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Abstract

Prestressed concrete is a versatile construction material that enables the realization of
many modern buildings and civil structures by placing the tensile stressed areas of the concrete
under compression and is commonly used in structures which require long spans. This
compensates for the low tensile strength of concrete through targeted imposed internal stresses,
creating internal force variables that counteract external loads and constraint stresses. This
work focuses on a particular type of tensioned concrete technique, pre-tensioning, where the
prestressing tendons are tensioned prior to casting the concrete and no anchorage device is used,
as the prestressing forces are transferred solely through bonding. Pre-tensioning is commonly
used in precast elements, including girders, hollow-core planks, crossties, and concrete poles.
The combination of pre-tensioning and post-tensioning techniques offer improved structural
performance and construction freedom. However, despite its long history, describing the
transfer of prestressing force, dimensioning the anchorage zone, and quality monitoring
remains challenging. Moreover, failure mechanisms of pre-tensioned concrete members can be
complex, and apart from typical RC member failure such as flexural or shear, pretensioned
member failure can also include Bond Failure: in which if the adhesion between tendon and
concrete is inadequate a decrease in load-carrying capacity along with loss of prestressing can
occur. Additionally, Splitting Failure can occur if excessive pre-stressing is applied or poor
detailing techniques are applied during construction which limit the load bearing capacity of
surrounding concrete and can cause cracking along the length of the pre-tensioned member.
This work aims to address these challenges by summarizing the current state of pre-tensioning
and post-tensioning anchorage, presenting experimental and numerical investigations into

individual material parameters and overall bond performance.

Initially, an extensive literature review is performed to identify the basic characteristics
surrounding bond behavior of smooth plain bars and ribbed bars or strands in concrete or
concrete-like materials such as grouting mortar. The bond between reinforcing bars and
concrete in reinforced concrete structures consists of adhesion, friction, and mechanical
anchorage. Adhesion occurs due to concrete hardening and depends on the surface conditions
of the steel and properties of the cement paste, but it has minor importance as it fails at small

displacements. Friction is based on forces in the contact zone, induced by external loads and



concrete characteristics, and it provides additional bond. Mechanical anchorage, dominant in
ribbed bars or strands, involves the interlock between steel ribs and surrounding concrete,
restricting relative displacement. The degree of mechanical anchorage depends on the
deformation behavior and shear capacity of the bonding joint. In pre-tensioning, adhesion,
friction, and the Poisson effect play crucial roles in transferring prestress, while the flexural
bond length experiences reduced lateral pressure. Design models like Eurocode 2 and Model
Code 2010, ACI, AASHTO, Japan road association provide formulas to calculate bond stress,

transmission length, and flexural bond length based on concrete and tendon properties.

In the next step, material properties for prestressing tendons commonly used in Japanese
infrastructure were obtained through extensive experimental program. Johnson-Cook (JC)
constitutive model parameters were proposed to be used in commercial FEA software and good
accuracy was achieved when replicating the experimental program in numerical simulations.
The JC damage model was rigorously tested by replicating the experimental tests and
considering various factors such as stress-strain data and its accuracy was confirmed through
Digital Image Correlation (DIC) analysis. The model demonstrated superior performance in
predicting the experimental data with minimal effort compared to other analytical models.
However, accurate calibration of model parameters requires extensive numerical data from
multiple experimental cases. Although there were minor discrepancies between the FE
simulation and experimental results, the model accurately predicted the effects of strain
concentration and geometrical deformation, including necking. Based on the research findings,
the proposed procedure can be applied to accurately predict the fracture behavior of the tested

material for analyzing post-tensioned concrete members.

Finally, an experimental investigation was conducted to analyze the bond performance and
degradation of plain smooth bars embedded in normal and ultra-high strength grouting mortar.
The experiments involved static pullout rates, as well as dynamic rates. The aim was to
determine material parameters for use in FE modeling and propose an analytical bond
constitutive model. The proposed model demonstrated good agreement with experimental
results and was further verified using material data from other researchers, showing its
applicability for different material strengths, smooth bar diameters, and pullout rates.
Successful replication of experimental results in FEM simulations required accurate definition

of material parameters and interaction parameters between the grouting mortar and smooth bar.



The proposed model accurately simulated bond degradation, as well as the effects of bar

deformation and their impact on frictional stress and strain distribution at various pullout stages.

By utilizing the findings of this research, researchers can simulate the development and
degradation of bond in brittle materials like concrete or grouting mortar when interacting with
stiffer materials such as steel. This can be achieved by considering fundamental material
parameters like cohesion, friction, confinement stress, and debonding rates, without the need

for extensive experimental procedures.
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Chapter 1

Introduction

1.1. Motivation

Prestressed concrete is a versatile construction material without which many modern
buildings and civil structures would not be realizable. The basic principle of prestressed
concrete is to place the tensile stressed areas of the concrete cross-section under compression
and thus compensate for the low tensile strength of the concrete. This is done by targeted
impressed internal stresses; the anchor forces and deviation forces of the prestressing process
create internal force variables in the system, which counteract external loads and constraint
stresses. Instead of increasing the amount of reinforcement, which is customary in reinforced
concrete structures, specific stress states are generated to compensate for the frequent moment
forces in girders. Essentially, longitudinal compressive stresses, which may have a favorable

effect on the construction material concrete, remain.

Depending on the chosen system and method of construction, various methods can be
employed to achieve the prestressing and are separated into external prestressing and internal.
The prior solution typically consists of post-tensioned and unbonded systems whereas the later
solution involved bonded or unbonded post-tensioning and pre-tensioning. The focus of this
work is exclusively on the pre-tensioned members. In contrast to post-tensioning, with pre-
tensioning, the prestressing tendons are tensioned in a prestressing bed prior to the concrete
being cast. After the concrete is cast and hardened, the pre-tensioning is released and
transferred from the tendon into the concrete. Here, no anchorage device is used; solely, a bond
transfers the prestressing forces. For this reason, the design must consider not only the moment
and shear carrying capacity of the pre-tensioned component, but also the bond anchorage must
be guaranteed to prevent a premature fracture. To investigate the bond fracture between tendon
bars and surrounding mortar, it was deemed necessary to make pretensioning using smooth

bars the focus of this research since in case of using deformed tensioning bars of strands, the

1-1
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effects of mechanical interlocking become dominant and the influence of adhesion and friction

at the interface becomes of secondary importance.(Kurihara et al., 2022)

Today, pre-tensioning is a common fabrication technique for precast elements. More than
80% of the global prestressing steel production is used in prefabricated concrete elements.
Common applications include girders with spans up to 75 m, hollow-core planks, crossties, and
concrete poles made of spun concrete. As the tendons of pre-tensioned concrete elements
typically form straight lines between the anchorages, harping points can be used to achieve a
more favorable profile of the pre-tensioned tendons. Furthermore, the combination of pre-
tensioning and post-tensioning is an interesting application. For instance, pre-tensioned single-
span girders can be joined by post-tensioning to a continuous beam, which improves the
structural effect. Pre-tensioning anchorage can also be used in innovative applications such as

butterfly web structures and concrete anchorages made of ultra-high-performance concrete.

Although pre-tensioning anchorage has been successfully used for over 75 years, it is still
not possible to describe the transfer of the prestressing force, the related dimensioning of this
zone, and the quality monitoring in a simple and realistic manner. To achieve this goal initially
the state of the art on pre-tensioning and post-tensioning anchorage is summarized in Chapter
2. Furthermore, in this work in order to provide a deeper understanding of the mechanics
involving transferring of prestressing force extensive experimental and finite element modeling
(FEM) scheme is presented in Chapter 3 which was aimed at obtaining material parameters of
precast concrete (PC) tendons commonly used in Japanese infrastructure. In Chapter 4 bond
performance and degradation was investigated from an experimental and numerical aspect for

smooth bars embedded in grouting mortar.

1.2. Thesis scope and objectives

In this research two separate analytical models are proposed:

e The first one is used to evaluate the dynamic fracture mechanics of PC tendons.
Parameters for combined Johnson-Cook flow stress-strain and damage model are
proposed to be used in both analytical and numerical setting, accounting for
dynamic strain rate effects as well as the effect of different triaxialities on stress

concentration.



Introduction 1-3

e For the second analytical constitutive bond model, a methodology is proposed for
PC-Tendons embedded into concrete-like materials that accounts for dynamic
loading rate effects, embedment material strength, bar diameter. The proposed
model consists of shear stress-slip prediction for both bond development and

degradation.
The finding of this research work are limited to:
e Pretensioned members using tendons grouted along their whole length.

e The PC-tendon must be directly bonded to the surround material without the
introduction or additional sheathing or if it introduced then perfect bond between

the sheath and surround material is assumed.

1.3. Thesis outline

Chapter 1 presents the main motivation of this study, problem statement and brief introduction
of steps taken to approach solving the stated problems along with the objectives and scope of

this work.

Chapter 2 outlines the state of the art on pre-tensioning anchorage. Thus, the bond mechanisms
for pre-tensioning anchorage are examined, the current design models as well as the most
common testing setups are presented, and the compilation of constitutive laws is explained.
Additionally, notable experimental effort that was performed in order to investigate the bond

in both pretensioned and post-tensioned application in past few decades is presented.

Chapter 3 investigates the calculation of Johnson-Cook model and damage parameters of high-
strength steel material through quasistatic and dynamic uniaxial tests. Finite element analysis
was used to replicate of the experimental procedure and though dynamic image correlation
analysis the numerical results accuracy was verified. In this investigation it was found that JC
model can accurately replicate deformation and stress concentration under different strain rate
and triaxiality conditions and thus be used for fracture analysis of prestressed concrete

members.
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Chapter 4 focuses on proposing a bond stress-slip constitutive model for smooth bars embedded
in grouting mortar or concrete-like brittle materials based on analytical approach which
presents the effects of material cohesion and the influence of relative friction between steel and
concrete. The constitutive model also accounts for pullout rate effects, embedded bar size
diameter, as well as the influence of lateral pressure. Required material parameters were
obtained through extensive experimental work and the accuracy and applicability of the
proposed model was confirmed though FEM analysis as well as comparison with other

researcher’s work available in literature.

Chapter 5 summarized the results from this thesis, conclusions are listed and some

recommendations for further studies are shown in this section.



Chapter 2

State of the art

2.1. Bond mechanisms

2.1.1. Bond of reinforcing bars

In reinforced concrete structures, the bonding resistance between steel and concrete
comprises three components: adhesion, friction, and mechanical anchorage. These components
work together based on loading and surface conditions, either simultaneously or successively.
Adhesion and capillary forces occur in the contact zone between concrete and steel, and this
bond is formed due to the concrete hardening. The quality of adhesion depends on the surface
conditions of the steel and the properties of the hardened cement paste. However, adhesion is
of minor importance as it fails even at small relative displacements, and friction comes into

effect as an additional bond mechanism.

Friction is based on forces in the contact zone and requires force components acting
perpendicularly to the contact surface. External loads, swelling or shrinkage of the concrete
induce lateral pressure, and factors such as roughness of the steel surface and the concrete
composition determine the amount of friction. Jamming of detached cement grains and
irregularities in the steel cross-section can further increase the lateral pressure. Furthermore, it

is correlated with the displacement between the concrete and prestressing tendon.

In ribbed bars, mechanical anchorage or shearing bond is the dominant bond mechanism,
where the ribs of the steel bars form a mechanical interlock between the steel surface and
surrounding concrete, allowing improved anchorage of the bar in the concrete and restricting
the relative displacement of the elements. To activate mechanical anchorage, relative
displacement between steel and concrete and internal cracking in the concrete are required. The
mechanical interlock can occur through special design or natural roughness of the steel surface

and forces are transferred from the inclined rib flanks to the surrounding concrete (Figure 1).

2-1
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Splitting 7"
crack N

N+AN
Figure 1 Schematic view of the load transfer via mechanical anchorage

The mechanical anchorage degree is significantly influenced by the deformation behavior
and shear capacity of the concrete mortar in the bonding joint. Shearing off the concrete corbels
between the ribs requires substantial forces thus the load carrying capacity and failure mode

are determined by the stress state that develops in the mortar corbel (Figure 2).

Steel Steel
bar bar

; F
F,

Tension trajectories
— = Pressure trajectories

Figure 2 Stress trajectories and fracture path with small (left) and large (right) rib spacing.

High-pressure local stresses load the ribs, creating a circular tensile stress condition in the
concrete. If the spatial tensile stresses exceed the tensile strength of the concrete, longitudinal
cracks form. The likelihood of longitudinal cracking increases with the bond strength since the
forces must be transferred within a shorter transmission length. A minimum concrete cover

must be ensured to prevent sudden longitudinal cracks. (Martin & Noakowski, 1981)
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2.1.2.  Bond in pre-tensioning

When characterizing bond behavior in pre-tensioning anchorage, it's crucial to
differentiate between two situations: transferring prestress in the transmission length and
anchoring the tendon tensile force due to external loads in the flexural bond length. These two
situations can also be referred to as "push-in" and "pull-out" situations, respectively. In the
push-in situation, the tendon shortens in the longitudinal direction and expands in the transverse
direction due to the release of the prestressing, which occurs in the transmission length. On the
other hand, in the pull-out situation, which occurs in the flexural bond length, the tendons are
pulled and contracted due to an increasing tendon stress in the bending crack. Additionally, it's
important to differentiate between strands and indented wires as bond mechanisms in pre-

tensioning (Den Uijl, 1992).

The bonding mechanisms of pre-stressing strands differ from those of conventional ribbed
bars that rely mainly on shear forces between the concrete and ribs. In pre-tensioning, adhesion
and friction establish the bond for strands. Lateral stresses between the tendon and concrete are
required to generate frictional forces. During the "push-in" stage of the transmission zone, the
tendon tries to return to its unstressed state when the prestressing is released in the prestressing
bed. However, the hardened concrete resists this expansion, resulting in lateral pressure. This
phenomenon, commonly known as the Poisson effect or wedge action, governs the strength of

the bond for the strands (Figure 3).

Figure 3 The Poisson effect

The radial stresses also lead to tensile stresses in the surrounding concrete. If these stresses
exceed the tensile strength, longitudinal cracks arise in the anchorage zone, and the Poisson
effect disappears. For this reason, a sufficient concrete quality and concrete cover must be
maintained, and lateral reinforcement may need to be applied accordingly(Ruhnau & Kupfer,

1977).
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The model by Nitch (Nitsch & Hegger, 2001) describes the bond forces in transmission
length. According to that model the bond strength of tendons in pre-tensioning can be divided

into three parts:

¢ A constant part caused by basic friction, also called the rigid-plastic bond behavior.

¢ A stress-dependent part, which is based on the Poisson effect and increases with the degree
of prestressing.

e A slip-dependent part, which is independent of prestressing. For strands, this effect can be
explained by the “lack of fit” resulting from the geometry of the strands, which is not
completely uniform. For indented wires, the influence of the mechanical locking by the
profiling is crucial.
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Figure 4 Transfer of prestressing

The aforementioned model explains the transfer of prestress in pre-tensioning, as shown
in Figure 4. The figure demonstrates the variations in bond stress, tendon slip, lateral pressure,
and transferred prestressing force along the transmission length. As the prestressing force of
the tendon decreases, both the lateral pressure and slip decrease along the transmission length,
which must be transferred to the concrete. Near the end face of the concrete girder (Figure 4a),
the high lateral pressure between the steel and concrete is required to transfer almost the full
prestressing force, activating all three bond components. As the transmission length progresses,
the prestressing of the concrete increases, and the stress that must be transferred decreases
(Figure 4b). At the end of the transmission length (Figure 4c), the bond primarily relies on the
base value, and the lateral stresses and slip are small. Beyond the transmission length (Figure

4d), neither bond nor lateral stresses nor slip occur due to prestressing.
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The pre-tensioning anchorage requires consideration not only of the bond behavior in the
transmission length but also in the flexural bond length, which corresponds to the "pull-out"
loading applications. The same bond mechanisms apply in both lengths, but the additional
tensile force in the tendon causes a decrease in the cross-sectional area of the prestressing steel.
This leads to a reversal of the Poisson effect, reducing the lateral pressure and resulting in a

significantly lower bond stress in the flexural bond length.

A qualitative schematic in Figure 5 illustrates the bond stress, tendon slip, and tendon
tension that must be transferred throughout the anchoring area, including both the transmission
length (1,,;) and the flexural bond length (l5) for anchoring the tendon tension at the ultimate
limit state. It is unclear whether the bond strength in the flexural bond length is at its maximum
adjacent to the crack or if it decreases towards the crack (Figure 5, left). This is because the
slip-dependent part of the bond strength increases when the tendon is pulled, while the
"negative" Poisson effect causes a significant reduction in the bond strength within the flexural

bond length.

The combination of the transmission length and the flexural bond length can compromise
the secure anchorage of prestressed tendons in concrete, potentially leading to anchorage
failure (Janney, 1954). This can result from an increase in flexural tensile force that must be
anchored due to bending cracks being too close to the end of the element, causing a loss of
equilibrium between the tendon and concrete forces. Fortunately, in practice, anchorage failure
is rare in pre-tensioned components. Bond failure, which usually precedes a flexural failure,
tends to be gradual and ductile, but it may also lead to a sudden shear failure. Therefore, careful

planning of the anchorage area and including adequate safety margins in the design are crucial.
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Figure 5 Qualitative progression of bond stress (left), tendon slip (center) and tendon tensile force that
is transferred to the anchorage area of pre-tensioned elements (right).



State of the art 2-6

2.2. Engineering design concepts
2.2.1.  Eurocode 2

The anchorage length design models currently in use rely on an idealized bilinear
relationship between steel stress and distance from the free end of the strand (Figure 6),
assuming a constant bond stress in both the transmission length and flexural bond length. While
this does not reflect actual bond mechanisms, it has been shown by (Marti-Vargas et al., 2007)

that the simplification is acceptable and doesn't deviate significantly from actual measurements.

Design concepts can be divided into two groups: those based on a mechanical model,
where the transferable tendon force per prestressing steel surface area is used to calculate force
equilibrium for both the transmission length and flexural bond length, and those that rely on
empirically determined factors. The former group includes Eurocode 2 (CEN, 2004) (EC2) and
Model Code 2010 (“Fib Model Code for Concrete Structures 2010,” 2013) (MC10), while the
latter includes ACI 318 (American Concrete Institute ACI, n.d.) (ACI), AASHTO (AASHTO,
2015), Japan Road Association (Japan Road Association, 1981) and many models based on
them, which are generally non-unit conforming. Design formulas also differ in the factors they
consider, for instance, while the influence of concrete strength on bond strength has been

affirmed by various test series, ACI 318 and AASHTO do not take it into account.

Eurocode 2 calculates first the constant bond stress fp,,; in the transmission length and

therefore the design value for the concrete tensile strength f,;;, (t) at the time of release must

be determined:

feen(@®) = ace = 0.7 [Bec(D]F - feem/ Ve (1)
where  a Coefficient that includes the long-term effects on the concrete
tensile strength and unfavorable effects resulting from the way
the load is applied
[Bec(D)]* Coefficient that depends on the age of the concrete
fetm Tensile strength of concrete (mean value)
Ve Partial safety factor for concrete

The constant bond stress (fy,.) for the transmission length is calculated with the design
value of the concrete tensile strength f;p (t) at the time of release:

fopt =Mp1 M1 feen(D) (2)

where Np1 Coefficient that considers the type of tendon and the bond situation
at release
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M1 Value that it is based on the bond conditions

The value of transmission length 1,,; is given by:

lpt =a;-a; ¢ O'pmo/fbpt (3)
where a; Coefficient that considers the type of release (sudden or gradual)
as Coefficient that is based on the type of tendon (strand or wire)
) Nominal diameter of tendon
Tpmo Tendon stress just after release of the prestressing

Depending on the design situation (anchorage or transverse stress), the design value of the
transmission length should be taken as the less favorable of two values, in order to involve the
variations of the bond strength:

lLyt1 0.8 - l,; (for transverse stress)
Lotz 1.2 - I,,; (for anchorage) 4)

As long as the anchorage length remains uncracked, and the concrete tensile stress is less
than f ¢ 0.05 N0 anchorage check in the ultimate limit state is necessary. If the concrete tensile
stress exceeds fix 0.05, flexural cracking occurs. Hence, the additional tendon stress requires a
flexural bond length to anchor adequately in the concrete. In this case, the value of the constant
bond stress (f,pq) in the flexural bond length, which is assessed to be approximately half of

the value in the transmission length, is calculated as follows:

fopa =Mp2 N1 fea (5)
where No2 Coefficient that considers the type of tendon and the bond condition
at the anchorage
M1 Value that it is based on the bond conditions
feta Design value of concrete tensile strength (Equation 2-1)

The total anchorage length [}, for anchoring a tendon with stress g,4 is the sum of the
transmission length and the flexural bond length. The flexural bond length is determined with
the difference between the maximal tendon stress 0,4 and the tendon stress after all losses

0pm . Thus, the anchorage length is:
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lbpd = lptZ taz ¢ (apd —Opm m)/fbpd (6)
where Lotz Upper design value for the transmission length (Equation 2-4)
a, Coefficient that considers the type of tendon (strand or wire)

fopa Constant bond stress in flexural bond length

2.2.2. Model Code 2010

In Model Code 2010 (MC10), the value of the bond strength for prestressing tendons (fppq) is

determined as in EC2 by the concrete tensile strength (f,;4). However, MC10 uses only one term
for the bond strength to determine both the transmission length and the flexural bond length. A

distinction must be made in both cases only in the concrete tensile strength, which is dependent on

the age of concrete:

[opa =Mp1 " Np2 * feta (7)
where 7, Coefficient that considers the type of prestressing tendon
Np2 Coefficient that considers the position of the tendon
feta Lower design value for the concrete tensile strength

The development of the concrete tensile strength with time is the same as in EC2, with the
factor S..(t) (Eq. (1)). The main difference between the design concepts of MC10 and EC2 is
the basic anchorage length [;,,, which can be considered as the length required to anchor a non-

pre-tensioned tendon. This value is used in MC10 to determine the transmission length and the

flexural bond length.

_ Ap [pa ()
pp = —- =
P o f bpd
where Ap Cross-sectional area of the tendon
fpa Design strength of the tendon

The transmission length [,,; is calculated from the basic anchorage length [, and the

quotient of the steel stress just after release 0y, and the design tendon strength f,4.

lpt =0y " Upz " Apz - (apmo/fpd) ' lbp )
where Ap1 Coefficient that considers the type of release (sudden or gradual
release)

Coefficient that considers the action effect to be verified (anchorage

Ap2
length or transverse stress)
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Coefficient that considers the influence of the bond situation (strand
and indented or crimped wires)

A3

The coefficient a,, defines an upper bound and a lower bound value for the transmission
length. The ratio of the upper and the lower bound level is 2.0 in MCI10, since several
investigations indicate values in the range of 1.5-1.9. The parameter a3 = 0.5 for strands
indicates that the bond strength in the transmission length is twice the value of the basic
anchorage length. For indented and crimped wires, the ratio between the bond stresses in the
transmission length and the flexural bond length is smaller (a,3; = 0.7) because it is assumed
that the ratio for strands is higher as they are smoother. As in EC2 the design anchorage length
in MC10 is calculated by adding the flexural bond length (resulting from the additional tendon
stress due to external loading) to the transmission length. Therefore, a ratio value for Equation 8 is

calculated:

223. ACI318

The ACI 318 (ACI) utilizes a bilinear bond stress curve for the anchorage design of
prestressing tendons. In comparison to MC10 and EC2, ACI has a simpler design process. The
equations below are adjusted to metric units. The original equations are noted in curly brackets.
The transmission length is calculated directly from the strand diameter ¢ and the tendon stress
0,m, without taking into account either the bond stress or the concrete strength. The tendon
stress used is the stress immediately after the release of prestressing, subtracted by all stress
losses. However, some experts argue that the use of the tendon stress immediately after release
Ompo 18 more suitable since the transmission length is established at the release of
prestress.(Mitchell et al., 1993; Shahawy et al., 1992; Zia & Mostafa, 1977)

bpe =226 L,y =50 ¢ (10)

The flexural bond length is calculated with the product of the additional tendon force and

the strands diameter. Thus, the formula for the anchorage length becomes:
lpa = lpt%' (0pa — Opm>) - b (4
It becomes apparent that the bond strength in ACI is three times higher in the transmission

length than in the flexural bond length. The formula for the anchorage length of strands has
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been used in ACI since 1963. It is based on the results of Hanson and Kaar et al.(Hanson &

Kaar, 1959). Regulations for the tendon spacing are also provided by ACI.

2.2.4. AASHTO

In the AASHTO LRFD bridge design specifications the formula for the transmission

length depends only on the strand’s diameter:

L =60 ¢ (12)

The formula for the anchorage length is:

2
lbpd =0.145 k- (apd - §Upm00) ' (l) (13)

Where k is a factor used to incorporate the depth of pre-tensioned members.

Although AASHTO also uses a bilinear model to describe the anchorage length, the
formula does not allow a comparison of the bond stresses of transmission length and flexural
bond length. The formulas of AASHTO have the same origin as the formulas of ACI. The
modification with factor k is based on the results of Buckner and Lane et al.(Buckner, 1995;
Lane & Rekenthaler, 1998). ASHTO also regulates the minimum spacing of prestressing

tendons.

2.2.5. Japan road association: Specifications for highway bridges

In the case of pretensioned members, prestressing steel is bonded with the concrete through
an anchor-type action. Although specific requirements or equations are not given to calculate

the anchorage length it is taken for ¢p < 15.2mm as:

L,y =65"¢ (14)
2.2.6.  Pullout setup for pre-tensioning anchorage investigation

In Chapter 4 of this work an experimental pullout procedure is used to obtain shear bond-
stress slip curves between grouting mortar and smooth bars. The procedure followed a modified
version of the RILEM pullout test RC6 (Logan, 1997). Modification details and experimental

investigation details are presented in Chapter 4. According to the original specifications the
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specimen of the pull-out test is a concrete cube with feed size of ten times the reinforcing rod
diameter (15 — 20¢) or minimal size of 200 mm. The reinforcing bar is positioned in the center
of the specimen. To ensure a defined bonded length of 5¢, the bond between the reinforcing
bar and the concrete is interrupted on one side of the specimen by a plastic pipe (Figure 6). In
some cases, shorter bond lengths are also used. The reason for the short embedment length is
the nonuniform distribution of the bond stresses along the embedment length, which increases
with the bonded length. Hence, the embedment length shall be as short as possible to obtain

the presumed constant bond stress-slip relation.

The pullout tests is performed in a stress-controlled manner and maintains a constant
loading rate. During the testing procedure the pull-out force and the slip of the reinforcing bar
are measured continuously. For the analysis of the tests, bond stress-slip diagrams are plotted.

Therefore, the mean bond stress 7, is calculated as follows:

__ Py (15)
B - ¢ ' lb
where P,  Pull-out force

Iy Bond length

¢ Nominal reinforcing bar diameter
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Figure 6 RILEM pullout experiment arrangement



Chapter 3

Determination of Johnson-Cook Material and Failure

Model Constants for Tendon Steel

3.1. Theoretical and experimental background of high strength steel
tendons

A thorough understanding of the damage and deformation caused in high-strength steel
tendons is crucial for accurately assessing the condition of tensioned concrete members. It is
essential for the tendons to remain elastic or well within their serviceability limits during
regular operation. However, there have been reports of damage to tensioned members of bridge
girders due to corrosion, as documented by several researchers (Abdelatif et al., 2013;
Coronelli et al., 2009; Jeon & Shim, 2020; Pape & Melcher, 2013; Tamakoshi et al., 2012;
Trejo et al., 2009). Unfortunately, the potential failure of tendons caused by corrosion is not
adequately addressed in typical design practices for prestressed members, and this oversight
can lead to bridge collapses, considering that such members are commonly used in bridges.
Presently, manual inspections are necessary to identify corrosion along the length of tendons.
Corrosion of tendons in these applications generally occurs due to two main reasons. Firstly,
cracks can form in the surrounding concrete or due to exposure to chloride-contaminated water.
Secondly, tendon rupture can occur at inadequately grouted positions in the sheathing due to
water ingress from anchoring points. Once corrosion has taken place in a tendon, it can result
in a significant reduction in the cross-sectional area of the member (Jeon et al., 2020), leading
to unfavorable stress concentration conditions. Moreover, in cases of severe corrosion, the
remaining cross-sectional area may be insufficient to bear the service loads, such as dead loads,
potentially causing yielding or fracture (Figure 7). In the latter scenario, depending on the
condition of the surrounding tendons, complete failure could occur if the capacity of the
remaining tendons is exceeded during fracture and dynamic loading. Consequently, it is crucial
to investigate the fracture performance of high-strength tendons under high strain rates and
stress concentration conditions to accurately assess the remaining capacity of a tensioned

member.

3-1
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Figure 7.Deteriorated strands in bridges due to corrosion (a) complete failure(Tamakoshi et al.,
2012)]; (b) severe deterioration (Jeon et al., 2020).

Once the state of corrosion in a tensioned member is verified, risk assessment analysis can
be performed and thus the remaining capacity can be simulated with the aid of finite element
(FE) tools. One of the most common tools used by researchers (Banerjee et al., 2015; Khataei
et al., 2010; Murugesan & Jung, 2019; Wuertemberger & Palazotto, 2016) to evaluate the
performance and characteristics of metals under coupled stress and high strain-rate conditions
is the Johnson-Cook (JC) material and damage model and it is currently one of the most widely
incorporated models in commercial FE software packages due to its ability to predict material
behavior with accuracy, speed and couples a flow stress model with strain rates, elevated

temperatures as well as stress concentration conditions.

In an attempt to propose a modification to the conventional Johnson-Cook (JC)
constitutive model, a group of researchers led by K. Xu (K. Xu et al., 2003) conducted an
experimental investigation on seven high-strength steels. The steel materials used in their study
were BH300, HSLLA350, 440W, HSS590, TRIP590, DP600, and DP800. Uniaxial tensile tests
were performed on these materials, with strain rates varying from 0.005s™! to 1000s™!. The tests
were conducted at normal environmental temperatures, as the research primarily focused on
material softening related to heat was not the main objective. The obtained results were utilized
to calibrate the material parameters of both the traditional JC constitutive model and the
proposed modification. Additionally, experimental data was employed to evaluate the
differences between the proposed model, the traditional JC model, and the actual experimental
results. The research findings indicated that within the strain ranges of 2% to 15% and tensile
strengths of 450MPa to 850MPa, the proposed model exhibited an average error of 2%, which

is considered acceptable.
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K. Vedantam et al. (Vedantam et al., 2006) investigated the mechanical response of two
types of steel, Mild and DP590 in tension at room temperature using quasi-static and split
Hopkinson bar techniques at strain rates ranging from 0.001s™' to 1800s™!, and the resulting data
were used to calculate JC model parameters. It was found that for increasing strain rates,
fracture strain as well as ultimate stress values increased in a similar manner approaching

ultimate stress values of 1000MPa. Finally, JC detailed material parameters were presented.

The literature investigation conducted in this study clearly highlights the necessity for
accurate modeling of fracture behavior in high-strength steels, which requires proper material
characterization and model calibration. Obtaining the required data for finite element (FE)
modeling is a costly and time-consuming process, involving experimental efforts under both
high strain rates and stress concentration conditions to account for damage initiation and
progression parameters accurately. For the commonly used high tensile strength tendon
materials found in Japanese infrastructure, readily available model constants are lacking.
Therefore, this work focuses on studying the overall behavior, including plastic deformation
and fracture characteristics, of medium-carbon high strength steel used in tensioned members.
Extensive experimental analysis is conducted under quasi-static and medium strain-rate
loading conditions, with specific attention given to stress concentration through the use of
tensile testing on notched specimens. By analyzing the experimental data, failure parameters
and material constants for the Johnson-Cook (JC) model at room temperature are calculated.
Additionally, damage growth parameters are introduced and proposed to accurately model
necking and fracture of tensile specimens subjected to uniaxial loading conditions. The
identified constants are evaluated through numerical modeling of dog-bone type tensile
specimens under similar strain rates as the experimental setup. The strain propagation during
various strain-rate and stress concentration conditions is verified using digital image correlation
(DIC). Overall, this study aims to bridge the gap in available model constants and provide a
comprehensive understanding of the mechanical behavior of medium-carbon high strength
steel, considering plastic deformation, fracture characteristics, and stress concentration effects

under different loading conditions.



Determination of Johnson-Cook Material and Failure Model Constants for High Tensile Strength
Tendon Steel in Post-Tensioned Concrete Members. 3-4

3.2. Tensile testing materials and experimental procedure

In this research the SBPR 930/1080 Type B No. 1 medium carbon high strength steel was
investigated, and its chemical composition is presented in Table 1 (in wt %). The material used
for the manufacturing of the specimens was supplied by a local company according to JIS G
3109, in 450mm x 32mm cylindrical pieces out of which the dog-bone type specimens were
manufactured using a manual lathe. Geometrical details can be seen in Figure 8, for cylindrical
specimens used throughout this research for both quasi-static and dynamic tensile tests with
smooth as well as rounded notched gauge lengths. The round notch is characterized by its
circular shape which is formed as a rounded concave depression onto the otherwise uniform
cylindrical shape of the gauge length. For the tensile tests MTS 244.11 servo-hydraulic actuator
(Figure 9) was used. Acceleration, velocity, displacement, and excitation frequency
characteristics are represented in Figure 10. Despite the dynamic characteristics of the
experimental procedure, experimental parameters were well within the capability envelope of
the utilized actuator. The actuator was mounted on a loading frame using ball-joints for both
fixed and extendable part of the piston to allow for increased mobility and flexibility under
various testing conditions and requirements. For this research, both specimens and actuator
were positioned and fixed in a vertical orientation to ensure an inline application of pulling

force (Figure 11).

Table 1 Chemical composition of SBPR 930/1080 Type B No 1 medium carbon steel (in wt%).

C Si Mn P S Cu

0.60~0.65 0.12~0.32 0.30~0.60 <0.030 <0.035 <0.30

Furthermore, to ensure constant pulling rate, the loading end of the specimens were
constructed in such a way as to allow for initial retraction of the actuator’s piston without
exerting force onto the specimen. Once the required velocity is achieved, and after that stage,
contact between the top of the specimen and the mounting fixture (plate) at the movable end
of the actuator is initiated transferring the resulting load onto the specimen body. As can be
seen in Table 2, for dynamic loading cases three specimens were tested for each required strain
rate and the resulting force-displacement data were converted into true stress-strain data using

standard equations for uniaxial tensile tests. To further aid the calibration of the initial part of
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flow stress-strain curves, 2mm strain gauges were attached using adhesive onto the specimens
and strain data were captured for values up to 20000pum before the adhesive failure resulting in

detachment of the strain gauges positioned in the middle of the respective gauge lengths.
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representation of notched region (f) typical manufactured specimen.
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MTS 244.11 actuater

CMOS camera
for DIC analysis

Loading Frame

Figure 9 Experimental setup.

Tensile Specimen

Tensile Specitmen
fixtuning plates

Table 2 Manufactured specimen specifications and testing parameters(C - static, D - dynamic
_strain rate_notch radius.

Specimen Testing StFain ratef Specimen Radius Mini@um )
nomenclature speed during te_nsﬂe type R (mm) radius a n
(mm/s) test (s1) (mm)
C1_0.001_NR 0.1 0.001 Smooth - - 0.333
C2_0.001_NR 0.1 0.001 Smooth - - 0.333
C3_0.001_NR 0.1 0.001 Smooth - - 0.033
D1_0.5NR 50 0.5 Smooth - - 0.333
D2_0.5NR 50 0.5 Smooth - - 0.333
D3_0.5NR 50 0.5 Smooth - - 0.033
D1_INR 100 1 Smooth - - 0.333
D2_1INR 100 1 Smooth - - 0.333
D3_INR 100 1 Smooth - - 0.033
D1_2NR 200 2 Smooth - - 0.333
D2_2NR 200 2 Smooth - - 0.333
D3_2NR 200 2 Smooth - - 0.033
C4_0.001R20 0.1 0.001 Notched 20 4.5 0.484
C5_0.001R20 0.1 0.001 Notched 20 4.48 0.484
C6_0.001R50 0.1 0.001 Notched 50 4.5 0.395
C7_0.001R50 0.1 0.001 Notched 50 4.48 0.394
C8_0.001R0.4 0.1 0.001 Notched 0.4 4 2.867
C9_0.001R0.4 0.1 0.001 Notched 0.4 3.98 2.961
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The flow stress-strain data obtained from smooth specimens (without notches) (Figure
12a) reveals some interesting trends. It can be observed that for the same strain rate, similar
stress-strain curves are obtained. At a quasi-static strain rate of 0.001s™!, the material exhibits
the most ductile behavior, with an average fracture strain of 0.127. However, at a strain rate of
0.5s7!, the material demonstrates a more brittle behavior, fracturing at an average strain of 0.092.
On the other hand, specimens tested at a strain rate of 1s™! exhibit increased ductility, with an
average fracture strain of 0.099, along with the highest ultimate stress values overall. In contrast,
specimens subjected to a strain rate of 2s™! display the most brittle behavior among all the cases,
without showing any significant increase in ultimate stress compared to the slowest dynamic
case. Figure 13 presents the engineering stress-strain and converted true stress-strain data for
quasi-static testing of notched specimens listed in Table 2. Similar to the variation in strain rate
data, good agreement is observed between similar cases when changing the notch size and
radius. Smooth specimens demonstrate the highest ductility, and as the minimum specimen
radius and notch radius decrease, there is a progressive reduction in both ultimate stress and
failure strain. Notably, the C7 0.001R0.4 and C8 0.001R0.4 cases exhibit a significant
reduction in both ultimate stress and failure strain, indicating a considerably brittle fracture

behavior compared to the smooth specimens.
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Figure 12 Engineering stress-strain (a) and true stress-strain (b) curves for uniaxial tensile tests under
different strain rates.
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Figure 13 Engineering stress-strain (a) and true stress strain (b) curves for uniaxial tests with different
notch sizes.

3.3. Johnson-Cook Model

In literature applicability and accuracy of Johnson-Cook (JC) model in analyzing and
predicting stress-strain behavior, particularly for ductile materials such as steel or aluminum
alloys has been extensively researched. These investigations have focused on various scenarios
involving large deformations, high strain rates, and elevated temperatures, with specific
emphasis on metal forming or impact performance (Akbari et al., 2015; He et al., 2013;
Maheshwari, 2013; Samantaray et al., 2009). The JC stress model, represented by Eq. (16), has

been widely utilized in these studies.
a:(A+Bg")(1+cmg'*)(1—T*”') (16)

in which o represents vonMises or equivalent stress, 4 yield stress of tested material under
reference conditions (strain rate — temperature), B strain hardening constant, # strain hardening
coefficient, C is a coefficient of strain rate resulting in post-yield strengthening of the material
" is the dimensionless strain rate and 7" homologous temperature, m is a thermal softening
coefficient. It can be observed that the JC model can be separated into three factors based on
static stress condition, influence of strain rate and finally influence of temperature when

looking at the three parentheses from left to right. In Eq. (16), the £" parameter as well as T°
can be defined in Eq. (17).
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2 T, - ref

¢, is the accumulated plastic strain and &, is the reference strain rate which in this work

was taken as 0.001s™'. 7}, is defined as the melting temperature of the material and T, reference
temperature. For the scope of this research, performance of the high strength medium carbon
steel material was investigated under quasi-static and medium dynamic strain rates as well as
varying stress concentration conditions, but the temperature factor was not considered since
the primary failure factor of tensioned members is usually due to corrosion as mentioned in

previous sections.

3.3.1. Determination of material constants A, B, n

For ¢ =¢,and T =T, Eq. 15 the second and third parentheses are omitted since the

effects of strain rate strengthening and thermal softening are neglected. Modifying the
remaining terms by taking the natural logarithm on both sides and using the averaged true

stress-strain data from C1 _0.001 NR; C2 0.001 NR and C3 0.00INR cases and linearly

plotting the In(o — A4) term with nln & of Eq.(18), a linear regression model was used to fit the

data points as can be seen in Fig. 14.
ln(a—A)=nlng+lnB (18)
The A parameter was also calculated under reference strain conditions using the 0.2%
offset method. For the linear fitting presented in Fig 14, R? factor of more than 97% was
achieved resulting in a good accuracy of the regression model. As a result of the latter, material
constants B and n were calculated from the slope and intercept of the curve as 1295 and 0.5376

respectively with the 4 parameter being estimated as 933 MPa.

3.3.2. Determination of Material Constant C

For the purpose of this work and while not considering thermal softening effects, the Eq.

15 can be modified as:

ﬁ=(l+€lné*) (19)



Determination of Johnson-Cook Material and Failure Model Constants for High Tensile Strength
Tendon Steel in Post-Tensioned Concrete Members. 3-11

6 T T

Data points
Linear fit

Ine
Figure 14 In(c-A) and Ing relationship under reference conditions.
To obtain C parameter, stress-strain data at four different strain rates (0.001s, 0.5s7!, 1s°
!, 25" were used to plot Figure 15 while utilizing 4, B, n constants that were calculated in the
previous section and substituted in Eq.(19). Afterwards first-order linear fitting was performed
using a vertical axis intercept value of 1 since Eq. (16) is in the form of y = a +bx . Similar to

Figure 14, from the slope of the linear regression fit, the C parameter was calculated as 0.0221.
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Figure 15 Relationship between m;ﬁ and [né*for four different strain rates (0.001s!, 0.5s°!, 1s7!, 2s°1).

The material constants that were calculated from the aforementioned constitutive

equations for the JC model are summarized in Table 3.

Table 3 Johnson-Cook material model parameters for SBPR 930/1080 Type B No. 1.

A (MPa) B (MPa) C n

933 1295 0.0221 0.5376
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3.3.3.  Johnson-Cook Damage Model parameters

Substituting the material constants from Table 3 into Eq. (16) the following relationships
can be formed according to the JC model for stress, strain and strain deformation rate as can
be seen in Eq. (20). When comparing experimental data with analytical prediction from Eq.
(20), good accuracy can be observed until the onset of damage and necking of the tensile

specimen (Figure 16).

o, =(933+12956"°)| 1+0.02211n| —— | |(MPa) (20)
’ 0.001
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3

a
o
o

250

Experimental data
——————— JC analytical prediction
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Figure 16 Comparison of true stress-strain curve between experimental data and JC analytical
prediction.

To accurately simulate damage that occurs in the material model with regards to the JC
damage parameter setting, it is important to define at which point damage is calculated. In this
study, after careful consideration (Appendix A) the authors decided to use the Damage
Initiation point of Figure 16. With that JC damage model is used to relate fracture strain with
stress triaxiality ratio, strain rate as well as temperature (Banerjee et al., 2015; Johnson & Cook,

1985; Wang & Shi, 2013) and it is expressed in Eq. (21).

Dy| —-

&, =| D +D,e ‘[:e:] (1+D,(2,"))(1+ DyT") @1

Dy to Ds represent damage constants for the JC model, o, is the mean stress and o, is the

equivalent stress. As damage occurs in an element governed by JC damage model, it is

accumulated based on a damage law and can be represented by Eq. (22)(Murugesan et al.,
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2017). When damage occurs, during high levels of deformation, material strength is reduced
(Banerjee et al., 2015) and the resulting relation for stress during this damage evolution step is

presented in Eq. (23).

A
D= Z(g—gJ (22)
S

where Ag is the equivalent plastic strain increment and ¢, is the equivalent strain to fracture
under certain stress, strain rate and temperature conditions.

Op Z(l—D)O'eq (23)
In Eq.(23), o, is the resulting stress after damage in an element has been initiated and D

is a damage parameter with the following conditions (0 <D< 1). In Eq. (21), &can be also
O,

defined as stress triaxiality ratio 77° (Y. Bai & Wierzbicki, 2008; Bao, 2005), and along with
equivalent stress can be obtained from undamaged material while considering plastic
deformation up until the onset of necking. According to the work of Bridgman(Bridgman,
1952), stress triaxiality values can be estimated from uniaxial tests of round specimens
according to the analytical model which is presented in Eq. (24). In the model, 7" is the stress
triaxiality state value, R represents the radius of notch that the specimen is manufactured
according to and « represents the minimum cross section’s radius. Triaxialities calculated

according to Bridgman’s model for different notched specimens can be seen in Table 2.

n =l+ln(1+ﬂj (24)

3 2R
Neglecting the effects of strain rate and temperature, Eq. (21) can be simplified
representing fracture strain in terms of the aforementioned D; to D3 damage parameters and
stress triaxiality ratio effects. When plotting the fracture strain — stress triaxiality ratio (Figure
17), using experimental tension data (Bao & Wierzbicki, 2004) with 0.001s™! strain rate for

smooth and notched specimens from Figure 13b and Table 2, in the form of
y=A+B -exp(RO-x); Djto D3 damage parameters can be calculated from the exponential
coefficients of the equation similar in principal to the derivation of Eq. (20). Afterwards the
D, strain-rate dependent parameter was calculated by rewriting Eq. (21) complete with the

previously calculated D; to D3 damage parameters according to Eq. (25). In detail, when
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& _ against 1+ D, -In&" (Figure 17) and using a linear regression fitting

plotting ————
D, +D,-e™

equation intercepting the vertical axis at a value of 1.0, from the slope of the resulting equation

the final JC damage parameter D, was calculated.

gf R
———=1+D,-In¢ (25)
Dyn 4
D +D,-e”
1 2
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Figure 17 Fracture strain and stress triaxiality relationship from uniaxial tensile test data.
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The calculated JC damage model parameters can be seen summarized in Table 4 and can
be used in FE software to simulate yield and fracture of high strength tendons in prestressed

concrete applications.

Table 4 Johnson-Cook damage model parameters for SBPR 930/1080 Type B No. 1.
D1 D2 D3 D4 D5

0.0165 0.6622 -6.4791 -0.0279 0




Determination of Johnson-Cook Material and Failure Model Constants for High Tensile Strength
Tendon Steel in Post-Tensioned Concrete Members. 3-15

3.4. Numerical simulation

The purpose of the numerical modeling was to verify the reproducibility of the
experimental results in the commercially available finite element software Abaqus (Dassault
Systemes Simulia, 2021a) as part of a broader research work aimed at modeling the dynamic
fracture behavior of prestressed concrete members. To accurately reproduce the dynamic
fracture effects of high tensile strength tendons, non-linear dynamic analysis was used
throughout the simulation process of uniaxial tensile tests. Full-scale, three-dimensional
models were created, accurately reproducing the geometrical properties of the constructed

specimens shown in Figure 8.

3.4.1.  Numerical simulation of singular finite elements

Initially, to verify the accuracy of the analytical model in FE simulations, a single 8-noded
cubical-shaped C3DS8R element, measuring 1mm?® was modeled and suitable boundary

conditions were applied to simulate biaxial symmetry in the two-axis perpendicular to the
loading direction. To maintain a stress triaxiality ratio 77" of 0.333 throughout the tensile test,

the bottom 4-nodes were restrained in the direction of applied force, as well as 4-nodes on each
of the two faces perpendicular to the loading axis had their movement in the 2-orthgonal axis
respectively restrained as can be seen in Figure 19a. The top 4-nodes were free to move in the

direction of loading, and to achieve that a velocity-based loading condition was applied.

Similar to experimental procedure, loading speeds of 0.1-200 mm/s were applied to the
top 4-nodes simultaneously. To reduce inertia-related effects at the beginning of the simulation,
velocity amplitude was smoothly applied to the simulation for the first 1/10" of the overall
step’s duration and then kept constant until the completion of each test (Figure 19b). Duration
of the tensile phase of the simulation was adjusted each time according to the required strain
rate in order to allow for sufficient simulation time and up until the complete damage being

registered at the tested element.

In Abaqus, several ductile material models are available that can accurately capture the
deformation of steel materials but in this work the JC flow stress model and correspondingly

the JC damage model was utilized using material parameters that were calculated in previous
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sections. Along with the data presented in Table 3 and Table 4, for this material, according to
the manufacturer’s specifications, Young’s Modulus £ =210 GPa and Poisson’s ratio of

v =0.28, furthermore the density was set as p = 7.85E — 09 tonnes/mm”.
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Figure 19 (a)Singular element's boundary conditions used in FE simulation, (b) Smooth piecewise
application of velocity amplitude.

—

In Figure 20 a comparison between the experimental true stress-strain curves for different
strain rates of Table 2 with the results obtained from a singular finite element are presented.
Overall good accuracy was achieved between experimental and numerical results with the
exception of 1s™! strain rate results in which although the failure strain was similar, the ultimate
stress value had a difference of approximately 8%. It is believed that this is due to the non-
monotonic nature of failure strain as well as ultimate stress that was observed during the

experimental procedure (Figure 12b).
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Figure 20 Comparison between experimental (Exp, continuous-lines) and FE simulation (Sim, dotted-

lines) results for 0.001s-1 - 2s-1 strain rates.
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To accurate model the material softening behavior past the damage initiation point

(Dassault Systemes Simulia, 2021b) represented in Figure 21a in which, o, is the yield stress

and EO"I equivalent plastic strain at the damage initiation point, & /,’.’l is the equivalent plastic

strain at failure when the scalar damage parameter D =1(Eq. (22)), damage and strain are

correlated. For modeling of post damage-initiation softening until element failure data, post-

peak stress o, 1s calculated based on the difference between experimental and JC analytical
prediction (Figure 16). Based on the difference between relevant stress value o, and from Eq.

(23), sets of D—¢ were calculated. Their respective correlation is presented in Figure 21b
showing the correlation between damage parameter and equivalent plastic strain used to model

softening behavior of the material in this work under reference conditions.

— pD-¢M

0.75 - 4

0.50 - E

Damage parameter (D)

0.25 - E

0.00 - E

0.00 0.01 0.02 0.03 0.04
Equivalent plastic strain
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Figure 21 (a)Stress-strain behavior of a characteristic material undergoing progressive damage (Abaqus
Analysis User’s Manual 2021) and (b) Correlation between damage parameter and
equivalent plastic strain used to model softening behavior of the material in this work under
reference conditions.

€f e’ €

3.4.2. Numerical simulation of full-scale tensile specimens

To simulate the ductile failure of the dog-bone-shaped tensile specimens, a three-
dimensional model was constructed, replicating in detail the geometrical properties of the
manufactured tensile specimens. After some initial mesh sensitivity analysis, the maximum
size of C3D8R elements was chosen as equal to 3x2x1.6 mm (coarse mesh) and the minimum
size at the working length was set as 2x1x1mm (fine mesh) which resulted in a total of 20544

elements (Figure 22). For the material modeling, parameters stated in section 3 were used and
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boundary conditions were utilized in accordance with the experimental setup. Similar to the
experimental procedure, quasi-static 0.001s™! and 0.5s™! strain rate uniaxial tensile simulations
were performed, and the results can be seen in Figure 23. Similar to the experimental process,
in the case of numerical simulations, load, displacement were monitored throughout the
uniaxial tensile test. Afterwards obtained load-displacement data were transformed into
engineering stress-strain and subsequently to true stress-strain. Overall good accuracy is
observed between experimental and numerical results for both cases. In particular, for the
quasi-static strain rate case, apart from some initial discrepancy in the post-yielding stress
capacity (numerical results overestimate the experimental case by 2.6%) the stress-strain curve
follows closely the experimental results, a 2.4% difference in ultimate stress is observed.
Furthermore, although the fracture strain between the numerical analysis and experimental
results is similar, the numerical simulation retains a higher stress-state for larger strain value
for decreasing sharply leading to element failure. For the case of 0.5s™! strain rate, after yielding,
the numerical model underestimates the experimental results by 2.7% but after that the
numerical stress-strain curve follows closely the experimental one. Finally, a 3.6% difference
is observed for the failure strain between numerical and experimental results. The above

statements can be seen summarized in Table 5.

/]_ i
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Figure 22 Mesh and boundary conditions used for numerical modeling of smooth tensile specimens.
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Figure 23 True stress-strain plot comparison for 0.001s-1 and 0.5s-1 strain rates for average
experimental and numerical simulation using modified (Table 4) JC damage parameters.
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Table 5 Comparison between experimental and numerical post-yield, ultimate stress states as well as
fracture strains for 0.001s-1 and 0.5s-1 strain rates.

Post-yielding stress Ultimate stress Fracture strain
(MPa) (MPa)
Avg. Experimental
7 1231 111
0.001s1strain rate % : ’
Numerical
0.001s1strain rate o71 1261 .
s-1 1
0.001s!strain rate 267 04 0.1
error (%)
Avg. Expex"lmental 1069 1272 0.087
0.5s1strain rate
Numel.’lcal 1041 1271 0.084
0.5s1strain rate
s-1 i
0.5%1strain rate 269 0.01 3.57

error

3.5. Numerical model verification for smooth specimens

To validate the accuracy of the Johnson-Cook (JC) flow stress model and the JC damage
parameters calculated in the previous sections, Digital Image Correlation (DIC) analysis was
performed on specimens subjected to uniaxial tension at different strain rates. The DIC analysis
was conducted using commercially available software called "GOM Correlate," which is
widely used for material research and compound testing. GOM Correlate utilizes a parametric
approach to ensure reliable measurement of strains. Users define initial parameters for strain
surface components in the area of interest, and the software generates square-shaped facets
across the entire supplied image data. A high-contrast stochastic pattern is applied by the user
on the region where strain measurement is required, and the software identifies facets based on
the quality of this pattern. Users also adjust the distance between adjacent facets, which directly
influences the point density and spatial resolution within the area of interest (GOM GmbH,
n.d., 2015a, 2015b). In this study, a full-frame CMOS camera was used to capture image series
and videos with a resolution of 1920x1080 pixels for DIC analysis. The captured stochastic
pattern (Figure 24) was processed using a facet size of 14 and a distance of 9 to evaluate the
corresponding strain fields. To compare the experimental results with the numerical modeling,
strains were recorded along the axis of the cylindrical specimens and compared with the strain
at the central nodes of the finite element (FE) model. Due to limitations in the camera's video

frame rate and pattern-related issues, DIC analysis was successful only for the quasi-static and
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0.5%! experimental cases. For higher strain rates, attempts were made to capture a significant
amount of image series using 120 fps video recording, but the available resolution was limited
to 1280x720 pixels. This reduced resolution, combined with the brittleness of the coloring used
for the stochastic speckle pattern, significantly limited the amount of usable data for DIC
analysis. The resulting strain profiles are shown in Figure 25 for the (a) quasi-static tensile case
and (b) dynamic case with a strain rate of 0.55!. In both figures, the data along the horizontal
axis for the FE case has been shifted to align with the portion of the gauge length where necking
and fracture occurred. True strain and normalized gauge length data points are used for better
visualization of the data. Due to the degradation of the stochastic pattern, strain data could only

be captured up to approximately 0.2 for the quasi-static case.

Necking region

(a) (b)
Figure 24 Stochastic speckle pattern used for DIC analysis during (a) beginning of the tensile test and
(b) one frame before rupture.

When comparing the results of FEM analysis with DIC for a strain rate of 0.001s™, it was
observed that the FEM analysis concentrated the high strain region around the area where
necking occurs for 22.6% of the normalized length. In contrast, DIC showed a concentration
of 26.5% in that region, resulting in the tensile specimen forming a longer necking region by
3.9%. For the case of a strain rate of 0.5s!, even better accuracy was achieved, with the FEM
results underestimating the length where necking occurs by 1.6%. Overall, in both cases, there
was good agreement between the DIC and FEM results, which further supports the suitability
of the proposed JC model and damage parameters for the SBPR 930/1080 Type B No. 1 tendon
high strength material.
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(b)
Figure 25 Comparison plots for true strain - normalized gauge length of tensile specimens. between
data points obtained from DIC analysis and FE simulation for (a) 0.001s™! and (b) 0.5s™

strain rates.
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Figure 26 Visual comparison between DIC analysis and FE simulation strain map results for smooth
specimens at the last captured frame before rupture for (a) 0.001s™ and (b) 0.5s™! strain rates.
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In Figure 26, the strain maps obtained from DIC and FE simulation are superimposed to
visualize the results shown in Figure 25 for smooth specimens at the final captured frame before
rupture. In each corresponding figure, the strain contours from the FE simulation have been
adjusted to match the values obtained from the DIC analysis, and the overlapped FEM image
has been adjusted to align the necking region with the DIC image. As a result, for the case of
a strain rate of 0.001s™!, the strain values near the center of the necking region exceed the
visualization boundary limits of 0.0-0.2 strain. Consequently, the region with strains higher

than these values is represented with a gray color.



Chapter 4
Experimental and Numerical Investigation of Bond-Slip
Behavior of Round Bars Embedded in Mortar
Considering Lateral Stresses and Pullout Rates

4.1. Bond modeling in literature

The effective and reliable utilization of steel-reinforced concrete as a composite material
depends on the proper bonding between reinforcing bars and concrete and it is crucial for
transferring forces between the bars and the surrounding material. In the past, plain round bars
were commonly used in reinforced concrete structures, and extensive studies have been

conducted on their bonding properties (Baldwin & Clark, 1995).

One of the pioneering investigations into the bond behavior between concrete and steel
was carried out by Abrams in 1913 (Abrams, 1913). Abrams conducted an experimental
analysis of the bond behavior of plain round bars using the pullout test. Subsequent researchers
focused on both plain reinforcement bars and prestressed concrete properties. They
demonstrated that the resistance to adhesion before slipping occurs due to the chemical
adhesion mechanism and the micro-interlocking of concrete protrusions formed by the
penetration of cement paste into the bar surface indentations. Once these protrusions are
crushed at the peak bond stress, bond slip occurs, and friction resistance is initiated by the
wedging action of the cement paste at the interface between the concrete and the bar. This
gradual decrease in bond stress accompanies an increase in slip between the two materials. It
was also found that a small amount of slip is necessary to activate the micro-interlocking
mechanism for achieving maximum adhesion resistance (Stroker & Sozen, 1970; Tassios,
1980). Furthermore, it was observed that the bond stress increases as slip increases before

reaching its peak value (Comité Euro-International du Béton, 1993; Xiao & Falkner, 2007).

In more recent years, researchers (Verderame, De Carlo, et al., 2009; Verderame, Ricci, et
al., 2009) conducted experimental research to investigate the cyclic bond behavior of plain bars.
Their findings revealed that the bond capacity significantly deteriorates with an increase in the
number of cycles and/or the imposed displacement in each cycle. They also established an

analytical relationship between bond stress and slip for plain bars. Additionally, experiments

4-1
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were conducted on the bond behavior of plain bars embedded in various special concretes, such
as recycled aggregate concrete (Xiao & Falkner, 2007), high-performance concrete (De Larrard
et al., 1993), and lightweight aggregate concrete (Hossain, 2008; Robins & Standish, 1984).
The literature extensively reports the effects of various experimental factors, including bond
length, bar size, concrete strength, and loading rate.(Edwards & Yannopoulos, 1979; Feldman
& Bartlett, 2005; Mo & Chan, 1996). Feldman and Bartlett also proposed a theoretical model
that analytically correlates these parameters with their effect on bond stress distribution

(Feldman & Bartlett, 2007).

Previous research on the bond-slip behavior between concrete and plain bars has largely
overlooked the influence of lateral confinement or stresses. However, in the case of beam-
column joints in simply supported and continuous structures (Taylor & JL, 1976), lateral
confinement plays a crucial role in the development of bond strength between concrete and
deformed bars (Untrauer & Henry, 1965). This effect has also been studied for steel strands
(Laldji & Young, 1988) and fiber-reinforced polymer bars (Malvar, 1995; Malvar et al., 2003).
In recent years, several researchers have investigated the effect of lateral pressure on bond
development, strength, and behavior specifically for plain round bars (Cairns, 2021; Wu et al.,
2014; Xing et al., 2015; F. Xu et al., 2014). Extensive experimental testing, primarily through
static uniaxial pull-out tests of plain bars embedded in concrete specimens subjected to varying
lateral stresses, has revealed that both peak lateral stresses and slip tend to increase with greater
lateral confinement. Conversely, the size of the bar has little influence on bond strength.
Additionally, in dynamic testing (with strain rates ranging from 10s~*10 to 10s~?, although
the results are inconclusive, the trend suggests that the peak bond stress is linearly proportional
to the logarithm of the strain rate ratio (Li et al., 2021). Most of the research involving
experimental evaluation of bond behavior has been followed by the development of a
constitutive model for bond stress-slip behavior, which is calibrated based on the specific
research findings. Overall, good agreement has been observed, but the accuracy of each
constitutive model varies significantly depending on the similarity of the experimental data

used during the calibration process.

When discussing the interaction between an object embedded in a material (strands, fibers,

sheets, bars) that resists relative movement, it is common to refer to this interaction from a
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constitutive perspective as a bond stress-slip (t — s) model. In the case of bars embedded in
concrete, the bond stress is unevenly developed and distributed along an embedded length that
is typically 20 to 30 times the diameter of the bars (Feldman & Bartlett, 2007; Mains, 1951).
However, when the embedded length is reduced to up to 5 times the bar diameter, the bond
stress can be considered as uniform (Rilem, 1970). This allows researchers to propose localized

1-s models and utilize them in (FEM) applications.

The fib Model Code 2010 (Du Béton, 2013) discusses idealized constitutive models for

both deformed and smooth bars subjected to uniaxial pullout forces. Specifically, for smooth

plain bars, the peak bond strength is considered to be between 0.15,/ f.,, and 0.304/fo,

depending on the assumed bond conditions, at a slip value of approximately 0.lmm. After
reaching the peak, the bond strength remains constant throughout the pullout process. Here,
\/ﬂ represents the modified cylindrical compressive strength of concrete. In recent years, the
constitutive model initially proposed by Eligehausen et al. (Eligehausen et al., 1982) and later
modified by Cosenza et al. (Cosenza et al., 1997) for FRP rebars has been tested for smooth
bars by Verderame et al., and it was found to accurately describe the local bond behavior of
smooth plain bars. This constitutive model consists of three parts: an ascending branch
formulated by a power-type equation, a linear descending branch, and a horizontal part
representing residual bond strength. More recently, Cairns (Cairns, 2021) proposed a stress-
slip model for constitutive bonding, featuring one ascending and one descending branch. Figure

27 provides a schematic representation of these three modeling approaches.
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Figure 27 Constitutive bond stress-slip model for smooth bars

In Figure 1, for the left figure the upper model line represents good bonding condition
whereas the bottom one represents poor bond conditions. f, is the concrete cylindrical
compressive strength (MPa) and Af= 8 MPa. In the Cosenza model, a represents the power of
the ascending branch and p represents the slope of the descending one. In the Cairns model a
represents a power-type parameters which takes positive values for the ascending part and

negative for the descending one.

From the performed literature investigation, it was identified that to accurately model the
bond behavior of plain smooth bars embedded in grouting mortar during uniaxial pullout it is
essential to properly define material parameters and calibrate the model. The data required for
model calibration need to be obtained through extensive and time-consuming experimental

effort and both static, dynamic and lateral compression conditions to simulate both peak bond
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stress, slip and well as remaining bond stress parameters. For normal and high strength mortar
commonly used in civil infrastructure such material parameters are not readily available. In
this work, to investigate the bond behavior of plain round bars embedded in PC-tendon grouting
mortar commonly used in civil infrastructure, subjected to biaxial lateral pressures and pullout
rates several experimental tests were performed. Effects on grouting mortar strength and
embedded bar diameter were also examined. Based on the results, an analytical model is
initially calibrated and proposed. Finally finite element modelling was utilized to replicate
pullout procedure and to investigate axial stresses in both the grout material and the bar as well
as bond, slip development and interface layer deformation in order to obtain a deeper

understanding into the mechanics of bond failure.

4.2. Pullout testing materials and experimental procedure

In this research SS400 medium carbon structural steel was used for the plain bars that were
constructed with diameter of 11, 16 and 19mm that were embedded into grouting mortar and
their parameters can be seen in Table 6. For the grouting mortar, two different strengths normal
(NS) and ultra-high strength (UHS) supplied by the same manufacturing company were used
and their properties are presented in Table 7. To perform the uniaxial pullout experiment, 22
cubical specimens were constructed measuring 140x140x140 mm with the plain bars
positioned in the center of the geometrical center of the top face of the cube and specimens
were casted in such a way as to allow for optimal bonding conditions as well as centering of
bar with the grouting mortar specimen. Although the bars penetrate the whole depth of the cube,
only five times their respective diameter is allowed to be in contact and thus bond with the
grouting mortar in order to maintain uniform bond stress at peak bond stress value. Custom-
made strain gauges(Hori, 2014) were also embedded in the grouting mortar at a close proximity
to the bar in the middle of embedded region and perpendicular to the pullout direction in order
to measure the strain in the specimen and thus the amount of lateral compressive stress applied

during the experimental procedure (Figure 28).
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Table 6 Mechanical properties and geometric parameters of SS400 plain bars

Type D11 D16 D19
Nominal diameter D (mm) 11 16 19
Yield strength (MPa) 400 400 400
Elastic modulus (GPa) 210 210 210
Poisson’s ratio 0.3 0.3 0.3
Embedment length 55 80 95

For the pullout tests MTS 244.11 servo-hydraulic actuator (Figure 29) was used. Despite
the dynamic characteristics of the experimental procedure, experimental parameters were well
within the capability envelope of the utilized actuator. The actuator was mounted on a loading
frame using ball-joints for both fixed and extendable part of the piston to allow for increased
mobility and flexibility under various testing conditions and requirements. For this research,
both specimens and actuator were positioned and fixed in a vertical orientation to ensure an
inline application of pulling force and to apply the bilateral compressive stress onto the
specimen manually operated hydraulic jacks along with restriction bars plates were utilized
(Figure 30). To ensure no stress-free relative movement between the extendable part of the
actuator the top of the smooth bar was modified in such a way as to create threads were used
to attach matching locking nuts in order to ensure direct force transmission. Finally, to ensure
no vertical movement of the grout specimen during the pullout, a machined plate were installed
and fixed on top of it having a large opening in the middle to allow for the smooth bar to pass
through. In order to simplify the experimental procedure and reduce related costs, two
hydraulic jacks were positioned in the two orthogonal directions to the pullout axis in such a
way as to maintain perpendicular application of force to the other two orthogonal faces of the
of the cubical specimen. Restriction plates and rods and suitable size bolts for the applied load
were positioned and fixed in the opposite side of the extendable part of the hydraulic jacks in
order to provide a fixed boundary condition and allow flow steady and controlled load

application.
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Table 7 Mechanical properties of used grouting mortar

Type NS UHS

Nominal compressive strength (MPa) 70 120

Grouting cement : water 1.7:0.3 1.7:0.3

Elastic modulus (GPa) 33.2 33.2

Poisson’s ratio 0.22 0.22

F
/— S$5400 bar /— Confinement direction
cotbidbodbilly - Strain gauges

140

AR

Figure 28 Detailed specimen setup and geometrical characteristics: (left) cross-section view;
(right) top view
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Figure 30 Detailed graphical representation of uniaxial pullout test setup.

As can be seen in Table 8, experimental cases were divided into five categories: in the first
four of them NS static; UHS static; NS dynamic; UHS dynamic no lateral compression was
applied and for the last category a combination of both NS and UHS with applied lateral
pressure(p) is listed. In the table recorded compressive (F.,); tensile stress (F;) from separate
uniaxial compression and split-tensile experimental procedure is also presented for each
respective casting batches and are accompanied by their abbreviations respectively. Finally

recorded slip values are presented at peak bond stress Sj.

In Figure 31 shear bond stress-slip curves can be seen for the 22 specimens listed in Table
8. All specimens during the uniaxial pullout test failed in a shear manner at the interface
between the bar smooth bar and the surrounding mortar. It should be noted that for each
recorded stress-slip curve similar behavior was observed. The curves consist of three parts; one
ascending up to peak shear bond stress 7,,; one descending up to a minimum value by which
the chemical bond between bar and grouting mortar has completely degraded and a residual
part as a result of friction at the interface between the two materials 7,.. Figure 31a shows NS
grouting mortar stress-slip curves for static pullout rates for bars of varying diameter. It can be
seen that although for all cases similar peak bond stress is observed, for the case of NS11CLO,
residual shear stress is measurably decreased compared to NS16CLO and NS19CLO. It is
assumed that the reduction in residual bond strength at large slip values may have been due to

experimental-related setup misalignment (bar axis — loading direction). In Figures 6b, 6¢ where
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pullout cases with dynamic rates of 0.5 and 1s™! are shown, although variation in residual stress
is evident at high slip values no clear trend is observed for both bar diameter and pullout rates.
Similar observations can be made for the UHS cases of Figure 31 6d; 6e; 6f in which due to
higher strength grouting mortar used, both higher peak bond strength as well as residual bond

stress are higher than NS cases.

Table 8 Bond Parameters for specimens subjected to Bi-lateral compression.

Specimen p/Feu Fau F: So
NS11CLO 0 73.06 3.24 0.190
NS16CLO 0 73.06 3.24 0.209
NS19CLO 0 73.06 3.24 0.227
UHS11CLO 0 118.16 5.70 0.261
UHS16CLO 0 118.16 5.70 0.270
UHS19CLO 0 118.16 5.70 0.330
NS11D0.5L0 0 74.45 3.46 0.235
NS16D0.5L0 0 74.45 3.46 0.170
NS19D0.5L0 0 74.45 3.46 0.230
UHS11D0.5L0 0 119.06 5.76 0.308
UHS16D0.5L0 0 119.06 5.76 0.279
UHS19D0.5L0 0 119.06 5.76 0.340
NSI11DI1LO 0 72.47 3.72 0.180
NS16DI1LO 0 72.47 3.72 0.188
NS19D1LO 0 72.47 3.72 0.276
UHS11DILO 0 118.63 5.88 0.230
UHS16DI1L0 0 118.63 5.88 0.220
UHS19DI1LO0 0 118.63 5.88 0.274
NS16CL17 0.25 73.06 3.24 0.218
NS16CL35 0.50 73.06 3.24 0.235
UHS16CL30 0.25 118.16 5.70 0.281
UHS16CL60 0.50 118.16 5.70 0.362

(NS/UHS)(##)(C/D##)(L##)
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Figure 31 Bond stress-slip corves for NS and UHS specimens under static, dynamic pullout
rates and lateral biaxial stresses

In this case UHS11CLO did not present a reduction in residual bond strength at large slip
values, and no significant variability for dynamic pullout rates. In Figure 31g, when lateral
stress is applied there is a distinct increase in both maximum as well as residual bond stress
proportional to the amount of lateral stress applied to the specimens. In the case of applied
lateral biaxial stresses onto the grouting mortar specimens, 0.25Fc, and 0.50F, were chosen
according to the stress application limitation of the manually operated hydraulic jacks and
while limiting applied stress to the linear elastic zone of the grouting mortar. Additional

analysis of the experimental pullout test results in Figure 32 shows that for both Ns and UHS
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cases, no clear correlation can be made between peak bond stress, bar diameter and pullout rate.
In case of residual bond stress at large slip values, increasing pullout rate correlates in small
degree to higher stress values. In Figure 33 visual inspection of post-shear failure of pullout
specimens is presented. After completion of the experimental procedure, specimens were split
open into two parts along the bar axis in order to confirm surface finish of bonded region;
casting conditions, shear failure along the interface and position of embedded strain gauges
after casting. Visual inspection of the specimen’s cohesion zone resulted in verifying good
casting and as a result good bonding conditions between the plain smooth bar and the
surrounding grouting mortar. Furthermore, embedded strain gauges remained perpendicular to

the bar axis after casting and to an orthogonal direction to each other.
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Figure 32 Peak and residual stress for uniaxial pullout experiment with varying bar diameter
and pullout rates for peak (left) and residual (right) bond shear stresses.
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NSI1CLO " UHS16D0.5L0 UHSI9DILO
Figure 33 Bonding condition visual inspection for NS11CLO; UHS16D0.5L0 and UHS19D1LO0.

4.3. Bond stress constitutive model

The proposed bond constitutive model consists of two parts, one power-type (Equation 25)
ascending up to peak shear stress T, (Equation 26) at a slip value of sq; and one softening or
descending part that follows an exponential softening up (Equation 27) until remaining bond
stress T,.

s\b
T=Tu(s—) 26
0

In Equation 26, s represents incremental slip during pullout and b is a power-parameter
with b > 1 that governs the shape of the ascending part of the curve. Analytical simulation of
experimental results has shown that depending on the experimental data, using b = 1 may be
appropriate to accurate simulate the ascending part of the curve but for weaker concrete or

mortars a higher value may be more appropriate to simulate softer increase of bond stress.

Ty, = am + 7, 27

In the equation above a represents a grouting mortar to plain bar coherence parameter with

0.1 < a < 0.5. Although « in the current experimental work was used as a fitting parameter
to allow for accurate approximation of the experimental results utilizing a constitutive model,
through more extensive and controlled experimental procedure calculation of this parameters

through analytical procedure may be possible.
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In Equation 27, softening part of the constitutive model is presented. This part represents
bond degradation until complete loss of cohesive action and up to a residual bond stress that is
the result of friction between grouting mortar particles and the smooth bar at the interface layer.
The softening curve assumes an s-curve shape from a maximum initial value of 7, to a
minimum value of 7., with the shape of the curve being defined through an exponential
parameter which sets slip boundaries between the initial slip value s, and slip at complete bond
degradation sy. Additionally, C represents bond degradation parameter and is dependent on the

stiffness of the grout mortar or concrete (Equation 28).

Sf_SO
T=1,+ (,,—1)exp| C 1_5—5 28
0
E06T
C = 20T
E,. 29

with E; representing initial grouting mortar stiffness and E ¢, the stiffness at 0.67,,. The
parameter associated with residual bond strength 7, (Equation 29) is calculated based on a
modified interface radius concept (Qiu & Zhou, 2016). In this approach (Figure 34) when a
round solid object is embedded into another round solid object having lower stiffness that is
subjected to compressional stresses, the later one will experience elastic deformation and due
to the existence of a stiffer material at the center of it said deformation will be concentrated at
the interface of the two materials. Such deformation produces normal forces which in return
are responsible for frictional stresses at the interface.

5,

r =7 T 30
m(1+17m)+E—b(1—17b)

with &, being the interference radius which was calculated experimentally as the product of
recorder strain near the interface with the length of the utilized strain gauge. r represents the
radius of the embedded smooth bar; E,,;, E};, the young’s modulus of the grouting mortar and
smooth bar respectively. In a similar manner, v,,,, v}, represent the Poisson ratio for the mortar
and bar respectively. To include the effects of pullout rate on the constitutive model 7, and C
can be modified according to Equations 30, 31 respectively. In particular, the dynamic residual

shear stress 7¢ is calculated based on determining the ratio of a reference pullout rate £, and
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each individual dynamic pullout rate according to the procedure described in Gkolfinopoulos

et al. (Gkolfinopoulos & Chijiwa, 2022).

g
7,9 =1, [A * log (—)] 31
€o
d
cd=c 32
TT

Interference radius

Laterally compressed diameter

~—riginal diameter

Figure 34 Residual bond stress - Interference model.

In summary, effective use of this model requires values to be known from either
experimental procedure of individual material data regarding embedment material compressive
strength f.,,, Young’s modulus and Poisson ratio for embedment and embed material E,,, E,,
vm, U tespectively. Additionally embedded bar diameter r is required along with the slip value

at which peak bond shear stress is recorded.

Comparing the experimental pullout test results with the analytical obtained from the
constitutive model good accuracy was confirmed for both static (Figure 35a), and dynamic
pullout rates (Figure 35 10b) along for both NS and UHS grouting mortar (Figure 35 10c, d).
In particular, due to the equation used to describe the bond degrading part of the bond stress-

slip curve, increase in residual bond stress after 0.5mm slip for the case of NS16CL0 was not
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reproduced in the analytical results but such recorder performance might be erratic and does
not agree with the general trend seeing in other researcher’s work. For the dynamic NS cases,
small increase in residual bond stress at large slip values in comparison to the static cases was

reproduced in the analytical model.
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Figure 35 Comparison between experimental pullout test results and constitutive model bond stress-
slip analysis results for NS; UHS; static and 0.5s™! pullout rates.

For the experimental cases with biaxial lateral compressive stress applied to the mortar
specimen using the aforementioned hydraulic jacks good agreement was observed between
experimental case results and analytical using the aforementioned constitutive model as can be

seen in Figure 36. In particular for the case of analytically simulating the NS16CL35 pullout
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result, the constitutive model underestimated the degree of bond stress reduction at small slip
values but as the slip increased similar accuracy was noted compared to Figure 35. Additionally,
for the case of simulating UHS16CL30, small degree of overestimation of bond stress reduction
up to slip of 1.0mm but that can be a result stick-slip effect which the proposed constitutive

model cannot replicate.
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Figure 36 Comparison between experimental pullout test results and constitutive bond model
stress-slip analysis results for NS; UHS with varying biaxial lateral stresses

4.4. Proposed constitutive bond model verification

To investigate and verify the applicability of the proposed model, selected experimental
data from the work of Li et al. (Li et al., 2021) were chosen for 35; 50 MPa typical concrete
strength and bar diameter from 12 — 20mm as well as varying pullout rates as can be seen on

Table 9.
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Table 9 Experimental data parameters from Li et al. 2021 that were used to validate the
applicability of the proposed constitutive model.

Concrete strength Bar diameter Pullout rate (s

(MPa) (mm) D or
C35d12-1 35 12 10 3.12x 10*
C35d12-2 35 12 107 3.13x 10*
C35d12-3 35 12 102 3.12x 10*
C35d12-4 35 12 10! 3.14x 10*
C35d16-1 35 16 10 3.14x 10*
C35d20-1 35 20 10 3.12x 10*
C50d16-1 50 16 10 3.20x 10*

In their work, no experimental data are provided regarding concrete strain at the interface
layer where the embedded bar is located, and for that reason &, values listed in Table 9 were
chosen as to provide a good fitment between experimental results analytical model as can be
seen in Figure 37 Comparison between experimental tests data of Table 9 from (Li et al., 2021)
with constitutive model results presented in this work for: (a) varying pullout rates (b) varying
bar diameter and concrete strength.. For the C35d12-1 to C35d12-4 (Figure 37a) good
agreement is observed and additionally similar trend regarding dynamic pullout rates between
Li et al.’s experimental data and the trend observed in this work. Change in the rate between
tested dynamic pullout rates, did not result in a monotonic behavior (i.e., increasing pullout
rate results in increased bond stress) but rather the observed results were mixed and likely
dependent on experimental data spread. Similarly, when investigating the effect of bar diameter
between cases C35d12-1; C35d16-1; C35d20-1 (Figure 37b) non monotonic behavior was
observed for the residual bond stress at large slip values but overall similar peak bond stress.
For the C50d16-1 case as expected both higher peak and residual bond stress was observed due
to using higher compressive strength concrete. Overall, the proposed constitutive model was
capable of accurately replicating the experimental test results of Li et al, but due to the S-type
exponential curve that is utilized for the bond degradation part, experimental result replication

accuracy abrupt bond strength reduction after S, resulted in higher inaccuracies.
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Figure 37 Comparison between experimental tests data of Table 9 from (Li et al., 2021) with
constitutive model results presented in this work for: (a) varying pullout rates (b)
varying bar diameter and concrete strength.
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4.5. FEM replication of uniaxial pullout

Numerical modeling was used to verify the reproducibility of the experimental results in
the commercially available finite element software Abaqus as part of a broader research work
aimed at modeling the dynamic fracture behavior of prestressed concrete member. To achieve
this goal, it is necessary to accurately simulate the fracture of PC-Tendons as well as the
development and loss of bond between tendons and the surrounding grouting mortar. In this
work, full-scale three-dimensional models of the tested specimens were created, accurately
reproducing their geometrical characteristics and most importantly embedded length. From the
experimental analysis results it is clear that not only simple horizontal frictional sliding but
also normal directional sticking is occurring at the contact surface. When constructing the
model, it is important to consider how to incorporate this effect, depending on the scale of the

model.

As a first step towards verifying the accuracy of the proposed constitutive model in FE
simulations, a cubical-shaped model consisting of hundred 8-noded C3D8R elements
Ix1x1Imm in size was modeled being in contact with a thin three-dimensional plate, with
appropriate normal forces and boundary conditions applied to model. For this instance, only
the Abaqus built-in Coulomb frictional model (ABAQUS Inc., 2005) was applied to investigate
interaction and frictional characteristics. Influence of several parameters such as relative
material stiffness; boundary condition application methodology; and applied normal forces
which in result create a contact pressure at the interface between the two materials. In Figure
38 Effect of relative material stiffness on frictional shear stress under normal load
unidirectional displacement-type boundary conditions for planar friction simulation. the effect
of relative material stiffness is analyzed. When a uniform displacement-type boundary
condition is applied along the height of one of the vertical surfaces of the cubical model, due
to the existence of friction at the interface between the two objects, horizontal force and
overturning moment will be applied at the interface layer. At lower ratio of relative material
stiffness shear stresses at the interface due to friction peak in comparison to middle of the cube.
To replicate the analytical results through numerical methods it is essential to introduce a high
interface stiffness ratio reduce overturning moments when pure shear friction is of interest.

Similar results were observed when modified the displacement-based boundary condition
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which is responsible for horizontal displacement. In this simplified case, uniform displacement
of nodes along a vertical surface of the cube results in increased frictional shear stressed at the
leading and trailing surfaces and the numerical results are reproduced accurately when
displacement-based boundary condition is applied at the interface node of the cube. When
investigating the results of contact pressure, to avoid artificial overpenetration as a result of the
contact algorithm (Dassault, 2012) it is necessary to increase the material stiffness ratio

accordingly (material stiffness ratio > 10) to simulate analytical results (Figure 38).

— f—t - +
N

S S S S /S S S S S S S S
g
=
$1.{II —o1
_E'D-g —1.0
» 0.8 ---10 .
ED_? === |nf. y J
LJ}DG 1 "EQ- [-_',_:‘-'-;JJI
® 0.5 —
204 =
S 93 |\ | — T
- - _‘__?“_____,..a-ﬂ-"'_
o 0.2 1=
ED_1|

™
E 00 01 02 03 04 05 06 07 08 09 1.0
S Normalized cube length (mm)

Figure 38 Effect of relative material stiffness on frictional shear stress under normal load
unidirectional displacement-type boundary conditions for planar friction simulation.

To numerically simulate the bond development and degradation during pullout
experiments apart from model-to-model interaction on a surface level, cohesive characteristics
have been modeled though a cohesive zone modelling (CZM) approach. Through this, CZM
crack modeling allows for numerical simulation of delamination in general and in this work
shear bond degradation with the development and propagation of a damage zone at the interface
between bar and grouting mortar. Complex stress and displacement conditions due to
geometrical characteristics and material properties as well as mesh-independent modeling, as

long as it is adequately refined, can all be simulated though cohesive damage model from both
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initiation and propagation perspective (Bazant & Jirasek, 2002; Hutchinson & Suo, 1992; Zhao
et al., 2014). Shear stress transfer between bar and grouting mortar does not deteriorate
instantaneously at S, after which bond damage is initiated but rather it degrades progressively
by interfacial stiffness reduction (Davies & Guiamatsia, 2012). Through this modeling
approach it is possible to represent bond development and degradation though a zero-thickness
CZM approach (cohesive surface interaction (Coelho et al., 2015; Dassault, 2012)) which is
formulated by nodes which are coincident located on each of the two sides of the interface layer
and can separate when stresses are acting upon them in a tensile or shear manner. Since a zero-
thickness approach is used, instead of typical stress-strain model usage for representing
deformation, a separation (mode I) or sliding (mode II, III) approach is utilized to quantify
deformation of the cohesive surface in terms of traction-separation (7 — §) (Saeedifar et al.,

2015).
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Figure 39 Effect of contact pressure on frictional shear stress under normal load, unidirectional
displacement-type boundary conditions for planar friction simulation.

Normalized contact pressure (MPa)

The traction-separation approach used to numerically model the experimental results,
utilizes a linear part up to peak traction after which separation (slip) occurs and subsequently
the bond degradation part (separation) was calibrated based on data obtained from Equation 27.
The coefficient of friction between mortar and smooth bar was chosen as 0.6. According to
literature, static coefficient of friction varies between 0.56 — 0.76 depending on the normal

force acting on the interface and relative smoothness and manufacturing method of the two
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materials (Hieu BUI et al., n.d.; Ikenaga et al., n.d.; Rabbat & Russell, 1985). The elastic

uncoupled traction-separation behavior up to peak shear bond stress can be written as:

001 [Kyy O  07[6,
[Ts =10 K, O 551 33
Tt 0 0 Ktt 6t

where K is the interfacial stiffness K = "4n / d... and can be calculated by approximating the

lin
linear part of the ascending branch of Equation (25); n is the normal direction; s is the direction-
1 shear (mode II); and t is the direction-2 shear (mode III). In this work, initiation of bond

degradation is defined through a maximum stress criterion according to Equation (33).

(on) 75 T4 _
max 0 20’0 =1 34

On Ts T;

Descending branch modeled with Equation (30) is then used to calibrate the degradation
rate of the interface stiffness as defined by the damage evolution law. Bond degradation is
characterized by a scalar damage variable D ranging from 0 < D < 1. When damage initiation
criteria is met, the damage variables changes progressively from zero until it reaches full
degradation value according to the defined progression as seen in Figure 40. The damage
evolution depending on Damage Variables and Total/Plastic Displacement parameters is

defined according to Equation (34).

D=1 k 35
= ko

where kg is the initial bond stiffness at the mode of interest; and k is the degraded bond

stiffness for different slip values.
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Figure 40 User-defined bond scalar damage variable
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To simulate the experimental procedure in a finite element environment, 140x140x140
mm cubical specimens were created. These specimens were modeled with a central opening of
suitable size to enable stress-free interaction between smooth bars (represented as cylinders)
and the surrounding mortar cube. To prevent element overpenetration stress concentration
effects at the interface between the bar and mortar, we employed a fine mesh. The mesh
consisted of 64 elements along the perimeter of the bar and the center opening of the grout cube
and in total more than 20000 elements were used in this simulation. Additionally, nearby nodes
were positioned closely together to avoid stress concentration caused by excessive penetration
(Figure 41). Sufficiently fine mesh at the interface is required to accurate estimate the material
behavior around peak bond shear stress as well as to ensure smooth degradation at the softening
part of a stress-slip graph (Figure 43a). Additionally, to ensure accurate post-peak debonding
simulation it is necessary to define the characteristic element length of the grout material at the
interface according to Abaqus analysis manual recommendations (Chapter 19.2.3) which states
that for continuum elements characteristic element length is equal to element volume divided

by largest surface area l.— =V /Ay ax.

Fixed boundary conditions

Figure 41 Pullout specimen replication model in ABAQUS: isometric view (left); front view (right).

The free end nodes of the bar were constrained to allow movement only in the pullout
direction (x-axis). A displacement-based load application procedure was implemented,
following a similar approach to the experimental procedure, with varying pullout rates. Fixed-
type boundary conditions were applied at the eight corners of the model cube, as illustrated in

Figure 42. To validate the analytical model from the work of Li et al. (Li et al., 2021), simulated
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the pullout cases of FEM ¢35d12-1 and ¢50d16-1. Figure 42 displays the distribution of axial
strain in the smooth bar. The viewing scale in the plane perpendicular to the pullout direction
has been magnified by a factor of five thousand to illustrate the cross-sectional deformation of
the bar at slip values corresponding to 0.0, 0.3, 1.0, and 7.0mm respectively. Moreover, an
increase in axial strain can be observed up to S, in the embedded part of the smooth bar.
However, minimal axial strain variation is observed in the remaining length of the bar. Even at
a slip of 7.0mm, axial strain variation is noticeable in the embedded part, with increasing strain
values towards the pullout end of the bar. This confirms the aforementioned cross-section

deformation of the bar.
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Figure 42 Bar axial strain for 0.0; 0.3; 1.0 and 7.0 mm of slip for ¢50d16-1 case.

Figure 43a presents a comparison between the FEM and experimental results, showing a
good level of accuracy in terms of shear bond stress and slip. Both the c35d12-1 and c50d16-
1 cases demonstrate a strong agreement in terms of bond stiffness, peak shear stress, and the
remaining shear stress at 5.0mm of slip. Examining the bond stress distribution at different slip
values along the bar length (Figure 43b), we observe a 66% reduction in stress value at 0.3mm
of slip, which aligns with the cross-sectional deformation observed in Figure 42. As slip values
increase, the variation in stress decreases due to bond degradation. However, the side opposite
from the pullout end consistently exhibits higher stress values, which can be attributed to the

influence of frictional forces at the interface between the two materials.
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Figure 43 Numerical simulation results for pullout experiment replication: (a) Comparison
between experimental results from Li et al. (2021) and FEM analysis and (b) Shear
stress distribution in smooth bar from FEM results for the case of ¢50d16-1 for
pullout slip 0f 0.0; 0.3; 1.0 and 7.0mm.

Figure 44 illustrates the axial strain distribution in the smooth bar for different pullout slip
values. It shows significant variation within the embedded length region, indicating a gradual
degradation of the bond. At small slip values, there is a substantial difference in axial strain
between the two ends of the embedded region. However, as we compare the axial strain at 1.0
and 7.0mm of slip, the relative difference gradually decreases. This observation suggests a
diminishing disparity in axial strain as the slip values increase, indicating a more gradual

distribution of strain along the embedded length of the bar.
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Figure 44 Axial strain distribution for smooth bar embedded in grouting mortar for different
slip values.



Chapter 5

Conclusions and Recommendations

5.1. Conclusions

5.1.1. State of the art — Chapter 2

A detailed explanation of the bonding resistance between steel and concrete in reinforced
concrete structures is presented. The bonding resistance consists of three components: adhesion,
friction, and mechanical anchorage. Adhesion and capillary forces occur due to the hardening
of the concrete, but adhesion alone is of minor importance as it fails even at small
displacements. Friction, on the other hand, relies on forces in the contact zone and is influenced
by external loads, concrete swelling or shrinkage, roughness of the steel surface, and the
composition of the concrete. Mechanical anchorage, found in ribbed bars, involves the
mechanical interlock between the steel surface and the surrounding concrete, restricting
relative displacement. The degree of mechanical anchorage depends on the deformation

behavior and shear capacity of the concrete mortar in the bonding joint.

For pre-tensioning bonding, two parameters need to be considered: transferring prestress
in the transmission length and anchoring of the tendon tensile force in the flexural bond length.
In pre-tensioning, adhesion and friction and Poisson effect or wedge action establish the bond

for tendons, while mechanical interlock dominates in strands.

The bond behavior in both the transmission length and flexural bond length affects the
anchorage of prestressed tendons in concrete. Anchorage failure, although rare, can result from
bending cracks being too close to the end of the element, leading to a loss of equilibrium
between the tendon and concrete forces. Design models, such as Eurocode 2; Model Code
2010; ACI 318; AASHTO; Japan road association, provide methods for calculating the bond
stress, transmission length, and flexural bond length based on factors like concrete tensile

strength, type of tendon, and bond conditions.

5-1
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5.1.2. Determination of Johnson-Cook Material and Failure Model Constants for High Tensile
Strength Tendon Steel in Post-Tensioned Concrete Members - Chapter 3

In Chapter 3, a series of tensile tests were conducted at room temperature with strain rates
ranging from 0.001s-1 to 0.5s-1 to determine the Johnson-Cook model and damage parameters
for SBPR 930/1080 Type B No. 1 tendon material, focusing on fracture analysis of post-
tensioned concrete members. The calculated JC parameters demonstrated good agreement with
the experimental data, validating the performance of the damage model. Commercial FEM
software was used to verify the agreement between numerical and experimental tensile data.
The experimental tests were meticulously replicated to assess the accuracy of the damage
model, considering both experimental observations, stress-strain data, and DIC analysis. The
JC model proved to be effective in closely predicting the experimental data with minimal effort
compared to other analytical models. However, extensive numerical data from various
experimental cases are necessary to accurately calibrate the model parameters. Although minor
differences between the FE simulation and experimental results were observed, the model
exhibited good accuracy in predicting the effects of strain concentration and geometrical
deformation, such as necking. Based on the findings of this research, the proposed procedure
can be employed to accurately predict the performance of the tested material for fracture

analysis of post-tensioned concrete members

5.1.3. Experimental and Numerical Investigation of Bond-Slip Behavior of Round Bars
Embedded in Mortar Subjected to Biaxial Lateral Compressive Stresses under
Static and Dynamic Pullout Rates - Chapter 4

In Chapter 4, experimental investigation of bond performance and degradation for plain
smooth bars being embedded into normal and ultra-high strength grouting mortar was
conducted under static; 0.5s! and 1.0s™ pullout rates as well as 0.25f. — 0.5f, lateral
compression in order to obtain material parameters to be using in FE modeling as well as
propose an analytical bond constitutive model. Overall, the proposed analytical bond model
was in good agreement with experimental results and further verification using material data
for concrete from other researchers showed good applicability for different material strength,
embedded smooth bar diameters and pullout rates. Replication of experimental results in FEM
was found to require not only proper material parameters to simulate bond performance but it
was also found crucial for accurate simulation to define proper interaction parameters between

grouting mortar specimen model as well as the smooth bar. Finally, from the stress and strain
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distribution results in the bar it was observed that the proposed model can accurately simulate
bond degradation as well as the effects of cross-section bar deformation at different pullout

stages and their effects on frictional stress and strain distribution.

By utilizing the proposed bond constitutive model researchers can simulate bond
development and degradation of brittle materials such as concrete or grouting mortar when
interacting with stiffer material such as steel while accounting for cohesion; friction;
confinement stress and debonding rates only utilizing fundamental material parameters and

without the need for extensive experimental procedure.

Although the proposed concrete model has been verified for concrete material of typical
mixing proportions it is recommended that the findings of this research should be limited to
concrete-like materials utilizing natural aggregate as well as adhesives within code
recommendations that do not negatively impact the strength or fluidity of concrete. Moreover.
it is recommended to keep the concrete strength between the validated range of 35 — 110 MPa
of ultimate compressive strength. Furthermore, since the bond model has been calibrated and
verified using smooth round bars it is necessary to limit direct application for similarly smooth
surfaced round bars and incase of using ribbed bars or strands, effects of mechanical
interlocking are expecting to be significant and thus friction and cohesion-related effects might

not be clearly visible in any concurring analysis.
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5.2. Recommendations

1.

To improve the applicability and usability of the proposed Johnson-Cook model in Chapter
3 it is recommended to perform additional tensile tests at higher than room temperature in
order to obtain the necessary thermal softening parameters that could be used to model
rupture of PC tendons under explosive loading conditions in which thermal load has a

significant effect on the overall capacity and behavior of the material.

The constitutive shear bond stress-slip model proposed in Chapter 4 follows an analytical
approach to calculate bond strength and softening. additional experimental work can be
performed in order to propose an analytical calculation methodology for the a b

parameters of Equation (25) and (26).

Furthermore, through additional advanced experimental procedure, verification of the
proposed bond model can be expanded and applicability limitations can be discovered if

strain distribution along with bar axis could be observed visually.

Finally, to further confirm and validate the applicability of the proposed analytical bond
model, FE analysis combining lateral confinement with dynamic pullout rates is suggested.
The combination of the above loading conditions closely simulates the internal stresses

experienced in large-scale pretensioned members at large deformation and during failure.

From the results obtained in this study, the suggestions presented in Chapter 2.2 cannot be
reinforced or discouraged since this study is focusing on material behavior over a small
bonded area (limited to 5¢p). To investigate the effect of grouting material as well as
dynamic effects onto the transmission length, there is a need to perform larger scale
experiments of beam or slab-type specimens under highly controlled casting and loading
conditions to distinguish between different causes and their effects onto bond and

transmission length.

The proposed bond model in Chapter 4 is applicable for regular, high strength concrete as
well as grouting mortar following regularized mixing proportions. In order for the results
of this work to be suitable for field applications it is necessary to ensure that proper
material pouring, flow and compaction techniques are used so that the paste used in any

particular mix will allow for proper contact with the embedded bar without the formation
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of air gaps which will decrease the bond strength. It would also be beneficial to perform
additional experimental work to investigate the influence of aggregate sizing, as well as

water-to-cement ratio have on workability of the mixture and its relationship with bond

strength.
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Appendix A

A.1 Johnson-Cook damage parameter calculations

The calculations and parameter estimation carried out in Chapter 3; sections 3 and 4
considered the damage initiation point depicted in Figure 16, along with the subsequent
material softening described in Chapter 3 section 4.1 and Figure 21b. By following this
procedure, the FEM simulations closely matched the experimental data, both on a singular
element basis (Figure 20) and in full model simulations (Figure 23). When using the fracture
point as the basis for calculating JC damage parameters, the correlation between fracture strain
and stress triaxiality from uniaxial tensile test data is illustrated in Figure Al. The curve,
although exponential in shape, exhibits a distinctive pattern due to the D1-D3 parameters.
Similarly, when incorporating the newly calculated parameters into Equation (25), the angle of

the linear fit equation and the corresponding data points lead to a different D4 parameter, as

depicted in Figure 46.
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Figure 45 Fracture strain and stress triaxiality relationship from uniaxial tensile test data based on
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The calculated JC damage model parameters for fracture point-based calculation are
summarized in Table 10 and similarly to section can be used in FE software to simulate yield
and fracture of high strength tendons but with an evident overestimation of their corresponding
softening behavior.

Table 10 Johnson-Cook damage model parameters for SBPR 930/1080 Type B No. 1 based on fracture
point estimation.

D1 D2 D3 D4 D5

0.0156 1.1733 7.4656 -0.0573 0

With the parameters of Table 10, a comparison similar to Figure 20 can be seen be-tween
experimental true stress-strain curves for different strain rates of Table 2 with the results obtain
from a singular finite element. It is evident that due to the usage of fracture strain instead of
corresponding damage initiation value larger discrepancies are observed between the
experimental FE simulation results especially in the case of 0.001s™! strain rate case. When
performing numerical simulations of full-scale tensile specimens similar to section 4.2, it can
be seen that using damage parameters of Table 10 both ultimate stress state and rupture strain
are being overestimated in comparison to the experimental results and thus the JC damage
parameters of section 3.4.2 are recommended for usage in FE soft-ware applications (Figure

48).
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A.2 Johnson-Cook C parameter calculation sensitivity analysis

Regarding the calculation procedure for C parameter followed in Figure 15 and Eq. (19), in
order to reduce the influence of quasi-static data (In * = —6.90) 1/5" of the data was removed
and the remaining were plotted again in Figure 49. As it can be seen from the comparison of
Figure 15 and Figure 50 the influence of the amount of data used is minimal for the calculation

of C parameter since the data accumulation trend remains similar.
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Figure 49 Relationship between and [né*for four different strain rates (0.001s”, 0.5s!, 1s7,

From the linear regression fitment of the data in both Figure 15 and Figure 49 a C parameter

0f 0.0221 and 0.241 is calculated respectively.
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Appendix B

B.1  Mortar specimens compressive and tensile parameter obtaining
procedure.

Material properties presented in Table 8 for NS and UHS mortar specimens were obtained
through uniaxial compression and split tensile testing procedure using a 100t Amsler testing
equipment. To obtain ultimate compression F., and tension F; loads load-controlled
experimental procedure was performed at rate of 3 kN/sec. For both compression and split-
tensile testing specimens were positioned onto metallic alignment plates and no lubrication was
used at the interface between the Amsler plates and the specimen. Strain gauges with 60mm
gauge length were used to measure strain for all experimental cases. In particular, for the split-
tensile testing of cylindrical specimens, the gauges were attached to the middle of the cross
section and perpendicular to the loading direction as can be seen in Figure 51. To obtain loading

data an appropriate capacity loading cell and data logger were also utilized.

e

Figure 51 Split-tensile test experimental setup.

In Figure 52 selective experimental test results are presented for NS and UHS respectively

for uniaxial compression test results. Overall minimal deviation was recorded for similar
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loading cases for the UHS mortar but small deviation was noted for the NS cases. Additionally,
in some UHS cases reduced initial stiffness was recorded up to 3000 micro but it is believed to
be a result of imperfect bonding between mortar specimen surface and strain gauge. Some
deviation was noted for the fracture strain in the case of NS specimens with the most ductile

specimen fracturing at approximately 5800 micro.
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Figure 52 Uniaxial compression test results for NS and UHS mortar.

The results for the split tensile test results presented in Figure 51, show overall good
agreement and consistency between repetitive experimental cases. Most significant deviation
was recorded for the UHS cases which resulted in uneven stress-strain curve up to the rupture
point as can be seen in Figure 53. It is believed that this behavior was to due to micro-
deformation occurring at the interface between mortar specimen and metal plate as well as
possible micro-rotation of the cylindrical specimen. To convert the force data recorded from

the loading cell to tensile stress equation 35 was used (Figure 54)
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Figure 53 Split-tensile tests results for NS and UHS mortar.
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Figure 54 Split-tensile testing procedure according to ASTM C496
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B.2  Estimation of softening behavior of concrete and mortar using
experimental stress-strain data

Uniaxial compression of concrete specimens following a typical load-controlled
experimental procedure results in the specimen fracturing abruptly after reaching its ultimate
capacity. To capture the softening behavior of concrete of mortar a displacement-controlled
procedure needs to be followed which involves cyclic loading of the specimen resulting in

graduation softening until complete degradation.

Hsu et al. (Hsu & Hsu, 1994) performed a series of compression tests on cylindrical
specimens and through their experimental results empirical equations are proposed to represent
the complete stress strain behavior of confined and unconfined high-concrete (compressive
strength exceeding 69 MPa).

npx

n:m for OSxSxd 37

where = E Normalized stress (ratio of stress to peak stress
Y] 7 p
C
X = € Normalized strain (ratio of strain to strain corresponding to peak
€ stress)
B 1 Material parameter correlated to the shape of stress-strain

T 1-[f//(eE;)] diagram

Le Mihn et al. (Le Minh et al., 2021) proposes three different equations to describe the
stress-strain behavior of concrete. The first one estimates the linear behavior of concrete, the
second one is nonlinear up to peak compressive stress and the third one estimates the softening

behavior of concrete.

& — &
f cm
0c = fem + (0F — fom)exp [( (1 - ?)] 38
cm
where of, &f Stress, strain at complete crushing
¢ Numerical fitting parameter
fem €em Peak stress and strain corresponding to peak stress

B2-1



Appendix B2 Estimation of softening behavior of concrete and mortar using experimental stress-strain
data. B2-2
Both estimation models can produce accurate stress-strain softening if appropriate

experimental data are available. Without them accuracy will depend on the proximity of

material data with the fitting results obtained through these equations.

In Figure 55 a comparison between a NS grout experimental result along with the stress-

strain curves obtained through equations is presented.
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Figure 55 Comparison between concrete softening model of Hsu et al., Le Minh et al. and NS
experimental result

To improve on the work of Le Minh et al., Equation 38 as well as &¢ and { parameters are

modified as follows:

Sf — &
0c = fem — femexp [( (1 - 8_—86171>] 39
cm
E
where g =3* =0 e
Ego Fracture strain with Eg; Eg, stiffness at 0.6f,,, and 0.8f.,,,
_Eq respectively
¢ =2 -
80

To verify the accuracy of the proposed equation modification, stress-strain data for various

concrete strength mixtures were used from the work of Bai et al., Shah et al., Danqing Chen.,



Appendix B2 Estimation of softening behavior of concrete and mortar using experimental stress-strain

data.

B2-3

Guo et al., Xu et al.(G. Bai et al., 2021; Danqing Chen, 1995; Guo et al., 2017; Shah et al.,
1994; XU et al., 2001) as seen in Figure 56.
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Figure 56 Comparison between experimental stress-strain data from G. Bai et al.; Danqing
Chen; Guo et al.; Shah et al. and XU et al. and proposed analytical prediction model

of Equation 39.



Appendix B2 Estimation of softening behavior of concrete and mortar using experimental stress-strain
data. B2-4

From the results of Figure 56 it can be seen that the analytical model can closely predict
the softening behavior of concrete under uniaxial compression for both low and high strength
concrete. A notable deviation occurs at high compressive strain values where the specimens
have degraded considerably. Due to the mathematical formulation of the proposed model, it is
assumed that at high strain, the specimen will degrade completely in a progressive manner and
thus compressive stress values will reach a zero value. This assumption though is not always

accurate and its validity is subjected to individual experimental data.

To model the unconfined concrete softening behavior under tensile loading Equation 39

can be also utilized with the modifications listed in Equation 39.

Sf — &
or = fr — frexp [ |1 —=— 40
£—&
where g =3+ @St
Ego Fracture strain with Egg; Eg stiffness at 0.6f; and 0.8f;
Ego respectively
¢ =2
80

In principle, Equations 38 and 39 operate in a similar manner. The difference is a direct
result of the individual parameters that are utilized. In particular, to calculate the softening
behavior of concrete under tensile stress g,, maximum tensile stress f; as well as strain at
maximum tensile stress €, and strain at tensile failure erare required. Comparing the results of
the analytical prediction model with tensile test experimental results from the work of Xu et al.
(XU et al., 2001) for concrete with nominal capacity of 50 and 80 MPa in Figure 56, good

accuracy is observed.
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Figure 57 Comparison between experimental stress-strain data from XU et al. and proposed
analytical prediction model of Equation 39.



