the exterior sections.

Figure 5-15 Steel cage of 11-1.85-00-V and 11I-1.85-00-V-R with wooden stopper in between the interior
and the exterior section
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5.5.2. Concrete Placement

A customized steel formwork was employed for the concrete placement of all 10 specimens
across 5 beams. This steel formwork comprised three components: the bottom soffit, a pair of side
forms, and a pair of end forms. To integrate the steel cage with the formwork, the fabricated steel
cage was positioned on the soffit, with the side forms subsequently placed adjacent to each side of
the soffit. The section width along the length of the beam was maintained using 9 top ties and 7
bottom ties. Finally, the end forms were affixed to the formwork using structural hex-bolts to
withstand the pressure exerted by the concrete during placement.

The concrete placement for each specimen was conducted in two stages to create a cold
joint within each specimen. For specimens with horizontal cold joints designed to simulate
unexpected delays during concrete placement, the overlay was cast three days after the substrate
placement. Alternatively, the overlay of specimens with vertical cold joints was cast 28 days after
the placement of substrate to simulate the expansion of a bridge girder after the concrete of existing
structures has been fully cured.

Specific methodologies were employed to create a horizontal cold joint along the mid-
height of the beam. Reflective plastic zip ties were fastened to the stirrups at the designated
elevation of the cold joint during the fabrication of steel cages. This approach clearly visualized
the desired cold joint location during casting, allowing for the concrete placement to be halted
upon reaching the predetermined elevation.

For specimens featuring vertical cold joints, external bracings and supports were
constructed to ensure the stability of the wooden stoppers. Diagonal bracings were attached from
the top ties to the bottom of the stoppers to prevent overturning during casting. Additional top ties
were directly positioned above the stoppers to counteract any potential uplifting force induced by
the concrete pressure. Supports connecting to the steel end form were installed at each end to
prevent the displacement of the wooden stoppers and secure the position of the cold joint.
Additionally, four '2-inch holes were drilled on each side of the steel form to accommodate
continuous threaded rods running through both side forms, effectively restraining the displacement
of the wooden stoppers. The concrete placement procedure for I11-1.85-00-V and III-1.85-00-V-R
are presented in Figure 5-16.
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(d) Concrete cast in the exterior section

Figure 5-16 Concrete placement procedure for specimens with vertical cold joints

5.5.3. Post-Installed Reinforcement

For specimens designed with post-installed reinforcement, dowel bars were installed in the
interior section of specimen V-1.85-00-VD and V-1.85-03-VD before the concrete was placed in
the exterior section. The post-installing procedure strictly followed the guidelines provided by the
epoxy distributor. According to the guidelines, holes were drilled into the vertical surface of the
cold joints prior to the placement of the exterior section using an electric hammer drill with a
concrete drill bit. To ensure the drilling accuracy, measuring and stabilizing tools were used in the
beginning of the drilling process to maintain the correct positions and angles. After the holes were
drilled, steel wire brushes and compressed air were used to remove debris and dust from the holes.
Each hole was brushed and blown three times with compressed air before injecting the chemical
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adhesive. The epoxy-based chemical adhesive was applied using a customized epoxy dispenser
equipped with extension plastic hose and injection piston. The injection piston fit perfectly with
the plastic hose and the dispenser, preventing air bubble formation within the doweling section.
Before the hardening of chemical adhesive, the reinforcing bars were inserted into the drilled holes
to ensure effective bonding between the reinforcing bars, the chemical adhesive, and the existing
concrete. The doweling procedure is presented in Figure 5-17. and the interior section after the
installation of dowel bars is shown in Figure 5-18.

(b) Steel wire brush (c) compressed air

(d) Epoxy dispensing (e) Rebar installation

Figure 5-17 Installation procedure for dowel bars

Figure 5-18 Interior section after the installation of dowel bars
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5.6. Test Setup and Procedure

5.6.1. Test Setup

The specimens were tested under an idealized simply-supported setup with a set of
adjustable loading applying rams. The setup consisted of two supporting frames anchored to a
96,000-pound strong floor, along with two 2000-kip capacity rams operated by pneumatic pumps.
Prior to the experiments, the self-weight of the specimen and transfer girders was temporarily
supported using two cylindrical concrete blocks and four hollow steel shafts.

The load was applied in a direction opposite to gravity, ensuring that cracks on the tension
side would appear on the top of the specimen for easier visual inspection during the test. The
primary hydraulic ram located on top of the strong floor beneath the testing region was used to
apply load until failure. A secondary ram was positioned on the opposite side of the specimen to
elevate the specimens evenly and prevent drastic rigid body motion before engagement with the
supporting frames. The capacity of the strong floor, 6000 kips, exceeded the combined capacity of
the hydraulic rams, ensuring adequate support throughout the experiments.

Two supporting frames consisted of two transfer girders were anchored to the strong floor
using six 3-inch diameter steel rods, providing reaction forces from the top to the bottom. A pin
and a roller were placed between the specimen and the transfer girders to establish the simply
supported boundary condition. The photograph of the test setup with label for each component is
shown in Figure 5-19. This configuration allowed for controlled loading and observation condition
for the behavior of specimens under applied forces.

3" l\mlE‘ e K

COLD JOINT - 1 ‘h

Figure 5-19 Test setup for deep beam specimens
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5.6.2. Instrumentation

5.6.2.1. Load and Displacement Measurements

A 500-kip capacity load cell was mounted on top of each supporting rod using threaded fasteners.
During the experiment, the uplifting applied load was transferred from the specimens to the
transfer girders. The transfer girders were anchored to the strong floor via the threaded rods,
restraining the upward displacement of the girders due to the uplifting load. The total reaction
force provided by the reaction frame was determined by summing the forces in individual threaded
rod recorded by the load cells. Differences in load cell readings across each transfer girder were
analyzed to evaluate the presence of torsional effects during testing. This approach allowed for the
identification of any uneven load distribution or unintended twisting of the system. The
configuration of the supporting frame is illustrated in Figure 5-20, providing a visual
representation of the experimental setup for monitoring and analyzing force distributions and
potential torsional effects.
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Roller : /_ Strong Floor
A NI NN RS

I Y U W
Figure 5-20 Supporting frame of the test setup (Re

Four 6-inch linear potentiometers were employed to monitor the displacement of the
specimen at critical locations during the experiment. These potentiometers were strategically
positioned under the supports, load point, and centerline of the entire beam to capture key

95



displacement data. An additional 2-inch linear potentiometer was attached to monitor the
displacement of the strong floor beneath the primary ram. This setup was designed to account for
potential deformation of the strong floor, ensuring accurate measurement of the actual specimen
deformation at the loading point. The locations of the linear potentiometers are depicted in Figure

o :

LEGEND:
mm— LVDT
— - - — SUPPORT
-————— LOADING POINT
———— CENTER LINE

Figure 5-21 Locations of linear potentiometers

5.6.2.2. Strain Measurements

Strain gauges were attached to both legs of the stirrups and all the horizontal web
reinforcement along the idealized strut line and the cold joint. The strain gauges positioned along
the idealized strut line aimed to measure the strain response of web reinforcement along or adjacent
to the primary crack as the compression strut approached failure. The strain response of the
reinforcement was used to evaluate the strain of concrete within the compression strut. Based on
the strain of concrete at failure, the development of concrete strength along the strut was quantified,
facilitating the determination of the governing failure mode for each specimen.

Strain gauges were positioned at the intersection of reinforcement and the cold joints to
investigate the interface shear behavior. For specimens with horizontal cold joints, strain gauges
were attached to both legs of the stirrups at their intersection with the cold joints. In specimens
with vertical cold joints, strain gauges were placed on the horizontal web reinforcement and
longitudinal reinforcement at locations where these rebars intersected the cold joints. This
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comprehensive arrangement of strain gauges enabled detailed monitoring of strain distribution at
critical locations, providing insight into the impact of reinforcement on the structural response of
cold joints.

Additional five sets of strain gauges were instrumented along the longitudinal
reinforcement in the outermost layer to monitor the strain response at five different sections. Three
sets of strain gauges were applied to the longitudinal bars within the testing region to measure the
tensile strain in the reinforcing tie. Two sets of strain gauges were installed outside the testing
region to investigate the anchorage efficiency of the development length region. Each set of strain
gauges included two strain gauges positioned on the corner bars and two strain gauges attached to
the center bars. The locations of strain gauges in specimens with a horizontal and a vertical cold
joint are presented in Figure 5-22(a) and Figure 5-22(b), respectively.

To identify strain gauge data from various locations, a systematic labeling nomenclature
was developed and consistently applied throughout the instrumentation process. Each label
contains three components: the reinforcement type, the specific bar or side location, and the gauge
section along the member. The first letter of each label indicates the type of reinforcement to which
the strain gauge was attached: "L" for longitudinal reinforcement, "V" for vertical stirrups, and
"H" for horizontal web reinforcement. The second letter specifies a particular reinforcing bar to
which the strain gauge was affixed. For strain gauges on the longitudinal reinforcement, four rebars
on the top layer, designated from west to east as bars A, B, C, and D, were instrumented. For
stirrup and horizontal web reinforcement, the letter indicates the side of the specimen: side C refers
to the face where cracks were visually marked during the experiment, and side D corresponds to
the face monitored by the Digital Image Correlation (DIC) system. The number at the end of each
label indicates the section along the member where the strain gauge was attached. Longitudinal
reinforcement was instrumented with strain gauges in five different sections, as shown in Figure
5-22. For stirrups and horizontal web reinforcement, lower the numbers corresponds to locations
closer to the support. Strain gauges instrumented along the cold joint followed the same labeling
scheme with the addition of the suffix "CJ".
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Figure 5-22 Strain gauge location




5.6.2.3. Crack Width Measurements

Crack widths were measured after each load step using a standard crack comparator. The
crack comparator features solid lines of predefined thicknesses that are visually compared against
the observed cracks to estimate their widths. Since the comparison process involves a degree of
subjective judgment, all crack width measurements were consistently performed by the same
student throughout the experimental program to ensure the consistency and reliability of data. The
crack comparator, shown in Figure 5-23, served as a visual aid for accurate crack widths
assessment during the experiment.
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Figure 5-23 Crack comparator

5.6.2.4. Non-contact Instrumentation

A Digital Image Correlation (DIC) system was integrated into the experiment to monitor
the strain field and crack propagation within the testing region. DIC utilizes two high-speed
cameras to capture the images of speckle patterns applied to the surface of the testing region. These
images were analyzed based on the virtual spatial coordinate systematic calibrated using
customized calibration equipment. The calibration equipment provided predefined data that were
used to unify the projection coordinates of each camera, allowing the system to accurately convert
image differences into actual displacement measurements.

A reference image was selected for the DIC system to calculate deformation within the
monitored area by analyzing the coordinate differences of speckle patterns in images taken at
specific time intervals. This analysis enables the system to generate displacement and strain
contours for the region of interest, facilitating the observation of crack propagation and identifying
discontinuities in the strain profile. The components of the DIC system are detailed in Figure 5-24,
which shows the setup and technology used to capture and analyze strain and displacement
response during the experiment.
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(b) High speed cameras

(c) Calibration board (d) Image data projection

Figure 5-24 DIC setup and equipment

5.6.3. Testing Procedure

The specimens were loaded monotonically in 50-kip increments of shear force at a constant
loading rate of 10 kips/min until failure. The load increments were determined from the near-end
reaction force, ensuring the shear force in the testing regions of specimens with various shear spans
are comparable at each load step. This load increment represented approximately 15% of the
average nominal capacity of the specimens. At each load stage, cracks were carefully marked
throughout the beam, and the widths of cracks in the testing regions were measured and labeled
alongside the cracks. Photographs were taken at each load stage to document the crack widths,
locations, and geometries. These images were subsequently used to develop crack maps that
illustrated the progression of cracks over the course of loading.

Each beam specimen was subjected to two tests. Prior to each test, the beam was loaded
using two hydraulic rams to ensure proper contact with both reaction frames. The primary ram,
used to apply load during the experiment, was positioned at the designated loading point in the
testing region. The auxiliary ram was located near the far-end support. Both rams were extended
simultaneously until full engagement was confirmed by a total load cell reading of approximately
10 kips on each reaction frame. Subsequently, the primary ram was further extended to reach the
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first load increment. The auxiliary ram was then retracted and disengaged from the specimen to
prevent potential interference with the experimental boundary conditions.

The behavior of the specimen was carefully monitored until shear failure occurred in the
testing region. Prior to the second test, external clamps were applied to confine the shear failure
region from the first test, preventing the existing failure from influencing the response of the
subsequent experiment. The primary ram was repositioned to the designated loading point of the
second testing region. The testing procedure described above was repeated, and the behavior of
the second testing region was monitored until failure. The photograph of this testing procedure is
presented in Figure 5-25.

| _— ===

RYRAM PRIMARY RAM

(a) Test setup for the first test

Figure 5-25 Experimental procedure for conducting two tests in one beam
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5.7. Experimental Results

In this section, the experimental results of Task 5 are presented and discussed in detail.
Specifically, the following aspects of the deep beam experiments are addressed:

e The shear behavior and capacity of deep beam specimens (Section 5.7.2 & 5.7.3)
e The crack pattern and failure mode (Section 5.7.4)

e The evolution of reinforcement strain (Section 5.7.5)

e The serviceability evaluation based on the measured crack width (Section 5.7.6)
e The displacement and strain contour of the test region (Section 5.7.7)

Finally, a summary of the experimental results is presented and pivotal information is
highlighted to standardize the response and facilitate an in-depth discussion on the research
findings.

5.7.1. Summary of Experimental Results

The experimental results are summarized in Table 5-6, and the design details of each
specimen are previously provided in Table 5-2. The ultimate shear strength, V.4, is defined as the
shear force acting on the mid-span of testing region corresponding to the maximum applied load,
including the contribution from the self-weight of the specimen and the transfer girders.
Additionally, the experimental results of two specimens from previous research (Birrcher et al.,
2009) are included in Table 5-6. These two deep beam specimens were cast monolithically without
the presence of cold joints. With dimensions and reinforcement details identical to the specimens
in current study, these specimens serve as control specimens for investigating the influence of cold
joints on structural behavior. To facilitate a direct comparison across specimens while eliminating
the effect of material strength and sectional dimensions, the ultimate shear strengths were
normalized by the compressive strength of the weaker concrete layer, f. ., and the sectional area,
b,d, as presented in Table 5-6.

The definition of variables in Table 5-6 are listed as follows:

femin = compressive strength of the weaker concrete layer measured in
accordance with ASTM C39/C39M-21, psi.
Pej = ratio of reinforcement intersecting cold joint.
a/d =  shear-span-to-depth ratio

102



Verack =  shear at mid-span of testing region when the first diagonal crack

was observed, kip

Viest =  maximum shear force at the mid-span of test region, including the

estimated self-weight of the specimen and transfer girders, kip.

Specific details regarding the determination of maximum shear

force are presented later in Section 5.7.3

b,, = beam width, in.

d= distance from extreme compression fiber to centroid of tensile
reinforcement, in.

Opear =  deformation of specimen corresponding to peak load, in.

Table 5-6 Test results of deep beam experiments

femin Verack Viest Veest Speak Viest
Beam ID ksy | P9 | Y (ips) | (kips) | Fimnbud | (in) (k‘f;:;’i’; )
1-1.85-03-H 3.10 | 0.003 | 1.85 | 121 404 0.16 | 0.60 | 673
1-1.4-03-H 3.10 | 0.003 | 1.4 - 680 027 | 070 | 969
1-1.0-03-H 2.07 | 0.003 | 1.0 - 820 049 | 081 | 1019
11-1.85-00-H 217 | 0 [185| 122 296 017 | 062 | 480
111-1.85-00-V 460 | 0 |185| 123 416 0.1 | 076 | 550
I-1.85-00-VR | 473 | 0 |185| - 642 0.17 | 1.18 | 543
IV-1.85-03-V 419 | 0003|185 | 125 494 0.15 | 088 | 432
IV-1.2-03-V 407 |0.003 | 12 - 526 0.16 |0.62| 851
V-1.85-00-VP 419 | 0 |185| - 67 0.03 | 020 | 231
V-1.85-03-VP 407 0003|185 - 78 0.03 | 014 | 557
11-1.85-03bM 330 | - | 185 | 114 471 0.18 - -
I11-1.2-03M 422 | - | 12 - 829 0.24 - -

Note: H = specimen with horizontal cold joint

V = specimen with vertical cold joint

R = gpecimen with intentionally roughened cold joint
D = gpecimen with cold joint intersected by dowel reinforcement
M = monolithic specimen from TxDOT Project 0-5253 (Birrcher et al., 2009)
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5.7.2. Load-Deflection Response

To obtain the load-deflection response of specimens, the displacement measured from the
loading point must be meticulously processed to account for all possible displacement of
components in the test setup. As previously mentioned in Section 2.4.2.1, linear potentiometers
were installed at the critical loading points to measure the displacement of the specimen during
the experiment. This measured displacement consists of the settlement of the strong floor and the
uplifting of the transfer girders, as illustrated in Figure 5-26. The uplifting displacement of transfer
girders were measured from the linear potentiometers located under the supports. The
displacement of girders resulted in the rigid body motion of specimens. Therefore, the
displacement at the loading point from the rigid body motion of specimens was calculated by linear
interpolating the measured displacement of two girders. The actual deflection of beam at the
loading point was then determined by eliminating the rigid body motion and the settlement of the
strong floor, as per Equations (5-4) and (5-5).
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Figure 5-26 Diagram of beam displacements due to rigid body motion and flexural and shear
deformations

104



Arpm= Dpar + (1 — @) " (Angar — Drar) (5-4)

Apgam= Droap — Arem — AFLoor (5-5)

The load-deflection responses measured from the experiments are presented in Figure 5-27.
To compare the responses between specimens without the effect of material strength and sectional

dimensions, the normalized shear-deflection responses of specimens with an a/d ratio of 1.85 are
presented in Figure 5-28.
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Figure 5-27 Load-deflection response
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Figure 5-28 Normalized shear-deflection response of specimens with a/d ratio of 1.85

From the load-deflection responses of specimens in Series I shown in Figure 5-27(a), the
reduction in the a/d ratio was observed to enhance the stiffness of the specimens. The load-
deflection responses were also used to assess the behavior of cold joints. Based on the small-scale
cold joint experiments, such as the slant-shear tests in Task 4, a significant increase in slip of the
cold joints was observed when the applied shear approached the ultimate capacity of the interface.
Therefore, deep beams with cold joint failure were also expected to exhibit a significant increase
in deformation due to the increasing slip of cold joints at ultimate load. However, the continuous
and stable deflection responses indicate that no substantial increase in slip along the horizontal
cold joints. Without the slip required to mobilize the maximum shear resistance at the cold joints,
it is concluded that the shear capacity of the horizontal cold joints was not fully developed at
failure.

To investigate the effect of web reinforcement, the response of Specimen 1-1.85-03-H was
compared to that of Specimens II-1.85-00-H. Since the two specimens were cast using different
batches of concrete, the comparison was made based on their normalized shear-deflection
responses presented in Figure 5-28. Based on the comparison, no significant negative effect on the
stiffness or the shear capacity of deep beams was observed in specimens without web
reinforcement intersecting the horizontal cold joint.

Specimen II1-1.85-00-V exhibited a nonlinear load-deflection response following the peak
load, as shown in Figure 5-27(c). As the deflection increased beyond the ultimate load, the applied
load remained relatively constant. A comparative evaluation of all specimens with an a/d ratios
of 1.85, as presented in Figure 5-28, reveals that all specimens except I11-1.85-00-V experienced
brittle shear failure, characterized by a rapid reduction in normalized shear after reaching peak
load. In contrast, Specimen III-1.85-00-V demonstrates a more gradual reduction in shear load,
resulting in a relatively ductile post-peak response. This ductile nonlinear behavior of Specimen
I11-1.85-00-V is attributed to the slip along the nonroughened, unreinforced vertical cold joint,
which influenced the deflection behavior of specimen and governed the failure mechanism. The
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nonlinear behavior was not observed in Specimen III-1.85-00-VR, which features a roughened
cold joint interface.

A similar nonlinear response is also observed in Specimen IV-1.2-03-V, as shown in Figure
5-27(d). Despite exhibiting greater initial stiffness due to its lower shear-span-to-depth ratio
compared to Specimen IV-1.85-03-V, the applied load remained relatively constant as the
deflection increased beyond the peak load. The post-peak behavior of both Specimen III-1.85-00-
V and Specimen IV-1.2-03-V underscore the need for further investigation into cold joint behavior
to understand the influence of cold joints on the overall structural response and shear capacity of
deep beams.

The load-deflection responses of Specimen V-1.85-00-VD and V-1.85-03-VD exhibit
substantially weaker capacities with a significant post-peak ductility, as shown in Figure 5-27(e).
After reaching the peak load, the shear load remained relatively constant as the displacement
continued to increase. This behavior significantly deviates from the post-peak response of other
specimens characterized by shear failure.

A preliminary finite element analysis was conducted to evaluate the response of specimens
with post-installed reinforcement. The model assumed a bonding strength between the
reinforcement and chemical adhesive equivalent to nominal bond strength summarized in Table
5-5. The load-deflection response from the analysis, also presented in Figure 5-27(e), is
significantly different from the experimental observations. This indicates that the actual bonding
strength between the dowel bars under tension and the chemical adhesive is incomparable with the
nominal bonding strength. Additional discussions and explanations are provided in the following
paragraphs, focusing on various aspects of structural behavior for specimens with post-installed
reinforcement.

5.7.3. Evaluation of Strength Data

The shear strength of the specimens, V;¢; in Table 5-6, was determined by the shear at the
critical section under maximum applied load. The critical section was identified as the midpoint
between the support and the loading point in the testing region, as shown in Figure 5-29. To
accurately calculate the shear at this location, the self-weight of the specimen and the weight of
the transfer girders were incorporated with the load cell measurement. Figure 5-29 illustrates the
location of the critical section and the shear diagram of the specimens during the experiment. The
reaction forces measured by load cells are denoted as R, and Rp, where Pry refers to the weight
of the transfer girder. The unit self-weight of the specimen, denoted as wp,, is specified on the
beam. The applied load, P;, was calculated as the sum of all force components mentioned above.

107



Ra Rs

PTR agr . |:’TR
ccritical section

i Wpp
R R R A R A R R A R A R A A R AR A R I AR EAARY

a/2
-

= wp(Lyt+a/2) + Ry + Prg

where, Ry = reaction force measured at the near support, kips
Rp = reaction force measured at the far support, kips
Prg = weight of the transfer girder, kips
Wpl, = unit self-weight of specimen, kips/in
P, = total applied load, kips
Ly = distance from the end of the beam to the support, in.
a = shear span of the testing region, in.
L = distance between two supports, in.

Figure 5-29 Force and shear force diagram for deep beam tests

To evaluate the behavior of all specimens cast with different batches of concrete, the shear
strength was normalized by the material strength of concrete and the sectional dimensions of the
specimens. For reinforced concrete members governed by shear failure, it is common to associate
the shear strength with the tensile strength of concrete by normalizing the structural capacity based
on the square root of concrete compressive strength,/f;. However, to better assess the effect of the
cold joints on the compression capacity of concrete struts, the shear strength was normalized by
the compressive strength of concrete, f¢, in this research. This evaluation approach aligns with the
strut-and-tie method (STM), which uses the concrete compressive strength, f., to assess the
compression capacity of the strut-to-node interface.

The experimental results of deep beams without cold joints from previous project (Birrcher et
al., 2009) designed identically to specimens in this research are also listed in Table 5-6 to serve
as control specimens. The maximum shear measured from these prior experiments were

108



normalized using the same approach mentioned in the previous paragraph. By respectively
comparing the normalized shear strength of Specimen 1-1.85-03-H and I-1.4-03-H to Specimens
III-1.85-03b and I1I-1.2-03, no significant reduction in capacity was observed in specimens with
horizontal cold joints.

Specimen II-1.85-00-H exhibits normalized shear strength identical to that of Specimen I-
1.85-03-H. This indicates that the influence of web reinforcement intersecting horizontal cold
joints is insignificant to the shear capacity of deep beams. Combining the conclusion drawn from
the shear capacities of specimens in Series I, it is concluded that the effect of horizontal cold joint
is generally negligible.

For specimens with vertical cold joints, Specimen II1-1.85-00-V exhibits 35% reduction in
normalized shear capacity comparing to Specimen III-1.85-03b from TxDOT Project 0-5253
(Birrcher et al., 2009). By roughening the interface of the cold joint or providing web
reinforcement intersecting the cold joint, Specimen I1I-1.85-00-VR and IV-1.85-03-V demonstrate
normalized shear capacity approximately identical to monolithic deep beam. In conclusion, for
specimens with a/d ratios of 1.85, the shear capacity was negatively influenced by the
nonroughened, unreinforced vertical cold joints. However, the implementation of interface
roughening and 0.3% of web reinforcement crossing the interface have shown to pronouncedly
enhance the shear capacity, neutralizing the detrimental effect of cold joints on shear behavior of
deep beams.

Despite the presence of web reinforcement across the cold joint, Specimen IV-1.2-03-V
exhibits 33% reduction in normalized shear capacity comparing to monolithically cast deep beam,
I11-1.2-03. Since the reduction in a/d ratio results in the decrease in the inclination between the
compression load path and the cold joint, the experimental results also indicate that the shear
capacity decreases with the reduction in the inclination. Identical results were drawn from the slant
shear tests in Task 4, where the reduction of inclination between the load path and the cold joints
negatively influenced the shear capacity. This effect is due to the interaction between the
inclination and the force components applied perpendicularly and parallelly to the cold joint. The
decrease in inclination reduces the perpendicular force component that contributed to the shear
resistance and the enhances in the parallel force component transferred through the interface. This
reduction in shear capacity and simultaneous enhancement in shear demand of cold joints result in
the decrease in deep beam capacity.

Both specimens with dowel bars exhibited a significant reduction in capacity. Specimen
V-1.85-00-VD and V-1.85-03-VD showed an 87% decrease in normalized shear strength
compared to specimen II1-1.85-03b. This substantial strength reduction highlights the inefficiency
of dowel bars installed across the cold joint. The underlying causes of this reduction in shear
strength will be further examined and elaborated in the following paragraphs, with a focus on the
failure pattern observed from the experiments.
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5.7.4. Crack Pattern and Failure Mode

During the experiments, the propagations of cracks were marked and recorded with
photographs at each load step. The photographs focused only on the testing region where the
loading point is at the bottom and support is on the top. For Specimen 1-1.85-03-H, minor cracks
along the cold joint were initially observed when the reaction force reached 50 kips, as shown in
Figure 5-30(a). Subsequently, multiple flexural cracks on the top and diagonal shear cracks in the
testing region developed at 100 kips, as presented in Figure 5-30(b). These existing cracks widened
as the applied load increased, accompanied by the propagation of diagonal shear cracks throughout
the specimens. Notably, no additional cracks were observed along the cold joint after the reaction
force reached 150 kips. When the near-end reaction force reached 300 kips, diagonal shear cracks
were observed in the non-testing region near the far-end support, pre-cracking the testing region
of the subsequent experiment. The primary shear crack developed progressively from the loading
point to the support, leading to shear failure of specimen when the shear load at the critical section
reached 404 kips, as presented in Figure 5-30(c) and illustrated in Figure 5-30(d).

(a) Specimen photo at 50 kips (b) Specimen photo at 100 kips
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(c) Specimen photo at failure (d) Crack map at failure

Figure 5-30 Experimental photographs and crack map of I-1.85-03-H
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For Specimen I-1.4-03-H, diagonal shear cracks were observed at the first load step. These
diagonal shear cracks initiated from the pre-existing cracks induced by the first experiment, as
shown in Figure 5-31(a). No minor cracks were observed along the cold joint in this experiment
at the first load step. The increase in load was predominantly accompanied by the development of
shear cracks, with only a few short and thin flexural cracks appearing at 250 kips, as shown in
Figure 5-31(b). The specimen ultimately failed when the shear load at the critical section reached
680 kips. The failure was governed by the primary shear crack that penetrated through the testing
region. The crack patterns at failure are presented in Figure 5-31(c) and illustrated in Figure
5-31(d). The loading point and support of Specimen I-1.4-03-H are located at the bottom left corner
and the top right corner, respectively.

(a) Specimen photo at 50 kips (b) Specimen photo at 250 kips
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(c) Specimen photo at failure (d) Crack map at failure

Figure 5-31 Experimental photographs and crack map of I-1.4-03-H
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For specimen I-1.0-03-H, no significant effect of cold joint was observed from the crack
patterns and the governing failure mode. The first flexural crack appeared at 50 kips, as shown in
Figure 5-32(a), followed by the occurrence of a diagonal shear crack at 150 kips, as shown in
Figure 5-32(b). The specimen ultimately failed when the shear load at the critical section reached
820 kips. The failure crack patterns, presented in Figure 5-32(c) and (d), resemble the patterns of
a typical deep beam, with shear cracks propagating from the loading point to the support.

(a) Specimen photo at 50 kips (b) Specimen photo at 150 kips
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(c) Specimen photo at failure (d) Crack map at failure

Figure 5-32 Experimental photographs and crack maps of I-1.0-03-H
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For specimen 11-1.85-00-H, the absence of web reinforcement resulted in the development
of significantly wider cracks at each load step. The first flexural crack occurred at 50 kips, as
shown in Figure 5-33(a). The diagonal shear cracks began to develop at 100 kips, as shown in
Figure 5-33(b). The measured width of the initial shear crack was 0.030”, which is substantially
wider than the average initial shear cracks, 0.006”, measured from other specimens. This
comparison highlights the effect of web reinforcement in restraining the development of shear
cracks. The specimen failed when the shear load at the critical section reached 296 kips, and the
crack patterns are presented in Figure 5-33(c) and (d). Despite the wider cracks observed during
the experiment, no significant effect of the unreinforced horizontal cold joint was observed on the
crack patterns and the governing failure mode.

(a) Specimen photo at 50 kips (b) Specimen photo at 100 kips

(c) Specimen photo at failure (d) Crack map at failure

Figure 5-33 Experimental photographs and crack maps of 1I-1.85-00-H
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Unlike typical shear cracks in deep beams that develop directly from the loading to the
supporting point, a transition section of shear crack propagated along the cold joint was observed
in Specimen III-1.85-00-V, as presented in Figure 5-34(a). This crack pattern indicates that a
localized region of cold joint was engaged in the shear resisting mechanism of deep beam. The
shear crack developed along the cold joint widen as the load increase, eventually resulting in the
failure of structure, as shown in Figure 5-34(c) and (d). Additionally, comparing to monolithic cast
deep beams in which the shear cracks distributed uniformly along the load path throughout the
testing region, the failure crack pattern of Specimen III-1.85-00-V focused significantly on the
widest shear crack developed along the cold joint. This observation indicates that the stress
redistribution along the compression load path was incomplete when the localized shear failure at
the cold joint occurred, resulting in shear failure prior to the crushing of concrete strut.

—
507 5
i B

(a) Specimen photo at 100 kips (b) Specimen photo at 350 kips
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(c) Specimen photo at failure (d) Crack map at failure

Figure 5-34 Experimental photographs and crack map of 111-1.85-00-V
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Despite being pre-cracked by the previous test on the same beam prior to the experiment,
the same shear crack development along the cold joint was not observed in Specimen III-1.85-00-
VR. The shear crack was observed propagating along the existing crack at the cold joint in the first
two load steps, as shown in Figure 5-35(a). As the applied load reached 500 kips, a more uniform
distribution of shear crack without significant discontinuity along the cold joint was observed, as
shown in Figure 5-35(b). According to the failure crack patterns shown in Figure 5-35(c) and (d),
the damage of the compressive strut region is more pronounce through visual inspection comparing
to Specimen I1I-1.85-00-V. The discontinuity of the widest shear crack along the cold joint was
not observed at failure in Specimen III-1.85-00-VR and the overall shear cracks were evenly
distributed throughout the testing region.

b e e

[
i

(b) Specimen photo at 500 kips
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(c) Specimen photo at failure (d) Crack map at failure

Figure 5-35 Experimental photographs and crack map of 11I-1.85-00-VR
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Shear failure along the cold joint was insignificant for IV-1.85-03-V. As shown in Figure
5-36(a), flexural crack along the cold joint occurred at 50 kips. Multiple shear cracks developed
along the existing cracks from previous experiment when the applied load reached 100 kips, as
demonstrated in Figure 5-36(b). Despite the presence of a pre-cracked cold joint, the development
of shear cracks was independent to the path of existing cracks. As the load reached 450 kips, no
significant discontinuity along the interface was observed in the widest shear crack that eventually
governed the failure of specimen. The failure crack patterns are presented in Figure 5-36(c) and
illustrated in Figure 5-36(d). This indicates that by providing 0.3% of reinforcement intersecting
the cold joint, the increase of interface shear resistance allows the compressive strength of strut to
fully developed before the failure of cold joint. Accordingly, the structural capacity and the
response of [V-1.85-03-V are similar to deep beams without cold joints.
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(b) Specimen photo at 100 kips
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(c) Specimen photo at failure (d) Crack map at failure

Figure 5-36 Experimental photographs and crack map of IV-1.85-03-V
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Specimen IV-1.2-03-V exhibited significant shear failure along the cold joint. As presented
in Figure 5-37(a), flexural cracks on top of the specimen and shear cracks along the cold joint were
observed when the reaction force reached 50 kips. The discontinued shear crack propagated from
the cold joint towards both the supporting and loading points as the applied load increased.
Additionally, when the reaction force reached 350 kips, as shown in Figure 5-37(b), the
discontinued section of shear crack further developed along the cold joint. This shear crack
propagation indicated that a wider range of the interface was engaged in the shear resisting
mechanism. The failure occurred when the shear load at the critical section reached 526 kips. The
crack patterns and crack map diagram at failure, presented in Figure 5-37(c) and (d), exhibit a
significant shear crack developed along the intersection of the compression load transferring path
and the cold joint.

(a) Specimen photo at 50 kips
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(c) Specimen photo at failure (d) Crack map at failure

Figure 5-37 Experimental photographs and crack map of IV-1.2-03-V
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The failure of specimens with post-installed reinforcement were governed by anchorage
failure of post-installed reinforcement instead of the crushing of concrete strut. For specimen V-
1.85-00-VD, the cold joint cracked due to self-weight prior to the experiment, as shown in Figure
5-38(a). This observation suggests that the unreinforced cold joint section is highly susceptible to
cracking, even under minimal construction or service loads. Therefore, reinforcement should be
incorporated throughout the cold joints to facilitate load transfer and ensure the serviceability of
the structure. During the experiment, failure occurred before reaching the first load step. A
horizontal crack originated from the cold joint at the location where post-installed reinforcement
was implemented. As the applied displacement increased, this crack further propagated from the
cold joint into the interior section of the specimen, as shown in Figure 5-38(b). The observed
horizontal crack pattern indicates anchorage failure between the chemical adhesive and the post-
installed reinforcement, resulting in pullout of the tension-transferring reinforcement from the
surrounding concrete in the interior section.

(a) Crack at cold joint under self-weight (b) Specimen photo at failure
Figure 5-38 Experimental photographs of V-1.85-00-VD
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Specimen V-1.85-03-VD exhibits the same failure mode as Specimen V-1.85-00-VD.
Based on the observation from Specimen V-1.85-00-VD, load increments were reduced from 50
kips to 20 kips for Specimen V-1.85-03-VD to better measure and record the development of
failure cracks. The first flexural crack occurred at the cold joint when the reaction force reached
20 kips, as shown in Figure 5-39(a). Additional flexural cracks continued to develop as the load
increased. At 60 kips, anchorage failure cracks began to propagate from the cold joint toward the
chemical-bonded section, as shown in Figure 5-39(b). Once the anchorage failure was initiated, no
additional flexural resistance was provided by the specimen as the post-installed rebars began to
slip, dissipating tension forces to other components. The experiment continued by increasing the
displacement until significant spalling of concrete occurred at the anchorage region, exposing the
post-installed reinforcement, as shown in Figure 5-39(c) and (d).

Due to the anchorage failure, the effect of post-installed reinforcement at cold joint
intersected by the compressive strut remain inconclusive. Notably, no crack was observed along
the cold joint with 0.3% of post-installed web reinforcement under self-weight before and after the
experiment, demonstrating an improvement in restraining interface cracks compared to Specimen
V-1.85-00-VD.

(c) Specimen photo at failure (d) Reinforcement exposure
Figure 5-39 Experimental photographs of V-1.85-03-VD
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All specimens with cast-in-place reinforcement experienced failure governed by shear
failure. The shear failure of deep beam is equivalent to the crushing of the concrete strut in the
strut-and-tie model, where the model resist shear through compression strength of concrete. For
specimens with horizontal cold joints, the failure-inducing cracks developed from the loading point
to the support without propagating along the cold joints. The crack patterns observed in these
specimens are similar to the crack patterns observed from previous experiments from TxDOT
Project 0-5253 (Birrcher et al., 2009). This observation suggests that the influence of horizontal
cold joints is insignificant on the shear behavior of deep beams.

The localized shear failure of cold joints was observed to accompany the strut failure of
Specimen III-1.85-00-V and Specimen IV-1.2-03-V. The interface failure was prevented by
applying interface roughening and 0.3% of web reinforcement across the interface. In conclusion,
beams with nonroughened, unreinforced vertical cold joints and specimens with smaller a/d
ratios demonstrated failure mechanism associated with the localized failure of cold joints.

The anchorage failure observed in both specimens with post-installed reinforcement suggests
that the anchorage provided by the chemical adhesive is insufficient to transfer tension across cold
joints. The finite element analysis also demonstrated that with the nominal bonding strength and
the anchorage length designed for the specimen, the expected capacity of specimens with post-
installed reinforcement is substantially greater than the experimental results. Accordingly,
alternative design approaches, such as sectional expansion and the application of fiber-reinforced
polymer, should be investigated to provide a more reliable design for cold joints with substantial
tension demand.

5.7.5. Strain Gauge Data

The strain of reinforcement measured by the strain gauges are presented in Figure 5-40 to
Figure 5-46, along with the corresponding rebar configurations and failure patterns of each
specimen. To facilitate the comparison across specimens, the specimen orientations in the figures
are consistent in this section with the loading point located at the top right corner and the support
positioned at the bottom left corner. The locations of strain gauges are indicated by rectangles
shaded with color according to the ratio of strain at ultimate load to the yielding strain. For
specimens with horizontal cold joints, yielding of reinforcement was measured by strain gauges
located along the strut-line. In contrast, no yielding was recorded by the strain gauges positioned
along the cold joint. This comparison indicates that the reinforcement in the strut region was more
engaged in the load-resisting mechanism than the reinforcement crossing the cold joint at peak
load. The conclusion is consistent with the failure modes identified from the crack patterns,
suggesting that the failure mechanism of specimens I-1.85-03-H, 1-1.4-03-H, and I-1.0-03-H were
all governed by the crushing of concrete strut.
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Although the horizontal cold joint was found to have a negligible effect on the overall failure
modes of the specimens, the stirrups crossing the cold joint within the strut region eventually
yielded during the experiments. This observation suggests that the cold joints remained subjected
to compression and shear forces transmitted through the testing region. Accordingly, further
evaluation is necessary to assess the structural integrity of the discontinuous interface.
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Figure 5-40 Strain gauge response of Specimen I-1.85-03-H
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Figure 5-41 Strain gauge response of Specimen I-1.4-03-H
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Figure 5-42 Strain gauge response of Specimen I-1.0-03-H
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For specimens with vertical cold joints, the strain developed along the strut-line was
compared to across four specimens. In Specimen I1I-1.85-00-V and Specimen IV-1.2-03-V, three
out of eight and two out of eight strain gauges, respectively, recorded yielding of rebar. For
Specimen I11-1.85-00-VR and Specimen III-1.85-03-V, five out of eight strain gauges along the
strut-line exhibited yielding. These results suggest that the compression strain in the strut region
was less developed in Specimen III-1.85-00-V and Specimen IV-1.2-03-V at peak load, implying
that failure of these two specimens occurred before the compression capacity of strut was fully
mobilized.

Strain gauges along the vertical cold joint were available only in Specimen IV-1.2-03-V.
Among these strain gauges, yielding of reinforcement was observed exclusively at the intersection
of the strut and the cold joint. This indicates that the localized portion of cold joint within the strut
region was specifically engaged in the load resisting mechanism at ultimate load. However, since
Specimen II1-1.85-00-V and Specimen III-1.85-00-VR were designed without reinforcement
intersecting the cold joint, no strain gauges measurement can be used to further validate the strain
condition along the cold joint. This highlights the importance of non-contact instrumentation,
which enables a more in-depth investigation of strain and displacement profiles at cold joints.
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Figure 5-43 Strain gauge response of Specimen IlI-1.85-00-V
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Figure 5-44 Strain gauge response of Specimen 11I-1.85-00-VR
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Figure 5-45 Strain gauge response of Specimen IV-1.85-03-V
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Figure 5-46 Strain gauge response of Specimen IV-1.2-03-V
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5.7.6. Evaluation of Serviceability Data

The widths of the widest diagonal shear cracks at each load step were used to evaluate the
serviceability of specimens. The second testing region of each beam was potentially cracked
during the first test, initiating the shear cracks at an earlier stage along the pre-existing cracks
during the second test. Therefore, only the crack data from the specimens tested first in each beam
were used to evaluate the serviceability performance. The shear load corresponding to the
occurrence of the first diagonal shear crack for four specimens are listed in Table 5-6. The diagonal
crack widths measured at each load step are plotted in Figure 5-47.

The level of service load and the benchmark crack width, plotted in Figure 5-47, were
estimated based on the formulation proposed by previous research (Birrcher et al., 2009) to
facilitate the evaluation of structural serviceability. To estimate the service load, assumptions
regarding the governing load case, the percentage of live and dead load, and the ratio of nominal
to experimental capacity were outlined in Figure 5-48. In conclusion, the service load was
estimated to be 33% of the maximum applied load, in accordance with the load and resistance
factors in AASHTO LRFD (2024).

100 .
—~ |
S 90 ,
= 80 !
=] [}
S 70 |
g 60 !
= |
E 50 [
e [}
g 40 Y
5 30 | 1-1.85-03-H
= 20 ! 11-1.85-00-H
2 10 ! 111-1.85-00-V
= I 1V-1.85-03-V
=W 0 1

0 0.02 0.04 0.06 0.08

Maximum Diagonal Crack Width (in.)

Figure 5-47.Maximum diagonal crack width at each load step of four specimens
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Figure 5-48 Estimated service load based on experimental capacity

The benchmark crack width of 0.016 in. was used to evaluate the serviceability
performance of specimens. According to ACI 224R-01, a reasonable width for flexural crack under
a dry air or protective membrane exposure condition is listed as 0.016 in. Considering that other
exposure conditions require a smaller acceptable crack width, 0.016 in. was taken as the upper
limit for tolerable shear crack width in this research to secure structural serviceability and long-
term durability.

The maximum diagonal crack widths for specimens tested first in each beam are presented
in Figure 5-47. At every load step, Specimen II1-1.85-00-V and Specimen IV-1.85-03-V exhibited
larger diagonal crack widths than Specimen 1-1.85-03-H. In both III-1.85-00-V and IV-1.85-03-
V, the widest cracks propagated along the vertical cold joint. This suggests that, in comparison to
Specimen I-1.85-03-H, the crack restraint provided by the vertical cold joint was insufficient,
regardless of the presence of reinforcement crossing the interface

For specimen without web reinforcement, the diagonal cracks in Specimen II-1.85-00-H
were significantly wider than those observed in other specimens. However, based on the observed
crack patterns, the development of crack in this specimen is not associated to the presence of the
horizontal cold joint. Accordingly, it is concluded that the ineffectiveness on crack restraint is
primarily attributed to the absence of web reinforcement.

5.7.7. Displacement and Strain Contour

To authenticate the observed load transfer mechanism, the analysis results from the Digital
Image Correlation (DIC) was employed to provide additional insight into the displacement and
strain field of the testing region. These data were specifically used to compare the strain
distribution along the cold joint and the idealized strut line across the specimens. To ensure
consistency in the comparison, the images were rotated so that the specimens shared a uniform
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orientation where the loading point was positioned in the top right corner and the support in the
bottom left corner.

Specimens with vertical cold joints exhibited significant shear crack developed along the
cold joints. The displacement contours of these specimens are specifically investigated to evaluate
the localized behavior of the intersection between the load transferring path and the cold joint. The
displacement contours measured by the DIC system prior to failure are presented in Figure 5-49.
Specimen II1-1.85-00-V and Specimen IV-1.2-03-V demonstrated significant difference of
displacement along the cold joint due to the slip of the interface when experiencing localized
failure. On the other hand, displacement difference can only be observed along the diagonal shear
crack in Specimen III-1.85-00-VR and Specimen IV-1.85-03-V without specific difference along
the cold joints. This observation validates the conclusion drawn from the crack maps, where
Specimen III-1.85-00-V and Specimen 1V-1.2-03-V exhibited localized failure at the intersection
of strut and cold joint. More importantly, the localized interface shear failure indicated that the
force transferred through the compression strut to the cold joints was primarily resisted by part of
the interface. This conclusion facilitates the development of an analytical approach that focus on
evaluating the localized shear behavior of cold joints.

(a) 11l-1.85-00-V

(c) IV-1.85-03-V (d) IV-1.2-03-V
Figure 5-49 Displacement contour at onset of failure

The strain contours captured immediately prior to failure of the specimens are depicted in
Figure 5-50. For Specimens 1-1.85-03-H, 1-1.4-03-H, 1-1.0-03-H and II-1.85-00-H, the principal
compression strain analysis indicates that the strain was primarily concentrated along the diagonal
compression strut. Only minor strain distribution was observed along the cold joints. Based on the
strain profile obtained from the DIC and the experimental results discussed in the preceding
sections, the influence of horizontal cold joint on the shear behavior of deep beams was determined
to be inconsequential.
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It is important to note that the non-testing regions of these specimens were intentionally
fortified with dense confining reinforcement to ensure that failure manifested within the designated
testing regions. This design potentially contributed to the limited influence observed from the
horizontal cold joints. Accordingly, future research is recommended to explore a broader range of
design parameters to advance the understanding of deep beam behavior featuring cold joints with
various orientations.

Strain concentrations were observed along the vertical cold joints in all specimens,
regardless of whether the global behavior was governed by cold joint failure. This consistent strain
localization indicates that cold joints act as critical stress-transfer regions within the structure.
Even when the overall capacity was not significantly compromised, the cold joint influenced the
internal force distribution and deformation response. These findings highlight the importance of
addressing cold joint behavior in design and analysis. Accordingly, the development of specific
design guidelines and analytical methods is essential to accurately evaluate cold joint response and
ensure the structural integrity of reinforced concrete members incorporating discontinued concrete
placement.

132



€2[1] -engr.
0.005

0004375
000375
0003125
0.0025
0001875
000125
0.000625
0
-0,000625
-0.00125
-0.001875
0.0025
0.003125

0.00375

-0.004375

0,005

(a) 1-1.85-03-H (b) 1-1.4-03-H

(c) 1-1.0-03-H (d) 11-1.85-00-H

(e) Il-1.85-00-V () 111-1.85-00-VR

(g9) IV-1.2-03-V (h) 1V-1.85-03-V

Figure 5-50 Strain contours at onset of failure
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5.8. Summary

This chapter summarizes the experimental program conducted on deep beams with cold
joints. A total of 10 specimens were designed in accordance with current STM specifications to
investigate the behavior of cold joints within disturbed regions of reinforced concrete members.
The specimens featured various cold joint configurations to evaluate key variables identified as
influential to the interface shear behavior in the slant shear tests. The failure mode of these
specimens was intentionally designed to be governed by the crushing of concrete struts, with the
overarching aim of developing design guidelines for evaluating the strength of struts crossing cold
joints.

Section 5.7 presents the experimental results of all 10 specimens. When comparing the
normalized shear capacities of specimens with horizontal cold joints to those from a previous
project (Birrcher et al., 2009) with similar designs, no significant reduction was observed in the
capacity of strut crossing horizontal cold joint. For deep beams with vertical cold joints, significant
reductions in shear strength were observed in Specimen III-1.85-00-V with nonroughened,
unreinforced interface and Specimen IV-1.2-03-V with a smaller shear-span-to-depth ratio. This
negative influence of cold joints on the shear strength was effectively mitigated either by
intentionally roughening the interface or by providing 0.3% of reinforcement intersecting the cold
joint. The tension transfer efficiency of the post-installed reinforcement was found to be
inadequate, leading to the anchorage failure in both specimens with dowel bars crossing the cold
joint.

To validate this observation, crack patterns, strain gauge data, displacement and strain
profiles were meticulously examined. In Specimen I-1.85-03-H, although minor cracking along
the horizontal cold joint was observed during the initial loading stage, the experimental data
demonstrated no significant influence of the horizontal cold joint on the failure pattern or the
overall load transfer mechanism. For specimen exhibiting significant interface failure, the
displacement contours revealed notable slip along the cold joint, indicating that the localized
region of cold joint contributed significantly to the shear resistance. Additionally, strain
concentrations were consistently observed along the vertical cold joints in all relevant specimens,
regardless of whether cold joint failure governed the overall response. These findings underscore
the importance of cold joint behavior in influencing the global structural response and load transfer
mechanism.

The experimental results highlighted the influence of cold joints on the behavior of deep
beams and emphasized the need for explicit design and analytical methods to address the unique
characteristic of cold joint behavior. However, considering that the specimens in this research were
intentionally designed to ensure failure within the testing region, further experimental studies
incorporating a broader range of design configurations and boundary conditions are necessary to
more comprehensively evaluate the structural implications of cold joints and to support the
development of reliable and practical design guidelines.
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Chapter 6. Experimental Program: Drilled-Shaft
Footing with Cold Joint

6.1. Overview of Experimental Program

The objective of Phase III testing is to investigate the effect of cold joints on the strength
of struts in three-dimensional (3D) reinforced concrete members. The load transfer mechanism in
a reinforced drilled shaft footing cap can be conceptualized as a 3D truss system, where
compression loads are transferred from the column to the drilled shafts through concrete struts,
while tension loads are resisted by reinforcing steel ties, as illustrated in Figure 6-1. Cold joints
intersecting the strut-and-tie system were deliberately introduced to the testing region to evaluate
their impact on the structural response. The drilled shaft footing specimen was designed such that
the failure mode is governed by the crushing of the concrete struts, facilitating the investigation of
the strength of 3D struts crossing cold joints. Consequently, the influence of cold joints can be
assessed by comparing the strength of struts in specimens with cold joints to those in specimens
without cold joints tested in prior studies (Y1 et al., 2022).

R,=P/4

Figure 6-1 3D STM of drilled shaft footing cap under uniform compressive loading (Reprinted from Yi et
al., 2022)

The Phase III experimental program consists of a drilled shaft footing cap designed to
investigate the behavior of struts crossing cold joints. A square footing cap with a side length of
96 inches and a depth of 32 inches was designed to ensure consistent loading conditions for all
struts within the system through symmetrical geometry and boundary conditions. Conventional
reinforced concrete member design typically relies on sectional analysis by assuming plane
sections remain plane. However, this assumption does not hold in the D-regions of a structure,
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characterized by the disturbed strain fields. The behavior of a drilled shaft footing cap with a shear-
span-to-depth ratio (z/d ratio) below 2.5 is primarily influenced by nonlinear stress fields, which
are induced from the vicinity of the applied load and the reaction forces at the supports. Therefore,
the three-dimensional strut-and-tie method (3D-STM) was employed for both the design and
evaluation of the drilled shaft footing specimen.

6.2. Overview of 3D Strut-and-Tie Modeling

The 3D-STM idealizes the stress distribution in RC members with a representative truss
system comprised of compression resisting elements (s¢7uts) and tension resisting elements (ies).
The intersections of struts and ties are referred to as nodes. To maintain equilibrium within the
truss system, deliberate consideration must be given to the angles between struts and ties, as well
as the dimensions of each element. Thus, the load demand on each component can be determined
based on the applied loads, facilitating the subsequent design process.

The initial phase in developing a strut-and-tie model involves establishing the relationship
between the applied load and the reaction forces. This process requires calculating the proportion
of the applied load to the reaction force at each support, which varies depending on the boundary
conditions. To investigate the effect of cold joints on the strength of each strut transferring the
applied load to the support, each support was designed to carry an identical portion of the applied
load. Additionally, the specimen was designed with symmetrical boundary and loading conditions
to minimize the impact of the internal load transferring mechanism on the experimental results and
analysis. By subjecting the specimen to pure compression force through the loading plate without
eccentricity, a uniform compressive stress distribution can be achieved at the bearing face where
load was applied to simulate the axial load transferred by the column to the footing in practice.
Consequently, struts with identical dimensions and loading conditions are established to uniformly
transfer the applied load to each support. The distribution of the applied load, along with the
idealized strut-and-tie model of a drilled shaft footing cap are illustrated in Figure 6-1. This
idealized design ensures that all struts in the specimen intersect the cold joint at the same location,
creating identical intersecting areas. This design and load applying strategy facilitates the
determination of load transfer through the struts and the corresponding stress profile at the cold
joints.

Within the framework of STM, various truss system configurations can be developed while
maintaining equilibrium. However, the load generally follows the path of least resistance and
deformation. As a result, the model with the fewest ties often provides a more accurate
representation, as ties typically exhibit greater deformation capacity compared to concrete struts.
Furthermore, it is essential to ensure that the angle, 6, between struts and ties exceeds 25 degrees
to avoid interference between the development of tensile stress in the reinforced ties and
compression stress in the concrete struts. Empirical data from previous study (Yi et al., 2022)
indicated that the nodes beneath the column can be assumed at 0.1 times the height of the specimen,
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while the nodes above the drilled shafts are positioned at the centroid of the bottom reinforcing
mat. Based on these requirements and assumptions, the magnitude of the member forces and the
dimensions of each component can be computed to establish the 3D-STM system.

6.2.1. Proportioning 3D STM elements

Given that all struts and ties are connected through multiple nodes, it is essential to
determine the dimensions of these nodes to calculate the forces transferred within the nodal
regions. Nodes are categorized into three distinct types based on the intersecting elements: CCC,
CCT, and CTT nodes. CCC nodes refer to nodes intersected only by struts, CCT nodes represent
intersections where a single tie intersects along with struts, and C77T nodes refer to nodes where
ties intersect in multiple directions.

In the specimen for Task 6, as illustrated in Figure 6-1, node A, B, C and D are classified
as a CCC node at the location of the applied load, while node E, F, G and H are classified as a
CCT node at the supports. The following sections will focus on elucidating the proportioning of
CCC and CCT nodes.

6.2.1.1. Proportioning the CCC node

Given the pure axial compression applied to the specimen and the symmetrical boundary
conditions, it is evident that each drilled shaft will provide an equal reaction force. Therefore, the
bearing face of each node, located between the applied load and the compression strut, can be
determined as a quadrant of the column area. The diagram of two types of nodes in the drilled shaft
footing is presented in Figure 6-2, and the length of each side of the equivalent bearing face, [},
can be calculated using Equation (6-1). This configuration enables the uniform transfer of
compression forces through each strut, maintaining equilibrium within the internal system.

To calculate the interface dimension between the strut and the CCC node, a 3D node
configuration was established, as shown in Figure 6-2(a). To calculate the compression resistance
at the strut-to-node interface corresponding to the load transfer from the CCC node at the bearing
column to the CCT node at the support, the equivalent bearing face was projected onto a plane
perpendicular to the orientation of the strut. Based on the assumption that the node beneath the
column is located at 0.1 times the total height of the specimen, 0.1h, the height of the back face
can be determined as twice the distance from the top surface to the node, 0.2h. Subsequently, the
height of the strut-to-node interface, L, can be determined using Equation (6-2), incorporating the
side length of the equivalent bearing face, [}, the height of the back face, 0.2h, and the angle
between strut and tie, 8. The width of the node was assumed to remain the same in the direction
perpendicular to the strut. Hence, the width of the equivalent bearing face, [, is identical to the

JA;

width of the strut-to-node interface, -
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(a) CCC Node (b) CCT Node

Figure 6-2 Nodal geometries (Reprinted from Yi et al., 2022)

JA (6-1)

lb - 2
VAc .
I, = 3 - sinf + 0.2h - cos6 (6-2)
where, A, = area of the column (loading point), in’
h = height of the specimen, in.
6 = angle between strut and tie, °.

6.2.1.2. Proportioning the CCT node

A CCTnode is depicted in Figure 6-2(b). In the 3D strut-and-tie model employed to analyze
the drilled shaft footing, CCT nodes were utilized to calculate the capacity of nodal regions located
above the supporting drilled shafts. The circular bearing face between the footing cap and each
drilled shaft was represented by an equivalent square interface with an identical interface area. The
side length of the equivalent square interface for the drilled shaft is calculated using Equation (6-3).
The orientation of the equivalent square bearing face at the CCT nodes was also projected to
establish a strut-to-node interface that is perpendicular to the strut.

Since the CCT node serves as the intersection of the compression load carried by the strut
and the tension load transferred through the ties, it is necessary to locate the CCT node at the
centroid of the bottom mat reinforcement that was designed to resist all the tension load. The
dimensions of the strut-to-node interface can be determined by Equation (6-4), incorporating the
side length of the equivalent square bearing face, D', the distance from the bottom concrete face
to the centroid of the reinforcement, c;, and the angle between strut and tie, 8. Similar to CCC
nodes, the width of the CCT nodes is assumed to be identical to the width of the equivalent square
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bearing face. Consequently, the area of the strut-to-node interface can be determined to assess the
bearing capacity.

T
D'ps = Dps |7 (6-3)
4
lps = D'ps - sinf + 2¢y, - cos6 (6-4)
where, Dpg = diameter of the drilled shaft (support), in.
D'ps = side length of the equivalent square interface, in.
c _ distance from the centroid of bottom mat reinforcement to
b~ ™ the bottom face of the specimen, in.
6 = angle between strut and tie, °.

6.2.1.3. Proportioning the ties

Based on the findings from the TxDOT Project 0-6953 (Yi et al., 2022), all well-anchored
bottom mat reinforcement can be incorporated into the calculation of tie resistance regardless of
the reinforcement configuration. After establishing the 3D strut-and-tie model, the tension
resistance of all ties in one direction is determined by the total area of bottom mat reinforcement
that is parallel to these ties. To be more specific, for the specimen in Task 6, the bottom mat
reinforcement in each direction was evenly distributed to two parallel ties that transfer tension
from one support to another. For demonstration purposes, the bottom mat reinforcement
contributing to the strength of the tie on the west side is illustrated in Figure 6-3. Consequently,
the reinforcement area used to calculate the strength of each tie corresponds to half of the total
area of the bottom mat reinforcement parallel to the respective tie.
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Figure 6-3 Distributing the bottom mat reinforcement to ties

6.2.2. Calculating the Capacity of 3D STM elements

6.2.2.1. Strut Nominal Strength

The specimen in Task 6 was designed in accordance with AASHTO LRFD 2020. The
nominal resistance of the node face is calculated using Equation (6-5). The compressive stress at
the node face, f,, is determined using Equation (6-6), where m represents the confinement
modification factor, v is the concrete efficiency factor and f; indicates the compressive strength
of concrete. The determination of the confinement modification factor and the concrete efficiency
factor are discussed in the following sections.

By = fouAcn (6-5)
fou=m-v-f (6-6)
where, Ac, = effective cross-sectional area of the node face, in.
m = confinement modification factor
v = concrete efficiency factor
f; = compressive strength of concrete, ksi
P, = nominal resistance of a node face, kips
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6.2.2.1.1. Confinement Modification Factor

The confinement modification factor, m, is implemented in the calculation of nodal
strength to account for the confinement effect arising from the distribution of bearing stress.
According to AASHTO LRFD 2020, the confinement modification factor is calculated using
Equation (6-7), with an upper limit of 2.0 applicable to uniformly distributed bearing stresses. The
notional area, A,, and the bearing area, A;, in Equation (6-7) are defined as shown in Figure 6-4.
However, according to the suggestion made by the TxDOT Project 0-6953 (Yi et al., 2022), the
upper limit of the confinement modification factor should be increased to 3.0 for CCC nodes due
to the triaxial confinement effect provided by the struts intersecting those regions.

m = ﬂ < {3.0 for CCC node (6-7)
A 2.0
A | & A
4 |45 45° | 4
Loaded Area, A, 2
Loaded Area, £ I— 11

A1 o

L

A, is measured
on this plane

: Section A-A through
Plan View Member

Figure 6-4 Determination of notional area (AASHTO LRFD, 2024)

6.2.2.1.2. Concrete Efficiency Factor

According to AASHTO LRFD 2020, the concrete efficiency factor is specified as 0.45,
unless sufficient crack control reinforcement is provided for the nodes. The efficiency factor for
nodes with crack control reinforcement is determined according to Table 6-1. Although the
requirement of crack control reinforcement is not mandated for footing structures per AASHTO
LRFD 2020, previous experiments (Yi et al., 2022) have demonstrated that a slightly higher
capacity with a ductile failure mode can be achieved by the implementation of side face
reinforcement. The side face reinforcement facilitates the redistribution of internal stresses
between two supported regions, engaging resistance and confinement from surrounding concrete
and reinforcement.
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Additionally, previous experimental program (Y1 et al., 2022) also indicated that specimens
with 0.18% side face shrinkage and temperature control reinforcement demonstrated greater
capacity and ductility than both specimens and analytical models with side face reinforcement less
than 0.18%. Therefore, it is suggested that the concrete efficiency factor used for 2D structures
with crack control reinforcement is also applicable to 3D structures with side reinforcement
exceeding 0.18%, as outlined in Table 6-1.

Table 6-1 Efficiency factors for nodes with crack control reinforcement

Node Type
Face cce ccr Cc1T
Bearing Face
Back Face 0.85 0.70 f,c
Strut-to-Node Interface f. f. 085~ 50%si
0.85— 20 ksi 0.85— 20 ksi 0.45< v <0.65
0.45< v <0.65 0.45< v <0.65

6.2.2.2. Tie Nominal Strength and Anchorage

To ensure the full development of ties, the bottom mat reinforcement must be adequately
anchored. Previous research (Yi et al., 2022) has shown that the concept of the extended nodal
zone is also applicable when determining the anchorage length for 3D STM. Figure 6-5
demonstrates a diagram of a CCT node with tension transfer ties intersecting. In particular, Figure
6-5(b) and Figure 6-5(c) show the extended nodal zone within a CCT node on a plane parallel to
the tie, showing the projected strut line. The critical section on the plane of the strut is defined as
the point where the centroid of the tie intersects the extended nodal zone.

With the extended nodal zone defined, the available development length can be calculated
using Equation (6-8). For the #11 bars used in the design of the specimen, a 90-degree or 180-
degree hook is required to fully develop the bars within the available development length, as
dictated by the design parameters. Once the bars are properly anchored, the tension resistance of
each tie can be calculated according to Equation (6-9).
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Figure 6-5 Available length of anchorage of bottom mat reinforcement (Reprinted from Yi et al., 2022)

!
Cp Dps'  Dps
log = + + + OH (6-8)
tanbs proj 2 2
IES fyAst + Aps [fioe + fy] (6-9)
where, [;; = available development length, in.
o0 = distance from bottom surface to the centroid of bottom mat
b= reinforcement, in.
Osproj = projected strut angle on the plane parallel to ties, °
the minimum distance from the edge of the drilled shaft to the closest
OH = . ..
exterior face of the footing, in.
¢ = clear cover between bottom mat reinforcement and the side face, in.
total area of longitudinal non-prestressed reinforcement distributed to
Ay = .. 2
the tie, in.
Aps = areaof prestressing steel distributed to the tie, in2
fy = yield strength of non-prestressed longitudinal reinforcement, ksi
fpe = effective stress in prestressing steel after losses, ksi
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6.3. Specimen Design

To investigate the strength of struts crossing cold joints, the specimen was intentionally
designed to fail through compressive failure of the struts. Although there are currently no specific
design guidelines indicating the methodology for calculating the strength of struts crossing cold
joints, it was anticipated that the strength would decrease compared to the strength of a monolithic
strut. Since the design objective is to create a condition where the strut experiences failure before
other components in the STM system, the design of the specimen was conducted neglecting the
possible strength reduction introduced by the cold joints.

Experimental results from a previous project (Yi et al., 2022) indicated that using 28-#9
bars in one direction of the bottom mat reinforcement still resulted in failure governed by the
yielding of the reinforcement. To ensure that the failure of the specimen would be dominated by
the strut crushing rather than yielding of the ties, 28-#11 bars were provided for the bottom mat
reinforcement in each direction, thereby promoting strut failure as the governing mode.

The dimensions and design parameters of specimen DSF1 in Task 6 are shown in Figure
6-6. The column stub, measuring 32 x 32 X 5 inches, was designed to apply a compressive load
during the experiment, simulating the axial force transferred from a column to a footing in a
structural system. To accommodate 28 #11 bars in the bottom mat reinforcement in each direction,
pairs of #11 bars were bundled together to meet the minimum clear cover and spacing requirements
between the reinforcing bars. The #11 bars were bent with 180-degree hooks to provide adequate
anchorage for the bottom mat reinforcement without reducing the top clear cover. For the side face
reinforcement, horizontal and vertical reinforcement ratios of 0.3% were achieved using #3 and
#6 bars, respectively. This configuration allowed the utilization of maximum efficiency factors for
calculating the strength of concrete compressive strut in the 3D strut-and-tie model as discussed
in the previous section.

In order to investigate the influence of cold joint in the D-regions of three-dimensional
structures, the cold joint in specimen DSF1 was designed to intersect the middle of each strut in
the 3D strut-and-tie model. This design created a configuration where the cold joint enclosed the
loading column, necessitating the transfer of applied loads through the cold joint before reaching
the drilled shafts. The cold joint separated the specimen into two sections: the internal section with
the loading column and the external section with the drilled shafts. The internal section measured
37 x 37 inches in length and width, with a height of 32 inches, matching the overall height of the
specimen. The design parameters are detailed in

Table 6-2.
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Figure 6-6 Design diagram of DSF1

Table 6-2 Summary of reinforcement detail

Bottom Mat Reinforcement

Side Face Reinforcement

Direction Ps . . P&Pn
Layout | Anchorage NS EW (%) Horizontal Vertical (%)
. 14-2x#11 | 14-2x#11 . .
Grid 180-Hook @5.75in. | @5.75in, 1.71 | #3@ 3 in. | #6 @ 6 in. 0.31
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6.4. Fabrication Procedure

6.4.1. Fabrication of Steel Cage

This section outlines the general fabrication procedure employed for the steel cages and
the concrete placement of the drilled-shaft footing specimen. The fabrication process commenced
with the attachment of strain gauges at designated locations, which will be further detailed in
Section 6.6.1.2. To ensure the fidelity of data obtained from the strain gauges, the subsequent
fabrication protocol is rigorously followed during the construction phase. Initially, a sequence of
three grinding levels, progressing from coarse to fine, was implemented on the designated strain
gauge locations on the rebars. Following this, acetone was applied to these prepared areas to
establish a pristine interface for strain gauge attachment. Subsequently, strain gauges were
mounted onto the reinforcement, which was coated with three layers of M-coat to provide
insulation against water ingress during casting. SB tape and VM tape were then applied over the
strain gauges to shield the wiring while mitigating heat transmission to the gauges. Finally,
electrical tape was employed to encase the entire region as a protective layer, and epoxy was
applied on the electrical tape to forestall potential collisions among rebars during construction.
The strain gauge installation procedure is presented in Figure 6-7.
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(a) Rebar surface after grinding (b) Strain gauge with 3 layers of M-coat

e

(e) Electrical tape wrapping (f) Epoxy coating

Figure 6-7 Strain gauge installation

Rebars with strain gauges attached were strategically assembled in specific order, utilizing
customized equipment to create cold joints at the designated locations. The fabrication of steel
cage was organized into two phases, the first phase focused on constructing the bottom mat
reinforcement for the internal section, and the second phase involved assembling the bottom mat
reinforcement and the side face reinforcement for the external section.

To create vertical cold joints surrounding the loading column, a wooden formwork was
meticulously fabricated prior to the construction of the steel cage in the first phase. The wooden
formwork was designed as a box with tight connection at the edges of each face to prevent concrete
leakage during the placement of the internal section. Also, to ensure the continuity of bottom mat
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reinforcement, holes with diameter identical to the #11 reinforcing bars were drilled at designated
locations. These drilled holes were later separated into the top and bottom segments, as shown in
Figure 6-8. Once the steel cage fabrication of the first phase was completed, the entire wooden
formwork was assembled, allowing the bottom mat reinforcement to cross the cold joints after the
first concrete placement. The wooden formwork was then affixed to another steel formwork
previously used for casting footings from prior projects with identical dimensions. This
arrangement maximized the rigidity of the system during concrete placement by transferring the
concrete pressure from the wooden formwork to the mechanically fastened steel formwork. The
first-phase bottom mat reinforcement and the wooden formwork assembly are presented in Figure
6-9.

Figure 6-8 First phase bottom mat reinforcement fabricated on top of the bottom segment of wooden
formworks
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Figure 6-9 Wooden formworks with the bracings and the bottom mat reinforcement

A customized steel formwork was employed for casting the drilled-shaft footing specimen.
This steel formwork consisted of four components: the bottom soffit, a pair of side forms, a pair
of end forms, and a pair of bolt caps. To integrate the steel cage and wooden formwork with the
steel formwork, the fabricated steel cage was positioned on the soffit. Subsequently, the side forms,
one end form and one bolt cap were placed adjacent to each side of the soffit. Wooden bracings
were installed on the top and between the steel and the wooden formwork, leveraging the pressure
exerted by the concrete during the placement to secure the wooden formwork at the center of the
entire specimen. The dimensions of the steel formwork were maintained by two top ties across the
side forms and six impact bolt connections on each end form and bolt cap. The assembled steel
and wooden formwork with bracings are shown in Figure 6-10.

(a) (b)

Figure 6-10 (a) Steel and wooden formworks fastened by (b) the wooden bracing
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6.4.2. Concrete Placement

To create cold joints, the concrete placement for the drilled-shaft footing specimen was
performed in two stages. The first concrete placement occurred after the wooden formwork and
bottom mat reinforcement were constructed. Seven days after the initial placement, concrete
cylinders were tested to ensure that the material strength satisfied the requirement for demolding.
The wooden formwork was then dismantled, exposing the cold joint and facilitating the subsequent
fabrication efforts. Meanwhile, the remaining portion of the steel cage was fabricated outside the
casting area, and the steel formwork used for the first cast was cleaned to prevent any concrete or
cement debris from contaminating the second placement. Afterward, the newly constructed steel
cage and the existing section of the specimen were repositioned onto the soffit in preparation for
the second placement. The second placement was scheduled 28 days after the first cast, allowing
concrete in the internal section to properly cure before the placement of the external section. This
difference in casting age was designed to replicate conditions where expansion or retrofitting of
structure is required after the existing structure has been in service for a certain period. Figure 6-11
demonstrates the fabrication procedure and the configuration of the cold joints.

(a) Steel cage and wooden formwork
fabricated for the internal section

'y

(c)Steel cage fabricated for the external section (d) Concrete placement of the external section

Figure 6-11 Concrete placement procedure for specimens with vertical cold joints
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To determine the material properties of the specimens, 24 cylindrical concrete samples
measuring 4 inches in diameter and 8 inches in height were cast for each concrete placement. On
the day of testing, material tests were conducted to measure the compression strength and the
modulus of elasticity of the concrete. For each section, three cylinders were tested to ensure the
reliability of material properties.

To replicate the load-transfer mechanism in a drilled-shaft footing, a column stub with steel
frame was cast using high-strength grout, enabling the application of compression load to the
specimen during the experiment. The column stub ensured uniform distribution of the applied load,
while the high-strength grout, with a nominal compression strength of 10 ksi, prevented local
crushing failure at the loading column. The steel jacketing and the reinforcement design of the
column stub are shown in Figure 6-12.

Figure 6-12 Steel jacketing and reinforcement detail of the column stub
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6.5. Materials

6.5.1. Concrete

To align with the material strength commonly used in practice, the design concrete strength
was specified as 4 ksi. The mixture design provided by the concrete supplier to achieve the nominal
strength of the specimen is presented in Table 6-3. This mixture design is also consistent with the
concrete mixture used for deep beam specimens in Task 5, ensuring uniform material properties
for comparative analysis and evaluation.

Table 6-3 Concrete mixture design

Material Mass / Volume/ Properties
Type I/II L cement (Ib/yd?) 451
Class F fly ash (Ib/yd?) 113
Fine aggregate (Ib/yd?) 1369
Coarse aggregate (Ib/yd?) 1700
Water (Ib/yd®) 267
Hydration retarder (0z/100 Ib CM) 1~8
High range water reducer (0z/100 Ib CM) 1~6
Water-to-cementitious ratio 0.47
Maximum aggregate size (in.) 0.375
Nominal Slump (in.) 8.0+ 1.0

The mechanical properties of each batch of concrete were determined through a series of
material tests. Several 4X8 in. cylinders were fabricated for each batch of concrete to obtain
essential mechanical properties, including 28-day concrete strength, compressive strength on the
test day, modulus of elasticity (MOE) on the test day, and the complete stress-strain response. The
compressive strength test was performed in accordance with ASTM C39, while the MOE data was
obtained through the full stress-stain curve measured during the experiment. Testing frames in
accordance with ASTM C469, as shown in Figure 6-13, were used for the instrumentation of linear
variable differential transformers (LVDT), facilitating the measurement of strain throughout the
compressive strength test. Three cylinders were tested for each batch, and the material properties
were calculated following the requirement outlined in ASTM C39. The concrete compressive
strength of each layer is summarized in Table 6-4.
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Figure 6-13 Test setup for concrete material tests

Table 6-4 Concrete material properties

. Footing 28-day f. Test day f; Test day modulus of
Specimen region (ksi) (ksi) elasticity E. (ksi)
Internal 3.01 3.58 3337
DSF1 External 5.53 5.18 4564
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6.5.2. Reinforcing Bars

Three steel reinforcement samples were tested for each reinforcing bar size used in the construction
of the footing specimen, in accordance with ASTM A370. A summary of the average mechanical
properties obtained from these tests is provided in Table 6-5, and photographs of the test setup and
the experimental procedure are presented in Figure 6-14. To measure the strain values during the
first stage of testing, an extensometer was attached to record the displacement corresponding to
the applied load, as shown in Figure 6-14 (a). The yield stress, yield strain, and modulus of
elasticity were determined from the full stress-strain response obtained during this stage. After the
measured strain reached 0.02, the extensometer was removed, and the second stage of the test

proceeded until the specimen ruptured, as shown in Figure 6-14 (b).

Table 6-5 Steel material properties

Bar Size Yield Strength (ksi) Yield Strain (10~3) Tensile Strength (ksi)
#6 63.7 2.32 102.2
#11 64.1 2.61 97.1

(a) First stage with extensometer

(b) Second stage until rupture

Figure 6-14 Test setup for steel reinforcement sample
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6.6. Test Setup

The specimen in Task 6 was subjected to a centrally applied load uniformly distributed
across the column stub to simulate the compression load transferring from the column to the drill-
shaft footings. The load was applied using two 2000-kip hydraulic rams positioned at the center
of the specimen. To achieve a uniform compressive load, a steel spreader beam was employed to
transfer the load from the two rams to the column stub. The reaction force was resisted by another
blue transfer beam, which transferred the load to two red steel beams. These red beams were
supported by eight threaded rods, each fitted with a pair of fasteners. During the experiment, the
upper fasteners on the rods reacted against the rams, transferring the load through the threaded
rods down to the strong floor. The test setup of the drilled-shaft footing is presented in Figure 6-15.
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Figure 6-15 Test setup for drilled-shaft footing cap specimen

To replicate the reaction forces provided by the drilled shafts, four supports were
assembled and positioned at the designated locations for each shaft. The design and configuration
of each support were determined to prevent any additional fixtures from providing unexpected
lateral and rotational restraint. Thus, the support system consists of one 3D pinned support, one
two-way roller at the corner opposite to the pinned support, and two one-way rollers with the
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degree of freedom perpendicular to each other at the corners adjacent to the pinned support. Steel
round plates with a diameter of 16 in. were set on the top of each support to replicate the circular
interface between the drilled shafts and the footing cap. Finally, rubber bearing sheets were
positioned in between the specimen and the steel plates to ensure a uniform connection at each

support. The supporting system is presented in Figure 6-16.

j,‘r | 2-Way Roller Support f
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Figure 6-16 Layout of the supporting system (Yi et al., 2022)

6.6.1. Instrumentation

6.6.1.1. Load and Displacement Measurements

The reaction force provided by each support was measured using three load cells. Three
500-kips load cells were arranged at the base of each support, with their centroid aligned with the
center of the designated drilled shafts. The steel plates on both the top and bottom of the load cell
assembly were precisely fabricated by milling and machining to ensure the rigidity and levelness
of the overall supporting system, maintaining the idealized boundary condition necessary for the
post-analysis of experimental data. The components of a one-way support assembly are presented
as an example in Figure 6-17.
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Figure 6-17 Assembly of a one-way support

Linear potentiometers were employed to monitor the displacement of the specimen at
critical locations during the experiment. These potentiometers were strategically positioned at the
center of the specimen, near the supports, and at the bottom of the cold joints to capture
displacements that characterized the behavior of the footing. The linear potentiometer at the center
of the specimen was utilized to measure the maximum deflection during the experiment, while two
linear potentiometers at each support were used to interpolate the support settlement. Eight pairs
of linear potentiometers were located at the cold joint to measure the displacement difference
between the internal and external regions of the footing, allowing for the assessment of slip at each
side and corner throughout the test. The locations of the linear potentiometers are depicted in
Figure 6-18.
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Figure 6-18 Location of linear potentiometers through the bottom view of the specimen

6.6.1.2. Strain Measurements

Strain gauges were attached to the bottom mat reinforcement, focusing on the region where
ties intersect with the cold joints. The placement of strain gauges aimed to measure the strain in
the bottom mat reinforcement throughout the specimen at each load step. Additionally, the
governing failure mode of the specimen can be examined through the strain gauge data by
determining whether yielding of the bottom mat reinforcement occurred during the experiment.
However, unlike specimens in Task 5 where cold joints, which included crack control
reinforcement in the strut region, there was no reinforcement in the idealized intersection of struts
and the cold joints. Therefore, no strain data could be obtained from the strain gauges at the struts
crossing cold joints.

To differentiate strain gauge data from various locations, a labeling nomenclature was
developed and consistently applied throughout the instrumentation process. The first letter of each
label indicates the type of reinforcement to which the strain gauge was attached. Labels were then
assigned according to the location of the bottom mat reinforcement relative to the center of the
specimen. For example, strain gauges installed on rebar north of the specimen’s center were
labeled with an “N”. The subsequent letter specified the specific reinforcement bar, with smaller
numbers assigned to bars positioned closer to the center of the specimen. The final number in the
label denoted the portion of the footing where the strain gauge was attached. For gauges
instrumented at the cold joints, the same labeling system was used, with "CJ" appended to clearly
indicate their placement. The arrangement of strain gauges is shown in Figure 6-19.
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Figure 6-19 Strain gauge locations

6.6.1.3. Crack Measurements

Cracks were marked and the crack widths were measured using a standard crack
comparator after each load step. The crack comparator features solid lines of specific thickness
that are used to visually compare with the width of the cracks. To ensure consistency and reliability
in the measurement process, all crack width assessments were conducted by the same student
throughout the experimental program, mitigating the influence of subjective judgment. The crack
comparator, depicted in Figure 6-20, serves as a visual aid for accurately assessing crack widths
during the testing process.
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Figure 6-20 Crack comparator
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6.6.1.4. Non-contact Instrumentation

A Digital Image Correlation (DIC) system was integrated into the experiment to monitor
the strain field and crack development on one edge of the cold joint. The DIC system employs two
high-speed cameras to capture the speckle pattern applied to the surface of the testing region. To
enable accurate measurement and analysis, the DIC system undergoes systematic calibration using
specific calibration equipment. This calibration process ensures that the DIC system can accurately
project the area of interest onto a virtual spatial coordinate.

Once a reference image is selected, the DIC system calculates deformation within the
monitoring area by analyzing the coordinate differences of each speckle. This allows the system
to compute displacement and strain contours, facilitating the observation of crack development
through the analysis of images and the identification of discontinuities in the strain profile. The
components of the DIC system used in the experiment are detailed in Figure 6-21, illustrating the
setup and technology employed to capture and analyze displacement and crack behavior during
the test.

|

(d) Speckle image projection and
displacement data collection

(c) Calibration board

Figure 6-21 DIC setup and equipment

6.6.2. Testing Procedure

To ensure uniform contact between the specimen and each supporting assembly, the
heights of the supports were adjusted, and the load cells were calibrated after the specimen was
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positioned in the setup. Prior to the specimen placement, all load cells were tared with no external
loads applied to the supports. Subsequently, the total loads measured by the load cells in each
support were monitored during the placement of specimen. The height of each support assembly
was then adjusted with thin aluminum sheets to ensure that each support made firm contact and
provided reaction force to support the self-weight of the specimen before the experiment. The
calibration process and results are shown in Figure 6-22.

(a) Support adjustment under self-weight  (b) Reaction after contact calibration

Figure 6-22 Load cell calibration before the experiment

During the experiment, the specimen was subjected to monotonic loading in increments of
200 kips, with a loading rate of 25 kips/min, until failure occurred. This load increment was set to
approximately 10% of the nominal capacity of the specimen. Upon reaching each predefined load
stage, cracks were meticulously marked, and the width of each crack in the testing regions was
measured and documented in correspondence with the load step. Photos of each face were taken
at every load stage, which were subsequently used to create crack maps illustrating the progression
of cracks throughout the experiment. The behavior of the specimen was closely monitored until
failure occurred, facilitating a comprehensive assessment of the structural behavior and failure
mechanism under the specified loading conditions.

6.7. Experimental Results

In this section, the experimental results of the drilled-shaft footing cap from the test
program are presented and discussed in detail. Specifically, the following aspects are addressed:

e The capacity of drilled-shaft footing with vertical cold joint (Section 3.1)
e The crack pattern and failure mode (Section 3.2)
e The evolution of reinforcing bars strain (Section 3.3)

A summary of the experimental results is presented and pivotal information is highlighted
to standardize the response and facilitate an in-depth discussion of the findings.
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6.7.1. Summary of Experimental Results

The experimental results are presented in Table 6-6, while the design detail of the specimen
was previously provided in Section 2. Photographs of cracks on the north, east and west side of

the specimen at every load step are presented in Appendix F. The variables used in Table 6-6 are

defined as follows:

Acor =
fé =

fyb =

fysf =

Py =

Area of loading column, in?,

Compressive strength of concrete at the time of testing measured in accordance
with ASTM C39/C39M-21, psi.
Yield strength of bottom mat reinforcement measured in accordance with ASTM
A370-24 (Section 3.4.1), ksi.
Yield strength of vertical side face reinforcement measured in accordance with
ASTM A370-24 (Section 3.4.1), ksi.
Load capacity calculated using 3D-STM introduced in Section 2.1 without
considering the effect of cold joint, kips.
Load at which cracking was observed on the side face, kips.
Ultimate applied load, including the self-weight of the specimen and transfer
girders, kips.

P,

Normalized ultimate applied load (f,—lfq), kips
c,int“*col

Distance from the center of column to the center of shaft, in.

Measured deflection under the center of loading area, in.

Average settlement of four supports, in.

Deflection under the center of the loading area, adjusted for the average settlement
of the supports (A, — Agypp), in.

Deflection under the center of the loading area adjusted for the average settlement
of the supports at ultimate load, in.

Normalized deflection under the center of the loading area adjusted for the average

. A .
settlement of the supports at ultimate load (%), in.

Table 6-6 Test results of DSF1

Material Properties

Test results

fcl,int

fc,,ext

fyb

fysr

PCT

Py

Pu,N

Amax

A‘max,N

3.58

5.18

64.1

63.7

427

2693

0.68

0.34

7.40

6.7.1.1. Evaluation of Strength Data

The maximum applied load, denoted as P, in Table 6-6, was defined as the capacity of the
specimen. To accurately calculate the applied load, the self-weight of the specimen was included
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alongside the load cell data. To evaluate the behavior of the specimen, the load capacity, P,,, was
normalized by the compressive strength of the concrete, f';,,;, and the dimensions of the loading
column, A.,;. Similarly, the normalized displacement of the specimen, Ay, was also calculated
through dividing the displacement measured at the center of the specimen, A, by the distance from
the center of the loading column to the center of the drilled shafts, z. For reinforced concrete (RC)
members governed by shear failure associated with the tensile strength of concrete, it is common
to normalize the shear capacity by V2 However, to more effectively assess the influence of the
cold joint on the compression capacity of the concrete struts, the applied load was normalized by

" in this research. This evaluation method reflects the crushing failure observed during the

experiment and aligns with the concept implemented in the Strut-and-Tie Method (STM), which
uses f to calculate the compression capacity of the concrete strut.

6.7.1.2. Load-Displacement Response

The applied load versus center displacement response of the specimen is presented in
Figure 6-23. The initial flexural crack occurred at an early stage when the applied load reached
approximately 20% of the ultimate load capacity. As the applied load approached the ultimate
capacity, the load-displacement response transitioned from a linear trend to a plateau phase
characterized by minimal increase in strength despite increase in displacement. This plastic plateau
observed in the load-displacement response was attributed to the slipping of the cold joints. The
occurrence of cracking and subsequent slip at these joints prior to failure resulted in significant
downward displacement at the center of the specimen. This displacement was primarily due to the
relative movement between the internally loaded portion of the footing and the external supporting
portion until failure occurred.

3000 [ .
P, = %6<93 kips; Apax= 0.34 in.

2500

Load (kips)
s @2 8
s 8 8

500 : DSF1
®P.. =427 kips X  MAX
+ CRACK
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Displacement (in.)

Figure 6-23 Load-displacement response

To gain a deeper understanding of the behavior of cold joints, slip measurements from
eight pairs of linear variable differential transformers (LVDTs) positioned on the bottom surface
of the specimen is presented in Figure 6-24. The displacement difference recorded by each pair of
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LVDTs was interpreted as slip at specific cold joint locations. Results were organized according
to the orientation of each pair of LVDTs relative to the center of the specimen. Notably, slip
measurements at the corners of the cold joint were significantly greater than those along the edges,
consistent with the idealized load-transfer paths of 3D-STM. This observation suggests that the
stress transferred from the loading point to the support was concentrated in the strut regions,
particularly at intersections of struts and cold joints, leading to a pronounced structural response
at those points. As illustrated in Figure 6-24, substantial slip was measured at approximately 2500
kips of applied load, coinciding with the onset of increased displacement without a corresponding
load increase. This finding further validates the existence of significant slip at the cold joints,
which influenced the overall response of the specimen at its limit state.
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Figure 6-24 Slip at the cold joints

6.7.2. Crack Pattern and Failure Mode

During the experiment, crack development was marked and recorded with photographs
after each predetermined load step. The widths of the largest cracks at each step were measured
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and documented for each face of specimen to further evaluate the response of the structure. For
specimen DSF1, the first flexural cracks occurred on the east and west faces of the structure when
the applied load reached 400 kips, as shown in Figure 6-25(a). Additional flexural cracks were
observed at the subsequent load step on the north and south faces of the specimen when the applied
load reached 600 kips, as presented in Figure 6-26(b).

(b) 600 kips

Figure 6-25 West side face of DSF1
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(a) 400 kips

(b) 600 kips

Figure 6-26 North side face of DSF1

When the applied load reached 1600 kips, diagonal shear cracks began to develop along
the idealized strut-lines on all faces of the specimen, as shown in Figure 6-27. It is also noteworthy
that flexural cracks occurred in two distinct locations: at the mid-span of the footing, where the
maximum moment occurred during the experiment, and along the projection lines from the cold
joints to the side faces, which exhibited the lowest tensile capacity before cracking. As the load
increased, additional shear cracks developed, and cracks along different strut-lines on the same
surface began to connect, resulting in an arch-shaped crack pattern on the side surfaces of the
specimen. The crack patterns observed at 2400 kips are shown in Figure 6-28, where the
distribution of cracks is in agreement with previous experimental results from specimen without
cold joints (Yi et al., 2022).
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(a) North

(d) West

Figure 6-27 Crack patterns at 1600 Kips
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(a) North

(c) South

(d) West

Figure 6-28 Crack patterns at 2400 Kips
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The separation between the internal and external portions of the footing remained subtle
throughout the experiment. Photographs of the top of the specimen were captured at each load step
to monitor the behavior of cold joints, as shown in Figure 6-29. When the applied load reached
2000 kips, minor cracks began to form along the cold joints, and a slight settlement of the internal
section was observed on the top surface of the specimen. Although the slip of the cold joint was
not pronounced one load step before failure (2400 kips), significant separation and settlement were
evident after failure. Furthermore, cracks along the cold joints propagated to the shear cracks along
the idealized strut-line. This observation aligns with the load-displacement response and the
measured slip at the bottom of the specimen, where substantial slip occurred as the load approached
failure. The flexural cracks developed along the cold joint and the separation of the internal section
were also observed from the crack patterns of the bottom surface after failure, as shown in Figure
6-30.

— e S

(c) 2400 kips

Figure 6-29 Slip of cold joints on the top surface
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Figure 6-30 Crack map of the bottom surface after failure

Following the experiment, a sectional cut was made through the specimen. During testing,
the cold joint on the south side experienced the most significant settlement among all sides,
prompting the decision to focus the cut in this region to better examine the failure pattern. As
shown in Figure 6-31(a), the observed crack pattern along the idealized strut-line and the
intersection of the strut and cold joint indicated the development of cracks due to the compression
force transferred from the strut through the cold joint. A similar crack pattern at the intersection of
struts and cold joints was observed in the deep-beam experiments conducted in Task 5.
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(a) Crack patterns at the cold joints after sectional cut

CONCRETE STRUT K

/— COLD JOINT

\— STRUT CROSSING

COLD JOINT

(b) Idealized projection of struts crossing cold joint
Figure 6-31 Development of compression strut crossing cold joints

By comparing the crack patterns from the sectional cut with the idealized projection of the
cold joint along the strut-line, as shown in Figure 6-31, a significant failure characteristic of the
cold joint was identified at the intersection of the struts and cold joints. Major delamination was
concentrated at these intersections, indicating localized failure of the cold joints. In contrast, minor
separation and slip were observed in the top compressive region and the bottom tension region.
These observations indicate that the shear failure mechanism of the cold joints is most pronounced
where forces are transferred through the compressive struts.

6.7.3. Strain Gauge Data

The strain gauge data measured at the ultimate load is presented in Figure 6-32. The strain
measured at the intersection of the bottom mat reinforcement and the cold joint is greater than the
strain measured at other locations. This strain distribution supports the observed failure mode,
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where the failure was governed by the crushing of the strut without yielding of the ties.
Additionally, the data revealed that the reinforcement outside of the cold joint did not reach its full
strength before failure, whereas the reinforcement at the cold joint contributed more significantly
at the ultimate load. This finding confirms that the failure was concentrated at the cold joints,
preventing the complete development of the structural capacity of the entire footing, and further
highlights the importance of evaluating the strength of cold joints in the D-region of 3D structures.
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Figure 6-32 Strain distribution in bottom mat reinforcement at the ultimate load
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6.8. Summary

This chapter presented the experimental program of Task 6-Drilled-Shaft Footing Test. A
comprehensive structural evaluation was conducted to examine the influence of cold joints in a
reinforced concrete member with a predominately three-dimensional behavior, including the
assessment of load displacement response, slip at the cold joint, crack and failure patterns, and the
strain in the bottom mat reinforcement. A significant plastic response measured during the
experiment was found to be associated with the local slip of cold joints. Moreover, the crack and
failure patterns of the side faces and the sectional cut indicated that the ultimate state of the
structure was governed by the shear failure of cold joints. The strain measured in the bottom mat
reinforcement also suggested that the overall structural capacity did not reach the ultimate state at
failure, with strain primarily concentrated at the cold joints. In conclusion, the key findings of the
drilled-shaft footing experiment are listed as follows:

e A plastic characteristic in the load-displacement response was observed and attributed to
the slip occurring at the cold joints.

e The failure pattern observed on each side face and in the sectional cut indicated that shear
failure was concentrated at the intersections of struts and the cold joints.

e Strain gauge data and comparative analyses revealed that the failure of the specimen was
primarily localized at the cold joints, without exceeding the capacity of other components
in the structure.
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Chapter 7. Numerical Analysis and Design
Recommendations

7.1. Proposed Analytical Method

This section introduces an STM-based analytical approach for evaluating the capacity of
members with cold joints. The analysis focuses on calculating the shear capacity of the cold joint,
integrated within the strut-and-tie method framework.

The load-resisting mechanism of members with cold joints was found to exhibit
characteristics associated with both the strut-and-tie model and the interface shear behavior.
Accordingly, the proposed methodology integrates principles from both STM and interface shear
theory to accurately capture the structural response.

The approach distinguishes between two cases: Cold Joints not Intersected by STM Ties
and Cold Joints Intersected by STM Ties. In this context, ties refer to tension members in the strut-
and-tie model (STM) that transfer tensile forces across the cold joint. When a tie intersects a cold
joint, the induced tensile force can cause local opening of the interface, rendering a portion of the
cold joint ineffective in resisting shear. This phenomenon necessitates separate treatments of these
two configurations in the analysis. The methodology is formulated for a single-panel model.

Figure 7-1 (a) and (b) illustrate the force distribution in a single-panel model incorporating
a cold joint. In the strut-and-tie model (STM) idealization, compressive forces are transmitted
along the diagonal strut. The portion of the cold joint intersecting the strut is designated as the
effective area, within which the demand for the cold joint is evaluated. In addition to the
contribution of the effective area to interface shear resistance, the regions adjacent to it, within the
single-panel model, also participate in the shear-resisting mechanism.

Among these two different cases (Cold Joints not Intersected by STM Ties and Cold Joints
Intersected by STM Ties), the evaluation of the shear resistance of the effective area is performed
in a similar manner, and detailed in the following section. The difference lies in the treatment of
the contribution to the shear capacity of the adjacent regions, elaborated in the subsequent sections.
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Figure 7-1. Load transfer mechanism of deep beams with cold joints
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7.1.1. Nominal Shear Resistance of the Cold Joint within the Effective
Area

To evaluate the shear capacity of the cold joint within the effective area, the size of the
effective area, Ao, is determined based on the assumption of prismatic struts. Initially, the
dimensions of each nodal face, wy; and wy,, are determined in accordance with the current STM
provisions (AASHTO, 2024). The length of the effective area, wc;, is calculated using linear
interpolation, as per Equation (7-1). To facilitate the linear interpolation, the length of the strut, L,
and the distance from the strut-to-node face to the cold joint, L., are incorporated into Equation
(7-1). Subsequently, the effective area can be calculated as the multiplication of the length of the
effective area, w¢;, and the width of the beam, b,,, as per Equation (7-2).

L.
- Ws1 — % (Wsl - Wsz) (7-1)
¢l sinf¢;
Aefr = Wey by, (7-2)

To calculate the force distribution within the effective area, the force transferred through
the strut is decomposed into components acting perpendicular, N;, and parallel, V;, to the cold joint,
as expressed in Equation (7-3) and (7-4). The shear demand of the effective area is determined by
the force component acting parallel to the cold joint.

Ni = FSt - Sinecj (7-3)
Vi = Fg - cosBg; (7-4)

The interface shear resistance of the effective area, Vo, 1s calculated according to the
interface shear formulation from AASHTO LRFD 2024 (AASHTO, 2024), as shown in Equation
(7-5). The contribution of the force acting perpendicular to the cold joint, N;, is incorporated in
this expression. To ensure the consistency between the proposed approach and the current design
specifications, the shear capacity of the effective area is limited by the same upper bounds
prescribed in AASHTO LRFD 2024 (AASHTO, 2024), as per Equation (7-6) and (7-7).

Vetr = €~ Aegr + 14 - (AS,C] ’ fy + N;) (7-5)
Vett < K1 f¢ Aesr (7-6)
Verr < KpAefr (7-7)

where ¢ is the cohesion factor, u is the friction factor, Agcj is the area of reinforcing bars
intersecting the cold joint, f;, is the yielding strength of reinforcing bars, f; is the concrete

compressive strength of the weaker concrete on either side of the cold joint, K; is the fraction of
concrete strength available to resist interface shear, and K, is the limiting interface shear
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resistance. Factors ¢, u, K;, and K, are determined according to Article 5.7.4.4 in AASHTO
LRFD (AASHTO, 2024).

7.1.2. Nominal Shear Resistance of Cold Joints not Intersected by
STM Ties

To determine the nominal shear resistance of cold joints not intersected by STM ties, the
proposed approach considers the relevant failure mechanisms and associated restraint conditions
within a single panel, as illustrated in Figure 7-2. The failure mode illustrated in Figure 7-2 (a)
represents crushing of the concrete strut prior to the full engagement of the cold joint resistance.
The proposed approach captures this failure mechanism by evaluating the demand-to-capacity
ratio at the strut-to-node interface, ensuring that localized crushing is identified independently of
the interface shear capacity. The strut-to-node interface capacity is calculated according to
Equation 5.8.2.5.1-1 and Section 5.8.2.5 from AASHTO LRFD 2024 (AASHTO, 2024).
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(a) Strut failure (b) Cold joint failure

Figure 7-2 Potential failure mechanisms for deep beams with horizontal cold joints

When the capacity of strut exceeds the shear capacity of the cold joint, failure may initiate
along the cold joint interface, as shown in Figure 7-2 (b). Experimental evidence suggests that
stress redistribution can activate regions of the cold joint beyond the immediate strut zone,
allowing adjacent areas of the cold joint interface to contribute in the load-carrying mechanism. In
this case, failure occurs when the combined shear capacity of the cold joint, within both the
effective area and the adjacent regions is fully mobilized. To account for this behavior, the analysis
incorporates both the shear resistance of the cold joint within the effective area, Vq¢, and the shear
resistance of the adjacent regions, Vz; and Vx4, calculated as per Equation (7-8). The shear
resistance of each region should individually satisfy the upper limit of interface shear resistance in
accordance with AASHTO LRFD 2024 (AASHTO, 2024), as per Equation (7-9) and (7-10).

Vri2 = € Apiz+ U Pri2 " Ari2 * fyrie (7-8)
Vri2 < KifdApiz (7-9)
Vri2 < K3AR12 (7-10)
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where Vi, , 1s the effective restraint provided by the two adjacent regions, ¢ is the cohesion
coefficient, A.j g2 is the area of the adjacent region, u is the friction coefficient, pgq ; is the
reinforcement ratio within the adjacent regions, and fy g4, is the yielding strength of reinforcement
in the adjacent region.

The total shear resistance of the cold joint is calculated as the sum of the contributions of
the effective area and the adjacent areas:

Vi = Vege + Vr1 + Via (7-11)

7.1.3. Nominal Shear Resistance of Cold Joints Intersected by STM
Ties

The concept of external restraint provided by the adjacent regions also applies to cold joints
intersected by STM ties; however, additional considerations arise when a tension-transferring tie
intersects the interface. In such cases, the tensile force carried by the tie induces opening along a
portion of the cold joint, rendering part of the interface ineffective in resisting shear. As a result,
the potential governing failure mechanisms must consider both localized cold joint failure within
the strut region and the influence of a partially-opened interface caused by tie-induced cracking.
These potential failure modes are identified and illustrated in Figure 7-3.
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Figure 7-3 Potential failure mechanisms for deep beams with vertical cold joints
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A potential failure mechanism includes compression failure of the strut, as illustrated in
Figure 7-3 (a). Alternatively, a failure mechanism may occur prior to crushing of the strut,
involving shear failure of the cold joint, as shown Figure 7-3 (b). In this case, the portion of the
cold joint interface adjacent to the effective area, on the tie side is assumed to be fully cracked and
thus, ineffective in resisting shear. Consequently, the shear resistance provided by the cold joint
includes the effective area and the contribution of the adjacent region on the strut side, Ag. The
effective restraint side is calculated as Equation (7-12). This effective restraint is also limited by
the interface shear resistance upper bound per Equation (7-13) and (7-14).

Ve=c-Ap+ 1 pr Ar " fyr (7-12)
Ve < Kif!Ag (7-13)
VR < KZAR (7-14)

where Ag, pr, fyr and are respectively the area, the reinforcement ratio, and the reinforcement
yielding strength of the uncracked cold joint, in the effective restraint region.

Therefore, the total shear resistance is determined as the sum of the shear resistance of cold
joint within the effective area and the contribution from the adjacent interface outside the strut, in
the effective restraint region:

Vi = Vess + Vg (7-15)

A third potential failure mechanism is illustrated in Figure 7-3 (c). This involves a localized
failure mode in which the cold joint fails in shear within the effective area, followed by separation
of the strut from the effective restraint region. In this case, failure occurs before the adjacent
interface restraint is fully mobilized. When the cold joint in the effective restraint region provides
sufficient resistance to delay interface failure, local separation of the strut may govern the response.
As a result, conventional strut-and-tic methods, which assume full strut mobilization, are not
applicable. No existing STM-based formulation currently accounts for this type of partial strut
separation.

A simplified expression is proposed to account for the effective restraint provided by the
portion of strut adjacent to the effective area. The critical load path associated with the partial
failure of strut is assumed to initiate at the boundary of the nodal region and extend toward the
effective area of cold joint, aligning with the edge of the idealized prismatic strut. The resistance
is derived from the contribution of reinforcement intersecting the critical load path, as shown in
Figure 7-3 (d). The dowel contribution of the reinforcing bars intersecting the failure plane is
excluded from the analysis due to its negligible influence on the overall resistance. The resistance,
Vg, is calculated as the tensile strength of bars parallel to the slipping direction, as per Equation
(7-16):
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Ve =n-4,"f, (7-16)

where n is the number of reinforcing bars, A is the area of each bar, and f,, is the yielding strength
of reinforcing bars. Accordingly, the total shear capacity is determined by combining the shear
resistance of cold joint in the effective area, V},;, and the effective restraint, Vg, as previously
shown in Equation (7-15).

7.2. Validation Based on Experimental Observation

7.2.1. Experimental Observation

To facilitate the following discussion, the experimental results from Task 5 are summarized
in Table 7-1 for reference. For specimens with vertical cold joints, a significant decrease in shear
capacity was observed in Specimen III-1.85-00-V and IV-1.2-03-V compared to monolithic
specimens from prior research projects (D. B. Birrcher et al., 2009). These specimens also
exhibited discontinuity of diagonal shear cracks, displacement, and strain field along the cold joints,
as shown in Figure 7-4. Therefore, it was concluded that the shear capacity of cold joints in the
strut region has a pivotal impact on the load transfer mechanism of deep beams.
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Table 7-1 Summary of experimental results from Task 5

Beam ID femin | o | aja | Verack | Vew Vexp | Spear SV”"
(ksi) ¢ (kips) | (kips) | femin'bwd | (in.) (kiggz’; )

1-1.85-03-H 3.10 | 0.003 | 1.85 | 121 404 0.16 0.60 | 673
I-1.4-03-H 3.10 | 0.003 | 1.40 - 680 0.27 0.70 | 969
1-1.0-03-H 2.07 | 0.003 | 1.00 - 820 0.49 0.81 | 1019
11-1.85-00-H 2.17 0 | 1.85| 122 296 0.17 0.62 | 480
111-1.85-00-V 4.60 0 | 1.85| 123 416 0.11 0.76 | 550
111-1.85-00-VR 4.73 0 | 185 - 642 0.17 1.18 | 543
IV-1.85-03-V 419 |0.003 | 1.85 | 125 494 0.15 0.88 | 432
IV-1.2-03-V 4.07 | 0.003 | 1.20 - 526 0.16 0.62 | 851
I11-1.85-03bM 3.30 - 185 | 114 471 0.18 - -

I11-1.2-03M 422 - 1.20 - 829 0.24 - -

Note: fi min = concrete compressive strength of the weaker layer
p¢j = ratio of reinforcement crossing the cold joint
a/d = shear-span-to-effective-depth ratio
Verack = shear force at first diagonal crack
Vexp = experimentally measured maximum shear strength
b,, = cross-sectional width of the specimen
d = effective depth of the specimen

8peax = peak load displacement at the point of load application

R = specimens with roughened cold joints

M = monolithic specimens from previous research (Birrcher et al., 2009)
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(a) Crack patterns of Ill-1.85-00-V

(c) Displacement field of 111-1.85-00-V (d) Displacement field of IV-1.2-03-V

(e) Strain field of IlI-1.85-00-V (f) Strain field of IV-1.2-03-V

Figure 7-4 Crack patterns, displacement and strain fields at peak load of Specimen Ill-1.85-00-V and IV-
1.2-03-V
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7.2.2. Crack Patterns and Local Failure Zone

In the proposed analytical approach, the effective area was determined by modeling the
compression strut as prismatic. However, prior research suggested that the bottle-shaped strut can
better represent the compression field in the strut-and-tie model. To evaluate the validity of the
prismatic assumption, both prismatic and bottle-shaped strut geometries were incorporated into
the analytical model to calculate the length of the effective area for Specimen III-1.85-00-V and
IV-1.2-03-V, both of which exhibited localized cold joint failure. The corresponding effective
lengths calculated using the prismatic and bottle-shaped assumptions, w¢;, and w¢, ), are
summarized in Table 7-2 alongside the experimentally measured length of the cold joint failure
region, We; exp, fOr comparison.

Table 7-2 Comparison between calculated and measured effective length

. Weyp Wey b Wejexp
Specimen (in.) (in.) (in.)
I11-1.85-00-V 14.16 2431 11.46
IV-1.2-03-V 17.79 18.53 13.50

The derivation of effective length in a prismatic strut, as shown in Figure 7-5, is previously
discussed in Section 7.1.1, and should be calculated according to Equation (7-1). Since the vertical
cold joints of all specimens are located at the mid-span of the testing region, the effective area of
a cold joint intersected by a bottle-shaped strut is determined using the strut width at the mid-span
and the inclination between the strut and the cold joint. For the bottle-shaped strut, the strut width
is calculated based on the approximate expression proposed by Schlaich and Weischede (Schlaich
& Weishede, 1982), as presented in Figure 7-6 and Equation (7-17) and (7-18). Subsequently, the
calculated strut width is projected onto the cold joint using the strut-to-cold-joint inclination, 6/,
to obtain the effective area corresponding to the cold joint orientation, as per Equation (7-19).
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The experimentally observed region of localized failure along the cold joint was identified
using the DIC based on the area exhibiting significant displacement differentials across the cold
joints, as demonstrated in Figure 7-7. By comparing the calculated effective length to the
experimentally measured length of the localized failure region, it is concluded that the length
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calculated using the prismatic strut assumption yields better agreement with the experimental
measurement. Conversely, the calculation based on the bottle-shaped assumption tends to
overestimate the effective length in certain cases. Accordingly, the application of the prismatic
strut model is recommended for evaluating the effective area of cold joints within the strut regions.

Figure 7-7. Experimentally observed region with localized cold joint failure

7.2.3. Shear Capacity and Failure Mode

The shear capacities of the specimens tested in this study, calculated using the modified
analytical approach, Vsrp cjr, are summarized in Table 7-3. This approach incorporates the
contribution of effective restraint and accounts for the associated potential failure mechanisms. All
previously discussed failure mechanisms were evaluated for each specimen, and the governing
failure mode was identified as the mechanism associated with the lowest calculated capacity. For
comparison, the experimental results are provided in Table 7-3, along with the shear capacity and
failure modes calculated using the current STM without considering the effect of the cold joint.
To evaluate the level of conservatism of the proposed approach for deep beams with cold joints,
experimental data and analytical results using the current STM from two monolithic control
specimens reported in prior research (D. B. Birrcher et al., 2009) are also summarized in Table
7-3.
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Table 7-3 Comparison of Analytical and Experimental Failure Modes and Shear Capacity

: Vsrm VSTM.C]R Viest Viest Viest

Specimen (kips) (kips) (kips) Vorn Vormcm Mgy Mgsrm,cir Miest
1-1.85-03-H 253 253 404 1.60 1.60 Strut Strut Strut
1-1.4-03-H 328 258 680 2.07 2.64 Strut ClJ Strut
I-1.0-03-H 277 277 820 2.96 2.96 Strut Strut Strut
11-1.85-00-H 123 90 296 2.41 3.29 Strut ClJ Strut
I11-1.85-00-V 309 274 416 1.35 1.52 Strut ClJ ClJ

I1I-1.85-00-VR 341 341 642 1.88 1.88 Strut Strut Strut
IV-1.85-03-V 331 331 494 1.49 1.49 Strut Strut Strut
IV-1.2-03-V 426 336 526 1.23 1.57 Strut CJ CJ

I11-1.85-03b" 271 - 471 1.74 - Strut - Strut
I11-1.2-037 459 - 829 1.81 - Strut - Strut

Note: Vsry = shear strength calculated using current STM specifications
Vsrum,cjr = shear strength calculated using the proposed approach
Viest = shear strength measured from the experiment
Mgrp, = failure mode identified using current STM specifications
Mgrp cjr = failure mode identified using the proposed approach
M, = failure mode observed from the experiment
To numerically determine the failure modes of the specimens, the capacities of all strut-

and-tie components were calculated. These components include the bearing capacities of all the
nodal faces and the tensile capacities of ties. For deep beams with cold joints, the shear capacity
of cold joints in the effective area was also evaluated in accordance with the proposed analysis
approach. Subsequently, the corresponding applied load at which the internal force demand
exceeded the nominal capacity was calculated for each component. The component with the lowest
corresponding applied load was identified as the critical element, and the failure mechanism
associated with the critical element was determined as the governing failure mode.

For specimens with cold joints that are not intersected by STM ties, the proposed approach
successfully identified the governing failure mode in two of the four specimens. The experimental-
to-calculated shear strength ratios are consistent with the monolithic specimens when the
contributions of effective area and adjacent regions are included.

Compared to the shear strength calculated using the current STM, the average
experimental-to-calculated shear strength ratios for specimens that experienced cold joint failure,
namely IV-1.2-03-V and II1-1.85-00-V increased from 1.23 and 1.35 to 1.57 and 1.52, respectively
when evaluated using the proposed approach. These ratios calculated using the proposed approach
are comparable to the 1.74 ratio derived from the monolithic specimen evaluated using
conventional STM. This indicates that the level of conservatism of the proposed approach remains
uncompromised in the assessment of deep beams with cold joints.

Failure modes determined by the proposed approach for specimens with cold joints
intersected by STM ties exhibit strong agreement with the experimental observations. In the design
of Specimen I1I-1.85-00-VR and III-1.85-03-V, the total shear capacity of the cold joint within the
effective area and the adjacent regions remains sufficient at the ultimate load, and failure is
governed by the bearing capacity of the strut-to-node face. This indicates a strut governing failure
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mode, which is consistent with the crushing of concrete in the strut region observed from the
experiment.

In contrast, for Specimens III-1.85-00-V and 1V-1.2-03-V, the shear demand across the
cold joint exceeds the total shear capacity of the effective area and the adjacent regions at ultimate
load, while the capacities of the strut-to-node faces remain adequate. The critical components
identified through the proposed approach align with the localized cold joint failures observed in
the experiments, underscoring the validity and effectiveness of the proposed approach in capturing
the governing failure mechanisms of deep beams with cold joints.

Within the experimental program, Specimen 1V-1.2-03-V was unique in exhibiting a
compound failure, characterized analytically by both shear failure in the effective area and partial
strut separation. Correspondingly, the observed crack patterns revealed no damage on the
compression side of the cold joint outside the strut region at failure, as shown in Figure 7-4(b).
This observation indicates that failure occurred before the full engagement of the restraint provided
by the cold joint on the compression side. Rather, failure initiated along a critical load path
extending from the edge of the loading region through the effective area of cold joint. Accordingly,
the assumptions underlying the proposed failure mechanism used to define the effective restraint
are supported by the experimental results.

The proposed analytical approach offers a more representative evaluation of the shear
behavior of deep beams with vertical and horizontal cold joints. This method is grounded in a
detailed assessment of potential failure mechanisms corresponding to the location and stress
profile of cold joints. The analysis indicates that the cold joint orientation is not the primary factor
influencing structural capacity and behavior. Instead, the stress distribution and the configuration
of surrounding structural components are the critical factors influencing the structural response,
resulting in significant variation in failure modes and overall performance among specimens. This
research accounts for the difference in the stress profiles of the vertical and horizontal cold joints
using a unified model, facilitating the development of a universally applicable approach for
analyzing deep beams with cold joints.
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7.3. Nonlinear Finite Element Analysis

This section introduces the nonlinear finite element analysis (NLFEA) modeling approach
developed for reinforced concrete structures with cold joints. The methodology was validated
based on the experimental results presented in previous chapters. The validated NLFEA modeling
approach was employed to conduct a numerical parametric analysis, extending the investigation
to a broader range of design parameters that were identified as influential to the response of deep
beams with cold joints. The finite element analysis results were compared with the calculated
strengths obtained using the STM-based analytical approach proposed in this chapter to evaluate
the efficiency of the proposed approach in reflecting the influence of key design parameters.

7.3.1. Nonlinear Finite Element Model

The nonlinear finite element analysis program VecTor2 was used to develop numerical
models for the deep beam specimens. This program incorporates advanced constitutive relations
for reinforced concrete elements developed based on the Modified Compression Field Theory
(MCFT) and the Disturbed Stress Field Model (DSFM). The methodology accounts for various
influential behavioral mechanisms, including compression softening and tension stiffening.
Compression softening represents the reduction of concrete compressive strength due to transverse
cracking induced by principal tensile stresses in the orthogonal direction. Tension stiffening
considers the contribution of uncracked concrete between cracks due to the bond mechanism
between the concrete and the reinforcement. Building upon the MCFT, DSFM introduces
additional refinements by explicitly modeling the shear slip deformation along the crack surfaces.
Further details on the numerical approach can be found elsewhere (Wong et al., 2013).

The finite element model developed for analyzing the deep beam specimen is shown in
Figure 7-8. A mesh size of 2 in. X 2 in. was used, resulting in a total of 4208 elements, with 22
elements employed through the depth of the beam. These elements include 3842 rectangular
elements, 344 truss elements, and 22 contact elements. The eight-degree-of-freedom rectangular
elements were used to model the concrete and the steel bearing plates. The vertical and horizontal
web reinforcement was modeled as smeared reinforcement within the concrete elements. All
longitudinal reinforcing bars were explicitly modeled using truss elements. The cold joints were
modeled using contact elements, allowing for localized interface slip and opening, independent of
the behavior of the surrounding elements.

The steel bearing plates were modeled using two types of materials. The outer layer was
modeled as Grade 60 structural steel and the layer in contact with the surface of the beam was
modeled as bearing material. The bearing material only provides stiffness in the loading direction,
ensuring that no unintended confinement was introduced at the interface between the bearing plate
and the concrete specimen.
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Figure 7-8 Nonlinear finite element analysis model for deep beams with cold joints

The cold joints were modeled using the constitutive relation proposed by Li et al. (2025),
which was developed based on the shear-slip models for cracks in monolithic concrete elements.
The model incorporates key variables influential to cold joint behavior, including interface
roughness, aggregate size, normal forces acting on the interface, concrete compressive strength,
clamping effect of reinforcement, and dowel action from reinforcement crossing the cold joint. By
accounting for these critical parameters, the model effectively captures the interface behavior
observed in the previous experiments (Alimran, 2023; Barbosa et al., 2017; Figueiredo et al., 2022;
Harries et al., 2012; Hu et al., 2020; Kahn & Mitchell, 2002; Saldanha et al., 2013; Santos & Julio,
2011; Shaw & Sneed, 2014).

The concrete and reinforcement properties were assigned according to the material test
results reported in Table 5-4. The analysis was conducted by applying displacement-controlled
loading at the center of the loading plate, as shown in Figure 7-8. The displacement was
incremented by 0.04 in. per step until failure. Approximately 40 steps were applied throughout the
course of the analysis, corresponding to the average displacement at failure measured from the
experiments.

7.3.2. FE Analysis Results and Validation with Experimental Data

The analysis focuses on deep beams with various cold joint configurations to validate the
ability to capture the influence of key variables on the shear behavior of deep beams. Three
specimens with different cold joint designs were examined: Specimen I1I-1.85-00-V with a non-
roughened unreinforced cold joint, Specimen I11-1.85-00-VR with a roughened unreinforced cold
joint, and Specimen IV-1.85-03-V with a non-roughened reinforced cold joint. These specimens
were selected to isolate the influence of surface roughening and interface reinforcement.

Table 7-4 summarizes the experimental and numerical shear strengths for these three deep
beam specimens. The average ratio of experimental-to-calculated shear strengths was 1.18 and the
coefficient of variation was 12.7 %. These results demonstrate reasonable accuracy and validate
the effectiveness in capturing the influences of interface roughness and interface reinforcement on
cold joint behavior.
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Table 7-4 Finite element analysis and experimental results

Specimen b, x d fomin Viest Viga Viest Vrea Viest

(in. Xin.)  (ksi) (kips) (kips) feminbwd  femnbwd VrEa
II1-1.85-00-V 21 x38.3  4.598 416 411 0.112 0.111 1.01
III-1.85-00-VR 21 x38.3 4.733 642 468 0.169 0.123 1.37
1V-1.85-03-V 21 X383 4.190 494 432 0.147 0.128 1.14

Note: b,, = width of the deep beam
d = depth of the deep beam
femin = concrete compressive strength of the weaker layer
Viest = shear strength measured from the experiment
Viga = shear strength from finite element analysis

For specimen containing a cold joint without roughening and interface reinforcement (II1-
1.85-00-V), the model exhibited excellent agreement with the experimental behavior. The crack
propagation from the analysis closely aligns with the experimental observed crack patterns, as
shown in Figure 7-9. For the specimens with either intentional roughening or interface
reinforcement, the analyses underestimated the peak loads. However, the numerical analysis
successfully captured the relative strength enhancements provided by these design features.
Overall, the strength ratios and crack patterns obtained from the analysis indicate that the NLFEA
model provides a reliable representation of both the shear capacity and the failure behavior in deep

beams with vertical cold joints.

M I T T :FI:
T

l!:-'r,“ ” I g LA |{' IH” T==E e

PR T I T M N

Y N ELEEREES

ST

,-_'-".-.d'.-'.-_‘.:

= T

SEmE EEELOEEEEH

H-+- GELEr=o-EREREEEEELGH

T e 1= o e I I B 2

. 1117 o o e (50 S I R A A

11 AATATAA e e I I G A

N o] 117 L1111 A AT D

EEry S s G a  ra Ea .l o A )

T I P I 2 R

il 8 5 I s il 5 gt I I O I L

o gz " ol I Il 7 O I 0

R e L n e A A A AT e

»—»—? by %4 CI B9 11 DN I N L 108 A A Wl P £ 8 I Dt 0 L 2 A P P

nn Mine ”"ll'l NRANN Ll £ 10 K VR Px v 1 I I 0 Paa g i I I A

n HURA NI ru Ui Euunnn
(a) Experimentally observed pattern (b) Finite element analysis

Figure 7-9 Crack patterns of Specimen I1I-1.85-00-V

7.3.3. Parametric Analysis

The validated NLFEA model was used to conduct a comprehensive parametric
investigation into the influence of key variables on the behavior of deep beams with cold joints.
Five additional models were developed, incorporating various cold joint reinforcement
configurations and interface roughness amplitudes. The strengths of these five novel designs were
also calculated using the STM-based analytical approach introduced in Section 7.1. The STM-
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calculated strengths were compared with the FE-based ones to assess the reliability and accuracy
of the proposed approach across a wider range of practical design scenarios.

7.3.3.1. Cold Joint Reinforcement Ratio

According to the experimental results, the normalized capacity of Specimen IV-1.85-03-
V, featuring 0.3% of web reinforcement intersecting the cold joint, was found to be 35% greater
than that of Specimen II1-1.85-00-V with no interface reinforcement. This enhancement was also
observed in the finite element analysis. However, Specimen IV-1.85-03-V also consisted of
compression reinforcement intersecting the cold joint in the compression region, as shown in
Figure 7-10 (a). These compression bars were found to provide additional restraint and increased
the structural capacity.

To isolate the effect of web reinforcement, two additional finite element models were
developed: Specimen 1.85-03-VNC, with 0.3% web reinforcement and no compression bars
crossing the cold joint, and Specimen 1.85-015-VNC, with 0.15% web reinforcement and no
compression bars intersecting the cold joint. The model with no compression bars intersecting the
cold joint is presented in Figure 7-10 (b). These models were designed to evaluate the influence of
various interface reinforcement ratios by comparing their ultimate capacities to that of the
specimen with unreinforced cold joint.

(a) Model for Specimen 1V-1.85-03-V

(b) Model with no compression bar intersecting the cold joint

Figure 7-10 Finite element model with various web reinforcement intersecting the cold joint
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Table 7-5 Finite element analysis on different interface reinforcement ratios

Specimen by Xd  flmin  Vrea Vsrm,cjr VrEa Vsrm,cir Vsrm,cjr
(n.xin) (ksi)  (ip)  (kipy)  fooobyd  Firobyd  Vigs
T11-1.85-00-V 21x383 4598 411 274 0.111 0.074 0.67
IV-1.85-03-V 21%x383 4190 432 331 0.128 0.098 0.77
1.85-03-VNC 21 X 38.3 4.190 418 296 0.124 0.089 0.71
1.85-015-VNC 21 X 38.3 4.190 400 284 0.119 0.084 0.71

The analysis results are summarized in Table 7-5. The capacities of specimens from the
analysis were normalized based on the compressive strength of concrete to facilitate direct
comparison across the specimens. The normalized capacity of Specimen 1.85-03-VNC was 11%
higher than that of Specimen III-1.85-00-V, while Specimen 1.85-015-VNC exhibited a 7%
increase in normalized capacity comparing to that of Specimen III-1.85-00-V. These analysis
results confirm the effectiveness of web reinforcement in enhancing the capacity of deep beams
with cold joints, independent of additional compression reinforcement. Moreover, the capacity
increase was found to be approximately proportional to the interface reinforcement ratio. When
comparing the analysis results of Specimen 1.85-03-VNC and 1.85-015-VNC to the specimen with
an unreinforced cold joint, the increase in capacity observed in the specimen with 0.3% web
reinforcement intersecting the cold joint is more significant than that of the specimen with 0.15%
of cold joint reinforcement.

The STM-based analytical approach discussed in Section 7.1 was applied to calculate the
capacities of Specimen 1.85-03-VNC and Specimen 1.85-015-VNC. The calculated capacities are
summarized in Table 7-5. For both specimens, the ratios of the capacities calculated using the
proposed approach to the capacities obtained from the finite element analysis are consistently 0.71.
This consistency indicates that the STM-based analytical approach successfully captures the
influence of cold joint reinforcement while maintaining a consistent level of conservativeness in
capacity calculations across various interface reinforcement ratios.

7.3.3.2. Interface Roughness

This subsection introduces the investigation into the effect of cold joints roughness
amplitudes on the shear capacity of deep beams. Based on the experimental results, deep beams
consisting of a roughened cold joint with a 0.25 in. amplitude exhibited a shear capacity equivalent
to the capacity of a monolithically cast deep beam. The 0.25 in. roughness amplitude was designed
to satisfy the minimum requirement for a roughened interface as specified by AASHTO LRFD
(AASHTO, 2024). According to AASHTO LRFD, cold joints with roughness amplitudes below
this threshold are classified as smooth interfaces, and the contribution of interface roughness to
interface shear resistance is disregarded in the design calculations.

To evaluate the effect of intermediate roughening with amplitudes below the required
threshold, three NLFEA deep beam models were developed with roughness amplitudes of 0.06,
0.125, and 0.188 in. These models are referred to as 1.85-00-V0.06R, 1.85-00-V0.125R, and 1.85-
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00-VO0.188R, respectively. The analysis results, summarized in Table 7-6, indicate that shear
capacity increases with the roughness amplitude, disregarding whether the amplitude satisfied the
requirement to be treated as a roughened interface by current AASHTO specifications. Notably,
the model with a 0.188 in. amplitude achieved a capacity equivalent to that of the specimen with
0.25 in. roughening.

Table 7-6 Finite element analysis on different interface roughness

Specimen femin  Veea  Vermer Vsrmuir Vrea Vsrm.cir Vsrmuir  Vstmer Vsrmcr
(ksi) ~ (kips)  (kips) (kips)  flmbwd f, eminPwd  feminbwd  Vrpa Vrga
I11-1.85-00-V 4598 411 274 274 0.111 0.074 0.074 0.67 0.67
I11-1.85-00-VR 4733 468 341 341 0.123 0.090 0.090 0.73 0.73
1.85-00-V0.06R 4733 435 274 331 0.114 0.074 0.087 0.63 0.76
1.85-00-V0.125R | 4.733 447 274 341 0.118 0.074 0.090 0.61 0.76
1.85-00-V0.188R | 4.733 467 274 341 0.123 0.074 0.090 0.59 0.73

The capacities of these three specimens were calculated using the STM-based approach
proposed in Section 7.1 and summarized in Table 7-6. Since the roughening amplitude of cold
joints in these three specimens are below the required amplitude specified by AASHTO LRFD
(2024), these cold joints were treated as smooth interface when calculating their interface shear
resistance. The calculated capacities failed to reflect the influence of interface with intermediate
roughness and underestimated the shear capacities predicted by the finite element analysis.

To address this inefficiency, the LIF approach proposed in Section 4.5.3.1.2 was
implemented in the interface shear calculation for the STM-based approach. The shear capacities
calculated using the LIF approach are also summarized in Table 7-6. The LIF approach
successfully captured the enhancement in capacities of specimens attributed to the intermediate
interface roughness. The average ratio of capacities calculated from the STM-based approach to
the capacities obtained from the finite element analysis for three specimens with intermediate
roughness increased from 0.61 to 0.75 when using the LIF approach. This increment indicate that
the accuracy of STM-based approach was improved by the implementation of the LIF approach in
shear calculation.
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7.3.4. Conclusion

A NLFEA model was developed to analysis the behavior of deep beams with cold joints.
This model integrated the constitutive relations for concrete, reinforcement, and cold joints within
a finite element analysis framework grounded in MCFT and DSFM. The analysis results exhibited
strong alignment with the shear capacities and the crack patterns measured from the experiments,
validating the accuracy and reliability of the model.

This validated model was used to conduct a parametric study focusing on the effect of cold
joint reinforcement ratio and the interface roughness on structural performance. The analysis
results indicate that the amount of web reinforcement intersecting the cold joint results in a
proportional increase in deep beam capacity. Additionally, cold joints with roughness amplitudes
below the requirement from AASHTO LRFD (2024) were found to significantly enhance the shear
capacity of deep beam.

The STM-based analytical approach proposed in section 7.1 was applied to calculate the
capacities of the models included in the parametric study. The STM-based approach effectively
captured the influenced of interface reinforcement, but conservatively underestimated the
capacities of specimens with intermediate roughness. The accuracy of capacities calculated using
the STM-based approach of specimens with intermediate roughness was improved by
implementing the LIF approach in interface shear calculation. These results confirm that the
calculations from STM-based approach with LIF modification maintain a reasonable level of
conservativeness while effectively capturing the influences of key parameters on cold joint
behavior.
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7.4. Design Recommendation

To incorporate the proposed approach into the strut-and-tie design, a systematic procedure
is introduced for evaluating the capacity of deep beams with cold joints. For ties intersecting the
cold joints, the reinforcement crossing the cold joint must be adequately designed to resist the
tension demand. For strut intersecting the cold joints, the design procedure is summarized in the
flowchart shown in Figure 7-11.

Determine the force
transferring through the
struts, Fy,

Determine the dimensions of the nodal | o
regions, lp, h,, and w; E

v

Calculate the capacity of the strut-to-node
interfaces: B, = mvfAcy

No
Revisit the strut-and-tie design

Yes

Calculate the normal, N;, and shear force,
Vi, transferring across the cold joint

v

Determine the capacity of effective area,
Ve, according to Eq. (7.5),(7.6) and (7.7)

v

Calculate effective restraint using
Eq. (7.8), (7.9) and (7.10)

Is the cold joint
intersected by ties?

¢Veﬁ = Vui?

Calculate effective restraint using
Eq. (7.12), (7.13), (7.14) and (7.16)

Yes *
Calculate the shear capacity, Calculate the shear capacity,
Vi, using Eq. (7.15) Vni, using Eq. (7.11)
|
Yes No - X
Desi e Revisit the strut-and-tie model or the cold
esign complet joint design

Figure 7-11 Design recommendation for struts intersecting by cold joints
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The design begins by identifying the force demand in the compression strut. Based on the
strut-and-tie model and the size of the bearing components, the dimensions of nodal regions are
then determined. According to the confinement conditions and the web reinforcement design, the
capacity of the strut-to-node interface is calculated. If the load demand in the strut exceeds the
strut-to-node face capacity, the strut-and-tie model should be revised to ensure the load resisting
capacity. The dimension and capacity of the nodal regions are determined following Section 5.8.2
in AASHTO LRFD 2024 (AASHTO, 2024).

Once the strength of the strut-to-node interface is confirmed to satisfy the force demand in
the strut, the shear capacity of cold joint is evaluated. The force in the strut is decomposed into
force components acting perpendicular and parallel to the cold joint using Equation (7-3) and (7-4).
The component perpendicular to the cold joint is used to compute the interface shear resistance,
while the parallel component defines the shear demand along the cold joint. The interface shear in
the effective area is calculated following Equation (7-5), (7-6), and (7-7). If the calculated interface
shear resistance exceeds the shear demand of the cold joint, the design is completed, and the strut
is considered adequate for the applied. However, it is important to apply appropriate load factors
to each force component to accurately account for their respective effects on the demand and
capacity of structures. The resistance factor of interface shear is calculated according to Equation
(5.5.4.2-2) in AASHTO LRFD 2024 (AASHTO, 2024), and can be conservatively taken as 0.75.

If the interface shear resistance of the cold joint in the strut region is insufficient, external
restraint provided by adjacent structural components is allowed to be considered in the strength
calculation. To determine the effective restraint, it is necessary to evaluate whether the cold joint
is intersected by tension-transferring ties, which may result in different potential failure modes.
For cold joints not intersected by STM ties, the effective restraint is calculated according to
Equation (7-8), (7-9), and (7-10). For cold joints intersected by STM ties, the effective restraint is
determined using Equation (7-12), (7-13), (7-14), and (7-16). Based on the identified failure
mechanism and the restraint calculation, the total shear capacity of the cold joint is determined by
the sum of the shear resistance in the effective area and the effective restraint. Consequently, the
design is considered satisfactory as the total shear resistance is sufficient for the shear demand
across the cold joint. A design example for a deep beam specimen tested in this research is
presented in Appendix G using the proposed design recommendation.

196



7.5. Summary

This chapter presents an analytical approach for evaluating deep beams with cold joints. A
mechanical model was proposed to represent the load transfer mechanism across the cold joints in
the strut-and-tie method. This model includes the evaluation of the interface shear resistance of
cold joints in the strut region and the effective restraint provided by surrounding structural
elements. The proposed approach was validated by comparing the calculated shear strength and
failure modes against the experimental results from Task 5. Compared to conventional STM, the
proposed approach demonstrated improved agreement with both the observed structural behavior
and measured shear strength. Notably, the proposed approach captured failure mode initiated by
localized failure of cold joint, offering a more representative analysis of structural behavior.

To quantify effective restraint provided by the adjacent regions, a series of potential failure
mechanisms were evaluated to identify critical load paths. Recognizing that tension ties
intersecting cold joints influence both crack propagation and interface stress profiles, the
methodology differentiates between cases with and without STM ties intersecting the cold joints,
providing explicit procedures for each case.

A design procedure is subsequently developed to integrate the proposed analytical model
into the practical strut-and-tie design workflow. The design procedure incorporates the interface
shear resistance expressions in accordance with current specifications into the strut-and-tie design
method. The proposed recommendation provides guidance for designing structures in D-regions
with cold joints using strut-and-tie model, enhancing the reliability of the design and the accuracy
of structural assessment.
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Chapter 8. Summary and Conclusions

8.1. Project Summary

Cold joints are formed at the interfaces between layers of concrete placed at different times.
Whether introduced deliberately or unintentionally, cold joints create a potential plane of weakness
within the reinforced concrete structures. To evaluate the shear capacity of cold joints, shear
friction theory was implemented into current design expressions to quantify the shear capacity of
cold joints under sectional analysis. However, cold joints occur frequently in the disturb regions
of structures, where the strut-and-tie method is commonly employed in the design and analysis to
account for the intricate stress-transfer mechanisms. Although the 2016 interim revisions of
AASHTO LRFD requires the verification for the shear-friction capacity of cold joints when
intersected by a strut, no explicitly design guidelines is available to address the approach for
evaluating struts intersecting cold joints. The primary objective of this research is to investigate
the effect of cold joints in D-regions of structures, and develop reliable and applicable analytical
approach and design guidelines based on the strut-and-tie model.

The research team comprehensively developed and conducted a series of tasks to
accomplish those objectives. Each chapter of this report presents the detailed procedure to attained
valuable information from each task, and the critical research findings are summarized at the end
of each chapter. The summary and featured conclusions of each research tasks are as follows:

1. Research Background and Literature Review: A state-of-the-art literature review on the
shear friction theory for cold joint capacity and the concepts used to develop the strut-
and-tie method were comprehensively reviewed. Previous research revealed that
current design expressions for interface shear capacity are generally conservative.
However, the database analysis suggests a potential concern about the reliability of
existing formulations. The available model presented in FIP Practical Design of
Structural Concrete 1999 was revisited, serving as a potential inspiration for the
establishment of proposed analytical model. Lastly, the application in practice of cold
joints intersecting struts were discussed, underscored an urgent need of a reliable and
applicable design specifications for these cases.

2. Industrial Survey: Based on the 22 responses received from DOTs spanning across the
country, design practices and experience of cold joints are concluded. The respondents
agreed that cold joints occur more often in D-region than B-region. However, the
respondents also addressed limited experience designing D-region of structures with
STM. To enhance friction along the interface, interface roughening and shear key are
two commonly employed construction approaches. However, no standardize method
was used to inspect and quantify the level of interface roughness. Common
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reinforcement details intersecting the cold joints were found to be straight bars, bars
with 90-degree hook, and post-installed reinforcement.

Slant Shear Experiments: In total 54 slant shear tests were designed and conducted in
this experimental program. Six key design parameters were examined: cold joint
inclination, interface roughness, variation in concrete compressive strength between
layers, casting age difference, aggregate size, and reinforcement crossing the interface.
According to the test results, the interface roughness and aggregate size were the most
influential parameters affecting interface shear resistance. The difference in failure
modes of specimens corresponding to various inclinations also demonstrate the
influence of force components acting perpendicular and parallel to the interface. A
database analysis containing 124 slant shear tests was composed to examine the
accuracy and relevance of design expressions. A modification approach on determining
the friction and cohesion coefficient using linear interpolation based on the interface
roughness amplitude was proposed and proven to improve the accuracy of the
calculation. Four large-scale slant shear experiments are also conducted to investigate
the size effect on interface shear resistance and the development of strain profile along
the cold joint under monotonic loading. The size effect of cold joint resistance was
confirmed by the reduction of ultimate shear stress observed in the large-scale slant
shear experiments.

Deep Beam Experiments: An experimental program consists of 10 deep beam
specimens was designed to replicate practical scenarios where cold joints occur in the
D-region of structures. Pivotal variables concluded from the previously mentioned
tasks were implemented in the experimental program, including cold joint orientation,
interface roughness, and reinforcement ratio. By evaluating the load-deflection
response, shear capacity, failure mode, reinforcement response, serviceability and
displacement and strain contour, the horizontal cold joints were concluded to have
insignificant effect on the deep beam behavior. However, the absence of interface
roughening and intersecting reinforcement, and the decrease of a/d ratio was found to
significantly reduce the shear capacity of deep beams. Additionally, the failure crack
pattern, reinforcement response along the compression load path, and the displacement
field of these two specimens demonstrated that a specific section of cold joint was
particularly engaged in the shear resisting mechanism. The conclusion drawn from this
experimental program highlighted the need for further investigation on the effect of
cold joint on the shear transferring mechanism of deep beam structure.

Drilled-Shaft Footing Experiments: A drill-shaft footing specimen was designed to
investigate the behavior of three-dimensional struts intersected by cold joints,
replicating commonly design cases of footing expansion. The specimen was design
with cold joint enclosing the loading point, forcing the load to transfer through
compressive strut through the cold joints. According to the load-deflection response,
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this drilled-shaft footing specimen demonstrated a more ductile response than footings
without cold joint. The ductile response suggested that failure was not governed by
brittle shear failure, but the shear slip response of the cold joints. The failure patterns
observed from each side of the specimen and the post-cut section revealed that failure
concentrated along the portion of cold joints intersected by strut. The strain gauge
exhibited no yielding of bottom mat reinforcement, suggesting that the failure occurred
before fully mobilizing the capacity of reinforced ties. These results supported the
conclusion drawn from the deep beam experiments, indicating the strut capacity was
influenced by the shear resistance of cold joint, especially in a localized region within
the compression strut.

6. Numerical Analysis and Design Recommendations: An analytical approach was
developed based on the experimental results and the proposed mechanical model. This
approach considers the potential failure mechanisms and the effective restraint using a
single panel strut-and-tie model. The shear capacity and failure mode predicted by the
proposed model demonstrated improvement comparing to the calculation using
conventional STM that neglected the cold joint effects. A series of design procedures
were subsequently recommended for practical application.

8.2. Concluding Remarks

In this research program, behavior of deep beams and drilled-shaft footing cap with cold
joints was intensively investigated. The experimental results demonstrated that the strut-and-tie
method remains valid to analyze the load transfer mechanism of D-regions with cold joints.
Additionally, the cold joints intersecting struts demonstrated significant failure patterns focusing
within the strut region, indicating the need quantify the contribution of cold joint resistance on the
strut capacity. The comprehensive behavior analysis further explores potential shear resisting
mechanism based on the strut-and-tie model, resulting in the establishment of an analytical
approach applicable to design in practice. The proposed approach was validated by the shear
capacity and failure mode of the experiments conducted in this research. Eventually, a step-by-
step design procedure was recommended, providing an explicit guideline quantifying the shear
resistance of cold joint in the strut region and the corresponding structural capacity based on
current strut-and-tie model.

However, there is limited research available focusing on the structural implication of cold
joints in D-regions. The proposed analysis and design approach should be further validated with
more experimental or analytical data to ensure its reliability in various cases. The available
restraint corresponding to different cold joint stress profile and the potential failure mode also
requires further investigation for various cases with additional failure mechanisms. The key
variables influential to the shear behavior of cold joints should be more widely investigated when
implemented according to practical structural design, providing a more general design guideline
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for not only the strength of strut crossing cold joints, but the comprehensive behavior of new and
old structures connected by cold joints.
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Chapter 9. Value of Research

This research provides critical advancements in the structural engineering field by

addressing the lack of design methodologies for reinforced concrete elements containing cold
joints, particularly in disturbed regions (D-regions) where conventional design assumptions are
often invalid. Cold joints are a common but complex condition in construction, arising from
unintentionally interrupted or strategically staged concrete placement. When cold joints intersect
with primary load paths, such as compression struts in deep beams or footing caps, they can
significantly affect structural performance and reliability.

The project contributes to the profession in several key ways:

Mechanically Grounded Design Framework: By integrating interface shear behavior into
the strut-and-tie modeling (STM) approach, the research provides a unified and rational
framework for evaluating the behavior of RC members with cold joints under complex
stress conditions.

Experimental Validation: Through a comprehensive experimental program, including slant
shear tests, full-scale deep beam tests, and footing cap tests, the research delivers high-
quality data to validate the proposed analytical models and design procedures.

Practical Design Recommendations: The proposed analytical approach is compatible with
current design specifications and can be directly implemented by practitioners, offering
clear and applicable guidance for addressing cold joints in real-world structures.

Industry Relevance: Insights from a national survey of DOT engineers highlight the limited
existing guidance and inconsistent treatment of cold joints in current practice, reinforcing
the need for the design tools and recommendations developed in this project.

Overall, this research enhances the safety, consistency, and economy of concrete structure

design by filling a critical gap in the treatment of cold joints, especially in regions where failure
could be catastrophic. It provides a practical, validated solution that supports engineers, agencies,
and code committees in making informed, performance-based design decisions.
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Appendix A. Qualtrics Reports

Full responses of the survey are summarized in Appendix A. Responses were collected and
verified using the Qualtrics software. A total of 22 survey participants submitted complete
responses.
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Question 3 - Has your state/district had experience with the design of
struts crossing cold joints?

20

Yes No

@ Choice Count

Question 4 - If Yes, please briefly explain the general approach used /
interpretation of AASHTO LRFD Article C5.8.2.2.

Florida follows the design guidance provided AASHTO LRFD when analyzing the D-Regions. We recently worked
on a bridge project where we used both methods for comparison purposes.

RIDOT LRFD bridge design manual refers designer to follow AASHTO LRFD Bridge Design Specifications. From
our bridge design manual: "At the strength and extreme event limit states, the use of the strut-and-tie model
should be considered to determine the internal forces near the supports; the points of application of concentrated
loads; and for the design of deep footings and pile caps, all in accordance with the referenced Article of the
AASHTO LRFD Bridge Design Specifications."

We use the same member dimensions, rebar size and spacing across the cold joint as the critical design location
as the rest of the member.

Question 5 - If No, please explain why (e.g., sectional methods in Article
5.7.4 are used).

The few we have using strut and tie have not required a cold joint.
Sectional Methods are used.

We do not consider this in the design and make sure that the proper measures are taken to have proper boding
with the new and old concrete.

We typically use sectional analysis to design bent caps using 5.7.3.4.2 for shear on prestressed sections and B5
for shear on conventionally reinforced sections, and check interface shear using 5.7.4. We do use 5.8 for footing
and end zone design; footings only have cold joints in retrofit cases and end zones only have cold joints to repair
poorly consolidated concrete. We treat struts through cold joints the same as monolithic concrete in these cases,
but include an interface shear check where the cold joint is full depth.

not used
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Traditional practice

MDOT's current design standards establish general locations for construction joints based on constructability and
construction operations. This includes maximum volume of concrete in a footing, length of abutment wall or pier
cap, and height of abutment wall.

Sectional methods used, but GDOT has just place into the bridge design manual to use strut and tie models for
structures or situations that warrant the approach.

We generally avoid locating construction joints in D Regions. Most of the time we will design the individual stages
as separate units with a pinned connection. We have little faith in our cold joints to carry moment or large
amounts of shear.

Article 5.7.4 typically used

Consultants may be designing strut tie as a gut check, but traditional beam and frames are used internally and
required from consultants.

Cases not fully analyzed yet, newer requirement

Methods from LRFD 5.7.4 are utilized for shear transfer. Sometimes the added portion of the substructure is
isolated from the existing portion (separate pier cap, foundation, etc.).

When referring to pier caps, typically we do not place vertical cold joints in the pier caps. In the cases of staged
construction, rehab bridge widenings, or very long pier caps, we prefer to place an open air gap in the pier cap
instead of a cold joint.

It may happen on rare occasion, but we do not have a designated procedure for this design at MNnDOT.

Also, sorry for the previous "blank" survey | filled out. | wanted to get a sense for the questions and didn't mean to
turn in a blank survey.

We previously designed cold joints using sectional methods in Article 5.7.4. We have adopted the STM for about
a year. | am unaware of any designs requiring a cold joint while using this design method.

Cold joints are not used often in bent caps. We would required a cap cold joint for a relatively long cap supported
on (2) columns where the columns are short/stiff and curing/temperature strains in the cap are found to place
excessive moments on the column and footing. We use sectional methods for flexural regions, and would verify
with strut-and-tie for deep regions and for hammerheads.

Typically there is a significant area of reinforcing steel crossing the cold joint. This reinforcing steel contributes
additional shear resistance across the cold joint.

We use sectional methods of design.

NDDOT is in the early stages of the strut and tie design method.
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Rarely widen older bridges as they do not often satisfy modern AASHTO standards (e.g., seismic and
liquefaction).

Question 6 - On average, do cold joints occur more frequently in B-
regions (beam) or D-regions (disturbed, discontinuity, etc.)? See figure
below for examples of B- and D-regions. D-regions typically occur near
concentrated loads, supports, or changes in geometry (e.g., dapped-end
beams). Is the proximity to disturbances/discontinuities usually
considered when selecting the location of a cold joint? Separation of B-
and D-regions (Birrcher et al., 2009)

B-region. Yes we would look at the proximity of the joint to the disturbed region.

Cold joints are more frequent in D regions. Proximity to disturbances is considered.

A. In B-Region

B. Due to steel reinforcement congestion in D region, cold joint in D region should be avoided.
Almost exclusively in D-regions.

Cold joints if needed are at low moment and shear regions.

Usually for us the cold joints are a factor of staged construction. I'd say mostly in the B region.

Typically at the edge of a D region.
Proximity to a disturbed region is not typically considered.
Primary consideration is phasing around whatever obstacle is preventing construction of the whole pier at once.

For substructure elements construction joints are typically located between beams to align with bolster steps in
order to aid in forming and to minimize the risk of creating small, unreinforced sections of concrete. Because of
this substructure construction joints will often times fall with D-Regions of the element.

D region
Typically between the edge of the B and D regions, but mostly B Regions...
location of cold joints often dictated by traffic control phasing

cold joints typically occur where required by stage construction. Otherwise pier caps are generally placed as a
single operation from one end of the cap to the other.

when we have a choice we may try to place the joints near supports (d-regions). We do not generally want to
have them under applied load locations, but that happens too.
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D-Regions
Most typically D-regions.
B Regions. Yes.

As stated above, it is not a typical practice for MNDOT to have cold joints in our pier caps. However, if and when
they do happen, it would be more likely in a "D" region.

We have limited designs using STM with none requiring cold joints. However, | would expect the cold joints would
occur in the D-Region. Although we have yet to design a bridge that is to be widened using STM, | believe our
typical practice of setting the joint location would cause it to be located in a D-Region as well.

Site constraints have limited joint locations, but the proximity to disturbances/discontinuities would be considered.

We do not frequently specify cold joints in caps. If a cold joint is required, we recommend placing it in an area of
lower shear/moment.

An attempt is always made to place a cold joint at the optimal location however site constraints due to stage
geometry and superstructure configurations restrict this flexibility. Because of the variability at each bridge a
typical location can not be given.

Probably D regions. In general the location of a cold joint when it occurs is constrained by staging/geometry.
D-Regions

| suspect that D-regions are more frequently encountered

Question 7 - How is surface roughness typically detailed at cold joint
interfaces? Select all that apply and, if possible, estimate the percentage
of projects for which each interface has been specified.

23 Responses

20 20
17
10
/ 6
0 ]
Intentional Plain/untreated Shear key Saw teeth Other
roughening

@ Choice Count
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Question 7_Other

Other - Text

There may be unique projects where other interface surfaces are needed
95% apply epoxy

5

multiple shear keys (similar to PT segments)

Open air joint (not a cold joint)

Our specifications require epoxy on the vertical surfaces of all construction joints.

Question 8 - Please explain the factors that affect the type of interface
chosen. If intentional roughening was selected and the application was
specified, then please describe how surface roughness was applied
(e.g., sandblasting, hydro-blasting, brush hammer with sandblasting,
etc.).

we always use intentionally roughened joints in substructure units.
NCDOT has had success with detailing shear key in the cap at cold joint interfaces.

Type depends on whether it's a vertical (shear key) or horizontal joint (intentionally roughened to a certain
amplitude), redundancy, structure type, new construction or widening. For roughened surfaces (girders for
example), use a coarse brush or metal tine.

The FDOT Structures Design Guidelines contains design provisions when using shear friction with intentionally
roughened surface (Section 1.15).

For a retrofit, bushing hammer is typically used. We don't typically specify intentional roughening otherwise.
member depth and location

We use standard shear keys for all segmentally constructed super and substructure elements.
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MDOT's current bridge design standards call for keyways to be used at all construction joints for newly
constructed elements. If a bridge is being widened to accommodate additional lanes, wider shoulders, etc. the
existing face that the widened portion it to be built against is left as is, and is usually plain/untreated with adhesive
anchored reinforcement tying the existing and new portions together. If a unique project requires a specific type of
interface the requirements will be included in the Contract plans and often times in a project specific special
provision.

epoxy application to vertical surface immediately prior to concrete pour.
N/A
precast components often intentionally roughened, cast-in-place typically incorporate a shear key

the VDOT Road and Bridge Specifications have guidance for construction joints. This is the default method. other
methods would only be specified if the designer has specific concerns.

Construction Joints: Construction joints that are not detailed on the plans shall be placed as

directed or approved by the Engineer. The Contractor shall use shear keys or inclined reinforcement where
necessary to transmit shear or bond the two sections together. Joints shall be constructed so that feather edging
does not occur.

For construction joints in deck slabs, a 2 by 1 1/2-inch shear key shall be provided between mats of reinforcing
steel.

Construction joints against which earth fill is placed shall be protected by a heavy coat of asphalt conforming to
Section 213 applied for a distance of 3 inches on each side of the joint and continuous throughout its length.

In construction joints exposed to view, a waterstop conforming to Section 212 shall be inserted. The waterstop
shall be placed at least 3 inches from the face of the concrete and shall extend at least 2 inches into each section
of concrete.

Longitudinal or transverse construction joints may be used to facilitate placing concrete in continuous slab spans.
Longitudinal joints shall be spaced so that each concrete placement will be at least 10 feet in width. Transverse
joints shall be placed at the centerlines of piers provided they are located infrequently, permitting simultaneous
longitudinal screeding of as many spans as possible.

Concrete shall be placed in one continuous operation between construction joints. The volume of concrete in any
one placement shall be not less than the volume of concrete in one end span.

methodology left to contractor

The existing concrete is normally removed in order to get development length for the reinforcing. In these cases
the roughened profile resulting from the removal process is used. In some rare cases a shear key will be
specified, possibly if mechanical rebar splices were being utilized.

sandblasting, hydro-blasting, scarifying and brushing.

As stated previously, most joints in pier caps are not cold joints, but open air joints (which | marked as other).

However, | would assume if we were to have cold joints on rehab pier caps, they would be intentionally
roughened.

If they were on new construction, | assume we would use a shear key.
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Our typical practice is to leave the surface untreated.

We do not dictate means & methods for roughening, so we do not have records showing how it was done. We
only inspect the final result.

The Department's Standard Specifications do not require a specific type of joint and allow the contractor a choice
unless specified on the plans. Some factors such as accessibility, interference, design loads, cross section or
other site constraints may drive a reason for selecting a specific joint type.

Shear keys have been the most common method probably because it is more likely to get done in the field
according to the plan and won't be forgotten. Intentional roughening is not as likely to be constructed as
consistently. In general means and methods are left to the contractor in terms of intentional roughening. The plans
may simply call for roughening at a cold joint or possibly call for an roughening amplitude.

Bush hammer
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501-3.11 CONSTRUCTION JOINTS.

Unless otherwise noted, locate construction joints where specified in the Contract documents. Obtain approval
before adding, deleting, or relocating construction joints specified in the Contract documents. Make requests for
such changes in writing, accompanied by a drawing depicting the joint. The Engineer will evaluate the proposed
construction joint to determine if the joint will affect the strength or durability of the concrete. Joints noted as
"permissible” do not need the Engineer's approval before deleting. When permitted, place the joints where they
will not be exposed to view in the finished structure.

At horizontal construction joints, place gage strips 1-1/2 inches thick inside the forms along
exposed faces to give the joints straight lines.

Do not use wire mesh forming material.

If the Plans require a roughened surface on the joint, create grooves at right angles to the length of the member.
Make grooves that are 1/2 to 1 inch wide, 1/4 to 1/2 inch deep, and spaced equally at twice the width of the
groove. Terminate the grooves within 1-1/2 to 2 inches from the edges of the joint.

If the Plans require a smooth surface on the joint, provide a trowel finish.

Include shear keys at the joint when the Contract documents do not require a roughened surface or a smooth
surface. Make shear keys of formed depressions with slight beveling to ensure ready form removal. Do not use

raised shear keys. Make shear keys that meet the following:

1. For tops of beams, at the tops and bottoms of boxed girder webs, in diaphragms, and in
crossbeams, use shear keys 1-1/2 inches deep, 8 inches long, and spaced at 16 inches.

2. In other locations, use shear keys at least 1-1/2 inches deep and 1/3 of the joint width.
Terminate the shear keys within 1-1/2 to 2 inches of the joint edge.
Clean construction joints of surface laitance and other foreign materials before fresh concrete is placed against

the surface of the joint. Flush construction joints with water and allow the joint to dry to a surface-dry condition
immediately prior to placing concrete.
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Question 9 - How is surface roughness typically checked prior to the
second cast? Select all that apply.

15 15
10
5 3
1 1 1
0 ] | 0 0 - |
Sand Spread  Pull-of Test Replica Tape Replica Putty Rubber Laser Other, please
Test ... (ASTM ... Chip Profilometry specify:

@® Choice Count

Question 9_Other

Other, please specify: - Text
N/A

Other, FDOT does not use a specific method to check surface roughness meets what's specified in the Plans
(nothing listed within our Construction Specifications).

Visual

visual/tactile

Left to contractor means and method for construction of shear keys
It is not MDOT standard practice to verify the surface roughness of concrete on a typical project.
No measurement

no testing specified

None of these is used.

Roughness not usually quantified other than visual observation.
Visual inspection.

Unsure, as this is not a standardized practice.

Visual inspection

Visually
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visual

Question 10 - How is the longitudinal reinforcement across the interface
typically detailed (refer to the figure below)? Select all that apply and, if
possible, estimate the percentage of projects for which each detail has

been specified.

20 20
15
13
11
10
8
6 6
| . . :
0 .
(a) straight (b) (c) (d) hairpins:  (e) headed ) Other, please
bars: 90-degree 180-degree bars: post-installed specify
hooks: hooks: anchors: below:

@® Choice Count

Question 10_Other

Other, please specify below: - Text

5% Mechanical Couplers when lap splices are not feasible
mechanical coupler

typically we use couplers for pier beams

0%

lap bars with threaded couplers

we are using 180 deg bars (not hairpins) that are full depth of the cap on one project and there is research
underway as well.

50
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combinations of the above

Question 11 - Please elaborate on the detailing of the interface
reinforcement if necessary. If possible, include information regarding
average bar diameter, bar spacing, and reinforcement ratio.

These numbers are very a rough estimate since we do not have a lot of experience in this area.

Reinforcement size and spacing depends on component type (generally larger bars for substructure, smaller bars
for superstructure).

For a widened cap, we typically dowel in a few bars at the interface (assumed hinge for design). For phased
construction, we typically extend the bars a lap length (for the smaller bars - #3 through #6), or far enough to weld
splice (larger bars - #9 or #11), then splice the next phase of reinforcement to the extensions. The smaller bars
are typically temperature reinforcing; the larger bars are the main flexural reinforcing. There is no typical spacing
or reinforcement ratio, except we try to use a maximum spacing of 12" and a minimum based on 5.10.3.

Per AASHTO

Typically an epoxy coated #6 bar is the minimum bar diameter used in substructures on MDOT projects. The
maximum spacing is 1'-6". For pier caps and integral abutments this spacing is often times considerably less than
the maximum, and varies based on project specific conditions.

For post-installed adhesive anchors MDOT's Standard Specifications for construction require a minimum
embedment of 12 times the bar diameter if reinforcing bars are used. For anchor rods or bolts a minimum
embedment of 9 times the bar diameter is required.

NA
rehabilitation projects involve use of post-installed anchors
formsavers

180 degree hooks are normally used in order to achieve development length more efficiently. #8 bars at 3" are
common.

See answer to first question.

As mentioned previously, we typically would have an open air gap in a wide or staged pier cap (not a cold joint).
But assuming we have a cold joint, | feel any but the headed or hairpin bar would be used. The choice would be
depended on the needed development and if it were new or rehab construction (rehab would be more likely to
use post installed anchors). But it would be taken on a project by project basis.

Typical practice is to use a lapped splice. For widening projects, if the existing structure cannot be removed to
incorporate a lapped splice, then anchors will be post-installed.
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These requirements are per the design and not standardized.
Provide development length beyond interface joint.

Designed in accordance with LRFD article 5.7.4.3 (interface shear / shear friction).

Question 12 - Have you had any constructability issues related to cold
joints?
No due to minimal use.

| am not aware of any issues.

Yes, honeycomb forming, especially in deep thin members (PT segmental bridge box girder) and integral
diaphragm (in steel | girder bridges).

Reduced available space created some field changes.

No

No, with the exception of potential for leakage depending on where the cold joint is located.
no

No significant issues. There have been instances where steel bulkheads have been used at construction joints
that were not braced properly and were displaced during concrete pours. This issue is usually not encountered.

none
not that I'm aware of...
congestion

Not so far

None to our knowledge other than some isolated issues of small voids along the joint interface due to poor
concrete consolidation.

Yes, didn't roughen to amplitude required in our specs. Located cold joint in wrong location.
Not to my knowledge, but again, they are not common practice.

| am not aware of any issues.

No. We do not use them often in caps and prefer to avoid them.

No
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Not aware of any issues.
No

Not that we are aware
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Appendix B. Wood Stand Drawings

The schematic of the wood stands for the small-scale and large-scale slant shear specimens
at an interface angle of 30° is presented in this appendix. Note, additional wood stands were
designed and constructed for the rest of the interface angle alternatives (40°, 45°, 60°) accordingly.
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Appendix C. Failure Modes of Slant Shear Tests

Failure mode photos for all the slant shear specimens are presented in this appendix.

1-40-2
Figure C.1 Failure modes of I-40

Figure C.2 Failure modes of I-45

227



1-50-1 1-50-2
Figure C.3 Failure modes of I-50

1-60-2
Figure C.4 Failure modes of I-60
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II-M-2
Figure C.5 Failure modes of II-M

II-NR-1 II-NR-2
Figure C.6 Failure modes of II-NR
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1I-R1-2
Figure C.7 Failure modes of lI-R1

II-R2-2
Figure C.8 Failure modes of II-R2
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III-H1-2 II-H1-3
Figure C.9 Failure modes of IlI-H1

I-H1-1

II-H2-1 1-H2-2 11-H2-3
Figure C.10 Failure modes of IlI-H2
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IV-1/6-1 IV-1/6-2 IV-1/6-3
Figure C.11 Failure modes of IV-1/6

IV-28-1 1V-28-2 IV-28-3
Figure C.12 Failure modes of IV-28
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IV-56-2
Figure C.13 Failure modes of IV-56

V-A2-2
Figure C.14 Failure modes of V-A2
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V-A3-2
Figure C.15 Failure modes of V-A3

VI-40-1 V1402
Figure C.16 Failure modes of VI-40
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V452 VI-45-3
Figure C.17 Failure modes of VI-45

VI-60-1 VI-60-2
Figure C.18 Failure modes of VI-60
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VII-30 VII-30-NR VII-45 VII-60
Figure C.19 Failure modes of Series VI
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Appendix D. Shear Force versus Slip Plots

The shear force-slip plots of the small-scale slant shear specimens governed by SS are
presented in this appendix.
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Figure D.1 Shear force versus slip plots for small-scale slant shear specimens governed by SS
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Appendix E. Test Data from Shear Friction Database

Normal and shear stress under peak load reported by previous research or determined from
the inclination of shear interface were listed in Table D.1. The interface roughness of each group
of specimens was also listed in Table D.1 for code validation.

Table E.1 Previous test results

Source Specimen R, (in.) o (ksi) 7 (ksi)
NSC-NSC-S 0.034 2.126  2.138
NSC-NSC-V  0.098 1.986 1.983
NSC-NSC-R1  0.165 1.635 1.643
NSC-NSC-R2  0.207 1.842  1.852
NSC-NSC-R3  0.224 1.867 1.877

NSC-25-V 0.098 1.331 1.321
Figueiredo et al. NSC-25-R2 0.207 1.443 1432
NSC-25-R3 0.224 1.517  1.505
NSC-50-S 0.034 1.184  1.220
NSC-75-S 0.034 1.030 1.004
NSC-75-V 0.098 1.062 1.034
NSC-100-S 0.034 0.915  0.947
NSC-100-V 0.098 0.949  0.982

L28LAC 0.01 0.380  0.658

L28WB 0.038 0.435  0.753

L28SAB 0.048 0.673  1.165

L56LAC 0.01 0.378  0.654

L56WB 0.038 0.565  0.979

Santos & Julio L56SAB 0.048 0.703  1.217
L84WB 0.038 0.745  1.290

E28LAC 0.01 0.318  0.550

E56WB 0.038 0.365 0.632

EB4LAC 0.01 0.503  0.870

E84WB 0.038 0.520  0.901

Diab et al. 3mm 0.12 0.980  1.697
6mm 0.24 1.206  2.089

HSMSST-1 0.59 0.963  1.668
HSMSST-2 0.59 1.022  1.769
HSMSST-3 0.59 0938  1.624
WMSST-1 0.20 1.013  1.755
WMSST-2 0.20 0913  1.581
WMSST-3 0.20 0.955  1.653
SL30R1A1S 0.12 1.072  1.858
SL30R2A1S 0.24 1.259  2.181
SL30R1A2S 0.12 1.212  2.100
SL30R2A2S 0.24 1.278 2213
R, = amplitude of roughness

o = normal stress acting on the interface

T = shear stress acting on the interface

Saldanha et al.

Hu et al.
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Appendix F. Photographs of Drilled-Shaft Footing
Specimen at Different Load Steps

(a) 0 kips

(b) 200 kips

(c) 400 kips
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(d) 600 kips

(e) 800 kips

() 1000 kips
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(g) 1200 kips

(h) 1400 kips

(i) 1600 kips
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(i) 1800 kips

(k) 2000 kips

(I) 2200 kips
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(m) 2400 kips

(n) Failure

Figure F.1 North side face of DSF1 at each load step

(a) 0 kips
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(e) 800 kips

(h) 1400 kips
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250



(I) 2200 kips

(n) Failure

Figure F.2 East side face of DSF1 at each load step

(a) O kips
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(e) 800 kips

(h) 1400 kips
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(i) 1600 kips

(k) 2000 kips

(I) 2200 kips
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(m) 2400 kips

(n) Failure

Figure F.3 West side face of DSF1 at each load step
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Appendix G.Design Example

A design example for Specimen II1-1.85-00-V from the deep beam experimental program
is presented in this appendix. The specimen was designed with an a/d ratio of 1.85 and included
0.3% horizontal and vertical web reinforcement throughout the testing region. A vertical cold joint
with no intersecting reinforcement was located at the mid-span of the testing region. The detail
design diagram and calculation are presented below.
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Deep Beam Design Example

111-1.85-00-V
L
A all by,
Cold Joint ~ ]
‘ _1.10.5a a
Compressive
0 - AN Reinforcement J
cj ~ N
d Strut Region \ 1 CCC Node
9 Vertical Web 4
Reinforcement d |h
g
g
P - Horizontal Web |
'\, o Reinforcement
w,
i [7 { N CSbL*E ........... |
\\ CCT Node 4 ™ Tie °r X Tensile

| v

SECTION A-A

Specimen Dimensions

b,:=21 in
h:=42 in
c.:=1.51n
sp:=1.5 in
dyi=1.41 in
dy/:==1.41 in
dy,:=0.625 in
dy;,=0.625 in
8,:=9.5 1n
8,:=9.5 in
A,:=18.72 in’
A/:=9.36 in”
A, :=0.31 in’
A, :=0.31 in”
a,:=71in
L:=256 in
b;:=21 in
b,:=21 in
[;:=20 in
l,:=16 in

S
d::h—(cc+dbl+ 2"):38.34 in

Qa
Y =1.852
d

Width of the beam

Height of the beam

Bottom and top clear cover

Clear spacing between two layers of longitudinal bars
Diameter of tensile reinforcement

Diameter of compressive reinforcement
Diameter of vertical web reinforcement
Diameter of horizontal web reinforcement
Spacing between vertical web reinforcement
Spacing between horizontal web reinforcement
Area of tensile reinforcement

Area of compressive reinforcement

Area per vertical web reinforcement

Area per horizontal web reinforcement

Shear span of the beam

Distance between supports

width of the loading plate

width of the supporting plate

Length of the loading plate

Length of the supporting plate

Effective depth of the beam

Shear-span-to-effective-depth ratio

257
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Deep Beam Design Example

Material Properties

f.:=4.598 ksi Compressive strength of concrete

Jyu=70.95 ksi Yielding strength of tensile reinforcement

fyl' :=70.95 ksi Yielding strength of compressive reinforcement
fyv :=69.08 ksi Yielding strength of vertical web reinforcement
fyh :=69.08 ksi Yielding strength of horizontal web reinforcement

Strut-and-Tie Model

(L—a,)
o= I =0.723 Ratio of near end reaction to applied load

A fi—ASf)/
a:= < 5 fyl s fyl > =8.091 in Back face length of CCC node

0.85+f. b,
iy
0:=atan =25.781 ° Angle between strut and tie
a'U

0.;:=90 °—60=64.219 ° Angle between strut and cold joint
wpi=2e (h— d) =7.32 in Back face length of CCT node
Weeo=ael;+sin (9) +a-cos (9) =13.572 in Length of strut-to-node interface for CCC node
weeri=lg+sin(6) +w,-cos(0)=13.55 in Length of strut-to-node interface for CCT node

|

Ultimate Capacity

Ultimate capacity by tie yielding

T:=Ag-f,,=1328 kip Tie yielding capacity (AASHTO 5.8.2.4.1-1)
R, :=T-tan (9) =642 kip Near end reaction at tie yielding
R
P,.,= ' =888 kip Applied load at tie yielding
o
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Deep Beam Design Example

CCC Node
-Bearing face
m:=1
v:=0.85
fewp=m-v-f./=3.908 ksi
Fcufb ::fcufb Qe ll * bl =1186 k']’p

F
Pb?CCC = Cau_b = 1641 kip

-Back face
m=1 v=0.85
fcuibk::m°’l)°fclz3.908 ksi
Fcufbk::fcufbk°a°bw+As/'fyl/: 1328 k’lp

Py, ccci=F ey pi tan (0) =641.538 kip

CCT Node
-Bearing face
m=1 v:=0.7
fewp=m-v-f./=3.219 ksi

Fcufb ::fcufb * l.s ¢ bs: 1081 k’bp

F
Py cori= Z—" = 1496 kip

-Strut-to-node Interface

m=1 v:=0.85— Je - =0.62
ksi

fonii=mev-f.'=2.851 ksi

Fsm':: sni'wCCT'bw:811 k’bp
sin (9)
(8

PsnifCCT::Fsm" =438 kZp

Confinement modificaiton factor (AASHTO Eq. 5.6.5-3)
Concrete efficiency factor (AASHTO Table 5.8.2.5.3a-1)
Limiting compressive stress (AASHTO Eq. 5.8.2.5.3a-1)
Node face capacity (AASHTO Egq. 5.8.2.5.1-1)

Applied load corresponding to node face capacity

-Strut-to-node interface

m=1
2.4 2.4
ppi= U=0.003 pyi=  =0.003
Sv'bw f , Sh* Oy
v:=0.85— "¢  =0.62

ksi

fanii=mev-f.'=2.851 ksi
Fsm':: sni'wCCC°bw:813 kZp

1 (6 .
P ccoi=Fop; sin(6) =489 kip
- a
-Back face

few pei=mev-f,/=3.219 ksi
Fcufbk::fcufbk°wt'bw +A5'fyl: 1823 k’&p

Py, cori=F, p,+ tan(0)=880.517 kip

Psra=min (Py,_ccoPui_coosPsni.cocsPocorsPocor s Psni cor) =488 kip

STM capacity governed by strut-to-node interface at CCC node
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Deep Beam Design Example

| -
i . Fp
E CCC Node |
E Strut Region E
\» Cold Joint i i
\\ !
CCT Node Tie
Cold Joint Properties
R,:=0 in Interface roughening amplitude
ps:=0 Cold joint reinforcement ratio
L.:=66 in Strut length
L ;=35 n Distance from the cold joint to the CCT node
Avf :=0 in’ Area of reinforcement crossing the effective area
fvy :=69.08 ksi Yielding strength of reinforcement crossing the effective area
Forces acting on the cold joint
V,:=F-cos <9cj> Shear force acting on the cold joint
N;:=F+sin <90j> Normal force acting on the cold joint
Effective Area
L,
Weer — <wCCT - wccc> .
Weppi= . /) ~15.061 in Length of the effective area
sin <Ocj>
Agppi=Wepp b, =316 in? Effective area
c:=0.075 kst n:=0.6 Coefficients for interface shear calculation
K,:=0.2 K,:=0.8 ksi (AASHTO LRFD Article 5.7.4.4)

Veppr=min <c “Agpptpe <Avf-fvy +Ni> Ko f  App Ko 'Aeff> Shear resistance of the effective area
(AASHTO LRFD Article 5.7.4.3)
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Deep Beam Design Example

Effective Restraint by the Adjacent Regions

)
}1 Vr1
N;
=

P
|~ Verr

7~
F,
{—>
Case 1

|
‘ Vg2
. 1-
_ 7~ Veff
F,
=
Case 2

- Case 1: shear capacity of cold joint on the compression side

wp =13 in

Api=wp, *b,=273 in’
A p =0 in’
fyr1:=69.08 ksi

Length of the adjacent region

Area of the adjacent region

Reinforcement area in the adjacent region

Yielding strength of reinforcement in the adjacent region

(No reinforcement intersecting the adjacent region in this case)

CR::0-075 ks’l: I‘I’R::O'G

K,:=0.2 K,:=

0.8 kst

Coefficients for interface shear calulation of the adjacent region

Vg =min <CR'AR1 +HUR" (Aum‘ yR1> ’Kl'fcl'ARl’K2°AR1> =20.475 kip

- Case 2: restraint from the separation of strut

Nypr2 = 4

A poi=Nype+ Ay, =1.24 in’

VRQ::Asz' y,U:85.659 k:'l:p

Vgi=min (Vg ,Vpy) =20.475 kip

Vni = Veff + VR

Number of reinforcement intersecting the separated strut

Total area of reinforcement intersecting the separated strut
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Deep Beam Design Example

Ultimate capacity by cold joint failure
Iterate P,; until V,=V,,
when  P,;:=379 kip
= :nl(j;]) =630 kip

V,:=F-cos <96j> =274 kip
N;:=Fsin (6,;) =567 kip
Vepp=min (ceAgpptpie (Aype foy +N;) Ky o f/ e A, Ky A ) = 253.027 kip
V,ii=Vep+ V=274 kip
if (V,;>V;, “OK”, “NG”) = “NG”

Py i=min (P,;,Psry) =379 kip Failure governed by the cold joint capacity

Vg =aP, ;=274 kip Shear capacity of the beam
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